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TECHNICAL MEMORANDUM

EFFECTS OF STRAIN RATE AND SURFACE FINISH ON TENSILE PROPERTIES IN
HIGH PRESSURE HYDROGEN —A CASE STUDY FOR LP-DED NASA HR-1

1. INTRODUCTION

Due to exposure to high pressure gaseous hydrogen, mechanical property degradation
caused by hydrogen environment embrittlement (HEE) is a critical concern for many materials in
liquid hydrogen propulsion systems. Since the early 1980s, the National Aeronautics and Space
Administration (NASA) has been performing tensile testing in high pressure hydrogen environ-
ments at Marshall Space Flight Center (MSFC) to create a database of candidate materials for
propulsion applications. MSFC used to run smooth tensile test at a strain rate of 0.005 in/in/min
in high pressure hydrogen environments to evaluate the HEE susceptibility of materials.! The
tensile test strain rate was changed to 0.0005 in/in/min in recent years based on the recommenda-
tion from a published NASA TM.2 It is well documented that smooth tensile test strain rate influ-
ences HEE susceptibility of alloy 718, 4340 steel, 316 stainless steel, and many other alloys.1:3-7 As
a result, the data generated at 0.005 in/in/min and 0.0005 in/in/min showed significant variations
in HEE susceptibility for many alloys.

The HEE susceptibility can also be affected by the surface finish condition of a tensile
specimen. This is because gaseous hydrogen has a significant influence on microcrack initiation
and growth behavior on the specimen surface, particularly when relatively large surface flaws exist
on a susceptible material.2 It has been reported that an increase in the machining rate led to a
decline in hydrogen resistance of alloy 718.8 Surface roughness and defects can act as an embrit-
tling origin and affect the tensile ductility in a high pressure gaseous hydrogen environment.? The
residual stress of a machined specimen surface can also affect hydrogen embrittlement.19-11 Per
the ASTM standard G142, the method of final machining for specimens to be tested in hydrogen
should be by grinding (not turning) to avoid localized grooves and cold worked areas.!? In this
study, the effects of strain rate and specimen surface finish conditions were investigated using
smooth tensile tests in 5 ksi high pressure hydrogen environment at NASA-MSFC.

The alloy selected for this investigation was laser powder directed energy deposition (LP-
DED) NASA HR-1 (Hydrogen Resistant -1), an AM Fe-Ni-base superalloy that was specifically
developed for regenerative rocket engine nozzle applications.!3-16 Optimized materials in the
extreme high pressure hydrogen environment for liquid rocket engines and industrial applications
remain a key challenge. Additive manufacturing (AM) has provided new design and manufactur-
ing opportunities to reduce cost and schedules, consolidate parts, and optimize performance.
The LP-DED process uses concentrated thermal energy, achieved with a laser, to deposit metal
by creating a melt pool and injecting or blowing powder into the melt pool, which in turn solidi-
fies, creating a bead.!® This process allows for freeform fabrication of components or addition of



material to components for the purposes of coating, repair, or modification using local deposition.
Freeform components are formed by the precise control of toolpath parameters created from a
CAD model that create individual (weld) beads that are deposited to take a final geometric shape.
The powder and laser optics are mounted on an integrated deposition head, which allows for

the convergence of the laser and powder at a defined focus at the surface of the substrate, where
material is melted and cooled to form the bead. The build substrate can be a sacrificial build plate
or an existing component. The deposition head is mounted to a robotic arm or gantry system to
control the motion through programmed or logic tool paths to deposit material or create features.
An example of the process can be seen in Figure 1.

Figure 1. Material being deposited and observed melt pool using LP-DED. Images used with
permissions from: (Left) DM3D Technology and (Right) Formalloy.

NASA has advanced NASA HR-1 as a solution for liquid rocket engine components that
operate in hydrogen rich environments using various AM techniques.!>!” The NASA HR-1 for
AM applications was specifically formulated for high ductility in high pressure gaseous hydrogen
environment in addition to high strength and low cycle fatigue (LCF) resistance. NASA HR-1
meets materials requirements for liquid rocket engine components, including good hydrogen resis-
tance, high conductivity, good LCF performance, and high elongation and strength for compo-
nents in medium heat flux environments. NASA has completed fabrication of several subscale and
full-scale channel wall nozzles in LP-DED NASA HR-1 and completed hot-fire testing.!3:!5 This
includes refinement of the process to produce thin-walls and various channel geometries to meet
the requirements for channel wall nozzle applications.!”22

The main objective of this investigation is to better understand the effects of tensile test
strain rate and specimen surface finish on the amount of tensile ductility degradation in high pres-
sure gaseous hydrogen environments. Performing smooth tensile tests in high pressure hydrogen



and nitrogen environments can serve as a rapid and economical screening method to determine
the relative susceptibility of materials to HEE.2:23 This paper presents the tensile test results for
LP-DED NASA HR-1 in hydrogen and details the material evaluation on the effects of strain rate
and surface finish condition on surface cracking behavior and fracture characteristics. The resis-
tance to HEE for LP-DED NASA HR-1 and the wrought alloy is compared under the same test-
ing conditions. Loss of tensile ductility is quantified in terms of changes in elongation at failure
in hydrogen to compare HEE susceptibility. The most suitable strain rate and specimen surface
finish condition for future HEE screening testing at MSFC are recommended.



2. EXPERIMENTAL PROCEDURES AND METHODS

2.1 Material and LP-DED Process

The material used for this study was multi-pass LP-DED NASA HR-1 round bars depos-
ited on an RPM Innovations (RPMI) machine. The multi-pass LP-DED NASA HR-1 round bar
samples were deposited at a laser power of 1070 watts, 16.3 g/min powder feed rate and 40 in/min
travel speed. The samples were deposited to a length of 4 inches and 0.6 inches in diameter. An
illustration of NASA HR-1 round bar fabrication via LP-DED process is shown in Figure 2(a) and
deposited samples in Figure 2(b).

(@)

(b)

Figure 2. (a) An illustration of NASA HR-1 round bar fabrication via LP-DED process,
(b) round bars with a length of 4 inches and diameter of 0.6 inches fabricated
at a laser power of 1070 watts with virgin powder from lot HRA13.



The feedstock NASA HR-1 powder used for the LP-DED process was a pre-alloyed
rotary-atomized powder produced using a vacuum or by inert induction melting utilizing rotary
atomization in argon.2* The tensile specimens were selected from build numbers 210200-101 to
210200-140. The analyzed chemical composition of the LP-DED NASA HR-1 powder (from pow-
der lot HRA13) and its specification is provided is in Table 1. The powder size distribution was
between 45 and 105 um (140 mesh/+325 mesh). NASA HR-1 powder is a mostly spherical shape
with a few oblong ellipsoidal particles and some traces of satellites. The SEM image showing the
typical NASA HR-1 powder morphology for LP-DED process is provided in Figure 3.

Table 1. Analyzed chemical composition (Wt%) of NASA HR-1 powder
(from powder lot HR A13) and its specification.

Specification
Analyzed (wt%)
Composition

Element (wt%) Nominal Minimum Maximum
Iron BAL BAL - -
Nickel 33.90 34.00 33.70 34.30
Chromium 14.45 14.60 14.30 14.90
Cobalt 3.71 3.80 3.60 4.00
Molybdenum 1.83 1.80 1.60 2.00
Tungsten 1.59 1.60 1.40 1.80
Titanium 2.36 2.40 2.20 2.60
Vanadium 0.30 0.30 0.28 0.32
Aluminum 0.24 0.25 0.23 0.27
Sulfur 0.0004 - - 0.005
Phosphorus 0.0005 - - 0.005
Carbon 0.0029 - - 0.03
Silicon 0.017 - - 0.05
Boron 0.0001 - - 0.005
Manganese 0.0006 - - 0.05
Hydrogen - - - <50 ppm

_ _ <100 ppm (-140/+325 mesh)

Oxygen 78 ppm <200 ppm (~325 mesh/+10 um)
Nitrogen 15 ppm - - <50 ppm




Figure 3. A SEM image showing NASA HR-1 powder particle morphology.

2.2 Heat Treatment

After deposition, the round bar samples require post-processing heat treatment to attain
the desirable materials properties. The heat treatment steps include a stress relief, homogeniza-
tion, solution anneal, and aging treatment. The as-built samples received stress-relief treatment at
1950°F/1.5h with a slow furnace cool. After stress relief, the samples were subjected to a homog-
enization treatment at 2125 °F/6h in a vacuum furnace. At the end of homogenization treatment,
the samples were argon quenched to minimize n-phase precipitation. Then, the samples were
solution annealed at 1950 °F/1h in vacuum with an argon quench, followed by a 2-step aging at
1275 °F/16h + 1150 °F/16h (total 32 hours) in a vacuum furnace to complete the heat treatment
process.!3

2.3 Mechanical Testing

All tensile tests were conducted at the NASA-MSFC Hydrogen Test Facility (HTF). Tensile
testing in 5 ksi gaseous nitrogen and hydrogen environments was conducted in Test Cell 23 (TC-
23) in Building 4628 at MSFC. The smooth tensile sample had a uniform gage, 0.25 inch in diam-
eter by 1.25 inch in length. The first part of this study examined the effects of tensile test strain
rate on HEE susceptibility. A series of baseline tests were run in ambient air over a range of strain
rates to investigate the influence of strain rate on tensile properties of LP-DED NASA HR-1.
Smooth tensile testing was also performed at room temperature in a gaseous nitrogen (GN,) envi-
ronment at a pressure of 5 ksi to see the effect of inert gas pressure on tensile properties. Smooth
tensile testing was then performed at three different strain rates in gaseous hydrogen environment



to see the effects of strain rate on HEE susceptibility. The second part of this study consisted of
studying the effects of different machining methods on HEE susceptibility. The specified surface
finish (Ra, value of arithmetic mean surface roughness) for the gauge section was 32 pin or better
per ASTM standard G142. Final machining of the gauge section was performed by either turn-
ing or low stress grinding to compare the effects of specimen surface conditions on HEE suscep-
tibility. The surface roughness of the specimens tested in high pressure gas environments was
measured with a contact profilometer to determine the arithmetic average roughness noted as
Ra, which is the absolute average relative to the base length. Shape and dimension of the smooth
tensile specimen used for testing at ambient temperature in 5 ksi gaseous nitrogen and hydrogen
environments is shown in Figure 4.

1/2-20 UNF-2A

DO NOT UNDERCUT RADII \ 0.05%0.05

7’ 2PLCS
R 1250
__,___-R.250/ 37 \ —

—.250 £0.005

658 658
()

875 t 1.250 t 875

3.000 £0.002

LP-DED Build Direction

Figure 4. Geometry and dimensions of the smooth tensile specimen used for testing in 5 ksi
gaseous nitrogen and hydrogen environments at ambient temperature. All dimensions
are in inches. The specified surface finish (Ra) on the gauge surface is 32 pin or better
for specimens to be tested in hydrogen. Two final machining methods, turning and
low stress grinding (LSG) were used to produce specimens with two different surface
finishes.

Stroke control is the traditional means of running tensile tests in hydrogen.! The historic
standard rate for smooth tensile testing in hydrogen is the stroke rate that results in a pre-yield
strain rate of 0.005 in/in/minute.! In this study, smooth tensile tests were run in a gaseous hydro-
gen (GH,) environment in a stroke control manner that generated three different pre-yield strain
rates, 0.005 in/in/min, 0.0005 in/in/min, and 0.0001 in/in/min. A +/- 1-inch Linear Variable Dif-
ferential Transducer (LVDT) was used for displacement feedback. Stress measurements were
derived from a load cell calibrated to 20,000 pounds and specimen dimension measurements.



Strain measurements were derived from a 1.00-inch extensometer calibrated to 15% strain. After
15% strain was achieved during the test, stroke data was used to calculate strain. It must be noted
that the actual stroke rate needed to obtain the desirable pre-yield strain rate depends on the test
machine, the specimen design, and the alloy tested.! The correlation between stroke rate and
strain rate (pre-yield) for LP-DED NASA HR-1 is shown in Table 2. The slower strain rate tests
were intended to closely characterize the effects of strain rate on hydrogen embrittlement suscep-
tibility, which generally increases with decreasing strain rates. Fracture elongation was obtained
based on the change in the total length of the specimen punch marks (1 inch gauge marks) before
and after the test. HEE susceptibility was evaluated by relative fracture elongation, which is a
ratio of fracture elongation under high pressure gaseous hydrogen (GH,) to that in high pressure
inert gaseous nitrogen (GNZ).2

Table 2. Correlation between stroke rate and pre-yield strain rate for LP-DED NASA HR-1.

Pressure Stroke rate *Strain rate
Material Type of test Media (psi) (in/min) (infin/min)
GN, 5000 0.05 0.01
0.028 0.005
LP-DED NASA HR-1 Smooth Tensile
GH, 5000 0.0008 0.0005
0.0005 0.0001

* Denotes pre-yield strain rate

2.4 Metallography and SEM Analysis

Selected broken tensile specimens were metallurgically characterized. Metallographic
samples were prepared by sectioning through the gage section along the tensile loading direction
(build direction) to determine the depth of surface cracks and observe the surrounding micro-
structure. Chemical etching was conducted with waterless Kaling’s reagent immersed for 2—-3
minutes. Surface cracking behavior was analyzed by the use of a Hitachi scanning electron micro-
scope (SEM). Fracture surfaces of representative specimens were also analyzed with the Hitachi
SEM to explore the effects of hydrogen on tensile fracture behavior. Optical microscopy was per-
formed with a Leica microscope to observe the depth of surface cracks and deformation-induced
microstructure near the fracture surface.



3. RESULT AND DISCUSSIONS

The typical microstructure of LP-DED NASA HR-1 tensile sample (in x-z plane) with the
full heat treatment is shown in Figure 5. The micrograph was taken near the threaded end of a
tensile sample where plastic deformation was negligible. A high degree of recrystallization had
taken place after heat treatment, and the average grain size is ~75 um. The grain boundaries are
very clean as the undesirable grain-boundary n phase (Ni3Ti) is reduced to a very low level after

heat treatment.

LP-DED Build Direction

Figure 5. The typical microstructure (in x-z plane) of LP-DED NASA HR-1
tensile specimen used for tensile testing in hydrogen. The as-built
columnar grain structure has completely recrystallized after heat
treatment. The average grain size is approximately 75 um.

3.1 Tensile Testing Plan

Table 3 shows the tensile testing plan that is intended to investigate the influence of strain
rate and surface finish condition on tensile properties in hydrogen at room temperature. A series
of baseline tensile tests were run in ambient air at three strain rates to investigate the effects of test
speed on tensile properties without the influence of hydrogen. Static gas pressure is a parameter



that can influence the mechanical response of solids.?> Therefore, tensile tests were also performed
in an inert gaseous nitrogen environment at a strain rate of 0.01 in/in/min to provide additional
baseline tensile data. To evaluate the susceptibility of HEE, tensile testing was conducted in Sksi
gaseous hydrogen environment at room temperature under three different strain rates, 0.005 in/in/
min, 0.0005 in/in/min, and 0.0001 in/in/min. HEE effects are a function of temperature and maxi-
mum HEE susceptibility usually occurs at near room temperature. Effects of specimen surface
finish condition on HEE were also investigated. Some specimens have machined surface finish (by
turning), while the others have a low stress grind surface finish. To determine the level of variabil-
ity that can be expected when testing in hydrogen, repeat tests (3—4 specimens) were performed in
hydrogen.

Table 3. The tensile testing plan intended to investigate the influence of strain rate and
surface finish on tensile properties in high pressure hydrogen environment.

Testing Environment
5ksi GN,, 5ksi GH, 5ksi GH,,
Ambient air Room Temperature Room Temperature Room Temperature
# of Specimen # of Specimen
Type of Test Strain Rate # of Specimen # of Specimen (Machined, Ra <32 pin) (LSG, Ra <32 pin)
0.01 infin/min 3 3
0.001 in/in/min 3
Smooth 0.0005 infin/min 3
Tensile 0.005 infin/min 4
0.0005 in/in/min 4
0.0001 infin/min 2 3

3.2 Summary of Tensile Properties in Different Environments

The influence of strain rate and surface finish on tensile properties at room temperature
in air and high pressure gaseous nitrogen and gaseous hydrogen environments is presented in
Table 4. The typical values of arithmetic mean surface roughness, Ra, for the specimen tested
in hydrogen were measured with a contact profilometer and the results are given in Table 4. All
specimens for tensile testing in hydrogen meet the minimum surface roughness (see Figure 4)
requirement of 32 pin or better, which conforms to ASTM standard G-142.12 Overall, the surface
roughness of LSG specimens is slightly smoother than that of the machined specimens. Represen-
tative surface profiles of a machined (Ra=6.7 pin) and a LSG (Ra=4.0 pin) specimen are illus-
trated in Figure 6. As shown, there is the presence of a regular fluctuating profile (waviness from
the surface texture) in both machined and LSG samples. The maximum profile height is around
0.8 um for the machined sample (Figure 6(a)), which is slightly larger than that of the LSG sample.
The LSG sample has a slightly smoother surface, and the maximum profile height is approxi-
mately 0.5 um (Figure 6(b)).
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Table 4. Effects of strain rate and surface finish on tensile properties of LP-DED NASA
HR-1 at room temperature in air, high pressure gaseous nitrogen and hydrogen

environments.
Surface
Pressure Roughness, Ra YS uTts

ID #. Media (psi) Strain Rate Surface Finish (Min) (ksi) (ksi) %EL
210200-102 |  Air ambient 0.01 in/in/min Machined - 77.44 152.63 40.50
210200-103 |  Air ambient 0.01 in/in/min Machined - 77.29 152.60 4122
210200-104 |  Air ambient 0.01 in/in/min Machined - 76.58 151.55 40.80
210200-105 |  Air ambient | 0.001 in/in/min Machined - 78.59 153.81 40.75
210200-106 | Air ambient | 0.001 in/in/min Machined - 7712 152.12 41.96
210200-131 Air ambient | 0.001 in/in/min Machined - 77.42 152.98 40.92
210200-108 |  Air ambient | 0.0005 in/in/min Machined - 76.36 151.76 4149
210200-109 |  Air ambient | 0.0005 in/in/min Machined - 77.40 152.44 41.01
210200-113 |  Air ambient | 0.0005 in/in/min Machined - 77.72 152.81 40.28
210200-114 | GN, 5000 0.01 in/in/min Machined - 7747 152.83 4113
210200-115 | GN, 5000 0.01 in/in/min Machined - 76.43 153.10 40.70
210200-117 | GN, 5000 0.01 in/in/min Machined - 75.99 152.84 39.80
210200-119 | GH, 5000 0.005 infin/min Machined 25.2 76.63 150.70 38.52
210200120 | GH, 5000 0.005 infin/min Machined 7.2 76.66 151.44 38.82
210200122 | GH, 5000 0.005 infin/min Machined 18.6 78.02 153.79 38.39
210200-123 | GH, 5000 0.0005 in/in/min Machined 7.3 75.93 147.36 32.84
210200-124 | GH, 5000 0.0005 in/in/min Machined 6.7 76.17 148.90 33.00
210200-126 | GH, 5000 0.0005 in/in/min Machined 9.9 77.72 150.36 31.24
210200-127 | GH, 5000 0.0005 in/in/min Machined 3.2 75.85 149.54 32.34
210200-128 | GH, 5000 0.0001 in/in/min Machined 6.7 75.89 146.87 35.69
210200129 | GH, 5000 0.0001 in/in/min Machined 8.6 77.87 147.07 30.88
210200-110 | GH, 5000 0.005 infin/min LSG 44 75.13 152.93 42.06
210200-111 | GH, 5000 0.005 infin/min LSG 54 76.22 154.51 42.46
210200-112 | GH, 5000 0.005 infin/min LSG 38 76.59 154.96 41.88
210200-116 | GH, 5000 0.005 infin/min LSG 33 76.16 154.97 40.02
210200-118 | GH, 5000 0.0005 in/in/min LSG 4.3 78.11 154.01 35.11
210200-130 | GH, 5000 0.0005 in/in/min LSG 4.0 74.62 150.36 33.83
210200-137 | GH, 5000 0.0005 in/in/min LSG 3.9 74.69 148.73 35.18
210200-139 | GH, 5000 0.0001 in/in/min LSG 3.9 74.45 148.86 35.12
210200-101 | GH, 5000 0.0001 infin/min LSG 44 75.76 150.60 36.23
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Figure 6. Surface profiles of (a) machined specimen (specimen 210200-124), Ra = 6.7 pin and

(b) LSG specimen (specimen 210200-130), Ra = 4.0 pin.
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3.3 Air and GN, Baseline Tensile Tests

The baseline test results in air and an inert gaseous nitrogen environment are summarized
in Table 5. As shown, tensile test strain rate, in the range of 0.01 in/in/min to 0.0005 in/in/min,
has no effect on tensile properties in ambient air. It was also found that the 5 ksi gaseous nitrogen
pressure has negligible effects on tensile properties for LP-DED NASA HR-1. Metal bonds tend to
strengthen when they become shorter under very high pressure that is close to the elastic modulus
of the material.2> The 5 ksi gaseous nitrogen pressure is significantly lower than the elastic modu-
lus of LP-DED NASA HR-I that is around 30 Msi. This explains why the 5 ksi nitrogen gas pres-
sure has no noticeable effect on tensile properties, as the pressure is too low to compress crystal
structure and strengthen the metal bonds. This finding agrees well with a prior study that hydro-
static pressure below 218 ksi (1500 Mpa) has a relatively minor effect on the YS, UTS, and ductility
of most ductile metals.26

Table 5. Average room temperature tensile properties of LP-DED NASA HR-1 in air at three
strain rates and in 5 ksi inert nitrogen gas at 0.01 in/in/min.

Testing
Pressure Duration YS uTts

Material Media (psi) Strain Rate (min) Surface Finish (ksi) (ksi) %EL
Air ambient 0.01 infin/min ~10 Machined 7710 152.26 40.84
LP-DED Air ambient | 0.001 in/in/min 25-35 Machined 77.71 152.97 41.21

NASA
HR-1 Air ambient | 0.0005 infin/min 500 - 600 Machined 77.16 152.34 40.93
GN, 5000 0.01 infin/min ~10 Machined 76.53 162.92 40.54

3.4 Effects of Hydrogen on Tensile Properties

The average tensile properties for LP-DED NASA HR-1 and the wrought alloy tested in
5 ksi inert gas (nitrogen and helium) and hydrogen environments are given in Table 6. It must be
noted that the reduction in strain rate increases the exposure time in hydrogen significantly from
approximately 25-35 minutes (at 0.005 in/in/min) to roughly 800-900 minutes (at 0.0001 in/in/
min). LP-DED NASA HR-1 has lower strength but is significantly more ductile than the wrought
alloy in hydrogen. Strength reduction is part of the trade to obtain an optimal balance of five key
material properties when using AM.13 The five key material properties for LRE applications are as
follows:

(I) Mechanical strength

(2) Ductility

(3) Low cycle fatigue (LCF)

(4) Hydrogen environment embrittlement (HEE)
(5) Thermal conductivity
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These five key properties are all interrelated and were taken into consideration when opti-
mizing the formulation and heat treatment for LP-DED NASA HR-1. A moderate strength reduc-
tion improves ductility and LCF life significantly, which is important for low-cycle fatigue critical
components such as the LRE nozzles.!3

Table 6. Average room temperature tensile properties, testing duration, and surface roughness
for LP-DED NASA HR-1 tested in high pressure hydrogen and inert nitrogen gas

environments.
Testing Roughness,
Pressure Duration Surface Ra YS uTts
Material | Media | (psi) Strain Rate (min) Finish (Min) (ksi) (ksi) %EL
GN, | 5000 | 0.01infin/min ~10 Machined - 76.53 152.92 40.54
GH, | 5000 |0.005infin/min |  25-35 Machined 17.0 77.10 151.98 38.58
GH, | 5000 |0.0005 infin/min| 500-600 Machined 6.8 76.42 149.04 32.36
LP-DED Gy, | 5000 [0.0001infinimin| 800-900 | Machined 76 7688 | 14697 | 3329
NASA HR-1
GH, | 5000 |0.005in/in/min|  25-35 LSG 42 76.03 154.34 41.61
GH, | 5000 |0.0005 infin/min| 500-600 LSG 4.1 75.81 151.03 34.71
GH, | 5000 |0.0001 infin/min| 800-900 LSG 4.1 75.11 149.73 35.68
Wrought | GHe | 5000 | 001 infin/min ~10 Machined x 136.93 183.07 23.57
NASAHR-1| GH, | 5000 |0.005in/in/min |  30-40 Machined 128.83 175.37 23.40

Hydrogen has an insignificant effect on tensile properties for LP-DED NASA HR-1 and
the wrought alloy when tested at the strain rate of 0.005 in/in/min as shown in Table 6. HEE
susceptibility comparison for LP-DED NASA HR-1 and the wrought alloy tested at 0.005 in/in/
min is presented in Figure 7. LP-DED NASA HR-1 with LSG surface finish has no ductility loss
in hydrogen, and its ductility (41.61%) is significantly higher than that of the wrought alloy (23.4%)
by approximately 18%. The machined samples exhibit a slight 29 ductility loss (38.4 %) in hydro-
gen at the same strain rate. There is noticeable tensile ductility reduction in hydrogen at slower
strain rates of 0.0005 in/in/min and 0.0001 in/in/min. The machined specimens have slightly more
ductility degradation than the LSG specimens in hydrogen. At the strain rate of 0.0005 in/in/min
rate, fracture elongation for the specimens with LSG and machined surface finish decreases to
34.71% and 32.36%, respectively. It is interesting to note that there is no further ductility reduction
when the strain rate was reduced from 0.0005 to 0.0001 in/in/min. Although LP-DED NASA HR-1
exhibits some ductility loss after tensile testing at very slow strain rate for 9-14 hours in hydrogen,
its tensile ductility remains higher than 33-35%, which is significantly more ductile than any
v’-strengthened superalloys in hydrogen.
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Figure 7. HEE susceptibility comparison for LP-DED NASA HR-1 and the wrought alloy
tested at 0.005 in/in/min with two different surface finishes.

Representative tensile stress-strain curves from a baseline test in nitrogen and three tests
in hydrogen at three different strain rates are shown in Figure 8. The three specimens tested in
hydrogen have LSG surface finish. It must be noted that the fracture elongation values shown
on the stress-strain curves are in the range of 39-46%, approximately 4-5% higher than those
obtained from the change in the total length of the specimen punch marks (1 inch gauge marks)
before and after the test. This discrepancy occurs because the 1.00-inch extensometer was cali-
brated to 15% strain, and strain values after 15% strain were derived from the stroke data. Ser-

rated stress-strain behavior was found for the specimen tested at 0.005 in/in/min in hydrogen due
to the Portevin-Le Chatelier (PLC) effect.]3 Tensile testing in hydrogen can trigger the PLC effect,
and the serrated stress-strain flow behavior is caused by the dragging effect of hydrogen atoms on

dislocations. All specimens tested in hydrogen display similar strain hardening behavior before
reaching the UTS. As shown in Figure 8, the influence of hydrogen on tensile behavior is negli-

gible when tested at the standard strain rate of 0.005 in/in/min. The effects of hydrogen on tensile

behavior became more noticeable with decreases in strain rate to 0.0005 and 0.0001 in/in/min.

LP-DED NASA HR-1 remains very ductile after lengthy tensile testing in hydrogen, as evidenced

by the gradual development of tensile fracture. There is still 4—6% ductility (fracture elongation)
between the onset of necking and final fracture.
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Figure 8. Overlaid tensile stress-strain curves for a baseline test in nitrogen and three
tests in hydrogen at three different strain rates from 0.005 to 0.0001 in/in/min.
The three specimens tested in hydrogen have LSG surface finish.

3.5 Effects of Strain Rate and Surface Finish on HEE Susceptibility

Table 7 shows the ratios of yield stress (YS), ultimate tensile stress (UTS), and ductil-
ity (fracture elongation) for LP-DED and wrought NASA HR-1 tested in hydrogen as compared
to that in inert gas environments (GH,/GHe or GH,/GN,). Compared with the wrought alloy,
LP-DED NASA HR-1 exhibits a similar GH,/GN, ductility ratio (1.03 and 0.95 for LSG and
machined surface finish, respectively) to that of the wrought alloy (0.99) at the strain rate of 0.005
in/in/min. However, LP-DED NASA HR-1 exhibits slightly higher YS and UTS ratios (0.99-1.01)
than the wrought alloy (0.94—0.96). Hydrogen embrittlement susceptibility can be affected by the
stress imposed on cracks during plastic deformation, which depends on the strength and strain
hardening rate of the alloys.> Wrought NASA HR-1 has higher strength but lower strain hardening
capability than the LP-DED alloy, which can explain the discrepancy in the YS and UTS ratios
between them.!3 There is larger force driving crack propagation for alloys with higher strengths
due to the increase in the stress intensity at the cracks, which is material strength dependent.

Plots that summarize the effects of strain rate and surface finish on tensile properties in

hydrogen for LP-DED NASA HR-1 are presented in Figure 9. The baseline tensile data (in ambi-
ent air and nitrogen) is also given in the plots to compare tensile properties under the influence of
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hydrogen. Both LSG & machined samples exhibit a negligible reduction in yield stress (1-2 ksi) in
hydrogen regardless of the strain rate, which indicates that hydrogen had little effect on the stress
required to initiate plastic deformation (see Figure 9(a)). Ultimate tensile stress (UTS) appears

to be slightly influenced by hydrogen at slower strain rates as shown in Figure 9(b). Both LSG &
machined samples exhibit no reduction in UTS at 0.005 in/in/min in hydrogen. Tensile testing at
a strain rate that is slower than 0.0005 in/in/min led to a slight reduction in UTS (3-8 ksi). The
machined samples exhibit slightly lower UTS (~3 ksi) than the LSG samples at all three strain
rates. Despite the slight reduction in UTS, the UTS ratios (GH,/GN,) for all conditions are above
0.96 (> 96%), indicating that hydrogen has insignificant effect on UTS for LP-DED NASA HR-I.

Table 7. The GH,/GN, ratios of yield stress (YS), ultimate tensile stress (UTS), and ductility
(fracture elongation) under three strain rates and two surface finish conditions for
LP-DED NASA HR-1.

Testing Roughness,
Pressure Duration Surface Ra YS Ratio | UTS Ratio |Ductility Ratio
Material Media | (psi) Strain Rate (min) Finish (Min) (GH)/GN,) | (GH,/GN,) | (GH,/GN,)

0.005 infin/min 25-35 17.0 1.01 0.99 0.95

0.0005 infin/min | 500-600 | Machined 6.8 1.00 0.97 0.80

LP-DED NASA 0.0001 infin/min | 800 - 900 76 1.00 0.96 0.82

GH, | 5000

HR-1 0.005 infin/min 25-35 42 0.99 1.01 1.03
0.0005 infin/min | 500 — 600 LSG 4.1 0.99 0.99 0.86

0.0001 infin/min | 800 - 900 4.1 0.98 0.98 0.88

Wr°“}$t_'1“ASA GH, | 5000 | 0.005infin/min | 30-40 | Machined | <32 0.94 0.96 0.99

The primary effect of hydrogen is on plastic deformation and ductility. Figure 9(c) shows
the relationship between fracture elongation, strain rate, surface finish condition, and testing
environments for LP-DED NASA HR-1. Tensile elongation ratio in hydrogen vs. helium or nitro-
gen (GH,/GHe or GH,/GN,) is often used to assess HEE susceptibility.? As can be seen, the
final machining method on smooth tensile specimens has an influence on HEE susceptibility. An
apparent trend is that the LSG specimens have slightly higher tensile ductility than the machined
specimens in hydrogen at all three strain rates. As shown in Figure 9(c), the GH,/GN, fracture
elongation ratio varies from 95-103% when tested at 0.005 in/in/min. The machined samples
exhibit a slight reduction in fracture elongation from 40.54% in nitrogen to 38.58% in hydrogen.
The LSG samples show no signs of ductility loss during smooth tensile testing at the same strain
rate in hydrogen. Both LSG & machined samples exhibit some ductility loss when testing at a
strain rate that is slower than 0.0005 in/in/min. It is interesting to note that a further decrease in
strain rate from 0.0005 to 0.0001 in/in/min does not lead to further degradation in tensile ductility.
The reduction in fracture elongation at slower strain rates is likely associated with crack growth
assisted tensile fracture during lengthy tensile testing in hydrogen, which will be discussed in sec-
tions 3.6 (Hydrogen-Induced Surface Cracking) and 3.10 (Suitability of Slow Strain Rate Tensile
Testing for HEE Screening). Extensive crack growth can lead to premature failure before reaching
the expected tensile ductility level.
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Figure 9. Effects of strain rate and surface finish on (a) yield stress, (b) ultimate tensile stress,
and (c¢) fracture elongation in hydrogen for LP-DED NASA HR-1. Strain rate appears
to have insignificant effects on yield stress and ultimate tensile stress in hydrogen. Both
LSG & machined samples exhibit some ductility loss when testing at a strain rate that
is slower than 0.0005 in/in/min. Overall, LSG samples performed better than machined
samples in hydrogen.
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3.6 Hydrogen-Induced Surface Cracking

The deformed tensile specimen surfaces were examined using SEM to analyze the
hydrogen-induced surface cracking behavior. Figures 10 and 11 present the specimen surface
characteristics comparison between machined and LSG specimens after tensile testing in hydro-
gen under three strain rates. Signs of necking can be seen in all specimens, but the specimens
tested at 0.005 in/in/min exhibit more distinct localized necking and shear lips than that tested
at slower strain rates. The machined specimen surface is slightly rougher than the LSG specimen
surface after tensile testing in hydrogen. There are a series of visible fine machining traces on the
machined specimen surface due to the turning process as shown in Figure 10(a) and (b). Both
machined and LSG specimens have many small surface cracks after tensile testing in hydrogen
at 0.005 in/in/min. The machined specimens have more pronounced surface cracks than the LSG
specimens. The surface cracks on the LSG specimen are very shallow and randomly orientated.
Some surface cracks on the machined specimens were generated along the machining traces and
are perpendicular to the tensile loading direction as shown in Figure 10(a). It is evident that sur-
face crack formation can be assisted by the machining marks that act as the embrittling origin of
HEE and affect tensile properties.

The propensity of surface cracking increased with decreasing strain rate. Both machined
and LSG specimens exhibit more surface cracks after tensile testing at 0.0005 in/in/min or slower
in hydrogen. As can be seen in Figures 10(b) and 11(b), surface cracks on the machined speci-
mens appear more pronounced and orderly oriented as compared to that on the LSG specimens.
Many surface cracks on the machined specimen formed at an inclination of approximately
45° angle to the loading axis as shown in Figure 10(b). Some surface cracks initiated along the
machining marks. In contrast, the orientation of surface cracks on the LSG specimen is more
random and not associated with the grinding traces. Machining traces on the specimen surface
can give rise to stress concentration and promote crack initiation during tensile testing in hydro-
gen.”27 Therefore, the presence of machining traces on the specimen surface is believed to be
one of the mechanisms that contribute to the reduced tensile fracture elongation in hydrogen.

The tensile behavior in hydrogen is quite different from that in air. Surface cracks are
present throughout the entire necked area of all specimens tested in hydrogen, which can be
attributed to hydrogen-induced/assisted cracking that becomes more pronounced after macro-
scopic necking.28 Formation of surface cracks on tensile specimens in the presence of hydrogen
is caused by triaxial stress state that originates following necking.? Therefore, it is reasonable
to assume that losses in ductility for LP-DED NASA HR-1 during very slow strain rate tensile
testing in hydrogen (at 0.0005 in/in/min or slower) are primarily associated with accelerated
surface crack initiation and growth after necking. This is consistent with the observations that
more pronounced surface cracking corresponds to a higher degree of HEE susceptibility in both
machined and LSG specimens when they were subjected to very slow strain rate tensile testing in
hydrogen.

19



/i

Diffuse
necking

Some cracks oriented at
~45° to the loading axis

() Most surface cracks present near the facture surface.

Figure 10. SEM images showing surface cracking behavior of machined specimens tensile tested
in hydrogen at the strain rate of (a) 0.005, (b) 0.0005, and (c) 0.0001 in/in/min. Three

images are presented for each sample. Surface cracks became wider and longer when
the strain rate is reduced from 0.005 to 0.0005 in/in/min or slower.
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Figure 11. SEM images showing surface cracking behavior of LSG specimens tensile tested in
hydrogen at the strain rate of (a) 0.005, (b) 0.0005, and (c) 0.0001 in/in/min. Three

images are presented for each sample. Surface cracks became wider and longer when
the strain rate is reduced from 0.005 to 0.0005 in/in/min or slower.
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3.7 Depth of Surface Crack Analysis

An in-depth analysis on the depth of surface cracks was performed to see the effects of
strain rate and surface finish condition on hydrogen-induced surface cracking behavior. Cross-
sectional images of broken tensile specimens with two surface finish conditions and tested at three
strain rates in hydrogen are shown in Figures 12 and 13. The depth of surface cracks are compared
at two locations for each specimen, roughly 0.15 inches from the fracture surface and the vicinity
of the specimen shoulder. Both machined and LSG specimens have visible surface cracks after
tensile testing at 0.005 in/in/min in hydrogen. Most surface cracks are shallow, approximately
10—40 um deep. Signs of plastic deformation can be clearly seen in the specimen shoulder region,
which indicates the material remains very ductile in hydrogen and plastic deformation extended
outside the specimen gauge. The fracture surface exhibits predominant shear-dominate ductile
transgranular type of fracture at approximately 45° to the loading axis.

The depth and number of surface cracks increases significantly with decreasing strain rate
to 0.0005 as shown in Figures 12(b) and 13(b). The degree of surface cracking on the machined
specimen is higher than that on the LSG specimen. Most surface cracks are approximately 20—60
um deep on the machined specimen and 10-50 um deep on the LSG specimen. However, there are
a few deep surface cracks up to 100 um deep near the specimen shoulder region on the machined
specimen. In comparison, surface cracks are significantly smaller and fewer near the specimen
shoulder region on the LSG. In both machined and LSG specimens, the majority of surface cracks
grew along the plane of maximum shear, and they are oriented at approximately 35-45° with
respect to the tensile loading direction. This demonstrates that LP-DED NASA HR-1 remains
very ductile in high pressure hydrogen environment as surface cracks initiated by ductile shear
mode.

The depth of surface cracks increased further when tensile tests were performed at a very
slower strain rate of 0.0001 in/in/min in hydrogen as shown in Figures 12(c) and 13(c). The LSG
specimens exhibit fewer surface cracks than the machined specimens and they are shallower
and more randomly distributed. The deepest surface cracks in the machined and LSG specimen
were on the order of 140 um and 80 um, respectively. It must be noted that several sizeable sur-
face cracks up to 100 um deep are present near the shoulder region of the machined specimen. In
comparison, the deepest surface crack on the LSG specimen shoulder region is about 30 um deep,
which is significantly shallower than that in the machined specimen. Since the surface roughness is
comparable for the machined and LSG specimens, the difference in the surface cracking behavior
between them is likely caused by the difference in the magnitude of residual stress on the specimen
surface. Residual stress can be easily introduced to the specimen surface during final machining
by turning. In contrast, low stress grinding (LSG) can reduce surface residual stress to a very low
level.

There is a correlation between the surface residual stress and hydrogen content as tensile
residual stress expands the crystal lattice and promotes hydrogen entry, diffusion, and absorp-
tion.30 In contrast, compressive residual stress mitigates stress concentration around a crack tip
due to the crack closure effect and decreased hydrogen concentration around the crack tip. It
has been reported that hydrogen has a tendency to concentrate around a crack tip, where hydro-
static stress is high, and penetrates deep into the material along with the propagating crack tip.3
Therefore, the residual stress field near the specimen surface is expected to play a significant role
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in hydrogen diffusion and absorption behaviors.30 After final machining by turning, the residual
stress is tensile at the surface and compressive below the surface for machined Inconel 718.3! As
a result, the residual stress distributions on the surface of machined LP-DED NASA HR-1 ten-
sile specimens are expected to be tensile in nature. Therefore, it is postulated that the presence of
higher tensile residual stress on the machined surface contributes to the observed differences in
surface cracking behavior and tensile ductility degradation in hydrogen between the machined
and LSG specimens. This explains why the machined surface is more susceptible to HEE than
the LSG surface.

Surface cracks near the fracture surface (~10 — 50 um deep) Surface cracks near the specimen shoulder (~10 — 40 pm deep)

Surface cracks near the fracture surface (~20 — 60 um deep) Surface cracks near the specimen shoulder (~20 — 100 pm deep),
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Figure 12. Optical images showing cross-sectional views of fractured tensile specimens (with
machined surface finish) tested in hydrogen at the strain rate of (a) 0.005, (b) 0.0005,
and (c) 0.0001 in/in/min. Five images are presented for each sample. Most surface
cracks are oriented at approximately 35-45° with respect to the loading direction.
The surface cracking mode is predominantly ductile transgranular.

Surface cracks near the fracture surface (~ um deep) Surface cracks near the specimen shoulder (~10 — 20 pm deep)

(@)
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Figure 13. Optical images showing cross-sectional views of fractured tensile specimens (with LSG
surface finish) tested in hydrogen at the strain rate of (a) 0.005, (b) 0.0005, and (c) 0.0001
in/in/min. Five images are presented for each sample. Most surface cracks are oriented
at approximately 35-45° with respect to the loading direction. The surface cracking
mode is predominantly ductile transgranular.
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3.8 Strain Rate Effect on Hydrogen Diffusion

Hydrogen influences surface crack initiation and hydrogen-induced cracks start at the gas-
metal surface.3? In alloy 718, the resistance to HEE is related to hydrogen diffusion behavior, and
hydrogen transport by diffusion is an important consideration for interpreting the susceptibility to
HEE.33 The depth of hydrogen diffusion in LP-DED NASA HR-1 can be estimated using the bulk
diffusivity for hydrogen in alloy 718 at room temperature, which is on the order of 2x 1015 m?2/s.3
The diffusion distance of hydrogen has a square root dependence on diffusivity and can be deter-
mined from the equation below:34

x =~ (Dt)'2

where X is the diffusion distance traveled by the diffusing hydrogen atoms in one direction
along one axis, D is diffusivity, and t is the elapsed time since diffusion began. The diffusivity deter-
mines the time it takes for a hydrogen atom to diffuse a given distance in an alloy.

The tensile test strain rate for LP-DED NASA HR-1 in hydrogen varies from 0.005 to 0.0001
in/in/min. The variation in strain rate changes the testing duration in hydrogen from 25-35 minutes
(at 0.005 in/in/min) to as high as 800-900 minutes (at 0.0001 in/in/min). When a tensile test is per-
formed at a strain rate of 0.005 in/in/min for 25-35 minutes, hydrogen atoms absorbed on the speci-
men surface can diffuse over a very short distance of approximately 1.73-2.05 um. This indicates the
potential for hydrogen assisting in the failure process is lower at 0.005 in/in/min, since the distance it
can diffuse during tensile testing is very limited. In comparison, when the strain rate is decreased to
0.0001 in/in/min, the exposure time in hydrogen environment increases to more than 800-900 min-
utes (23 x time), and the estimated depth of hydrogen diffusion at the failure would increase from
1.73-2.05 um to approximately 9.80-10.39 um. It is apparent that the fraction of deforming material
that is affected by hydrogen is considerably larger at 0.0001 in/in/min than at 0.005 in/in/min due to
the difference in the exposure time in hydrogen. This explains why HEE sensitivity increased when
tensile tests were run at very slow strain rates due to increased depth of hydrogen diffusion, which
would promote interaction of hydrogen and the moving dislocations.3:3-0:34

Although the calculated hydrogen diffusion distance is significantly shorter than the mea-
sured depth of surface cracks, a clear trend of increasing depth of surface cracks with decreasing
strain rate can be observed. The actual surface cracks being deeper than the calculated hydrogen
diffusion distance represent an area where hydrogen transportation can be assisted by moving
dislocations beyond the limit of lattice diffusion.3> At a higher strain rate, the diffusion of hydro-
gen may not be able to follow the dislocation motion, leading to a shallow penetration of hydrogen
inside the specimen surface.’ In contrast, hydrogen can diffuse deeper and follow the slow disloca-
tion motion when the strain rate is decreased to a very low level. Therefore, the interaction of hydro-
gen with dislocation is enhanced and a higher amount of hydrogen can be effectively transported by
dislocations to the high stress regions when the strain rate is below a certain threshold value. The
high pressure hydrogen environment continues to supply hydrogen to the near-surface dislocation
sources. Mobile dislocations draw hydrogen inward at a rate significantly higher than that allowed
by normal lattice diffusion. Towards the end of the tensile test, cracks are formed, and hydrogen can
either diffuse or be transported by dislocations to the crack tip and accelerate the hydrogen induced
failure.
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3.9 Effects of Hydrogen on Fracture Behavior

Fracture surfaces were analyzed using SEM to explore the effects of hydrogen on tensile frac-
ture behavior. Fractographic details and tensile failure mode of LP-DED NASA HR-1 tested under
three strain rates in hydrogen are shown in Figures 14 and 15. Three images are presented for each
sample, including the overall fracture surface, the hydrogen affected zone near surface, and a higher
resolution image showing the mixed quasi-cleavage and dimple fracture in the hydrogen affected
zone. As shown in Figures 14(a) and 15(a), both machined and LSG specimens display similar
fracture characteristics after tensile testing at the strain rate of 0.005 in/in/min in hydrogen. There
1s a small hydrogen affected zone around the circumference of the fracture surface in the machined
and LSG specimens. Higher resolution SEM images reveal the hydrogen affected zone has mostly
ductile dimple type of fracture with a few very small hydrogen-induced cracks. It is apparent that
hydrogen has little influence on tensile fracture behavior of LP-DED NASA HR-1 when tensile test-
ing was conducted at the standard strain rate of 0.005 in/in/min.

The fracture surface morphology looks significantly different when the strain rate was
reduced to 0.0005 in/in/min. Figures 14(b) and 15(b) display the SEM images of a machined and a
LSG specimen tensile tested in hydrogen at 0.0005 in/in/min. The fracture surface morphology of
the machined and LSG specimens look similar with no distinct differences. There are two to three
hydrogen affected zones that can be clearly identified on the fracture surface. At 0.0005 in/in/min,
the hydrogen induced cracks become larger and exhibit more distinct quasi-cleavage facet mor-
phology. The quasi-cleavage fracture surface is flatter and mixed with secondary cracks and traces
of ductile dimples. Outside of the hydrogen affected zones, a more ductile mode of failure occurs,
and ductile-dimple type of fracture is dominant. The ductile-dimple failure is representative of an
overload mode of failure of the remaining ligament that is not affected by hydrogen. Based on the
fractographic analysis, the hydrogen affected failure mode is surface crack formation, followed by
crack growth, and eventually ductile “overload” failure. Although there are a few hydrogen affected
quasi-cleavage regions on the fracture surface, LP-DED NASA HR-1 remains very ductile and have
more than 33% fracture elongation after tensile testing for 8-9 hours in hydrogen.

The depth of the less ductile quasi-cleavage zone varied significantly with the strain rate.
When strain rate was reduced to 0.0001 in/in/min, the depth of hydrogen affected quasi-cleavage
zone extended deeper and covered a sizeable portion of the fracture surface as shown in Figures
14(c) and 15(c). This phenomenon is expected because the testing duration in hydrogen increases
drastically with decreasing strain rate. The increased depth of hydrogen-induced quasi-cleavage
fracture was likely caused by hydrogen being transported deeper into the specimen as the crack
continued to propagate during lengthy testing in hydrogen.33 Although the hydrogen affected zone
becomes much larger and deeper when the strain rate is reduced from 0.0005 to 0.0001 in/in/min, it
1s significant to note that the fracture elongation does not decrease further. This phenomenon can
be attributed to the growth rate of hydrogen-induced cracks being extremely slow when a single ten-
sile test lasted for 13—15 hours at 0.0001 in/in/min. As a result, further reduction in fracture elonga-
tion was prevented as the extremely slow test speed delayed the overload failure and permitted the
hydrogen affected zone to grow slowly and cover a sizeable portion of the fracture surface before the
final fracture.
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From the fractographic analysis, it is evident that the interaction of external gaseous hydro-
gen with the tensile specimen is initially confined within its outer region during tensile testing.
Surface cracks initiated from the circumference and continued to grow inward. The failure of
tensile specimens in hydrogen started with surface crack formation, followed by crack growth, and
eventually ductile overload failure. Hydrogen embrittlement is undoubtedly more pronounced at
slow strain rates as the hydrogen-induced quasi-cleavage facets become larger and more distinct.
Hydrogen concentration at the crack tip can be greatly influenced by strain rate.3® Hydrogen can
follow the slow-moving dislocations to the stress concentration sites when the strain rate is very
slow.3>37 Hydrogen was transported deep into the material towards the end of the slow strain
rate tensile test, leading to reduced fracture elongation. Intergranular fracture, which is the most
severe form of HEE, is not present on the fracture surface of LP-DED NASA HR-1.
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Figure 14. SEM fractography of machined specimens tensile tested in hydrogen at the strain
rate of (a) 0.005, (b) 0.0005, and (c) 0.0001 in/in/min. Three images are presented for
each sample to show the overall fracture surface, the HEE affected zone near the
specimen surface, and hydrogen-induced quasi-cleavage fracture.
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Figure 15. SEM fractography of LSG specimens tensile tested in hydrogen at the strain rate of
(@) 0.005, (b) 0.0005, and (c) 0.0001 in/in/min. Three images are presented for each
sample to show the overall fracture surface, the HEE affected zone near the specimen
surface, and hydrogen-induced quasi-cleavage fracture.

3.10 Suitability of Slow Strain Rate Tensile Testing for HEE Screening

Smooth tensile testing in hydrogen is intended to provide a reasonably rapid material
screening to qualitatively evaluate the susceptibility of HEE, instead of determining the effects of
long- term exposure in a hydrogen service environment. There are a few factors that can affect the
HEE screening results and data interpretation when the strain rate is very slow. Table 8 summa-
rizes the effects of strain rate on tensile testing duration, hydrogen (H) diffusion distance, depth
of surface cracks, hydrogen embrittlement (HE) category, and fracture driving force. As shown in
Table 8, decreasing strain rate significantly increases testing duration, hydrogen diffusion dis-
tance, and depth of surface cracks. A couple of technical complications may arise from very slow
strain rate tensile testing and make evaluation of HEE screening results difficult and complex.
First, the distance of hydrogen diffusion increases by roughly a factor of 5, form 1.73-2.05 um to
9.8-10.39 um when the strain rate is decreased from 0.005 to 0.0001 in/in/min. The depth of hydro-
gen diffusion can increase further when the material is subjected to persistent high tensile stresses
(close to the UTS) as stress can expand the crystal lattice and promote hydrogen diffusion.3? The
increased diffusion time in conjunction with stress-assisted diffusion permit hydrogen to diffuse
deep into the material, which may result in some degree of Internal Hydrogen Embrittlement
(IHE), in addition to HEE. IHE, a more severe form of hydrogen embrittlement than HEE, can
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be regarded as the embrittlement of a material due to introduction of hydrogen into the materi-
als under an applied stress.2 The combined effects of HEE and a certain degree of IHE from very
slow strain rate tensile screening testing is expected to show more severe HEE than would be
encountered in service. In contrast, IHE is not expected to be a factor when HEE screening tests
are performed at 0.005 in/in/min as the time for hydrogen absorption and diffusion from the sur-
face into the material is short (25-35 minutes).

Table 8. Effects of strain rate on tensile testing duration, hydrogen diffusion distance, depth of
surface cracks, HE category, and fracture driving force. IHE denotes internal hydrogen
embrittlement. The depth of surface cracks were measured from the machined specimens
at roughly 0.15 inches from the fracture surface and in the vicinity of the specimen

shoulder.
Testing H Diffusion | Depth of Surface
Strain rate Duration Distance Cracks HE Fracture
Material Media (infin/min) (min) (um) (um) Category Driving Force

0.005 25-35 1.73-2.05 10-50 HEE Tensile
LP-DED NASA
HR-1 (machined | 5 ksi GH, | 0.0005 500 - 600 7.75-8.49 20-100 HEE + IHE | Tensile + crack growth

finish)
0.0001 800 -900 9.80-10.39 20-140 HEE + IHE | Tensile + crack growth

The other technical complication associated with very slow strain rate tensile testing is
the slow dynamic strain would promote growth of surface cracks during lengthy tensile testing in
hydrogen. As shown in Table 8, growth of surface cracks was enhanced when the strain rate was
very slow. The depth of hydrogen-induced surface cracks increased considerably from 10-50 um at
0.005 in/in/min to 20-140 um at 0.0001 in/in/min. The depth of surface cracks are compared at two
locations for each specimen, roughly 0.15 inches from the fracture surface and in the vicinity of
the specimen shoulder as shown in Figure 12. A tensile test is no longer a normal tensile test when
fracture is assisted by crack growth.33% As a result, a HEE screening tensile test performed with a
cracked specimen becomes a complex test of combined tensile and crack growth, which can influ-
ence the tensile properties in hydrogen (see Table 8). Under such circumstance, the applied tensile
stress is no longer the only fracture driving force as the fracture process can be assisted by crack
growth, which is dependent on the stress intensity factor (K) near the tip of a crack. A fracture
mechanics-based approach is required to analyze the effects of stress intensity on crack growth,
fracture elongation, and ultimate tensile stress.3%40 The choice of tensile testing strain rate should
be based on its ability to assess HEE susceptibility relative to in-service conditions and the test
being reasonably rapid and reproducible. Very slow strain rate tensile testing at 0.0005 in/in/min
or slower is unsuitable for HEE screening as the technical complications introduced by IHE and
crack-growth assisted fracture make data analysis extremely difficult and unreliable.
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3.11 Correlation of HEE Screening Test Results and LCF Life in Hydrogen

Mechanical property data other than tensile properties must be considered in designing
components for LRE applications. Low cycle fatigue (LCF) is the life-limiting property for LRE
nozzles.!3 Hydrogen can have significant effects on strain-controlled LCF life for HEE susceptible
materials because the effects of hydrogen are primarily on plastic deformation and ductility. It
has been demonstrated that the HEE susceptibility trend generated by smooth tensile screening
testing correlates well with LCF behavior trend in hydrogen.? Therefore, the HEE screening
results obtained from tensile testing can be used to assess the effects hydrogen on LCF behavior
for LP-DED NASA HR-1. Figure 16 presents the HEE screening tensile test results obtained
from this study (at 0.005 in/in/min) and the strain-controlled LCF test results at 2% total strain
in hydrogen for LP-DED NASA HR-1.13 As shown in Figure 16(a), LP-DED NASA HR-1 has
excellent resistance to HEE when tested at 0.005 in/in/min. The %EL ratio (GH,/GN,) is 95% for
the machined specimens and 103% for the LSG specimens. Effect of hydrogen on LCF life for
LP-DED NASA HR-1 is shown in Figure 16(b). As shown, LCF life in hydrogen is comparable
to that in air at 2% total strain. The typical LCF life is 827-1121 cycles in air and 878-893 cycles
in hydrogen. It is proven again that running smooth tensile testing in hydrogen at 0.005 in/in/min
1s an effective screening method for HEE susceptibility evaluation as the screening results agree
well with the LCF behavior in hydrogen. The excellent LCF performance in hydrogen makes
LP-DED NASA HR-1 an ideal material for LRE structures that are subjected to repeated thermal
and mechanical loads in the challenging high pressure hydrogen environment.!3 NASA has
manufactured multiple components using LP-DED NASA HR-1 and successfully tested over 280
starts and 8,914 seconds in hydrogen environments on integral channel wall nozzles.!3

HEE Screening Results at 0.005 in/in/min LCF in Air vs. in Hydrogen
50 25
45 MoksiGN, HOksiGH, ore 87&_ 998 Gycles A DED HR-1 air 2-step
_ %EL Ratio = 95% %EL Ratio = 103% ) LA O DED HR-1 GH, - 2:step |-
= 40 4163 Vi‘ S~
~
S 35 S | Ar827-1121 cycles~
= =15 =
(=2 i N
§ 30 - = I
o GH, & N
2 5 | Aty
©
i 20
0.5
15 —
L 0
DED HR-1-Machined DED HR-1-low Stress Grind 500 5000
(a) Alloys and Surface Finish (2-step aging cycle) (b) Cycles to Failure (2-step aging cycle)

Figure 16. (a) HEE susceptibility screening test results obtained at 0.005 in/in/min and (b) the
strain-controlled LCF test results at 2% total strain in hydrogen and air for LP-DED
NASA HR-1.13 The trend of HEE screening results by tensile testing correlates well
with that of the strain-controlled LCF behavior in hydrogen.
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4. RECOMMENDATIONS

Performing smooth tensile testing in hydrogen is a rapid screening method to determine
the relative HEE susceptibility of materials. There are several factors that can influence tensile
test results in high pressure hydrogen environment, including strain rate, specimen surface finish,
test system, and material factors. The most significant HEE data variations among laboratories
and different studies arise from inconsistency in test speed (strain rate) and specimen preparation
(surface finish). The historic standard test speed at MSFC for smooth tensile testing in hydrogen
has been the stoke rate that results in a pre-yield strain rate of 0.005 in/in/min. Performing smooth
tensile testing in hydrogen at 0.005 in/in/min has been proven very effective for developing new
alloys, screening, and qualifying candidate alloys for LRE applications. The standard strain rate
of 0.005 in/in/min was used to develop a hydrogen resistant wrought alloy NASA HR-1 at MSFC,
to qualify wrought JBK-75 for hydrogen service, and to perform HEE susceptibility screening
tests for other candidate rocket propulsion materials.!6-23.1 HEE screening of candidate materials
should take the service conditions into consideration to ensure the tests can adequately evaluate
the potential of HEE in service. Running a smooth tensile test at a strain rate of 0.0005 in/in/min
or slower is not suitable for HEE screening as the test data can be complicated by the presence of
IHE and crack growth assisted tensile fracture.

Specimen surface finish condition also influences HEE susceptibility because the fail-
ure mode in hydrogen starts with surface crack formation. According to ASTM standard G142,
specimens shall be machined by grinding to have a minimum amount of cold work on the gauge
surface.!? Final machining by turning generates machining traces and residual stress on the speci-
men surface that affect HEE susceptibility. Another concern with the use of turning method for
final machining is the variation in the machining speed (material removal rate) can also affect
HEE susceptibility. An increase in the machining speed has been shown to decrease hydrogen
resistance for alloy 718, which is likely caused by an increase in the tensile residual stress on the
surface.34! Therefore, the method of final machining should be performed by grinding to avoid
adding additional variables that influence HEE screening results. Based on the findings of this
study, it is recommended that smooth tensile testing in hydrogen for HEE screening shall be per-
formed at a pre-yield strain rate of 0.005 in/in/min using specimens with LSG surface finish. After
HEE screening and qualification, other mechanical properties, such as LCF, crack growth (da/dn),
and fracture properties, should be considered in designing components for service in high pressure
hydrogen environment.

34



5. CONCLUSIONS

LP-DED NASA HR-1 was subjected to tensile tests by varying strain rate and surface
finish under a 5 ksi high pressure hydrogen environment at room temperature, and the following
findings were obtained.

(1) The HEE tensile screening results verified that NASA HR-1 in LP-DED form is an
excellent material for use in liquid rocket engine applications, as it is very ductile and exhibits a
high resistance to HEE. LP-DED NASA HR-1 with LSG surface finish exhibits no ductility loss
when tested in hydrogen at the standard strain rate of 0.005 in/in/min. Machined samples have
a slight 2% ductility reduction in hydrogen at the same strain rate. LP-DED NASA HR-1 exhib-
its comparable tensile ductility ratio to the wrought alloy at the strain rate of 0.005 in/in/min in
hydrogen but is significantly more ductile than the wrought alloy.

(2) Hydrogen induced tensile ductility reductions are sensitive to strain rate and surface
finish condition. Very slow strain rate tensile testing at 0.0005 in/in/min or slower is unsuitable for
HEE screening as the technical complications introduced by IHE and crack-growth assisted frac-
ture make data analysis extremely difficult and unreliable. The combined effects of IHE and crack
growth assisted tensile fracture that occur during very slow strain rate tensile testing is expected
to show more severe HEE susceptibility than would be encountered in service.

(3) The primary effect of hydrogen on tensile properties is on ductility (%EL) and not
strength. The effect of strain rate and surface finish on yield and tensile strength for LP-DED
NASA HR-1 is insignificant in hydrogen. Both LSG and machined samples exhibit no reduction
in yield stress in hydrogen at all three strain rates. Ultimate tensile stress (UTS) appears to be
slightly influenced in hydrogen at very slow strain rates, but the UTS ratios (GH,/GN,) are above
96% for all conditions.

(4) The baseline tensile test results in ambient air show that strain rates in the range of
0.01-0.0005 in/in/min have no effect on tensile properties for LP-DED NASA HR-1. The 5 ksi inert
nitrogen gas pressure also has no noticeable effect on tensile properties.

(5) Based on the findings of this study, it is recommended that smooth tensile testing in
hydrogen for HEE screening shall be performed at a pre-yield strain rate of 0.005 in/in/min using
specimens with LSG surface finish. Performing smooth tensile tests at 0.0005 in/in/min or slower
in hydrogen is not recommended for HEE screening and qualifying alloys of interest for LRE
applications.
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