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Abstract

This report is a section of the final report on the GRCop-84 task of the Constellation Program and
incorporates the results obtained between October 2000 and September 2005 when the program ended.

GRCop-84 contains approximately 5.5 wt% Nb. Nb can react with H and embrittle easily (refs. 2
through 11). Previous work had indicated the thermodynamic possibility that Cr,Nb could react with H
and form niobium hydrides in the presence of high pressure H such as seen in the Space Shuttle Main
Engine (ref. 12). In this study, samples were charged with H and then tested in both high pressure H and
He environments to determine if measurable differences existed which indicate that hydrogen
embrittlement occurs in GRCop-84. Tensile, notched tensile, stress rupture and low cycle fatigue
properties were surveyed. High pressure H environment stress rupture testing resulted in a lower
reduction in area than a high pressure He environment, and the LCF lives at high strain ranges fall below
the lower 95 percent confidence interval for the baseline data, but in general no significant differences
were noted either between H and He environment tests or between hydrogen charged materials and the
baseline, uncharged extruded GRCop-84 data sets. There was also no discernable evidence of the
formation of hydrides or changes in fracture morphology indicating hydrogen embrittlement occurred.

Introduction

Hydrogen embrittlement was identified in the technical literature as long ago as 1875 (ref. 1) and was
likely known on a practical level well before then. It is well known that Nb (refs. 2 through 10) and Nb
containing alloys (ref. 11) are susceptible to hydrogen embrittlement. Nb readily forms both hydrides and
a solid solution with hydrogen. This raises the concern that in the high pressure hydrogen environment of
a regeneratively cooled hydrogen fueled rocket engine GRCop-84 may become hydrogen embrittled.
Limited testing was undertaken to determine if significant changes in mechanical properties occur after
charging GRCop-84 in a high pressure hydrogen environment.

A prior study (ref. 12) examined the thermodynamics of GRCop-84 in a hydrogen environment. The
conclusion was that the susceptibility to hydrogen embrittlement would largely be controlled by the
chemistry of the Cr,Nb precipitates found in GRCop-84, temperature and hydrogen pressure. The Cr-Nb
phase diagram (ref. 13) indicates that Cr,Nb has a range of compositions which implies that it has a range
of Nb activities. If GRCop-84 is Nb rich (more Nb than the amount needed to form Cr,Nb), the activity of
the Nb in the Cr,Nb will be unity, and the alloy will act much like pure Nb. The only difference is that the
activity of Nb will decrease as the Nb is consumed forming niobium hydride (NbH,). This does provide a
self-limiting mechanism to minimize hydrogen embrittlement, but the hydride would still present a
serious problem given its much greater specific volume.

If GRCop-84 is made Cr rich, the activity of Nb is greatly reduced. Hydride formation in the form of
Nbys9Ho 41 does remain a possibility in a 35 MPa (5 ksi) hydrogen environment, but the pressure required
rises to 462.2 MPa at 100 °C (212 °F). At even moderately higher temperatures such as 150 °C (302 °F),
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the hydrogen pressures required to form the hydrides rapidly exceeds 101 GPa (14 Msi). This limits the
probability and amount of hydride formation that could occur. In contrast, pure Nb requires only a partial
pressure of 1.93x107° MPa (2.8x10™* psi) to form niobium hydride at 100 °C.

Based on prior work (ref. 12), it was never thermodynamically favorable to form a Nb-H solid
solution in the Cr,Nb or the alloy.

While thermodynamics indicate that GRCop-84 could potentially form hydrides and be embrittled,
the kinetics of the process are unknown. It is assumed based on the small size of the absorbed hydrogen
atom and the generally high diffusivity of hydrogen in all solids that the process would not be diffusion
limited. Unfortunately no data exists on the interaction between hydrogen and Cr,Nb.

If hydrides do form, they should decrease the ductility and the energy needed to propagate cracks.
Tensile and low cycle fatigue testing should show differences between standard air, vacuum or inert
atmosphere tests and the corresponding high pressure hydrogen tests. Stress rupture testing can also
reveal time dependent phenomena that may be occurring. Evidence of hydrides should also be visible on
the fracture surfaces of the failed samples, and a hydrogen solid solution would likely result in a
discernable change in dimple size and morphology or even failure mode.

With these potential problems in mind, the specification for GRCop-84 was written to include a slight
excess of Cr in the alloy. This minimizes the activity of Nb in the alloy and vastly reduces the potential
risk of GRCop-84 undergoing hydrogen embrittlement. This work is meant to confirm that the approach
used alleviates these concerns.

Experimental Procedure

Three types of testing were done — tensile, stress rupture, and LCF. Due to the needs of the Columbia
Accident Investigation Board and the Return To Flight Program for Marshall Space Flight Center
(MSFC) facilities and personnel, not all analysis was as in-depth as originally planned. Mainly this
involved limiting post test examination of the specimens to selected specimens rather than all specimens.

Sample Charging

All samples were charged with hydrogen prior to testing. The samples were made from small
GRCop-84 extrusions produced using Crucible Research powder during the RLV Focused Program. The
samples were machined into the appropriate test specimen prior to charging. No post machining annealing
was done to remove residual or surface stresses.

Samples were charged by heating the samples to 649 °C (1200 °F) in 34.5 MPa (5 ksi) hydrogen for
8 hr. After charging the samples were stored in liquid nitrogen until they were ready to test. Testing began
immediately after charging and was completed as quickly as possible to minimize loss of hydrogen from
the samples.

Tensile Testing

All high pressure He and H tensile testing was conducted at the NASA MSFC Hydrogen Testing
Facility. Samples were tested in a 34.5 MPa (5 ksi) gaseous helium (GHe) or gaseous hydrogen (GH)
environment. Testing was conducted at ambient temperature and 500 °C (932 °F). Two sample
geometries were used. The first was the smooth sample shown in figure 1. The second was the notched
sample shown in figure 2 with a stress intensity factor (K;) equal to 6.3+0.5.
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Figure 1.—Smooth tensile specimen.
(Specimen design and drawing courtesy of Pratt & Whitney Rocketdyne)

60+ B 3
i -
Il
, ¥ \
7 |
£ \
L +.0005
00257 5o 3 R
view A
SCALE: 4/1
.375 R
t.500 (TYP)
o ﬁz‘vrawA
[ | e * =ty
&.375 REF FEy— — { \ — —€%
"'—__ﬂ"""_"_" =] ,
l 750 15:///'
1 /2-13UNC 2 CENTER DRILL
la———— | .55 (TYP)
3.10

Figure 2.—Notched tensile specimen (K; = 6.3).
(Specimen design and drawing courtesy of Pratt & Whitney Rocketdyne)
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A modified Instron load frame designed to operate in high pressure hydrogen or helium
environments was used for testing the samples. Tests were conducted using crosshead control. A
crosshead speed of 0.0021 mm/s (0.005 in/min) was selected for these tests. The initial strain rate
of these tests corresponds to the initial strain rate for the other tensile tests reported in this task,
but the strain rate decreases by up to 25 percent as the sample lengthens.

An extensometer was used to measure the strain of the samples up to 10 percent, the limit of
the extensometer. The load and strain were recorded using a data acquisition and control
computer. The total sample elongation was measured after the test using witness marks on the
sample.

Stress Rupture Testing

Stress rupture testing was conducted at 500 °C (932 °F) using a stress of 109 MPa (15.8 ksi) in
34.5 MPa (5 ksi) gaseous hydrogen and helium. The testing was performed at the NASA MSFC
Hydrogen Testing Facility using a modified Instron tensile load frame. The specimen design is shown in
figure 3.
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Figure 3.—Stress rupture specimen design.
(Specimen design and drawing courtesy of NASA MSFC)
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Low Cycle Fatigue Testing

Low cycle fatigue testing was also conducted at the NASA MSFC Hydrogen Testing Facility. The
specimen design used is shown in figure 4. Testing was done in strain control mode. A triangular
waveform with a frequency of 10 cycles per minute (0.167 Hz) was used for the tests.

Fractography

Fractography was conducted at NASA Glenn Research Center following completion of the
mechanical testing. All samples were first examined with an Olympus SZH optical macroscope with
DP12 digital camera to determine the general morphology of the fracture surfaces.

A JEOL 840A Scanning Electron Microscope (SEM) was used for most of the detailed fractography.
The SEM door allowed the samples to be inserted without the need to cut the samples. This prevented

contamination of the fracture surface during a cutting step.
Six LCF samples were also observed using a Hitachi Field Emission Scanning Electron Microscope

(FESEM). The FESEM had significantly greater resolution and could easily operate at magnifications in
excess of 100,000x. This was critical in determining if fine bubbles formed during LCF testing. The
samples could be inserted on their side and rotated to an upright position in the microscope, so cutting
was not required for these samples either.
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Figure 4—Low cycle fatigue (LCF) specimen.
(Specimen design and drawing courtesy of NASA MSFC)
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Results

Tensile Testing

Typical stress-strain curves for GRCop-84 samples are shown in figure 5. For comparison, a typical
room temperature stress-strain curve for GRCop-84 samples is shown as well. No 500 °C (932 °F) testing
was conducted on the baseline material, so no corresponding stress-strain curve is presented. However,
based upon the 400 and 600 °C (752 and 1112 °F) tensile curves for the baseline material, it is expected
that the 500 °C stress-strain cure for the baseline GRCop-84 would be very similar to the GH and GHe
500 °C curves.

Figure 6 shows the average tensile strength of the samples tested in GHe and GH. For the notched
tensile samples, the specimens all failed in the notch before the smooth section attained 0.2 percent strain.
There is therefore no measured 0.2 percent yield strength. The bars represent the average of three tests,
and the lines represent one standard deviation above and below the average.

Figure 7 shows the elongation of the specimens. The notched samples are not shown because the
samples failed in the notch before significant deformation (>0.5 percent) was measured. The bars again
represent the average of three tests, and the lines represent one standard deviation above and below the

average.
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Figure 5.—Typical GRCop-84 stress-strain curves.
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For comparison purposes the baseline tensile properties of GRCop-84 are also presented. The values
for room temperature tests represent the average of five tests, and the lines again represent one standard
deviation above and below the average. While no data was available for the baseline alloy tested at
500 °C, the tensile properties of the baseline data were calculated from the regression models for GRCop-
84 (ref. 14). These models include the ability to determine the standard deviation at each temperature, and
those values are included in the bar graphs as well.

Statistical analysis was conducted on the tensile data. At a 95 percent confidence level there was no
statistically significant difference in the average yield strengths for the smooth tensile specimens and the
baseline tests. For the ultimate tensile strength, the notched specimens had a statistically greater strength
than the smooth tensile specimens and the baseline specimens at 500 °C. At room temperature the
notched specimens had statistically equivalent ultimate strengths at a 95 percent confidence level. The
ultimate tensile strengths for the smooth tensile specimens and the baseline specimens were statistically
equivalent at a 95 percent confidence level.

The elongation and reduction in areas for the smooth tensile specimens tested in gaseous hydrogen
and helium and the baseline specimens are statistically equivalent at a 95 percent confidence level. This
result may be partially influenced by the high variability in the baseline specimens’ reduction in area and
should be used with some caution.

Figure 8 shows the fracture surface of representative notched and smooth tensile specimens. For
comparison a typical fracture surface for GRCop-84 without hydrogen charging tested in air at room
temperature is included. All samples show evidence of ductile failure. No major change in fracture
mechanism from the normal microvoid coalescence was observed. The notched samples had some
evidence of more angular failure surfaces, but the differences were minimal and are a subjective opinion
based upon observations of only a few samples. As shown in figure 9, even at the root of the notch
GRCop-84 specimens showed ductile rather than brittle fracture, and the failure mode was consistent with
all other tensile test specimens.

(a) Baseline, uncharged GRCop-84 specimen tested
in air at room temperature.

Figure 8.—Fracture surfaces of GRCop-84 tested in high pressure hydrogen and helium.
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(b) Notched specimen tested in GH (c) Notched specimen tested in GHe
at room temperature at room temperature

Figure 8. —Continued.
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(d) Smooth specimen tested in GH (e) Smooth specimen tested in GHe
at room temperature at room temperature

Figure 8. —Continued.

NASA/TM—2006-214269 10



(f) Smooth specimen tested in GH at 500 °C (932 °F)  (g) Smooth specimen tested in GHe at 500 °C (932 °F)

Figure 8.—Concluded.
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(b) Notched specimen tested in GHe
at room temperature at room temperature

Figure 9.—Fracture surfaces at the notch root of GRCop-84 notched
tensile specimen tested at room temperature.
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Stress Rupture

Table 1 summarizes the measured reductions in areas for the specimens and the stress rupture lives.
The identification of two samples was lost, so the reduction in area for those samples could not be
reported. For comparison, the average values for the uncharged samples creep tested at NASA GRC
under the same conditions are also included. For the vacuum creep testing, the reduction in area did not

vary greatly with temperature and stress. The average for all specimens was a 16.2 percent reduction in
area.

TABLE 1.—REDUCTION IN AREA FOR HYDROGEN CHARGED GRCop-84 STRESS RUPTURE SPECIMENS

Test Sample Reduction in area Stress rupture Life
environment (%) (h)
GH 1 35.6
2 61.5
3 7.9 222
Average 7.9 39.8
GHe 4 60.2 50.5
5 66.8 99.4
Average 63.5 75.0
Vacuum Average 13.1 20.1
(Uncharged specimens)

The displacement of the samples during the testing was recorded using a strip chart. The resolution of
the chart was insufficient to determine the creep rates of the samples, so only the lives are presented.

Two unexpected results from the stress rupture testing were the increase in life and reduction in area
for the samples tested in GHe. While the increase in life is not statistically significant, the difference in
average life is sufficiently large that is suspected that larger data sets with six or seven tests in each
environment would yield a statistically significant difference. The difference in the reduction in areas
cannot be statistically analyzed, but the nearly tenfold increase for the GHE tests strongly suggests a
major change in the reduction in area between the two environments.

Figure 10 shows the fracture surfaces of the stress rupture specimens. The failures are consistent with
respect to each other and prior creep specimens tested in vacuum at NASA GRC. The failure mode
appears to remain microvoid coalescence and growth as is observed with the tensile specimens (figs. 8
and 9). Arguably the fracture surfaces exhibit some more angularity than those for the prior creep testing,
but there again there was no gross change in fracture mode.
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" (a) Creep tested at 500 °C (932 °F)/109 MPain  (b) Creep tested at 500 °C (932 °F)/109 MPa in
34.5 MPa (5 ksi) GH 34.5 MPa (5 ksi) G He

Figure 10.—Fracture surfaces of GRCop-84 stress rupture specimens.
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Low Cycle Fatigue

The LCF tests were run in strain control. Table 2 gives the average minimum and maximum resultant
stresses experienced by the samples at the three strain levels tested. The average stresses for GH and GHe
were statistically equivalent at each total strain level, so the data was pooled for a single average at each
test condition.

TABLE 2.—AVERAGE RESULTANT STRESSES DURING LCF TESTING

Total strain range Minimum resultant stress Maximum resultant stress

(%)

0.7 —266.6 MPa 173.1 MPa
(—38.64 ksi) (25.08 ksi)

1.2 —317.5 MPa 213.4 MPa
(—46.02 ksi) (30.93 ksi)

2.0 —370.5 MPa 247.8 MPa
(=53.69 ksi) (35.91 ksi)

The life results for the room temperature LCF tests appear in figure 11. The data for the GH and GHe
tests were compared at each strain range. As with the resultant stresses, it was determined at each total
determined at each total strain range that there was no statistically significant difference in the average of
the common logarithm of the lives of each test. As a result the data for the GH and GHe tests could be
pooled. A regression was then performed on the pooled data to generate the linear regression line in
figure 11. For comparison the average baseline room temperature LCF lives of GRCop-84 tested in argon
and the one-sided lower 95 percent confidence interval are also presented.

The general morphologies of the LCF failures were also examined. An example of one of the fracture
surfaces that demonstrates the initiation and growth of the LCF cracks is shown in figure 12. The
initiation site remains at or very near the surface which is consistent with other LCF testing (ref. 15). The
cracks propagate through the sample until tensile overload occurs and the sample breaks.

Fractography was conducted on the LCF specimens to determine if grain boundary decohesion occurred
or if hydrogen bubbles formed during testing. The results of the fractography are shown in figure 13. An
FESEM was used to maximize the resolution and magnification to look for the small features expected.
Some debris and surface oxidation that occurred after the testing was noted, but there was no evidence of
grain boundary decohesion or hydrogen bubble formation even at very high magnifications (fig. 14).
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Figure 11.—Low cycle fatigue lives of GRCop-84 tested
in high pressure gaseous He and H.
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Figure 14.—High magnification image of LCF surface showing lack of grain boundary
decohesion and hydrogen bubble formation in 2.0 percent Aerq, GH sample.

Discussion

Tensile Testing

By soaking GRCop-84 in high pressure hydrogen for an extended period of time at an elevated
temperature, the samples were subjected to conditions that mimic the operation of a main combustion
chamber liner and promote Internal Hydrogen Embrittlement (IHE). This exposure will help determine if
hydrides can form in the alloy and if they have any measurable effect. For this set of samples the ductility
remains good, and the strengths of the specimens are equivalent to uncharged specimens. No changes in
the fracture surfaces were observed. Therefore it was concluded that no evidence of hydride formation
was observed.

This result is consistent with the results of Spitzig et al. (ref. 1) for a Cu-20 vol% Nb composite. Their
earlier work had indicated that H would embrittle Nb at room temperature if the H concentration
exceeded 1.5 at.% (ref. 2). After charging the composite to a concentration of 1.95+0.07 at.% H the
composite still exhibited a ductile failure with little or no change in ductility. Spitzig at al hypothesized
that a favorable hydrostatic stress state on the Nb filaments was established in the Cu-20 vol% Nb
composite by the Cu matrix. This prevented a change in the fracture mechanism and allowed the
composites to remain ductile. If this is the case, the same mechanism is likely present in the GRCop-84
specimens and would contribute to the alloy remaining ductile even after hydrogen charging.

The effect of hydrogen on the Cr,Nb phase and GRCop-84 may also be mitigated by the high
hardness and low ductility of this Laves phase. Unlike pure Nb where the ductility of the metal is above
30 percent (ref. 3) and can decrease substantially, Cr,Nb is inherently very brittle (refs. 4 and 5). As a
result of the lower ductility, any effect of hydrogen on Cr,Nb may not be readily observable especially in
a macroscopic test such as a tensile test.

Testing in hydrogen allows for the observation of Hydrogen Environment Embrittlement (HEE). HEE
is a surface phenomena related to the exposure of new surfaces to hydrogen and their embrittlement. If a

NASA/TM—2006-214269 18



crack forms and propagates, HEE can help propagate the crack much faster than in air or an inert
atmosphere such as the high pressure He. Preexisting notches and cracks are prime locations for hydrogen
to gather and embrittle a material.

Examining the notched specimens, both sets (GHe and GH) failed in the notch. Deformation outside
the notch was minimal. Given the design with the notch in the center, this is expected. The lack of
premature failure, no change in the fracture mode from ductile to brittle and a strength ratio of the
samples tested in GH to samples tested in GHe near 1 indicate that the hydrogen charged samples did not
develop notch sensitivity at K; = 6.3 for the high pressure hydrogen environment. The higher UTS values
for the notched samples relative to the smooth samples are likely a reflection of the concentration of the
deformation and stresses into a much smaller volume that approaches a plane strain or even a uniaxial
stress condition. The physical constraints and stress states when shear stresses are minimized or
eliminated will increase the observed ultimate tensile strength. In addition, the hydrostatic pressure
exerted by the 34.5 MPa (5 ksi) gas environment will tend to promote more ductility, extra uniform
elongation and higher strength. Given this combination of constraints and hydrostatic compressive stress
it is not surprising that the strength results for the notched specimens are better than those for smooth
GRCop-84 samples tested at atmospheric pressure.

A small number of cracks roughly perpendicular to the fracture surface such as one seen in figure 9(b)
were observed on the fracture surfaces of the notched tensile specimens. Past experience has shown that
the cracks are normally associated with large Cr,Nb particles which were not dissolved during the melting
process. Careful examination of the cracks revealed that several had 2 to 10 pm Cr,Nb particles
associated with the cracks. The observable failed Cr,Nb particle-copper matrix interfaces were still
exhibiting a ductile microvoid coalescence type of failure. No evidence of hydrogen bubbles or hydrides
was discernable. The fracture of the samples may have been partially aided by these large particles since
the failure mode appears to favor fracture at or near these particles, but there was no gross change in the
fracture mode observed in these tests.

The overall ductility of the notched specimens was essentially zero. Given the strong localization of
the stresses and deformation in and near the plane of the notch, this is not unexpected. In retrospect, for
measuring the effect of hydrogen on the ductility and notch sensitivity of GRCop-84, a combination
smooth and notched tensile specimen design with the same cross-sectional area in the reduced section and
at the bottom of the notch would have been more revealing.

Statistical analysis indicates that there are few differences among the specimens tested. The only
difference that occurred was caused by sample geometry, not hydrogen. Based on this set of results, high
pressure hydrogen appears to have minimal effects on tensile properties. As a caveat, GRCop-84 should
be tested in high pressure He and H after being charged in high pressure He to isolate any potential effects
of IHE and thermal exposure as well. It is unlikely that IHE will occur given the equivalency of the
baseline and hydrogen charged data, but the high value of the rocket engine and missions make a
confirmation prudent. Such work will also increase the meager hydrogen testing data available for
GRCop-84.

Stress Rupture

The limited testing of GRCop-84 in GH and GHe showed that specimens tested in GH have lives and
reduction in areas equivalent to specimens tested in vacuum. The specimens tested in GHe show longer
lives than the specimens tested in GH and most specimens tested in vacuum. Based on prior experience,
the creep life can be well estimated by dividing the creep ductility by the steady-state or minimum creep
rate since most of the creep occurs in a steady-state or near steady-state condition. While the steady-state
creep rate was not be measured, it is likely similar for all three conditions. The increase in lives for GHe
specimens appears to come from an increase in ductility.

It was observed that the reductions in area for the specimens tested in GHe were much greater than
those for specimens tested in GH or vacuum. The results are somewhat confounded by the failure of the
specimens near the transition radius from the gauge to the threaded section, but it appears highly likely
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that there is a real change in the reduction in area based upon this small data set. This is one of the few
differences noted in the behavior of GRCop-84 in high pressure H and He environments.

Even with the differences in reduction in area the fracture surfaces seen in figure 11 do not indicate a
change in failure mode. It appears that the effect of the hydrogen started after the microvoids formed. One
possibility is that the hydrogen migrated to the voids and altered the stress state during the test by
introducing an internal pressure not found in the helium tests. This would also tend to counteract the
hydrostatic pressure of the environment that promotes higher ductility. This study did not test this
hypothesis, but it would be possible to fracture the sample and examine the voids that are within the stress
rupture specimens using techniques such as Auger microscopy or mass spectrometry to see if hydrogen is
present in the voids. In addition, the reduction in areas of the specimens tested in GH, while much lower
than those tested in GHe, are similar to the reduction in areas of samples tested in vacuum. This could be
indicative of a stress state more similar to the vacuum test, specifically one where the effects of the
hydrostatic pressure has been reduced.

HEE may also be a possibility, but the fracture surfaces do not show any evidence of a change in
failure mechanism or multiple fracture mechanisms occurring. Expanding the number of stress rupture
tests and selecting a different design with a more gradual transition from the grip section to the reduced
gauge section would allow for confirmation of this change in behavior. Techniques exist such as mass
spectroscopy to determine if there is hydrogen in the subsurface voids. Those were not done during this
task, but could yield significant results.

Low Cycle Fatigue

The low cycle fatigue results indicate that there is no statistically significant differences between
GRCop-84 tested in high pressure He and H. This indicates that Hydrogen Environment Embrittlement
(HEE) is unlikely to be a contributing factor to the growth of fatigue cracks in GRCop-84. This is a
significant result since the exposure of fresh Cr,Nb surfaces to hydrogen could have promoted hydride
formation and the build-up of a large volume phase in the crack. This would be analogous to oxidation
assisted fatigue crack growth in other alloys. Oxidation-fatigue interactions tend to lower the LCF lives of
metals, often significantly (ref. 21). The similarity of the two data sets leads to the conclusion that this is
not a significant factor.

The observation was made that as the total strain range increased the lives of GH and GHe specimens
deviated negatively from the baseline lives measured for specimens tested in argon. This trend could have
resulted from the scatter in the highest strain range data. The two lowest lives at the 2.0 percent total
strain range have a strong effect on the regression line shown in figure 11. However, since some hydrogen
embrittlement mechanisms can be stress or strain dependent, the specimens were examined further with
particular emphasis on comparing low and high strain range specimens.

Internal Hydrogen Embrittlement (IHE) can potentially lower the LCF lives of alloys. The stresses at
the crack tip in LCF testing could serve to precipitate niobium hydrides in a manner analogous to titanium
(ref. 22) There are considerable differences in the resultant stresses for the three different total strain
levels as shown in table 2 with the highest stresses and largest stress range being observed for 2 percent
total strain tests. Examinations of the fracture surface even at very high magnifications (fig. 15) did not
reveal any changes in the mechanism from a ductile microvoid coalescence mode to a brittle cleavage
mode. There was also no evidence of the formation of H bubbles at grain boundaries promoting
premature failure or grain boundary decohesion. From this it can be concluded that stress induced
precipitation of hydrides does not occur.

The internal stresses generated by the dissolved hydrogen alone could be responsible for a reduction
in LCF lives (ref. 23). The LCF life versus strain data does suggest the possibility of hydrogen-dislocation
interactions. The dislocation density will increase as the strain range increases especially in the initial
stages before the development of persistent slip bands (PSBs). Hydrogen atoms can act to pin the
dislocations on an atomic level and generate locally higher stresses and dislocation densities. This would
tend to promote crack initiation and growth in fewer cycles and overall lower lives. This hypothesis may
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be confirmable using Transmission Electron Microscopy (TEM) of the samples, but no such examination
could be done prior to the ending of the task. Alternatively, uncharged specimens can be tested in GHe.

Finally the specimen designs may have played a role in the observed differences in LCF lives. As
shown in figure 3, the GH and GHe LCF specimen design uses threaded ends. The baseline data uses a
specimen with a smooth end that is gripped in rigid collets during testing. The collet grip has been
selected by NASA GRC because it is less likely to become misaligned and promote buckling or shear
loads. While no buckling or evidence of shear was observed for the GH and GHe specimens, the
possibility of a non-unidirectional stress state cannot be ruled out. Based on historical experience, the
problem grows as the strain range increases. This is consistent with the observed deviation in LCF lives.

While a full explanation of the deviation from the baseline data has not been determined, the
possibilities of hydride formation, grain boundary decohesion and hydrogen bubble formation have been
eliminated. By testing uncharged specimens in GHe the effect of specimen design on LCF life can be
assessed. Detailed TEM examination of the dislocations and further testing of uncharged LCF specimens
could reveal if the dissolved hydrogen interacts with dislocations and influences the LCF lives.

Future Work

Five items were identified for future work.

1. Baseline GRCop-84 smooth-notched samples with no charging or thermal exposure need to be
tested to determine of a notch with stress intensity factor (K;) of 6.3 is sufficient to cause failure
in the notch without any macroscopic ductility in the smooth section. If the samples do exhibit
good ductility, the same specimen design should be exposed to 649 °C (1200 °F) for 8 hr to
determine if the thermal exposure promotes notch sensitivity.

2. Additional testing and analysis of combined smooth-notched samples should be conducted to
further clarify if GRCop-84 suffers a decrease in ductility or notch sensitivity. Samples of the
same design should be charged in high pressure He and tested in both high pressure He and H to
determine if IHE plays any role in the loss of ductility and apparent notch sensitivity.

3. Stress rupture specimens should be examined to determine if hydrogen has migrated to the
microvoids and introduced a pressure within them that lowers the ductility as measured by the
reduction in area compared to specimens tested in GHe. Additional samples should also be stress
rupture or creep tested at different stresses and temperatures to determine if temperature, stress
and time (creep life) play a role in the reduction in ductility.

4. Additional LCF testing should be done on uncharged specimens in GHe to isolate any specimen
design effects on the LCF lives as a function of strain.

5. TEM examination of the LCF specimens should be conducted to determine if there are
interactions between the hydrogen from the charging of the samples and dislocations during LCF.

Summary and Conclusions

GRCop-84 was tensile, stress rupture and LCF tested in high pressure He and H following charging
in high pressure H at 649 °C (1200 °F) for 8 hr.

The tensile results show no statistical difference between the charged samples tested in He or H. Both
are also consistent with prior baseline tensile results at room temperature and 500 °C (932 °F).
Qualitatively the fracture surfaces showed a consistent failure mode, microvoid coalescence and growth.
Notched samples did not exhibit any discernable notch sensitivity, and the fracture mode remained
consistent even at the root of the notch. There were small, subtle differences between the fracture surfaces
for the notched and smooth tensile specimens, mainly more angularity for the notched specimens.
However, no gross changes were noted. The ratio of the strength of the samples tested in GH to the
strength of samples tested in GHe remained near 1 which further indicates no hydrogen embrittlement
occurred.
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Stress rupture testing revealed one of the few differences in samples tested in H and He. Samples
tested in high pressure GH had lower lives and reductions in area than those tested in high pressure GHe
but were equivalent to the baseline uncharged specimens tested in vacuum. Given the longer time
associated with the stress rupture test versus a tensile test, the probable cause of the differences between
the GH and GHe results is hydrogen diffusion to the voids and the creation of an internal pressure within
the sample. Unfortunately the needed analysis to confirm this hypothesis could not be conducted before
the end of this task.

LCEF testing shows that at total strain ranges greater than 1.2 percent the average values of the H
charged GRCop-84 samples are less than the lower 95 percent confidence of the baseline GRCop-84.
However, no differences such as grain boundary decohesion, cleavage fractures or hydrogen bubbles were
noted on the fracture surfaces. Hydrogen atom-dislocation interactions and specimen design need to be
examined to determine if either influences the LCF lives of charged specimens tested n GH and GHe.
Scatter, especially at the 2 percent total strain range, may play a significant role in this observation which
indicates additional testing would be beneficial.

While additional testing is warranted when the facilities become available, the results from this
survey indicate that GRCop-84 does not suffer large reductions in properties or changes in fracture modes
when exposed to high pressure hydrogen even under conditions which thermodynamics indicate could
promote niobium hydride formation. This makes GRCop-84 generally suitable for use in a high pressure
hydrogen environment.
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