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Summary

The shuttle orbiter’s reaction control system (RCS) primary
thruster serial number (S/N) 120 was found to contain cracks
in the counter bores and relief radius after a chamber repair
and rejuvenation was performed in April 2004. Relief radius
cracking had been observed in the 1970s and 1980s in seven
thrusters prior to flight; however, counter bore cracking had
never been seen previously in RCS thrusters. Members of the
Materials Super Problem Resolution Team (SPRT) of the
NASA Engineering and Safety Center (NESC) conducted a
detailed review of the relevant literature and of the documen-
tation from the previous RCS thruster failure analyses of the
1980s. It was concluded from the review that the previous
failure analyses lacked sufficient documentation to support the
conclusions that stress corrosion cracking or hot-salt cracking
was the root cause of the thruster cracking and lacked reliable
inspection controls to prevent cracked thrusters from entering
the fleet. The NESC team identified new materials characteri-
zation and mechanical tests focused specifically on determin-
ing (a) the environmental cracking damage mode (root cause)
in the niobium RCS thrusters and (b) the likelihood of growth
of environmental cracking while in service (after manufactur-
ing). To this end, the NESC team, comprising the NASA
Glenn Research Center (GRC), the NASA Langley Research
Center (LaRC), and the Marshall Space Flight Center (MSFC)
researchers, performed detailed materials characterization on
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thruster hardware (S/Ns 120 and 132), as well as pertinent
testing and characterization of niobium alloy specimens. The
NESC team also pursued technical interchanges and conducted
testing and evaluations with Safety and Mission Assurance
and the Orbiter Materials and Processing group to address con-
cerns with thruster repair and rejuvenation processes at the
White Sands Test Facility (WSTF) that have the potential of
embrittling the thruster material under certain conditions.

The purpose of this report is to summarize the major find-
ings and to provide the supporting documentation for the RCS
thruster cracking consultation by the NESC team. The follow-
ing findings will be shown and substantiated:

(1) RCS thruster intergranular cracking (IGC) is due to
hydrogen embrittlement.

(2) Thruster IGC was produced during manufacturing and
was the result of processing the thrusters in the presence of
fluoride-containing acids.

(3) Appreciable environmental crack propagation does not
occur after manufacturing.

(4) The thruster material was not significantly affected by
the sodium hydroxide immersion during the repair and rejuve-
nation processes at WSTF.

(5) A recommendation was made to audit the thruster
repair and rejuvenation processes at WSTF to eliminate steps
that have the potential of allowing additional hydrogen uptake
and inducing hydrogen embrittlement.



Section 1: Introduction and Background
to Thruster Cracking

Thirty-eight primary reaction control system (RCS) thrust-
ers are located in forward and aft positions of each shuttle
orbiter. These thrusters are used to provide attitude (pitch,
yaw, and roll) maneuvers, as well as translation maneuvers
along the orbiter axis. Thruster serial number (S/N) 120 was
undergoing a chamber repair and rejuvenation in early 2004 at
White Sands Test Facility (WSTF) as a result of coating spal-
lation. After the chamber repair, the chamber and nozzle
assembly was electron beam welded to the old injector. Dur-
ing the post-weld, dye-penetrant inspection of the new cham-
ber-to-injector weld, cracks were found in the counter bores
and subsequently in the relief radius of the niobium (formerly
known as columbium (Cb)) alloy C-103 injector. No cracks
had ever been detected before in the counter bore locations,
although cracks were detected between 1979 and 1982 in the
relief radius of seven injectors (refs. 1 and 2). Figure 1 (ref. 3)
is a schematic diagram of a longitudinal cross section of the
injector; the locations of the relief radius and counter bores are
indicated on opposite sides of the niobium injector flange. The
thruster cracking is shown by the dye penetrant indications in
figures 2 and 3 (ref. 4) for the counter bores and relief radius,
respectively, in S/N 120. It is evident from figure 3 that a large
fraction of the circumference of the relief radius was cracked
in S/N 120. The initial concern was that hot combustion gases
could leak to the outside of the thruster and affect the shuttle
orbiter in a Criticality 1/1 (i.e., loss of vehicle with no redun-
dancies) failure mode (ref. 3) if the cracks had propagated
entirely through the injector wall to the acoustic cavities.

The prior failure analyses from 1982 concluded that the
cause of the relief radius cracking in the RCS thrusters was
stress corrosion, as a result of the use of a preweld etchant that
contained hydrofluoric acid (HF) and the fit-up stresses from
torquing the bolts that secure out-of-flat flanges (ref. 1). The
excess etchant was believed to have run through the bolt holes
and to have become entrapped in the relief radius, since the
mounting flange could not be lifted to adequately rinse the
relief radius after the etchant was used. The prior failure
analyses also report that the cracks were intergranular all the
way to the crack tip, that CbF; was present on the crack sur-
face, and that all cracks initiated during manufacturing, spe-
cifically during the 316 °C (600 °F)/48-hr air bakeout of the
chamber insulation (ref. 1). In this prior investigation, the
CDbF; reaction product was incorrectly identified, and should
have been identified as NbF; (refs. 5 and 6). The prior failure
analyses testing reproduced the IGC in C-103 when the
preweld etchant was dried on a niobium test specimen; the
specimen was then covered with a titanium plate to entrap the
etchant, stressed in tension, and heated to 316 °C
(600 °F)/48 hr to simulate the elevated temperature bakeout
manufacturing process. It should be noted that the thruster
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failure was described later as “hot fluoride salt stress corrosion
cracking” in a summary article on the RCS thruster failure
(ref. 7), although the term “hot salt” was not used to describe
the thruster failures in the original failure analysis
documentation.

S/N 120 was submitted in its entirety to the M&P organiza-
tion at Boeing Huntington Beach (HB) for failure analysis in
June 2004. The portion of S/N 120 that was set aside for
destructive analysis is shown in figure 4 (ref. 4); the remainder
of the injector was left intact with the combustion chamber
and was used in nondestructive evaluation (NDE) develop-
ment efforts. The Boeing HB failure analysis (ref. 8) con-
cluded that the injector cracking was intergranular and that the
overall appearance of the cracking in S/N 120 was similar to
what was described in the failure analyses conducted in the
early 1980s. The presence of carbon, oxygen, and fluorine was
found on the fracture surfaces, although the age of the cracks
could not be determined. The chemical analysis, grain size,
and hardness of the bulk material (refs. 4 and 8) met the origi-
nal material specifications, which are given in table I (ref. 9).
In addition, no evidence of overload by ductile rupture or of
fatigue rupture was found (ref. 4).

The detailed review of the relevant literature and of the
documentation from the previous RCS thruster failure analy-
ses of the 1970s and 1980s provided little evidence in support
of stress corrosion cracking (SCC) or hot-salt cracking in
niobium alloys. Furthermore, it was concluded that the previ-
ous failure analyses lacked sufficient documentation to sup-
port the conclusions that SCC (ref. 1) or hot-salt cracking
(ref. 7) was the root cause of the thruster cracking. Since a
large fraction of the thruster fleet was manufactured during the
time when the HF-containing, preweld etchant was used, a
large fraction of the thruster fleet is presumed to have cracking
damage already present. No reliable NDE technique is cur-
rently available for detecting relief radius or counter bore
cracking during an in situ examination of the thrusters
installed on orbiter vehicles. Thus, the NASA Engineering and
Safety Center (NESC) team questioned if the environmental
damage mode had been truly identified in the RCS thrusters
and if the thrusters could operate safely with environmental
cracking damage modes. Specific recommendations were
made by the NESC team, which included additional materials
characterization and mechanical testing to determine (1) the
root cause of the thruster cracking and (2) the likelihood of
growth of existing thruster cracks while “in service” (after
manufacturing). It should be noted that the Shuttle Program
Office agreed with the NESC team recommendations and
funded the testing and characterization that supported this
work. Researchers at Glenn Research Center (GRC), Langley
Research Center (LaRC), and Marshall Space Flight Center
(MSFC) performed detailed materials characterization on the
thruster hardware and mechanical testing on the niobium
C-103 alloy to reproduce the intergranular failure and to



determine if crack propagation was likely. The purpose of this
report is to present the major findings and supporting docu-
mentation for the RCS thruster cracking consultation by the
NESC Materials SPRT.

Section 2: Root Cause Analyses and
Testing

2.1 Literature Review

The prior failure analyses from 1982 concluded that the
thruster cracking was caused by stress corrosion (ref. 1); this
was later described as hot-salt cracking (ref. 7). A detailed
literature review was conducted that showed little evidence for
SCC or hot-salt cracking in niobium, and in fact, there was an
absence of literature on SCC and hot-salt cracking in niobium.
The only literature found in an exhaustive search that de-
scribed SCC in niobium was two papers that described the
RCS thruster case from the 1980s (refs. 7 and 10). Discussions
with refractory metals experts (refs. 11 to 13) and the review
of the literature show that niobium was well known to be
susceptible to hydrogen embrittlement (refs. 14 to 28), as well
as to interstitial contamination from oxygen and nitrogen. This
result provided the impetus for electrochemical testing (see
section 2.4) to verify that hydrogen production at niobium
surfaces was thermodynamically viable and to determine the
environmental conditions under which thruster cracking would
likely occur.

Both intergranular stress corrosion and hot-salt cracking
require a susceptible grain boundary chemistry, which has not
been observed in the literature for niobium. Niobium alloys
generally have very homogeneous microstructures and there-
fore very little variation in chemistry near the grain boundaries
would be available to drive a localized corrosion process via
SCC or hot-salt cracking. Specifically, grain boundary segre-
gation would need to be present in the form of either grain
boundary precipitates or solutes at the grain boundaries for
preferential anodic dissolution of material at the grain bounda-
ries to occur (refs. 28 to 31). If segregation at the grain
boundaries is not present in a material, SCC or hot-salt crack-
ing would be highly unlikely. Grain boundary segregation can
be readily detected by electron microprobe analysis. There-
fore, based on the literature review, electron microprobe
analysis was required to determine root cause and was incor-
porated into the characterization plan.

2.2 Electron Microprobe Analyses

Electron microprobe dot maps, line scans, and point analy-
ses were generated to determine the location of specific ele-
ments within the intergranular cracks and within the
uncracked microstructure. Dot maps enabled broad areas of
the microstructure to be analyzed, so that general trends in
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composition could first be established for numerous locations
within the thruster material. Line scans are generally more
sensitive to small chemistry variations than dot maps and were
used to confirm dot map data across cracks and grain bounda-
ries. Point analyses provide the most quantitative data of these
three microprobe techniques and were performed to determine
if grain boundary segregation was present, once the general
trends were clearly understood.

The following sections of S/N 120 were analyzed by
microprobe in order to substantiate root cause of thruster fail-
ure: (a) relief radius crack near bolt hole J and uncracked
region adjacent to cracking; (b) counter bore and relief radius
cracks of bolt hole H and uncracked region adjacent to crack-
ing; (c) small counter bore cracks of bolt hole K and
uncracked region adjacent to cracking; and (d) small counter
bore cracks of bolt hole M and uncracked region adjacent to
cracking. These bolt holes are identified in the injector section
that was set aside for failure analysis (fig. 4).

2.2.1 Relief Radius Crack Near Hole J

A large relief radius crack near bolt hole J was selected for
initial microprobe examination, and the specific areas (A to E)
examined along the crack and away from the crack are indi-
cated in figure 5. The full depth of the intergranular crack in
this location is not known because the tip of the major crack
was not contained within the cut section provided by Boeing
HB. Area dot maps were obtained at magnifications of 200x
and 1000x near the relief radius surface (areca A), as well as
~1.8 mm (0.07 in.) away (areas B and C) from the surface, in
an effort to determine if any qualitative differences in the
distributions of elements were present as a function of distance
from the relief radius surface. Uncracked areas (near D and E)
were also examined to detect the presence of precipitates or
higher concentrations of solutes, if any, along grain bounda-
ries away from cracks. Such features, if present, would indi-
cate a predisposition to SCC or hot-salt cracking.

Figure 6(a) shows a backscattered electron (BSE) image of
the crack near the surface of the relief radius. BSE imaging
clearly delineates the cracks and reveals atomic number dif-
ferences within the microstructure. The major cracks follow
the grain boundaries in the material; finer cracks are also
observed to run nearly parallel to the relief radius surface
along the grain boundaries beneath the deformed layer from
machining. Figures 6(b) to (d) show the dot maps for niobium,
hafnium, and titanium, respectively, for the same field of
view. The qualitative concentration levels are given for each
element in the keys to the right of the figure; the brighter areas
in the dot maps indicate more elevated levels of each respec-
tive element. Careful examination of figure 6(b) shows that
the niobium levels lining the surfaces of the cracks are
reduced from the levels within the general microstructure; this
result is from the niobium being tied up in the oxide on the
crack surfaces. Hafnium and titanium are not evident within



the cracks (figs. 6(c) to (d)). Figures 6(b) to (d) also show that
the grain boundaries in uncracked areas are not delineated by
the major elements (niobium, hafnium, and titanium). The
most prominent feature in figures 6(a) to (d) is the macro-
scopic banding that occurs for these major elements. It is
apparent that slightly elevated concentrations of hafnium and
titanium reside in bands wherever the niobium is somewhat
leaner, and vice versa. This was consistently observed in other
areas of the injector and represents the residual forged
macrostructure.

Figure 7 represents the same near-surface area as that pre-
sented in figure 6 and contains dot maps for fluorine, carbon,
oxygen, and nitrogen. These elements were examined to con-
firm the presence of elevated levels of fluorine, carbon, and
oxygen that were found on the crack surfaces in the prior
failure analysis (refs. 4 and 8) and also to examine for the
presence of these elements along grain boundaries in un-
cracked regions, since oxygen and nitrogen are known to
cause embrittlement in niobium materials (refs. 11, 12, 14, 16,
18, and 24). Hydrogen cannot be detected by the electron
microprobe. Figure 7(a) shows that fluorine is present along
the cracked intergranular surfaces and along part of the relief
radius surface, as indicated by the bright blue-green levels.
Carbon and oxygen are more readily discernable within the
crack (figs. 7(b) and (c)). Some of these levels of carbon and
oxygen may have been enhanced by the limited infiltration of
the mounting medium from the relief radius surface, although
carbon and oxygen are also elevated near the crack tip, where
infiltration of the mounting medium did not occur. Thus, the
elevated levels of carbon and oxygen on the intergranular
fracture surfaces in these areas of S/N 120 are consistent with
previously reported scanning Auger results (refs. 4 and 8).
Elevated levels of nitrogen were typically not apparent along
the cracks (fig. 7(d)). It is important to note that the micro-
probe dot maps do not indicate a presence of fluorine, carbon,
oxygen, and nitrogen outside the cracks, since no elevated
levels of these elements were observed outside the cracks that
were above background levels. Thus, no local segregation of
fluorine, carbon, oxygen, and nitrogen was present outside the
cracks. Dot maps were also obtained for zirconium, tantalum,
and tungsten; these elements were not found within the cracks
and were not found to be segregated within the uncracked
microstructure.

Similar results were obtained from regions further in from
the machined surfaces along the main crack and at termina-
tions of side branches (figs. 8 to 11). Again, niobium levels
within the cracks were reduced when compared to the general
microstructure, which is the result of niobium oxide on the
crack surfaces. Hafnium and titanium were again not found
within the cracks. Fluorine, carbon, and oxygen were clearly
present along the intergranular cracks to the crack termina-
tions, with oxygen being observed as a continuous film along
the entire crack surface. Fluorine and carbon were not
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consistently observed as a continuous film along the inter-
granular cracks.

Microprobe line scans were also conducted across relief
radius cracks. Line scans provide counts as a function of dis-
tance for each element selected and are more sensitive to small
variations in chemistry than microprobe dot maps. The line
scans were performed normal to the intergranular cracks in
polished cross sections so that data could be obtained from
within the crack itself and from material just outside of the
crack. An example of the position of a typical line scan is
indicated by the white arrow superimposed in figure 8(a), and
figure 12 provides an example of typical data obtained from
such a line scan. Figure 12(a) provides gray scale image
counts across the crack that was analyzed; the crack width is
indicated in this figure where the gray scale counts drop off
precipitously to zero. Figures 12(b) and (c) represent the ana-
lyzed data for fluorine and oxygen, respectively, as a function
of distance across the intergranular crack. It may be seen that
the number of counts for each element increases significantly
within the crack relative to background levels. These line
scans confirm the dot map data that indicate that higher con-
centrations of fluorine and oxygen were present within the
cracks and that these eclements did not extend beyond the
cracks into the parent material.

Microprobe dot maps were also obtained in regions far
removed from the intergranular cracks to examine the material
for the presence of any precipitates or higher concentrations of
solutes. Features such as these would indicate that the C-103
may be predisposed to SCC or hot-salt cracking. An example
of an uncracked region away from the relief radius crack is
shown in figure 13. The BSE image in figure 13(a) delineates
several grains in the field of view at a magnification of 1000x.
No precipitates or elevated levels of the major elements are
evident on the grain boundaries, although a few hafnium
oxides are observed within some of the grains. The banded
macrostructure is visible, particularly in figures 13(c) to (d),
and the hafnium oxides are observed within a hafnium-rich
band. Dot maps of fluorine, carbon, oxygen, and nitrogen in
figure 14 also reveal no elevated concentrations of these ele-
ments above background levels. These results were confirmed
in other uncracked regions of S/N 120 near bolt holes H, K,
and M.

2.2.2 Hole H Relief Radius

The relief radius in the vicinity of bolt hole H contained
several shallow cracks, which were only up to several grains
deep in from the surface (fig. 15). These cracks were located
near the end of the large relief radius crack indication that was
revealed by the dye penetrant inspection in figure 3 for S/N
120. A box superimposed on the image in figure 15 highlights
a crack along the injector flange; microprobe analyses were
performed on this area to determine if shallow cracks yielded



similar results to those obtained on deeper cracks (i.e., near
hole J). The selected crack in figure 15 completely surrounded
a grain which subsequently fell out during metallographic
polishing. The void that was left behind enabled a unique
opportunity for the analyses of broad surfaces of grain
boundaries. Figures 16(a) to (d) show the BSE image for the
analysis area and the dot maps for fluorine, oxygen, and car-
bon, respectively. It is evident from these data that high con-
centrations of fluorine, oxygen, and carbon were present on
the broad grain boundary surfaces of the shallow crack, which
is consistent with the results from the polished cross sections
of the deep relief radius crack near bolt hole J. Microprobe
line scans also confirmed the presence of elevated levels of
fluorine and oxygen within the shallow intergranular cracks.

2.2.3 Hole K Counter Bore

Dye penetrant results from reference 4 indicated that the
counter bore of hole K was crack free. However, scanning
electron microscopy revealed the presence of numerous small
cracks (up to 30 um (0.001 in.) deep) along the counter bore
surface of hole K; these were the most shallow cracks ob-
served in S/N 120. These shallow cracks extended through the
~8 um (0.0003 in.) thick, cold-worked machining layer at the
surface. Some cracks proceeded inward along grain bounda-
ries, as in figure 17(a), while other cracks proceeded inward
along a transgranular path through grain interiors (fig. 17(b)).
Microprobe dot maps revealed that both the intergranular and
transgranular cracks were oxidized, as evidenced by the higher
concentrations of oxygen along the crack surfaces, compared
to that within the uncracked microstructure (fig. 17(c)). How-
ever, based on an analysis of 10 individual cracks, none of
these cracks were observed to contain fluorine. An example of
this is shown in figure 17(d). The reason for the consistent
lack of fluorine in these shallow counter bore cracks is not
known. It may be speculated that these shallow cracks did not
result from exposures to HF during manufacturing but instead
resulted from exposure to another source of hydrogen. A lack
of fluorine was also exhibited by C—103 specimens believed to
have been embrittled by hydrogen during C-ring testing (sec-
tion 2.3). In contrast, the significantly deeper counter bore
cracks in S/N 120 from holes M (ref. 4) and H, for example,
did contain significant concentrations of fluorine, carbon, and
oxygen on the intergranular crack surfaces. So in general, it
may be stated that the IGC in the counter bores had similar
features to those in the relief radius, except for the very shal-
low (~30 pm (0.001 in.)) counter bore cracks.

2.2.4. Quantitative Point Analyses

Uncracked regions of S/N 120 were examined quantita-
tively for the determination of chemical segregation, if any, to
the grain boundaries. Electron microprobe data were obtained
using point analyses in the vicinity of the relief radius and
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counter bore of bolt hole J, the counter bore of bolt hole K,
and the relief radius and counter bore of bolt hole M. Fig-
ure 18 shows a representative area examined in the counter
bore region of bolt hole K; an overall grain size of ~50 pm
(0.002 in.) is evident in the field of view. Superimposed on the
image in figure 18 are the specific locations that were used for
the point analyses obtained from 20 grain boundaries and 20
neighboring grain interiors. The means and 95 percent confi-
dence intervals of the levels of the major elements, niobium
and hafnium, are presented in figures 19(a) and (b), respec-
tively. The means for the grain interiors and the grain bounda-
ries are indicated in the figures by the filled circles and
unfilled squares, respectively. It is evident in figures 19(a) and
(b) that the major element levels in the grains and along the
grain boundaries are nearly identical and that their confidence
intervals overlap. Thus, the data clearly indicate that the com-
positions of the major elements are statistically equivalent for
the grain boundaries and grain interiors.

Figure 19(c) shows the compositional levels for the minor
elements and interstitials from the same region of the hole K
counter bore. The data clearly indicate no difference in the
carbon, zirconium, titanium, oxygen, and tantalum contents
between the grain interiors and the grain boundaries. Tungsten
was not specifically examined in this sample because the ele-
ment was not found to segregate in other areas of S/N 120.
Additionally, fluorine and nitrogen were examined but were
not detected in any of the uncracked regions and thus were not
included in the plot. The analyzed levels for carbon and oxy-
gen are higher than those obtained from the C-103 bulk
chemical analyses, because the microprobe standards for car-
bon and oxygen were not within the range of these interstitials
in C-103. To obtain more appropriate standards for carbon
and oxygen would have required the procurement and analysis
of additional standards, and this was beyond the scope of this
particular investigation. However, the determination of rela-
tive differences in carbon and oxygen between grain bounda-
ries and grain interiors is sufficient for the identification of
grain boundary segregation. The results demonstrate that there
is no difference between the chemistries of the grains and
grain boundaries in the injector material. Additional point
analyses data from the relief radius and counter bore of bolt
hole J and the relief radius and counter bore of bolt hole M
substantiated the results from the counter bore of hole K.
Thus, the major, minor, and interstitial elements are not segre-
gated within the C—103 thruster material, and therefore, crack-
ing by intergranular stress corrosion or by hot-salt cracking is
highly unlikely.

2.2.5 Summary and Conclusions for Microprobe Analyses

Cracking by intergranular stress corrosion or by hot-salt
cracking is highly unlikely, because no grain boundary segre-
gation was present in the thruster material. As a result, the
root cause identified in the prior failure analyses (ref. 1) and



subsequent reviews (refs. 7 and 10) of the thruster case study
cannot be substantiated by the current work.

(1) The C-103 thruster material was determined to be
homogeneous, and no grain boundary precipitates were
observed.

(2) Quantitative data obtained from over 100 data points
from relief radius and counter bore regions show that the con-
centrations of the elements at the uncracked grain boundaries
were statistically equivalent to those within the grain interiors.

(3) Electron microprobe data from dot maps, line scans,
and point analyses indicate that oxygen, carbon, and fluorine
were present within the intergranular cracks, which is consis-
tent with the Auger results from Boeing HB (refs. 4 and 8).

(4) No elemental segregation was observed in the parent
material ahead of the crack tips.

2.3 Testing Attempts to Reproduce Hot-Salt Cracking
2.3.1 Testing Procedure

One of the root causes reported in a review article to be
responsible for the IGC observed in the niobium injectors was
termed “hot-salt cracking” (ref. 7). In the fall of 2004, Boeing
Rocketdyne made an attempt to reproduce hot-salt cracking in
the laboratory on C—103 test coupons (ref. 32). This approach
was intended to introduce hot fluoride salts to the niobium
material while precluding the introduction of hydrogen. C-ring
test specimens were machined and prepared by dipping their
preloaded tensile surfaces into molten NbFs at 93 °C (200 °F).
Since NbFs is hygroscopic (ref. 32), the hot-salt application
was performed in an argon glove box. Samples were cooled to
ambient temperature and were exposed isothermally in air for
48 hr at temperatures of 149, 235, and 316 °C (300, 455, and
600 °F) under stresses ranging from 103 to 207 MPa (15 to
30 ksi). The 149 and 235 °C (300 and 455 °F) temperatures
were selected for C-ring testing because they represent typical
injector temperatures in the vicinity of the cracking, with
235 °C (455 °F) being the maximum under normal operating
conditions; 316 °C (600 °F) was selected to simulate the 48-hr
insulation bakeout that thrusters undergo during manufactur-
ing. Optical and scanning electron microscopy (SEM) was
performed at Boeing Rocketdyne on the C-ring samples, and
residue from the C-ring surfaces was collected and analyzed
by x-ray diffraction. Microscopy revealed shallow IGC only in
the 316 °C/207 MPa (600 °F/30 ksi) specimen. X-ray diffrac-
tion identified the specimen surface residue to be NbO,F,
which was reported to have resulted from a chemical reaction
between NDbFs, oxygen, and residual moisture in the air
(ref. 32). Boeing Rocketdyne requested that GRC conduct
microprobe analyses on their tested specimens. The remainder
of this section will describe the results generated at GRC.
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2.3.2 Microstructural Examination

All of the C-ring specimens tested at 149, 235, and 316 °C
(300, 455, and 600 °F) were metallographically prepared and
examined by SEM. It was confirmed that IGC was present
only in the 316 °C/207 MPa (600 °F/30 ksi) specimen, and an
example of the morphology of the cracks is given in figure 20.
As may be seen in the figure, the cracking was shallow with
most cracks observed to extend up to a depth of only about
two grains (~50 um (0.002 in.)) in from the surface. Addi-
tional cracks are also observed to run parallel to the surface,
beneath the cold-worked layer from machining. Depth profil-
ing of the IGC was performed by controlled polishing itera-
tions, each of which removed 0.25 mm (0.01 in.) of material.
Scanning electron microscopy was performed after each of
three polishing iterations to determine the depth and location
of cracks. It was found that each iteration removed the previ-
ously observed cracks and revealed new cracks in different
locations, which demonstrated that the intergranular cracks
were neither deep (in from the surface) nor long (into the
plane of polish). The one exception to this was a single crack
that intercepted the saw cut along the specimen edge; this
crack was considerably deeper (~600 pm (0.024 in.)) than all
of the other cracks and was considerably longer since it was
observed after each polishing iteration. It is interesting to note
that all of the cracks observed were located within 2.4 mm
(0.094 in.) from the cut ends of the specimen (fig. 21), which
may suggest that the affected material became cracked under
the action of the cutting process at Boeing Rocketdyne. Oth-
erwise, some cracks should have initiated along the tensile
surface in the middle of the specimen.

Electron microprobe dot maps and point analyses were ob-
tained from polished cross sections of the 316 °C (600 °F)
C-ring specimen. Figure 22(a) shows a typical, surface-
connected crack in the 316 °C (600 °F) specimen, and dot
maps for fluorine, carbon, and oxygen from the same speci-
men area are presented in figures 22(b) to (d), respectively.
Again, brighter regions in the dot maps are indicative of
higher concentrations of that element. Although elevated lev-
els of fluorine reside on the specimen tensile surface from the
fluoride salt that was originally deposited on it, it is clear that
neither fluorine nor carbon is observed within the crack. This
is a very different result from that obtained with the inter-
granular cracks in S/N 120, where fluorine and carbon were
readily detected within the intergranular cracks. The lack of
fluorine and carbon in the C-ring specimen was verified by
other dot maps that were obtained from deeper cracks in the
C-ring specimen and from other portions of this same crack
located further away from the surface. In contrast, elevated
levels of oxygen are consistently observed within the C-ring
cracks and along the specimen tensile surface, as seen in
figure 22(d).



To confirm the comparative levels of carbon, fluorine, and
oxygen within the C-ring test specimens, a point analysis
technique was also performed by microprobe. This technique
involves the accumulation of counts for a specific element
over a 10-sec duration at each location examined. Count rates
obtained from the 316 °C (600 °F) C-ring specimen are dis-
played in figure 23 for several locations within a crack near a
triple point, in the C—103 adjacent to the edge of the crack,
and away from the crack within the C—103 parent material.
Background count rates at the carbon, fluorine, and oxygen
peak positions were also obtained within the C—103 parent
material for comparison. The count rate data confirm the dot
map results; carbon and fluorine were not evident within the
C-ring cracks, although elevated levels of oxygen were again
found within the C-ring cracks. This is unlike the thruster
cracks that were shown in sections 2.2.1 and 2.2.2 to contain
elevated levels of carbon, fluorine, and oxygen. To demon-
strate that this point analysis technique was capable of detect-
ing carbon and fluorine, if present, count rates were also
collected for an intergranular crack from S/N 120. These data
are presented for comparison in figure 24; it is clearly evident
that elevated levels of carbon, fluorine, and oxygen were able
to be detected by this technique within the S/N 120 crack.
Hence, based on polished cross sections of the C-ring cracks,
fluorine was not evident within the intergranular cracks, even
though fluoride salts were applied directly to the C—103 ten-
sile surface.

Although most intergranular cracks were very shallow in
the 316 °C (600 °F) C-ring specimen, a sizeable crack
(~600 um (0.024 in.) deep) was intercepted along the speci-
men cut end. This crack was deep enough to fracture open in
order to view any products present on the intergranular sur-
face. The opened crack is shown in figure 25(a), and a higher
magnification of the grains is given in figure 25(b). The higher
magnification shows a relatively clean-looking fracture sur-
face, which appears to have no reaction products present. A
typical Energy Dispersive Spectroscopy (EDS) scan obtained
from the C-ring fracture surface is displayed in figure 25(c);
the scan shows high niobium peaks and a sizable hafnium
peak, which represent the major elements in C—103. The oxy-
gen peak observed is small and barely discernable above
background levels, which is typical of baseline C-103. No
fluorine peak is evident, and this result was confirmed in
numerous locations. For comparison, figures 26(a) to (c) dis-
play intergranular crack surfaces, as well as a representative
EDS scan, obtained from S/N 120. It is clearly evident in
figure 26(b) that the S/N 120 fracture surfaces contain numer-
ous reaction products, including nodules that resemble opened
popcorn kernels, as well as layers of oxide scale. A typical
EDS scan in (fig. 26(c)) shows significant chemistry differ-
ences compared to the 316 °C (600 °F) C-ring specimen
described above. S/N 120 fracture surfaces typically exhibit
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high oxygen peaks, as well as a noticeable fluorine peak, in
addition to peaks for niobium and hafnium.

The fractography conducted on the opened crack surfaces
from the C-ring test specimen and S/N 120 demonstrates the
significant differences between the laboratory-tested material
and the flight hardware. These are important distinctions
because the cracking in the C-ring test was used to infer crack
initiation by hot-salt cracking in S/N 120 (ref. 33). However,
the absence of fluorine-containing reaction products on the
C-ring cracks does not support the hot-salt cracking mecha-
nism. Instead, the C-ring testing provides support for hydro-
gen embrittlement, because the crack surfaces do not contain
reaction products, similar to those from hydrogen-assisted
cracking (ref. 34). Although the initial intent of these tests was
to introduce a salt (NbFs), while eliminating all sources of
hydrogen, the elevated temperature exposures were performed
in laboratory air. As a result, the NbFs, which is a highly
hygroscopic compound (ref. 32), appears to have absorbed
water, thereby providing a source of hydrogen to affect the
mechanical behavior of the C—103 material. Thus, the C-ring
testing and the detailed microprobe analyses did not substanti-
ate the root cause identified in review articles (refs. 7 and 10)
of the RCS thruster case history. Further evidence that sup-
ports hydrogen embrittlement being the root cause of the IGC
in the RCS thrusters will be provided in sections 2.4 and 2.5.
Section 2.4 will present electrochemical characterization data
showing that hydrogen production in C—103 is thermodynami-
cally assured in the presence of HF-containing etchants. Sec-
tion 2.5 will demonstrate through mechanical testing and
resultant fractography that intergranular failure is observed in
niobium materials when charged with appropriate levels of
hydrogen.

2.3.3 Summary and Conclusions From C-Ring Testing

The C-ring test results did not support the hot-salt cracking
mechanism, which was identified in review articles (refs. 7
and 10) as being the root cause of the IGC in the RCS thrust-
ers. Instead, the C-ring test specimens had fracture surfaces
with characteristics similar to those from hydrogen-assisted
cracking.

2.4 Electrochemical Characterization

Based on the results from the literature review, the IGC
observed in the RCS thrusters was most likely due to envi-
ronmentally assisted cracking that was initiated during the
processing of these components. To better understand the
chemical interactions that may have affected the mechanical
behavior of these components, a series of electrochemical char-
acterization tests were developed. These tests consisted of open
circuit measurements and the development of polarization



curves, which can be used to determine the electrochemical
reactions that were likely to occur during the processing of the
RCS thrusters when the C-103 is exposed to a specific envi-
ronment. In addition, electrochemical scratch tests were used
to interrogate the electrochemical processes that occur on a
material as the native oxide is ruptured, which is a necessary
process to produce environmentally assisted cracking in mate-
rials, such as niobium, that develop a native oxide. Once the
likely electrochemical processes and the test conditions that
create these processes are identified, exposure conditions for
representative mechanical tests can be created.

The critical environment appears to be produced by the
niobium etchant used during processing. This etchant con-
sisted of HF, HNO;, and H,O in equal proportions. Niobium
and niobium alloys are known to be attacked by HF (refs. 18
and 35 to 37) but are resistant to HNO; (refs. 18 and 35) due to
the formation of an adherent oxide film. Consequently, a
dilute HF solution was used in the electrochemical characteri-
zation tests, instead of the niobium etchant, in order to isolate
the effects of the HF and to simulate the dilute acid condition
that would be anticipated to collect in occluded regions of the
injector after rinsing with water. In these characterization
tests, HF was diluted to a pH ~ 3.5. A neutral solution (1 wt%
sodium chloride (NaCl) in H,0) was also evaluated to com-
pare the response of the C—103 material in a relatively benign
environment to that observed in the dilute HF solution.

All C-103 specimens were extracted from a partially
machined injector that was manufactured during the same
approximate timeframe as injectors that have seen service on
the shuttle orbiters. The Ti-6Al-4V specimens were extracted
from a flight hardware flange that was bolted to thruster S/N
120. The Ti-6Al-4V was included in the testing to determine if
the couple created from the Ti-6Al-4V flange contacting the
C-103 thruster was likely to affect the electrochemical proc-
esses occurring on the exposed C—103 surfaces.

2.4.1 Open Circuit Measurements

Electrochemical tests were initially performed to obtain
open circuit measurements of C—103 and Ti-6Al-4V; values of
the open circuit potential (Eoc) dictate what electrochemical
processes can occur on each material containing a native
oxide, excluding any outside influences. The Ti-6Al-4V com-
ponent was black in color due to the production of a thick
oxide film that developed during processing. Open circuit
potentials were obtained for the Ti-6Al-4V with this thick
oxide film and for Ti-6Al-4V with an air-grown film produced
after polishing the specimen. Electrochemical testing indicated
little difference in the open circuit potentials for the titanium
alloy with either oxide film, and thus all testing for Ti-6Al-4V
was performed subsequently on specimens that were polished
to a 600-grit finish. After removal of the oxide film, speci-
mens were immediately immersed in the selected electro-
chemical solution, and testing was begun. Additional tests
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were performed using a deaerated solution to determine if
there was an effect observed from the removal of dissolved
oxygen in the electrolyte; deaeration was obtained by bubbling
argon through the solution for at least 30 min prior to the
introduction of the specimen. However, it was found that the
state of aeration had little effect on the open circuit potential
for either material in the solutions examined. Thus, all results
presented will be for aerated solutions. In addition to the
measurement of open circuit for each material, couple poten-
tials were also measured by electrically coupling samples of
each material and immersing them into the selected solution.
For the couple measurements, the C-103 and Ti-6Al-4V
specimens were sectioned to expose nearly equal surface areas
of each material to the solution. All open circuit measurements
were made by measuring the specimen potential relative to a
saturated calomel electrode (SCE).

The Eqc data are provided in table II for C-103, Ti-6Al-4V,
and the C-103/Ti-6Al-4V couple in aerated solutions of dilute
HF and of 1 wt% NacCl in H,O (neutral solution). The reversi-
ble potentials (E,) for water reduction for each of the aerated
electrolytes are also given in table II. The values of E, repre-
sent the potential at which the reduction of water will produce
a hydrogen fugacity of 1 atmosphere (ref. 38). For potentials
less than E,, the fugacity will be greater than 1 atmosphere.
Comparison of the data in the table shows that the open circuit
potentials for C—103, Ti-6Al-4V, and the couple in the dilute
HF solution are more negative, or more cathodic, with respect
to the E, for water reduction in the dilute HF solution. How-
ever, the open circuit potentials in the neutral NaCl solution
are more positive, or more anodic, relative to the E, for water
reduction in the neutral solution. This suggests that hydrogen
is more readily produced, via the reduction of water, on the
surface of each material in the dilute HF solution than that
which will be produced in a neutral solution. Table II also
shows that the Eqc for Ti-6A1-4V is 0.598 V cathodic to the
Eoc measured for the C—103 in the dilute HF solution, which
suggests that a greater amount of hydrogen can actually be
produced on the surface of the Ti-6Al-4V than on the C-103
surface in the dilute HF solution. When the Ti-6Al-4V is cou-
pled to the C—103 material, the Eq is observed to lie between
the Eoc values for each separate material. This suggests that if
the Ti-6Al-4V is coupled to the C—103 component, a greater
amount of hydrogen production may occur on the surface of
the C-103 material than if the Ti-6Al-4V flange were not
present.

2.4.2 Electrochemical Scratch Testing

Niobium and titanium alloys produce a native oxide in the
presence of oxygen and/or water. Consequently, electrochemi-
cal tests generally interrogate these oxide films and do not
result in a complete understanding of the reactions that occur
on the base material. This is of particular concern when
addressing environmentally assisted cracking events, since the



native oxide may be breached in service due to mechanical
rupture or abrasion of the film and the critical electrochemical
processes that may affect material behavior may be exacer-
bated when the film is ruptured. To interrogate such a situa-
tion, C-103 specimens were prepared in metallographic
mounts. One surface of the mounted specimen was polished
through 600 grit to provide a fresh surface of the C—103 cou-
pon. Conductive wires were spot welded to the back of C—103
specimens. The polished surface was then coated with a non-
conductive film and immersed in either the dilute HF or the
1 wt% NaCl solution. The location of the spot weld was such
that it would not be exposed to the electrolyte. The noncon-
ductive film and native oxide were then ruptured with a dia-
mond scribe to expose fresh base metal to the solution. A
high-speed data logger (250 Hz) was used to acquire potential
versus time data during the scribing of the surface. By measur-
ing the potential transient created, a better understanding can
be obtained of the electrochemical processes occurring at the
crack tip as the oxide film is ruptured during crack growth.
The potential transients obtained from the scratch tests of
the C—103 material in the dilute HF solution are shown in
figure 27. Because this test measures a rapid transient in
behavior, a minimum of three measurements was performed
for each test condition to ensure that an accurate representa-
tion of the electrochemical process was obtained. The average
scratch potentials for C—103 immersed in the dilute HF and
the neutral NaCl solutions are given in table III; scratch poten-
tials (Egracn) Tepresent the minima observed in the curves in
figure 27. The Ecpaen for C—103 were found to be more nega-
tive, or more cathodic, compared to the Eqc for the C—103 in
the same electrolyte. The measured scratch potentials suggest
that hydrogen can readily form on the fresh surface of C—103
as the oxide film is ruptured. Hydrogen production can be
quantified by calculating the hydrogen fugacity (fu,) for a

given potential, as shown in equation (1) (ref. 38).

__E-E,
1og(fH2j— % (1)

where FE is either the measured Eoc or the measured E. yich,
and E, is the reversible potential for the reduction of water.
Values of potential in equation 1 are in units of millivolts
(mV) and fugacity is in atmospheres. The fugacities calculated
for the scratch potential and open circuit potentials for C—103
in the dilute HF and 1 wt% NacCl are also provided in table III.
The resulting fugacity at a bared C—103 surface is shown to be
more than 15 orders of magnitude greater that on the native
oxide surface for either solution.

In summary, it has been shown that the open circuit poten-
tials for both the Ti-6Al-4V material and the C—103/Ti-6Al-
4V couple are cathodic in the dilute HF solution, with respect
to the open circuit potential for the C—103 material. The cou-
ple potential suggests that cathodic processes and hydrogen
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production can occur on the C—103 surface in the presence of
the Ti-6Al-4V flange that may not occur without this flange or
at distances sufficiently far away from this flange to be unaf-
fected by the couple. However, when the native oxide is rup-
tured, the electrochemical processes in both the dilute HF and
the NaCl solutions are highly cathodic, relative to the proc-
esses operative with an intact native oxide. Furthermore, the
measured scratch potential is similar in sign and magnitude to
that of the open circuit potential for the C-103/Ti-6Al-4V
couple. Consequently, if the native oxide becomes ruptured in
service, the Ti-6Al-4V flange does not need to be present nor
involved in the electrochemical processes for hydrogen pro-
duction to occur and affect the environmentally assisted crack-
ing in the C—103 thrusters.

2.4.3 Electrochemical Polarization

To determine the overall electrochemical behavior for the
C-103 material, polarization curves were generated. By
evaluating the electrochemical response over a large range in
potential, a better understanding of how electrochemical proc-
esses are affected by outside influences, such as coupling a
piece of C—103 to Ti 6Al-4V or rupturing the oxide film from
a niobium alloy, can be determined. Here, two measurements
(one cathodic and one anodic with respect to the open circuit
potential) were acquired for each solution in the aerated condi-
tion. The tests consisted of polishing a specimen to a 600-grit
finish, exposing the specimen to the selected solution, allow-
ing an open circuit condition for 1 hr, and then performing a
controlled potential scan at a rate of 0.167 mV/sec, while
monitoring the current. For each anodic scan, the initial poten-
tial was set to be 40 mV cathodic to the open circuit potential,
while the cathodic scan was initiated at 40 mV anodic to the
open circuit potential. These starting conditions for the elec-
trochemical scans made it possible to have a small section of
data from each test under the same conditions, which was used
to validate the results.

The polarization curves acquired in the dilute HF and the
neutral (1 wt% NaCl in H,O) solutions are compared in fig-
ure 28. Here, the open circuit potentials (approx. —0.4 to
—0.6 Vgcg in fig. 28) are approximated by the lowest measured
current values. All data at higher values of potential indicate
anodic processes (i.e., dissolution and oxidation), while all
data at lower values of potential indicate cathodic processes
(i.e., water reduction). A large passive region is shown to start
with a “knee” in the data at approximately —0.25 Vgcg, and the
passive region remains stable with no significant increase in
current for more than 2 V in potential, suggesting a protective
passive film is present over a large range of potential. How-
ever, it should be noted that the current density throughout the
passive region is more than 1 order of magnitude higher in the
HF solution than for the neutral solution, indicating significant
anodic processes are occurring throughout the passive region.
Comparison of the two polarization curves in figure 28 also



reveals a higher exchange current density (i,) and a lower Eqc
are observed in the HF solution compared to that in the neutral
solution. This indicates that the C—103 material is more elec-
trochemically active in an HF solution than in the neutral
aqueous solution. In the cathodic region in figure 28, the cur-
rent density is slightly higher in the HF solution; however, the
shapes of the two curves are similar, suggesting similar
cathodic processes (i.e., water reduction) will occur in either
of the two solutions.

The polarization curve generated for the C—103 exposed to
the dilute HF solution has been isolated in figure 29 for further
discussions. The current values cathodic to the FEgc are
observed to be much higher than in the anodic region, suggest-
ing a larger rate of reaction for cathodic reactions compared to
the anodic reactions. The values of the open circuit and scratch
potentials have also been superimposed in figure 29. These
results indicate that at the open circuit (at least near the tita-
nium flange) and scratch potentials in this system, cathodic
processes are expected to dominate the electrochemical proc-
esses of this system. This observation implicates the role of
hydrogen in the environmentally assisted cracking processes
observed for the thruster components. These electrochemical
tests clearly show that atomic hydrogen is readily produced on
the bared C—103 surfaces exposed to aqueous solutions. Addi-
tionally, the relatively high cathodic currents in figure 29
indicate that the amount of hydrogen that can be produced via
water reduction may be significant. While these characteriza-
tion tests demonstrate that atomic hydrogen is readily formed
on the surface of the C—103 material, the tests do not shed any
light on how this hydrogen production may affect the C—103
material. For example, it would be instructive to determine if
the hydrogen being produced readily adsorbs onto the C-103
surfaces, then absorbs into the material and diffuses into the
bulk (ref. 39). Therefore, mechanical screening tests were
subsequently performed to determine how the C—103 material
behaves when it is charged with hydrogen.

2.4.4 Summary and Conclusions for Electrochemical
Characterization

Hydrogen can readily form on the surface of the C-103
thrusters when exposed to an HF-containing etchant. The
hydrogen is produced via the water reduction reaction. The
driving force for hydrogen production is very high on the
surface bared of the native oxide film.

(1) The presence of HF increases the electrochemical activ-
ity of C—-103.

(2) C-103 is not susceptible to rapid dissolution, even in
dilute HF solutions. However, the presence of dilute HF can
result in increased electrochemical processes.

(3) The production of H is thermodynamically assured on
the surface of bared C—103 when moisture is present.
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(4) Coupling Ti-6Al-4V to C—-103 may increase the pro-
duction of hydrogen in dilute HF relative to the amount of
hydrogen produced on C—103 without titanium being present.

(5) The hydrogen fugacity on a bared C—103 surface in
dilute HF is ~2x10"" atm.

2.5 Environmentally Assisted Cracking (EAC)
Screening Tests

A series of uniaxial tension and bend tests were designed to
determine how the exposure to environment and temperature
can affect the mechanical behavior of the C—103 material. All
uniaxial tension specimens were run by exposing the specimen
to a dilute etchant solution and applying a constant potential.
Each potential was selected based on the electrochemical tests
presented in section 2.4. By applying a constant potential to
the test specimen, the electrochemical processes for each test
can be controlled so that specific damage processes can be
evaluated. These tests are designed to screen specific envi-
ronmentally assisted cracking processes (i.e., dissolution-
based SCC or hydrogen embrittlement). Once these processes
were understood, bend specimens were designed that more
accurately reflect the loading and exposure conditions ob-
served in service. Mechanical test specimens were obtained
from a partially machined injector (see fig. 30) that was manu-
factured during the same approximate time frame as injectors
that have seen service on the shuttle orbiters.

2.5.1 Uniaxial Tension Testing

Uniaxial tension specimens were machined with a gage sec-
tion measuring approximately 5.1 by 5.1 mm (0.2 by 0.2 in.),
as seen in figure 31. The specimens were notched with a brass
wire via electron discharge machining (EDM) in order to
provide a local stress concentration at the midsection of each
specimen. The notch was machined across the width of one
face and measured between 0.5 and 0.63 mm (0.02 and
0.025 in.) in depth. Each test specimen was placed in an elec-
trochemical cell with the gage section submersed in a dilute
HF solution (diluted to a pH ~ 3.5), while the threaded speci-
men ends were outside of the solution and placed into an adap-
tor of a load frame. With this testing setup, the specimen gage
section could be within an electrochemical cell while being
stressed under constant load. A reference and platinized
counter electrode were also immersed within the solution of
the electrochemical cell. The reference electrode, counter
electrode, and specimen were connected to a potentiostat to
allow each test to be performed under a constant potential
condition. Durations of exposure were selected at 24, 48, and
~90 hr, although some specimens failed during exposure under
applied load. A list of testing conditions is provided for each
specimen in table IV. Due to the low conductivity of the test
solution, 1 wt% NaCl was added to the test solution initially to



ensure that the desired electrochemical potential was in fact
the potential generated at the surface of the test specimens.
There were no significant differences between the tests con-
ducted with or without the NaCl.

The range of potentials examined was based on the electro-
chemical tests described in the previous section (see fig. 29).
As seen in table IV, several tests were performed with the
applied potential between —600 mVgscg and —1 Vgcg. These
values of potential were selected to interrogate the effect of
cathodic processes on the mechanical behavior of C—103. The
scratch potential should be the most cathodic potential estab-
lished on the surface of the thruster material, unless it is af-
fected by an outside influence not considered in this study.
Thus, initially tests were performed at “900 mVgcg, which is
slightly cathodic to the measured scratch potential in the dilute
HF solution (see fig. 27). Then the potentials were increased
toward Eqoc until little to no embrittlement was observed. At
—600 mVgcg, there was limited embrittlement, and as a result,
no additional cathodic potentials were selected near this range.
However, an additional test was performed at —100 mVgcg to
examine the potential for aqueous dissolution-based SCC. The
potential of —100 mVgcg was determined based on the anodic
polarization of C—103 (see figs. 28 and 29). Here, —100 mVgcg
is slightly anodic to the passive knee, which is considered to
be a region that is highly susceptible to SCC (ref. 40). In addi-
tion to examining the influence of the etchant solution, the
potential effects of the thermal bakeout used in the manufac-
ture of the thruster components (316 °C (600 °F) for 48 hr)
was studied by removing several of the exposed specimens
from the electrochemical exposure cell and placing them into
air furnace under load. Upon completion of these tests, all
specimens were strained to failure, and examination of the
fracture surfaces was subsequently conducted using SEM.

Two of the test specimens (specimens 1 and 2) failed during
the exposure process, as indicated in table IV. These test
specimens exhibited highly embrittled fracture surfaces with
little observed ductility, an example of which is given in fig-
ure 32. Smooth terrace features along with visible slip bands
and fluted features are clearly visible in figure 32(b), indicat-
ing a predominantly cleavage fracture. Although there was
some IGC visible on this fracture surface, the predominant
fracture process was transgranular cleavage, which is dis-
tinctly different from the intergranular fracture observed in
service. Specimen 2 was statically loaded to approximately
177 MPa (25.6 ksi), with an applied potential of =750 mVgcg,
and failed after only 26.5 hr. Similar failures were observed
for specimen 1, which had an applied stress of approximately
198 MPa (28.8 ksi) and an applied potential of —900 mVgc;
failure occurred in this specimen in less than 40.5 hr. As the
exposure time was decreased for the same applied potential
(specimen 3 in table IV) or the potential was increased to more
anodic potentials (—600 mVgcg for specimen 4 in table IV), the
fracture surfaces suggested that the outer specimen surfaces
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were less ductile than the central portion of the specimens.
However, there were no indications of intergranular or cleav-
age fracture, thereby indicating only a moderate embrittlement
was induced from the exposure process for specimens 3 and 4.
It should be noted that specimen 4 was also baked out prior to
mechanically overloading the specimen. This bakeout was not
performed for specimens 1 through 3, and the potential effects
of the bakeout process will be discussed below for specimens
5 through 9. Although the distinct change in fracture mode
observed for specimens 1 and 2 suggest that these specimens
were readily embrittled by the absorption of hydrogen into the
C-103 material, the cleavage fracture morphology produced
in these tests did not resemble the intergranular fracture pro-
duced in service. Consequently, additional tests were per-
formed to fully characterize the damage processes experienced
during the processing of the cracked thruster components.

Five test specimens were examined by exposing the speci-
mens to the dilute HF solution at —1 Vgcg for 90 hr either
using a small tensile load (specimens 5 and 6) or zero load
during exposure (specimens 7, 8, and 9), as seen in table IV.
Predominantly brittle fracture was observed when these
specimens were strained to failure following exposure (speci-
mens 5, 7, and 8), while predominantly ductile fracture was
observed (specimen 6) if the exposure was followed by a heat
treatment of 316 °C (600 °F) for 17 hr. Specimen 9 had a
relatively small region (~0.25 mm (0.01 in.)) around the outer
periphery of the specimen gage that exhibited 100 percent
IGC, while the majority of t