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Abstract

Slow strain-rate tensile testing of Ni-based Alloys X-750 and 625
was performed in high-purity, deaerated water in order to
determine whether hydrogen embrittlement occurs in these alloys
at room temperature and 288°C. These tests were conducted at an
initial strain-rate of 4.6x107/sec under both 30 psig nitrogen (0 cc
H,/kg H,O STP) and 40 psig hydrogen (60 cc Ho/kg H,O STP),
on Alloy X-750 in two heat-treatment conditions and on Alloy
625 in a direct aged condition. At room temperature in the
hydrogenated environment, both alloys showed a pronounced
susceptibility to hydrogen embrittlement. The presence of
hydrogen reduced both the elongation to failure and the reduction
in area at fracture by about 50%. Fractography indicated a
transition from ductile, transgranular failure in the nitrogen
environment to predominantly intergranular fracture under
hydrogenated conditions. Fractography of the specimens tested at
room temperature showed a transition in crack growth behavior
from mixed mode slip band decohesion in nitrogen environments
to Mode | intergranular fracture path in hydrogenated
environments. In contrast, hydrogen had no effect on the
measured properties at 288°C.



Introduction

Materials used as reactor internals require unique properties for
both low- and high-temperature service. In particular, in some
light water reactor (LWR) applications, components such as
fasteners, support beams, springs, and control rod guide pins,
require high strength and good resistance to both corrosion and
irradiation damage. The nickel-base Alloy X-750 is commonly
used in such applications. Although Alloy X-750 and other high-
strength nickel-base alloys have performed well in LWR
environments, a number of failures have been observed due to
intergranular stress corrosion cracking (IGSCC) after long reactor
exposures™™. A characteristic of IGSCC in nickel-base alloys is
the transition from a ductile, transgranular fracture mode outside
the reactor environment to a predominantly brittle, intergranular
fracture mode in the aggressive reactor environment'. Such
problems have prompted a search for alternate alloys, such as the
nickel-base Alloys 625 and 718.

Initially, the nuclear power industry followed the treatment for
Alloy X-750 developed by the aerospace industry®®. This heat
treatment (designated as the AH heat treatment) consisted of a
stress-equalizing anneal (885°C) for 24 hours and aging (704°C)
for 20 hours. This material showed great susceptibility to
IGSCC™ and hydrogen embrittlement (HE)®™°. An alternate heat
treatment, designated HTH, was then developed to overcome the
short comings of the AH material. The HTH heat treatment
consisted of a solution anneal at 1093°C for 1 to 2 hours followed
by aging at 704°C for 20 hours. The final HTH material had
larger grain size (100-120um), finer y’-precipitation, and semi-
continuous intergranular carbide precipitation®!. The enhanced
IGSCC resistance of the HTH material was attributed to the semi-
continuous intergranular carbides rather than the discrete
intergranular carbide precipitation found in the AH material®%?,

Despite the better properties of the HTH material, premature
failures still occurred with intergranular fracture paths, causing
the industry to examine the stress corrosion cracking performance
in hydrogenated environments of other high-strength alloys, such
as the nickel-base Alloy 625. Originally, the strength of Alloy
625 was achieved by solid solution-strengthening through
additions of Mo and Nb. However, industry researchers found
that a precipitation heat treatment imparted irradiation-assisted
stress corrosion cracking resistance similar or superior to that of
the X-750 HTH material over all relevant ranges of
temperature’®'4. Direct aging (DA) of hot rolled Alloy 625 at
663°C for 80 hours resulted in uniform precipitation of fine
(15nm), disc-shaped y’’-particles [Nis(Nb,Ti,Al)] and large
transgranular (Nb,Ti)CN carbonitrides*. In the solid solution-
strengthened heat treatment (usually 1066°C for 1 hour),
precipitation was limited to discrete (Nb, Ti)C-type carbides in the
grains and grain boundaries®®*’.

One strategy to mitigate the alloy susceptibility to 1GSCC
involves the establishment of a reducing environment by
maintaining an appropriate concentration of dissolved hydrogen
in the LWR coolant. This strategy accomplishes three primary
tasks™® (1) it suppresses radiolysis, and hence lowers the
concentrations of highly oxidizing species, such as H,0, and OH,
(2) it lowers the concentration of dissolved oxygen entrained with
the feedwater, and (3) it lowers the electrochemical potential of
the alloy, which reduces the crack growth rate. However,
hydrogen has also been found to promote embrittlement in nickel-

base alloys'®'°, leading to a decreases in ductility and hence to
the premature failure of components.

Previous studies showed that nickel-base alloys that have been
exposed to H,-gas sources’ 0123320 or  hydrogen by
precharging®®%?:2® show a significant decrease in ductility
accompanied by an increase in intergranular fracture at
temperatures below 150°C. However, these studies indicate that
the effect of hydrogen is less at temperatures greater than 280°C
as compared to the low temperature regime. Nonetheless, 30-
60% reductions in the elongation to failure and reduction in area
of both Alloys X-750"1222 and 625''® have been measured
within these temperature ranges when these materials contain
approximately 10 atom percent hydrogen in solution. Also, a
significant increase (orders of magnitude) in intergranular crack

growth rates has accompanied these reductions in tensile
dUCti|ity1_3'8-10'12’15'16'22.

This study investigated the relative susceptibilities of Alloy X-
750, in the AH and HTH thermally treated conditions, and the
direct-aged nickel-base Alloy 625 to hydrogen embrittlement
(HE) under simulated (out-of-flux) LWR conditions. We have
determined the extent of hydrogen embrittlement as a function of
temperature, utilizing specimen elongation to failure, reduction in
area, and total intergranular fracture observed, under SSRT
testing conditions. Extending the previous research on these
alloys, we examined the hydrogen-induced surface cracking and
related this behavior to the loss of ductility measurements.

Experimental Procedures

Material

Commercial heats of the nickel-base Alloys X-750 and 625 were
obtained for this study from Inco Alloys International and
Carpenter Technology Corporation in the form of 0.25 inch
(0.635 cm) round bar stock. The compositions of these heats are
given in Table I.

Table | As-received Alloy Compositions (in weight percent)

ELEMENT X-750 625
NICKEL 72.8 62.2
CHROMIUM 15.7 21.9
MOLYBDENUM - 8.74
IRON 7.07 2.53
NIOBIUM + TANTALUM 0.9 3.87
TITANIUM 2.5 0.28
COBALT 0.09 0.04
ALUMINUM 0.71 0.2
MANGANESE 0.06 0.03
COPPER 0.02 -
SILICON 0.11 0.1
CARBON 0.05 0.04
SULFUR <0.001 < 0.001
PHOSPHORUS - 0.004
BORON - -




The Alloy X-750 heat was processed by electroslag remelting
and vacuum induction melting methods, followed by a stress
equalization treatment at 885°C (1625°F) for 24 hours. The
Alloy 625 heat was solution annealed at 1010°C (1850°F) for 1
hour. After machining of the tensile specimens, the alloys were
then heat-treated in a dynamic vacuum of < 5x107® torr, as
indicated in Table I1.

Table 1l Heat Treatments

Alloy Annealing Aging
Designation Step Step
X-750" 1076°C (1968°F) 704°C(1300°F)
HTH 1 hr (VC) 20 hrs (VC)
X-750! - 704°C(1300°F)
AH 20 hrs (VC)
6252 - 663°C(1225°F)
DA 80 hrs (VC)

Idenotes that Inco stress-equalized at 885°C (1625°F) for 24 hrs
%denotes that Carpenter solution-annealed at 1010°C (1850°F) for 1 hr
VC = Vacuum Cooled

The microstructures of X-750 HTH, X-750 AH, and 625 DA
were characterized by both light and scanning electron
microscopies (SEM) in order to evaluate carbide distributions.
Metallography samples were etched for 20 seconds using a
solution of 4g CuCl,, 40ml HCI, 40ml methanol, and 40ml H,O.

Slow Strain-rate Test (SSRT) System

Slow strain-rate tensile specimens were machined from the
round bar stock in accordance with ASTM Standard E8-96a.
The original gage section dimensions were 0.8 inch (2.032cm)
length and 0.125 inch (0.318cm) diameter, with +0.005 inch
tolerances. A series of four high pressure and temperature
autoclaves were connected to a motor-driven constant extension
rate device in a manner similar to that described by Macdonald®
and Skeldon et al®®, A combination of a motor, variable
reduction gearing, and a linear actuator produced an initial
nominal strain-rate for the SSRT specimens of 4.6x10™/sec.

The testing environment consisted of a high-purity, deaerated
water with either dissolved nitrogen (0 psig hydrogen) or
hydrogen (40 psig H,) overpressure. These conditions resulted
in test environments which contain either no dissolved H, (30
psig N,) or 60 cc Hy/kg H,O STP, using Henry’s Law. The
solution pH, measured at ambient temperature, was maintained
between 10.0 and 10.3. Conductivity and dissolved oxygen gas
were maintained at levels below 100uS/cm and 10ppb,
respectively.  The hydrostatic pressure of the system was
maintained at 2000-2100 psi and the flow rate was set at 3.5
liters/hour. The system temperature was controlled to within
+5°C over the temperature range of 26°C (75°F) to 288°C
(550°F). The loads of four specimen cells, solution pH,
conductivity, and dissolved oxygen were automatically
monitored and saved to disk.

Results and Discussion

Material

Figure 1 shows the carbide distributions of Alloy X-750 in both
the HTH and AH conditions and Alloy 625 in the direct-aged
(DA) condition. Figure 1(a) shows the microstructure of the AH
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Figure 1: Micrographs of carbide formation for (a) X-750
AH, (b) X-750 HTH, and (c) 625 DA



material, which reveals a 12-15um grain size but little
intergranular carbide precipitation. Figure 1(b) shows semi-
continuous carbide precipitation on the grain boundaries of the
HTH material, which has a 110um grain size. Alloy 625 DA
(grain size not evaluated) shows only large globular
intragranular carbides, similar to the “matrix” carbides of the X-
750 materials. The hardnesses of heat treated X-750 AH, X-750
HTH, and 625 DA on a Rockwell C scale were found to be 36.5,
35.5, and 44, respectively.

SSRT Results

The relative hydrogen embrittlement susceptibilities of the AH,
HTH, and DA materials were assessed and compared by
measuring the tensile strength, failure time, elongation to failure,
and reduction in area at fracture in both the nitrogenated and
hydrogenated environments. As shown by the tensile data of
Figure 2, all three materials show a severe reduction in failure
time at room temperature. This is consistent with the low-

temperature embrittlement of these alloys as reported by others™
10,12,22,25

In contrast, at 288°C, the hydrogen tests (60 cc Hy/kg H,0) are
indistinguishable from the nitrogen tests (0 cc H,/kg H,0).
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Figure 2: Engineering stress versus time response for Alloys (a)
X-750 AH, (b) X-750 HTH, and (c) 625 DA

Figure 2 shows that the tensile strength decreases with
increasing temperature, as is characteristic of nickel-base Alloy
X-750". Regardless of heat treatment and temperature, there
appears to be no effect of hydrogen on the yield and flow
stresses of Alloy X-750. However, as shown in Figure 2(c),
Alloy 625 DA shows a lower flow stress at large strains in the
room temperature hydrogenated tests. As will be discussed
later, this effect is a result of surface crack growth, which
decreases the load-bearing capacity of the material.

The hydrogen embrittlement susceptibility of these materials is
summarized in Figure 3 by normalizing the ultimate tensile
strength and failure times in the hydrogenated environment to
those of the nitrogenated environment; i.e. we plotted the
ultimate tensile strength (UTS) ratios (UTSe cc Hakg H2o/UTSo cc
Haikg H20) and the failure time ratios (tso cc Hakg H20/to cc Harkg H20)-
For the materials examined, Figure 3(a) shows less than a 15%
reduction in UTS due to hydrogen for tests at room temperature.
On the other hand, at higher temperatures, the reduction in UTS
is roughly 5% for all three materials, indicating that hydrogen
influences the strength of these materials only slightly. These
results are similar to those of Miglin and Domian® who reported
less than a 10% reduction in UTS for Alloy X-750 in both the
AH and HTH condition for temperatures less than 340°C.

As stated previously, the failure times (Figure 3(b)) at room
temperature are severely reduced by the presence of hydrogen in
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Figure 3: Normalized ratio of (a) UTS and (b) failure time under
hydrogenated to nitrogenated conditions as a function of testing
temperature and material.



the environment. Specifically, the failure times decrease by
about 33, 45, and 40% for the AH, HTH, and DA materials,
respectively. Finally, the data for Alloy 625 DA in Figure 3
shows only a minor degree of hydrogen embrittlement
susceptibility at 150°C, as indicated by the 3 and 15% reductions
in UTS and failure time, respectively. Under similar testing
conditions, Skeldon and Hurst'®*® reported 56 and 60%
reductions in the failure time for Alloy X-750 AH and Alloy X-
750 HTH, respectively, when comparing tests at 50°C in pure
helium gas and in a PWR water solution hydrogenated to 50 cc
Hy/kg H,O STP; thus, our data suggests somewhat less
embrittlement.

Figure 4 shows that the post-fracture evaluations of elongation
to failure and reduction in area at fracture indicate a significant
reduction in ductility for all materials when tested in ambient
temperature hydrogenated water. All of our materials show
about a 50-60% reduction in elongation to failure and reduction
of area at fracture when tested in hydrogenated environments at
room temperature as compared to the non-hydrogenated cases.
In an extreme case, Symons? measured reductions of 65% and
90% in the elongation to failure for X-750 HTH tensile
specimens precharged with hydrogen to 5.7 and 65 wppm,
respectively, as compared to the as-received materials.
Conversely, this study finds no discernible hydrogen effect for
all materials tested at 288°C. However, Alloy 625 DA shows a
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Figure 4: Normalized ratio of (a) elongation to failure and (b)
reduction in area at fracture under hydrogenated conditions to
nitrogenated conditions as a function of testing temperature and
material.

roughly 30% decrease in the reduction in area at fracture when
evaluated at 150°C, suggesting susceptibility to hydrogen
embrittlement at intermediate temperatures.

Taken together, the SSRT data indicates roughly equal
susceptibilities to hydrogen embrittlement for Alloy X-750 in
the AH and HTH conditions and for Alloy 625 in the DA
condition for our particular test conditions. The approximate
50% decrease in ductility found at room temperature, as
compared to higher temperatures, is consistent with the reported
low temperature ductility of these three materials in
hydrogenated environments®10-1315:22,

Fractography and Surface Cracking

The room temperature failure of all materials tested under
hydrogenated conditions in this study followed an intergranular
fracture path, as shown in Figure 5. No intergranular fracture
was observed at room temperature in nitrogenated environments
for any of the alloys. In all the materials, the intergranular
fracture path extends from the specimen surface to the interior,
which is consistent with surface crack initiation and subsequent
propagation. Fractographic analyses of the projected area of
intergranular fracture present on the total cross section of the
failed specimens indicate that, at ambient temperature, all
materials exhibit approximately 15% intergranular fracture. As
reported by other researchers®®*>! the room temperature
fracture path is consistent with the low temperature hydrogen
embrittlement susceptibility of these alloys.

In contrast, in the 288°C hydrogenated tests, the X-750 AH and
HTH materials exhibit no intergranular failure, as seen in
previous work at temperatures > 250°C®'%*2,  We observed
ductile, transgranular failure (by microvoid initiation, growth,
and coalescence), which initiated near the central axis of the
specimen. This damage accumulated until the load-bearing
capacity of the material was exceeded and final fracture
occurred by shear, consistent with the cup-cone type fracture
morphology. However, other than the severe intergranular
fracture associated with the room temperature hydrogenated
tests, only a limited amount of grain boundary separation
(amounting to less than 3% intergranular fracture) was observed
in the HTH material tested under all other conditions. Alloy 625
DA failed by complete 45° shear under 150°C and 288°C
hydrogenated conditions; there was no evidence of intergranular
fracture.

The SSRT specimen surfaces for the three materials examined
also show an increased amount of surface crack formation when
tested at ambient temperature under hydrogenated conditions.
These cracks appeared to propagate in a Mode | manner on a
plane normal to the stress axis and with large Mode | crack
opening displacements, as seen in Figures 6(a) and 6(b) (arrow
indicates loading direction). Alloy 625 DA showed the greatest
amount of surface cracking. The growth of these cracks results
in the time-dependent decrease in flow stress evident in Alloy
625 DA when exposed to hydrogen at room temperature. The
propagation of the Mode | cracks also generates a direct path for
hydrogen ingress into the center of the specimen. This would
explain the large extent of intergranular fracture near the central
axis of the specimen. Hertzberg and Was?® reported
approximately a factor of 10 increase in the surface crack
density (cracks/mm?) of controlled-purity Alloy 600 tested in



both non-hydrogenated and hydrogenated PWR water at 360°C.
They also reported measuring a four-fold increase in surface
crack depth for specimens tested in hydrogenated water
compared to non-hydrogenated water. Although this report
indicates that Alloy 600 suffers from high temperature hydrogen
embrittlement, simply increasing the dissolved hydrogen gas
content of the environment leads to large increases in surface
cracking. Figures 6(a) and 6(c) show this increasing surface
cracking characteristic of Alloys X-750 and 625 under both
room temperature hydrogenated and nitrogenated testing

Figure 5: Fractographs of (a) X-750 AH, (b) X-750 HTH, and
(c) 625 DA tested under room temperature hydrogenated
conditions, showing intergranular fracture.

Mode 1 Crack

Mixed Mode Crack

()

Figure 6: Surface deformation and cracking present on SSRT
specimens failed at room temperature and tested under (a) and
(b) hydrogenated conditions, as well as, (c) and (d) nitrogenated
conditions.



conditions. Under all other test conditions (i.e., hydrogen free at
room temperature and all tests at 150°C and 288°C), surface
cracks were limited, and when they appeared they propagated in
a mixed mode manner with large mode Il in-plane shear
displacements, as shown in Figure 6(d).

Examination of the data presented in this study is consistent with
the findings of other researchers. In particular, it has been
reported that these nickel-base alloys (among others) show two
regimes of hydrogen embrittlement: (1) one that corresponds to
reactor operating temperatures (> 250°C) and (2) another at low
temperatures (< 150°C)*®3, Especially in the low temperature
regime, significant reductions in ductility occur and a brittle,
intergranular fracture mode characterized by the propagation of
a Mode | cracking has been observed. These observations
suggest that these alloys may undergo premature failure during
low temperature, hydrogenated reactor shutdown operations.

Conclusions

The hydrogen embrittlement susceptibilities of Alloy X-750 in
the AH and HTH heat-treat conditions and Alloy 625 in the
direct aged (DA) condition were determined at room
temperature, 150°C, and 288°C in a simulated (out-of-flux)
water reactor environment containing dissolved hydrogen gas (0
and 60 cc Hy/kg H,O STP). The following conclusions can be
drawn from this research:

- The three materials tested showed a pronounced susceptibility
to hydrogen embrittlement at room temperature. The failure
times and ductilities decreased by about 35% and 50%,
respectively, when evaluated in hydrogenated versus
nitrogenated environments.

- Further evidence of the room temperature hydrogen
embrittlement susceptibility of these alloys included the
transition from a ductile, transgranular fracture to a
predominantly intergranular fracture path in the presence of
dissolved hydrogen gas. The three materials tested exhibited an
intergranular fracture, which was contiguous to the specimen
surface and represented about 15% of the fracture surface.

- Surface cracking changed from mixed mode propagation
inclined to the stress axis under nitrogenated tests to Mode |
cracking, roughly normal to the stress axis, in the room
temperature hydrogenated tests.

- At 288°C, none of the materials showed any hydrogen
embrittlement. Ductile fracture due to microvoid coalescence
occurred by cup-cone failure for the Alloy X-750 materials and
Alloy 625 DA failed by ductile 45° shear. No intergranular
fracture was observed. At 150°C, Alloy 625 DA showed some
susceptibility to hydrogen embrittlement, which is consistent
with the low temperature regime of susceptibility in these alloys
reported by other researchers.

- The relative susceptibilities of these alloys to hydrogen
embrittlement were indistinguishable. Especially in Alloy X-
750, this observation implies that carbide precipitation does not
affect hydrogen embrittlement, at least under our testing
conditions. It remains to be seen whether Alloy 625 DA is
superior to Alloy X-750 under irradiated tensile conditions.
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