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Abstract 

When exposed to deaerated high purity water, Alloy X-750 is susceptible to both hgh  temperature (>249”C) 
intergranular stress corrosion cracking (IGSCC) and intergranular low temperature (<149*C) fracture (LTF). 
However, the microstructural and microchemical factors that govern environmentally assisted craclung (EAC) 
susceptibility are poorly understood. The present study seeks to characterize the grain bomdary microstructure and 
microchemistry in order to gain a better mechanistic understanding of stress corrosion crack initiation, crack growth 
rate, and low temperature fracture. Light microscopy, scanning electron microscopy, transmission electron 
microscopy, orientation imaging microscopy, scanning Auger microscopy, and thermal desorption spectroscopy 
were performed on selected heats of Alloy X-750 AH. These data were correlated to EAC tests performed in 338°C 
deaerated water. Results show that grain boundary MC-type {(Ti,Nb)C}carbides and increased levels of grain 
boundary phosphorus correlate with an increase in LTF susceptibility but have little effect on the number of 
initiation sites or the SCC crack growth rate. Thermal desorption data show that multiple hydrogen trapping states 
exist in Alloy X-750 condition AH. Moreover, it appears that exposure to h g h  temperature (>249OC), hydrogen 
deaerated water increases the hydrogen concentration in strong hydrogen trap states and degrades the resistance of 
the material to low temperature fracture. These findings are consistent with a hydrogen embrittlement based 
mechanism of LTF where intergranular fracture occurs ahead of a crack tip and is exacerbated by phosphorus 
segregation to grain boundaries and grain boundary hydrogen trap states. 

Introduction 

Alloy X-750 bar in the dual step aged “AB” heat treatment ‘hot rolled + 885”C/24 hr “stress equalization”, air cool + 
704OC/24 hr aging, air cool) is susceptible to EAC when exposed to high purity, hydrogenated water [l-33. 
Additionally, significant heat to heat variability in EAC resistance exists within the AH heat treatment [2, 31. While 
increased levels of grain boundary phosphorus have been correlated to decreased resistance to LTF [2,4], the effects 
of other microstructural variables such as grain boundary structure, misorientation, and hydrogen trapping remain 
relatively unexplored. 

The EAC test data summarized in Figure 1 show two significant effects: (1) heat #3 is more susceptible to failure 
than heats #1 and #2 and (2) there appears to be an effect of prior exposure to high temperature water on the failure 
rate of heat #3. In order to better understand the factors that affect heat to heat variability and the effect of prior 
exposure on EAC failures, the microstructure and microchemistry of each material was investigated. 
Characterization techniques included light microscopy, scanning electron microscopy (SEM), transmission electron 
microscopy (TEM), orientation imaging microscopy (OIM), scanning Auger microscopy (SAM) and thermal 
desorption spectroscopy (TDS). 

Experimental Procedure 
Materials lnvestigated 

Three heats of alloy X-750, condition AH were used in these tests. The samples used in th s  testing were machined 
from samples which were previously exposed, under stress, to high temperature water (>249’C) for long times (-1 0 
years). Note that the size of the samples that were pre-exposed was sufficiently small that exposure for 10 years is 
well in excess of the time required to achieve equilibrium of the hydrogen concentration with the water. One heat of 
material (#3) was also tested without prior exposure to high temperature water and is designated #3 NPE for “no 
prior exposure”. 
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Discussion 

Summaiy of Key Findings 

Analysis of the number of SCC initiation sites, crack growth rates and number of faiIures (Figure 1 and Table 111) 
shows that the increased tendency of heat #3 to fail is due to a decreased resistance to low temperature fracture. 
Between heats, no significant difference in the number of SCC initiation sites or crack growth rate was observed. 
Microstructurally, heat #3 shows an unusually high degree of MC-type grain boundary carbides as well as increased 
levels of grain boundary phosphorus as compared to heats #1 and #2. m l e  heat #3 also has the fewest number of 
Z3-type grain boundaries, the difference between heats is small and likely is not a significant factor in the LTF 
resistance. 

Thermal desorption tests show that at least four distinct hydrogen trapping states exists in X-750 AH. The lowest 
energy state is assumed to be desorption fiom the octahedral interstices of the lattice. The next lowest energy state 
has a binding energy -39 kJ/mol which is in good agreement with Turnbull's calculation (37 kJ/rnol) of the binding 
energy of hydrogen to y' in X-750 AH [IO]. The two remaining desorption states are strong hydrogen traps with 
binding energies of -92 and 143 kJ/mol. Possible trapping states include MC carbideflattice and q/lattice interfaces. 

Table IV. Comparison of LTF Susceptibility and Selected Microstn*ctural and Microchemical Findings 

LTF Grain Avg. GB P') EBindinr 
Heat # Susceptibility Boundary Phosphorus ' L' Grain Boundary Boundaries Tra kJ/mol (X Failed) Structure (at .YO) 
#3 NPE 25 MC _ _ _  --- 92.1 

#3 88 MC 3.3 23.6 92.1 
# I  0 Large y' 2.3 24.2 39.0 
#2 0 Lame Y '  2.4 25.5 39.0 

Factors Affecting the Increased Failure Rare of Heat #3 

Previous research has shown that MC carbides preferentially corrode in primary water and this may help explain the 
difference in crack growth rate between fast craclung (AH) and slow cracking (HTH) heat treatments of X-750 13). 
However, within the AH heat treatment, the large difference in grain boundary carbide coverage between heats #2, 
#1 and #3 has little effect ( d X )  on the apparent crack growth rate (Table IV). Instead, the dominant effect of MC 
carbides appears to be the decreased resistance to low temperature fracture. Heat #3 is most susceptible with 88% of 
the samples failing, wlule heats #2 (0% failed) and #1 (0% failed) are resistant to low temperature fracture. 

Recall that heats #2 and #1 displayed predominantly y' on the grain boundaries while heat #3 displayed MC-type 
(Ti,Nb)C carbides on the grain boundaries (Figure 4). As shown by the thermal desorption data, incoherent MC 
carbides are strong hydrogen trap states and promote hydrogen segregation to grain boundaries. Increased grain 
boundary hydrogen concentrations promote intergranular fracture (i.e. LTF). 

In addition to hydrogen embrittlement, segregation of metalloids (especially phosphorus) to X-750 grain boundaries 
has been implicated in lowering the resistance of X-750 to LTF [2,4, 111. Phosphorus may degrade LTF resistance 
by both (1) enhancing hydrogen uptake via poisoning the recombination reaction [ 121 and (2) lowering the cohesive 
strength of the grain boundary [I 11. Note that phosphorus appears concentrated at MC-type carbides as shown in 
Figure 7, consistent with other Auger studies on X-750 [Z]. The increased susceptibility of heat #3 relative to the 
other two heats may be explained by its relatively hgh levels of phosphorus (3.3 at.%) vs. heats #1 (2.3 at.%) and #2 
(2.4 at.%) whch is consistent with previous work on X-750 by Grove [4] and Milk [2]. While the increased grain 
boundary phosphorus concentration in heat #3 may appear modest, work by Grove and Petzold [4] on X-750 
Condition BH (hot rolled + 1300'F / 20 hrs), indicates that an increase from 2.3 to 3.3 at.% can decrease the LTF 
resistance by -30% as shown in Figure 9. 
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Atomistic modeling work of Geng et 
aI. [ 111, on E5 nickel grain boundaries 
provides a basis to assess the 
combined effects of grain boundary 
impurities on the grain boundary 
cohesive strength. Consistent with 
experimental observations [ 131, 
atomistic calculations show that 
hydrogen, and phosphorus decrease 
grain boundary cohesion (/IEFtrcwt~enirrg 
is <O), while boron increases cohesion 
(dEstrerrgthening is 3). This work also 
suggests that Be and C should enhance 
cohesion while S ,  AI, and Si should 
decrease grain boundary cohesion, 
although the magnitude of the effect of 
these elements was not calculated. 
Normalizing the Geng data by the 
absolute value of the strengthening 
energy of hydrogen suggests an 
equation of the form of Equation 3. In 
Equation 3,  the symbols in brackets 
represent the firee concentration of 
those species on the grain boundary 
(atoms per atom of Ni) and the 
prefactors are normalized to the 
sgength of hydrogen 
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Figure 9. Illustration of the efect ofgrain boundaryphosphorus and sulfur 
on the low temperature fiacture resistance of Alloy X-750 BH. The data 
were taken from Reference 4. 

While Equation 3 does not include all relevant segregants (such as sulfur and carbon) or include the complexities of 
alloying additions or second phase particles, it is useful to assess the combined effects of hydrogen, phosphorus and 
boron. At a given hydrogen concentration, Equation 3 predicts that the grain boundary cohesive strength of each 
heat should be #2.(-1.7) > #1 (4.0) > #3 (-6.1). This analysis re-emphasizes the susceptibility of heat #3 relative to 
heats #1 and #2. 

Factors Affecting Decreased LTF Resistunce of Prior Exposed Heat #3 

The increased failure rate of heat #3 that had prior exposure to high purity water (>249OC, -10 years) suggests that 
prior exposure degrades the materials resistance to low temperature fracture. The thermal desorption data shown in 
Figure 8 gives a possible basis for explaining the increased failure rate. Note that all the prior exposed material 
shows increased amounts of hydrogen (given by the area under the desorption curves) at high temperatures relative 
to the material that was not prior exposed. Specifically, the trapping state associated with MC-type carbides (i.e. the 
540°C peak) shows approximately 9 times more hydrogen for prior exposed heat #3. This increase in MC carbide 
hydrogen coverage indicates that prior exposure to high purity water increases the hydrogen concentration in strong 
trapping states and lowers the resistance of X-750 AH to low temperature fracture. 

Note that the dissolved hydrogen concentration in the water exhibits a maximum near 235"C, which may in part, 
explain why material that was prior exposed at -250°C shows increased amounts of trapped hydrogen relative to 
material that was exposed to 338°C water. The equilibrium concentration of hydrogen dissolved in X-750 via 
Henry's and Sievert's laws [9] is shown in Figure 10. 



At a constant dissolved hydrogen 
gas concentration of 40 scckg, 
the equilibrium concentration in 
the metal is greater for the prior 
exposure temperature (250°C, 2.8 
wt. ppm) than the SCC testing 
temperature (338"C, 2.4 wt. ppm). 
Additionally, corrosion generated 
hydrogen during prior exposure 
may also act to increase the 
trapped hydrogen concentration 
relative to material without prior 
exposure. Another factor that 
must be considered is the effect of 
previous exposure on the grain 
boundary composition. While 
additional grain boundary 
phosphorus segregation during 
prior exposure at >249"C) is 
possible, kinetic calculations 
using the diffusivity data for 
phosphorus in Alloy 600 [14] 
indicate that segregation at this 
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Figure 10. Illusn-ation of the equilibrium hydrogen concenfrafion of hydrogen 
in X-750 AH calculatedfrom Henly 's and Sievert's laws. 

temperature is extremely slow (D-1 x lo-'' rn'/sec), and segregation is unlikely. 

Conclusions 

Low LTF resistance correlates with a high degree of grain boundary MC-type carbides and increased levels of 
grain boundary phosphorus. 
Grain boundary MC carbides and grain boundary phosphorus do not appear to have large effects (<2X) on the 
number of SCC initiation sites or the SCC crack growth rate in high purity water at 338°C. 
Grain boundary MC carbides are strong hydrogen traps that promote hydrogen enrichment and embrittfement of 
the X-750 AH grain boundaries. 
Grain boundary phosphorus may degrade LTF resistance by both enhancing hydrogen uptake and lowering the 
cohesive energy of the grain boundary. 
Exposure to hgh temperature water (>249'C) for extended times (-10 years) appears to degrade the low 
temperature fracture resistance of X-750 AH. This degradation may be due, in part, to an increased hydrogen 
concentration at grain boundary MC-type carbide trapping states. 
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