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ABSTRACT 

 
Grain boundary chemistry in an X750 Ni alloy was analyzed by atom probe tomography 

in an effort to clarify the possible roles of elemental segregation and carbide presence on the 
stress corrosion cracking behavior of Ni alloys. Two types of cracks are observed: straight cracks 
along twin boundaries and wavy cracks at general boundaries. It was found that carbides (M23C6 
and TiC) are present at both twin and general boundaries, with comparable B and P segregation 
for all types of grain boundaries. Twin boundaries intercept γ’ precipitates while the general 
boundaries wave around the γ’ and carbide precipitates. Near a crack tip, oxidation takes place 
on the periphery of carbide precipitate. 
 
INTRODUCTION  
 

Alloy 750 is a high-strength, precipitation hardened Ni-Cr-Fe superalloy. It is commonly 
used in nuclear reactors either for original components (as springs or guide pins), or as repair 
hardware (as core shroud support bracket) when high strength and corrosion resistance are 
needed. These components are in contact with environment and can be exposed to radiation at 
low fluence. Although limited, such components failed in service due to some localized forms of 
degradation (stress corrosion cracking, fatigue fatigue, hydrogen assisted cracking) [1]. Repair 
hardware, as tie rods and support bracket also showed evidence of degradation by stress 
corrosion cracking. There is limited data about the propagation rate of stress corrosion cracks 
and about the influence of radiation [2,3]. There is a need for more data but also for a more 
comprehensive understanding on the influence of the microstructure features present in X-750 on 
crack propagation by stress corrosion cracking mechanism.  Although there is no consensus on 
the mechanism of cracking, there are features that are known to, or expected to, influence 
cracking rate and its evolution under irradiation.  

For some heat treatments a prominent feature of the microstructure is the presence of the 
intergranular M23C6 carbide precipitate phase. Intergranular carbides can enhance cracking due 
to the sensitization of grain boundaries, as known for stainless steels. For nickel alloys, it was 
shown that the intergranular carbide precipitation can be beneficial for crack growth due to its 
influence on crack tip stress distribution [4,5]. Intragranular γ’ phase [Ni3(Al,Ti)] precipitation 
will influence the local mechanical behavior of the material, i.e crack tip but it may also impact 
 the progression of oxidation ahead of the crack. Furthermore, under neutron fluence, γ’may 
dissolve therefore modifying the initial conditions. 

EXPERIMENT 
 
 The alloy is a X-750 Ni alloy (heat 2750-5-7656) in the HTH heat treatment. This 
material comes from an e core shroud upper support bracket manufactured by Haynes 
International. Its nominal composition is given in Table 1. It was solution annealed at 2000F for 



1 hours, air cooled and subsequently heat-treated at 1300F for 20 hours. Stress corrosion test 
specimens were performed using a 0.4T CT geometry using a BWR environment, and specimens 
were used for characterization of the grain boundary and crack structures. Microstructural 
characterization was performed by scanning electron microscopy (SEM) on a FEI SEM/FIB 
quanta 3D, electron backscattered diffraction, and atom probe tomography (APT) using a 
Cameca LEAP 4000XHR operated in laser pulsing mode. Specimens containing selected grain 
boundaries were prepared by a standard site-specific focused ion beam milling approach. The 
analysis parameters were a specimen base temperature of 40K, a laser pulse energy of 50 pJ, 250 
kHz for the repetition rate and 0.003 atom/ pulse for the evaporation rate.  

RESULTS 

The alloy composition measured by APT is reported in Table 1 along with compositions 
of the γ and γ’ phases. Note that these measurements are taken from volumes containing grain 
boundaries, therefore the content of minor elements segregating to grain boundaries (B, P, C) is 
higher than for the average alloy. 

Table 1: composition (at.%) of the overall reconstructed volumes, and the individual 
phases – background subtraction and peak decomposition procedures were applied. 

Ni Cr Fe Ti Al Nb Si Mn N Mo C B P Cu Co 
Nominal [1] >70 14-17 5-9 2.25-2.75 0.4-1 0.7-1.2 0.01 <1 N/A N/A <0.8 N/A N/A <0.5 <1 
overall 69.2 14.9 8.19 2.70 1.51 0.40 0.29 0.25 0.16 0.15 0.09 0.05 N/A 0.01 0.87 
γ 67.4 17.4 9.65 1.69 1.46 0.23 0.44 N/A 0.28 0.20 0.29 0.03 0.002 0.05 0.97 
γ’ 70.3 3.79 4.02 11.4 6.03 1.10 0.40 N/A 0.32 1.19 1.76 0.05 0 0.04 0.45 

Grain boundary morphologies 

The grain size distribution with an overall average of 31μm consists of two populations: 
as shown in Figure 1, small grains with an average size of 12 microns clustered together and 
larger grains (40-100μm) containing a large number of twin boundaries. Two types of grain 
boundary morphologies are observed: straight grain boundaries identified as Σ3 grain boundaries 
(Fig.1b) and rugged grain boundaries (Fig. 1c) with a tortuous path.  

Figure 1: (a) overall grain structure and 
crack path, colors corresponds to grain size 
(b) SEM image of a straight cracked grain 
boundary (c) SEM image of a rugged 
cracked grain boundary 
 



APT was performed on both types of 
grain boundaries. Straight grain boundaries 
separate γ from γ phase but also γ from γ’ and 
sometimes intercept γ’ precipitates (Fig. 2a). 
The random grain boundaries with a more tortuous path appear to weave around γ’ precipitates 
(Fig 2b).

Carbides 

Carbides can be seen at the grain boundaries in SEM 
images as shown in Figure 3. From the APT analyses, two types of 
carbides were observed: chromium carbides and titanium carbides, 
with the measured concentrations of each type shown in Table 2. 
Segregation of trace elements, namely boron, was observed at 
carbide interfaces.  

Table 2: Concentration (at%) of carbide precipitates as determined by APT 
Ni Cr Fe Ti Al Nb Si Mn N Mo C B P Cu Co 

Cr23C6 4.84 69.2 3.47 5.17 1.86 0.02 0.07 N/A N/A 1.17 13.7 0.23 0 0 0.22 
TiC 15.8 9.48 0.74 31.1 0.43 6.94 0.12 N/A N/A 2.02 31.8 0.20 0.01 0.06 0.21 

Chromium carbide precipitates consistent with Cr23C6 were observed adjacent to some 
cracks (Figure 4). The actual measured concentration of carbon in precipitates was consistently 
below the expected stoichiometry, even after manual deconvolution of C2 and C4 carbon peaks 
with Ti and Mo, respectively. However, carbon is expected to be artificially low due to overlap 
between C isotopes (i.e. C+ with C2 at 12). These chromium carbide precipitates were also 
enriched in Nb and depleted in many trace elements such as Mo, Si, Al, and Co, as well as Fe,
compared to the bulk concentration, as shown in the proxigram in Figure 4. These carbides were 
adjacent to grain boundaries in all specimens in which they were found. 

Titanium carbides consistent with TiC were observed at rugged grain boundaries (Figure 
5). In the case of these TiC precipitates peak deconvolution of the mass spectrum showed 
essentially no C2 overlap with Ti, and no C4 present, resulting in the 1:1 stoichiometry observed. 
The titanium carbide precipitate was enriched in Nb and Mo, as opposed to the chromium 

Figure 2: APT slices showing (a) straight 
crack through γ and γ’ phases and (b) rugged 
crack around γ’.  
Color code: Cr in green, Al in blue, B in 
orange.  

Figure 3: SEM image of carbides 
along an oxidized grain boundary.   



carbide, and depleted in Cr, Fe, and trace elements Co, P, Si, and Al compared to the bulk phase, 
as shown in the proxigram in Figure 5. Although the grain boundary was observed to travel 
around g’ precipitates in a rugged fashion, it traveled straight through the TiC particle. 

 
Grain boundary and interface segregation 

Segregation of trace elements was observed at 
all grain boundaries and precipitate interfaces. Boron 
was the most significantly segregated element, 
appearing at all grain boundaries and interfaces, and 
is easily observable in APT reconstructions. At grain 
boundaries B concentration reached ~0.4%, while at 
carbide interfaces it reached up to 0.8%. Some grain 
boundaries also exhibited phosphorus segregation. P 
concentration was very low in all samples, leading to 
only very slight segregation that was unobservable in 
some cases.  Silicon segregation was also found at 

select grain boundaries, reaching levels near 0.1%. 
This segregation can be seen in the proxigrams shown 
in Figures 6 which correspond to the reconstruction 
shown in Figure 5. Figure 7 shows a reconstruction 

Figure 4: (a) 3D reconstruction 
containing a Cr carbide adjacent 
to a straight grain boundary. Cr 
in green, Al in blue, C in brown, 
B in orange (b) Proxigram of 
the composition across the 
carbide interface showing that C 
and Mo are enriched and Nb, 
Fe, Si, Al, and Co are depleted 
in the carbide. 

Figure 5: (a) 3D 
reconstruction containing a 
titanium carbide precipitate 
(brown surface) traversing a 
rugged grain boundary. (b) 
Proxigram of the composition 
across the carbide interface 
showing that Ti, C, Mo, and 
Nb are enriched and  Cr, Fe, 
Co, P, Si, and Al are depleted 
in the carbide. 

Figure 6: Concentration profile across 
a grain boundary with bulk γ phase on 
either side.  



containing both chromium carbide and γ’ precipitates, and the boron segregation at the interface 
with the γ’ phase is obvious. 

Oxidation 

Oxidation ahead of the crack tip was 
observed in one rugged crack (Figure 8). The 
oxidized region surrounded pre-existing chromium 
carbide precipitates with approximate Cr23C6
stoichiometry. The oxide stoichiometry was not 
uniform throughout but can be approximated by M4-

10O3, with Ni and Cr comprising the majority of the 
metal and Fe playing a lesser role in the oxide. 

DISCUSSION  

Although the role that carbides play in SCC is not straightforward, their presence at both 
straight and rugged grain boundaries which exhibit SCC suggests they may indeed participate in 
the SCC mechanism. While two types of carbides were observed, it is unclear whether the 
density, type of carbides formed, or position (adjacent to or spanning the grain boundary) 
depends on the type of grain boundary at this time. The precipitation of chromium carbides
(Cr23C6) at grain boundaries during heat treatment is well documented [6,7]. MC carbides 
(primarily TiC and NbC) resulting from heat treatment have also been noted [6], and the former 
were observed here.  

It has been suggested that chromium carbides at grain boundaries can promote SCC 
resistance in Alloy 600 through an oxidation mechanism in which carbides stop dislocations, 
generating a high default rate at the carbide interface and surrounding matrix. The high default 
rate promotes oxidation of the carbide and surrounding matrix, decreasing the stress factor and 

Figure 8: 3D reconstruction revealing the 
presence of oxide around carbides along an 
oxidized grain boundary. 

Figure 7: (a) 3D reconstruction showing B (orange) segregation along a grain 
boundary intercepting a Cr carbide and in contact with γ’. (b) 1D concentration 
profile across the boundary from carbide to γ and (c) from γ’ to γ. 



subsequently stopping crack propagation [8]. The oxide around carbides in Alloy 600 was 
confirmed using TEM, and appears comparable in location to the oxide observed using APT. 

Grain boundary segregation of trace elements has also been observed to affect the SCC 
mechanism. While B segregation has been shown to have little effect on SCC, P segregation to 
levels of 2% at grain boundaries has been shown to increase susceptibility to SCC failure in high 
temperature water [6]. However, the segregation of P in this study did not reach levels nearly this 
high. 

SUMMARY 
 

APT was used to characterize grain boundaries near stress corrosion cracks in a X750 
alloy, to elucidate the role of grain boundary chemistry in cracking. From this study trace 
element segregation of B and P was found at both straight and rugged grain boundaries. 
Segregation was also observed at the carbide and γ’ precipitate interfaces. M23C6 and TiC 
carbides, along with γ’ precipitates, were seen at grain boundaries, suggesting they may play a 
role in SCC. Oxidation around carbides ahead of the crack tip was also observed, but the role of 
precipitates and oxidation in cracking has yet to be elucidated. 
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