
Subtle changes to the local chemistry and grain boundary structure can have dramatic consequences 
on material performance [1-3]. Some lots of as-received commercially pure Ni-201 exhibit brittle 
intergranular fracture when charged with hydrogen. After grain-boundary engineering (thermo-
mechanical treatments that increase the fraction of twin and other low-sigma “special” boundaries), 
a more ductile fracture is observed [2]. We have assessed the chemistry of different boundaries (in 
terms of segregated hydrogen and various impurity elements) using atom-probe tomography, the 
structure of the boundaries using scanning transmission electron microscopy (TEM), and the 
deformation behavior using both in situ TEM and engineering-scale mechanical testing. This 
experimental work is presented in the context of atomistic and mesoscale simulations of the 
structure [1-3,5,6,7], chemistry, and cohesive strength of the boundary and detail the building blocks 
that are needed for a multi-scale, multi-physics predictive model for environmentally-assisted 
fracture. 

ABSTRACT 

A PREDICTIVE MULTISCALE FRAMEWORK FOR FRATURE [4] 

ATOM PROBE TOMOGRAPHY 

Coherent twins show no discernible D segregation. 

Higher volume twins do; here, 4 at.% D (an 
enrichment of over ten from the bulk) is observed. 

Higher angle boundaries also show a greater degree 
of segregation of impurity elements (e.g. Pb, S) 
naturally present in Ni-201. 

These  impurities tend to lower grain boundary 
energy and may lower the cohesive strength of the 
boundaries. 

SELECTED REFERENCES 
[1] Barrows, Wesley, Rémi Dingreville, and Douglas Spearot. “Traction-Separation Relationships for 
Hydrogen Induced Grain Boundary Embrittlement in Nickel via Molecular Dynamics Simulations.” 
Materials Science and Engineering: A, 2015: 354–64. doi:10.1016/j.msea.2015.10.042. 

[2] Bechtle, S., M. Kumar, B. P. Somerday, M. E. Launey, and R. O. Ritchie. “Grain-Boundary 
Engineering Markedly Reduces Susceptibility to Intergranular Hydrogen Embrittlement in Metallic 
Materials.” Acta Materialia 57, 2009: 4148–57. doi:10.1016/j.actamat.2009.05.012. 

[3] Dingreville, Rémi and Stéphane Berbenni. “On the Interaction of Solutes with Grain Boundaries.” 
Acta Materialia 104, 2016: 237–49. doi:10.1016/j.actamat.2015.11.017. 

[4] Dingreville, Rémi, Richard A. Karnesky, Guillaume Puel, and Jean-Hubert Schmitt. “Review of the 
Synergies between Computational Modeling and Experimental Characterization of Materials across 
Length Scales.” Journal of Materials Science 51, 2015: 1178–1203. doi:10.1007/s10853-015-9551-6. 

[5] O’Brien, Christopher J. and Stephen M. Foiles. “Hydrogen Segregation to Inclined Twin Grain 
Boundaries in Nickel.” Philosophical Magazine 96, 2016: 2808–28. 
doi:10.1080/14786435.2016.1217094. 

[6] O’Brien, Christopher J., Douglas L. Medlin, and Stephen M. Foiles. “Misoriented Grain Boundaries 
Vicinal to the Twin in Nickel Part I: Thermodynamics & Temperature-Dependent Structure.” 
Philosophical Magazine 96, 2016: 1285–1304. doi:10.1080/14786435.2016.1161862. 

[7] O’Brien, Christopher J. and Stephen M. Foiles. “Misoriented Grain Boundaries Vicinal to the Twin 
in Nickel Part II: Thermodynamics of Hydrogen Segregation.” Philosophical Magazine 96, 2016: 1463–
84. doi:10.1080/14786435.2016.1163434. 

TRANSMISSION ELECTRON MICROSCOPY 

In situ H2-charging of Ni-201 using 8 mbar H2 at 500 °C . 

The dislocation structure near the faceted boundary changes as H2 is introduced. 

Additionally, there may be some rounding of the {111}/{112} facet junction. 

This change has been predicted by hybrid Molecular Dynamic/Grand Canonical Monte Carlo 
modeling [5] at higher concentrations of H than are expected here. 

 

The degree of environmentally-assisted intergranular fracture is reduced by grain-boundary 
engineering treatments that lead to a large fraction of low-sigma boundaries. 

However, it also depends upon on trace quantities of impurity elements that tend to segregate to 
grain boundaries. 

The two micrographs were from different heats of Ni, each charged to 5000 appm H. 

They have a similar grain size (ca. 30 um) and fraction of “special” grain boundaries (ca. 40%). 

However, a sample with 5.7 appm Pb (left, also highlighted in the TEM and APT micrographs) shows a 
greater degree of intergranular fracture than a sample with 0.05 appm Pb (right). 

This is still well below what is permitted in the Ni-201 specification and is not great enough to lead to 
intergranular fracture of specimens tested in air. 
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MECHANICAL TESTING 

As-received Ni-201 

• Hot rolled; 797 °C/7 min anneal 

• Ca. 40% “special” grain boundaries 

• Ca. 30 υm grain size 

• Charged to 4000 appm H (97 MPa/300 °C) 

• Strained to 3.5% 

 

Asymmetric inclination is accommodated by 
faceting on {111} coherent and near-{112} 
lateral twins. Misorientation is accommodated 
by interfacial dislocations. 

 

Tilt-series DC-STEM and tomography allow 
these interfacial defects to be reconstructed in 
3-D. 
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