Measurement and understanding of He-nanobubble strengthening in Ni
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Motivation

The glide of dislocations underlying plastic deformation of metals is impeded by a variety of inclusions such as precipitates, voids, and bubbles, leading to an increase in yield strength.  Decreasing the size and spacing of such entities increases the resistance to dislocation motion, and when the characteristic dimensions of the dispersion are reduced to the nanometer scale, continuum theory predicts extremely high strengths.  A predictive understanding of these effects, validated by quantitative experiments, is important for the development of nanostructured superalloys and for the management of radiation effects arising from atomic displacements and transmutation.  Our prior studies have shown that oxide-nanoparticle dispersions in Ni and Al can produce high strengths beyond those previously attained, yielding values in quantitative agreement with continuum theory for inclusions that dislocations cannot traverse by shearing.  Here we extend these fundamental studies to He bubbles, which can be sheared but undergo strong strain-mediated interactions with the dislocations.

Scientific Accomplishment

A nanometer-scale dispersion of He bubbles in Ni was found to produce large strengthening in good agreement with theoretical predictions.  This was accompanied by fracture susceptibility greater than for hard-particle dispersions.  

The bubble-containing layer was formed by He ion implantation at multiple energies, producing a uniform concentration of 5 at.% to a depth of 750 nm.  Transmission electron microscopy revealed a bubble size near 1 nm.  Nanoindentation testing with finite-element modeling indicated a yield strength of 2.4 GPa for the layer (compared to 0.15 GPa for untreated Ni), an intrinsic hardness of 6.9 GPa, and an elastic modulus of 230 GPa (versus 200 GPa before treatment).  Microfracture was evidenced by abrupt offsets in the force-versus-penetration data from nanoindentation at depths >100 nm (Figure).  

Theoretical analysis began with calculation of the pressure within the bubbles assuming their formation by dislocation-loop punching, and proceeded to the evaluation of He density and bubble volume fraction using the equation of state, thereby allowing an effective bubble separation of 4.1 nm to be determined.  Employing this information in continuum theory for cavity-dislocation interactions gave a yield strength of 2.1 GPa, close to the experimental value of 2.4 GPa.  Enhanced fracture susceptibility relative to hard-particle dispersions is expected due to the presence of open volumes for crack nucleation, the high pressure within these inclusions (40 GPa), and the near absence of strain hardening to disperse plastic strain.  (Strain hardening in the case of hard-particle dispersions arises largely from the accumulation of Orowan loops about the particles, which does not occur when the dislocations shear the inclusions.)

Significance

These results further establish the quantitative predictiveness of continuum theory in describing the novel mechanical properties of nanostructured metals, extending the comparison with experiment to the high-pressure He bubbles of importance for radiation environments and tritiated materials.  
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