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Studying radiation effects on the microstructural and mechanical properties of structural materials used
for nuclear reactor core components is critical for clean and safe implementation of nuclear energy.
Neutron irradiation, or any high-energy ion irradiation, can displace atoms, leading to the continual
production of cascades of defects. Over time these defects can evolve into larger features such as
dislocation lines and loops, voids and bubbles, and various types of precipitates that all affect bulk
mechanical properties. To understand how these irradiation-induced defects govern the changes in
materials behavior, it is essential to characterize these defects individually as well as collectively to
understand how they form and evolve during irradiation.

Ever since the early development of transmission electron microscopy, dislocation analysis has been in
the purview of conventional TEM (CTEM), supported by well-developed diffraction contrast theories
for understanding the contrast of defects in CTEM micrographs. However, diffraction contrast imaging
(DCI) technique in the scanning transmission electron microscopy (STEM) mode has been proposed as
early as 1970’s as an alternative to CTEM, offering additional advantages including alleviated bend
contours and allowing observations in thicker foil. Recently, Phillips et al demonstrated that the
dynamical theory of diffraction contrast, including the g ¢ b criteria for defect imaging in CTEM, can be
valid in STEM mode[1]. Yet, it is not clear why DCI STEM suppresses the bend contour nor how
different STEM parameters affect the contrast of dislocation images. To address these questions, we
investigated the image formation process in the STEM mode and its reciprocal relationship with the
CTEM [2]. As shown in Figure 1, the bend contours in the bright field (BF) STEM image were
effectively negated when the STEM collection semi-angle was increased to 3 mrad. Unlike the parallel
electron beam in CTEM, the converged STEM electron probe opens up a cone in reciprocal space that
accesses the rocking-curve oscillation in the Kossel-Mollenstedt fringes; then a sufficiently large f, (~
o,) behaves like a “mask” averaging out this oscillation, leading to a uniform background when imaging
dislocations. It is particularly powerful in resolving complex microstructures containing a high density
of dislocations, grain boundaries, voids and precipitates.

Using a HT-9 ferritic/martensitic alloy as an example, we further discuss practical guidelines regarding
STEM parameters and specimen orientation and thickness are provided for DCI STEM imaging. As the
DCI STEM imaging technique has been established and optimized, it is beneficial to take advantage of
the associated analytical techniques that can be performed in tandem with imaging to provide a
comprehensive microstructural and chemical characterization. A workflow of such an attempt is
schematically illustrated in Figure 2, with an emphasis on three main types of irradiation defects —
dislocation (lines and loops), voids and precipitates. This streamlined characterization can facilitate the
comparison among nuclear alloys with different irradiation history and conditions.
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Figure 1. DCI STEM dislocation imaging is advantageous over the CTEM at suppressing bend contour
by averaging out the rocking-curve oscillation in reciprocal space.
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Figure 2. The workflow of a comprehensive defect characterization in STEM mode for a BCC Ferric
nuclear reactor structural alloy HT-9.
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