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Traditionally, research to 
understand radiation-
induced changes in 

materials is conducted via 
radiation e�ects experiments 
in test reactors, followed 
by a comprehensive post-
irradiation characterization 
plan. Ion irradiations have 
been developed to the 
point where temperature is 
extremely well controlled 
and monitored, and damage 
rate and total damage are 
also measured continuously 
throughout the irradiation 
and with great accuracy.  The 
objective of this project is to 
demonstrate the capability 
to predict the properties of 
structural materials in reactor 
and at high doses, using ion 
irradiation as a surrogate for 
reactor irradiations.

Experimental or  
Technical Approach
Dual ion irradiations were 
performed on T91 steel utilizing 
the dual beam con�guration 
at the Michigan Ion Beam 
Laboratory using 5 MeV iron 
ions with a helium co-injection 
rate of about 4 appm He/dpa to 
a total damage of up to 35 dpa 
at temperatures of 406–570°C to 
complement irradiation of the 
same alloy in the BOR-60 reactor 
up to 35 dpa at temperatures 
from 360–525°C. Additional 
single beam ion irradiations 
were conducted on T91 to 
isolate the role of irradiation 
damage rate and co-injected 
helium. These experiments 
were used in conjunction with 
rate theory models of cavity 
evolution, helium portioning, 
and a more detailed cluster 
dynamics model. 
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Figure 1. A comparison of scanning transmission electron microscopy high-angle annular dark field (STEM HAADF) images of T91 from 
BOR-60 irradiation and complementary dual ion irradiation with corresponding cavity size distributions (above) and schematic of the time-
dependent helium trapping and release behavior under reactor and ion irradiation conditions (below).

2021 | Annual Report

59



Results
The microstructure from 
the dual ion irradiation 
was characterized using 
transmission electron 
microscopy (TEM) and 
compared with the BOR-60 
irradiated steel. Cavities were 
characterized using high angle 
annular dark �eld scanning TEM. 
Additional characterization 
was performed to identify 
cavities smaller than 2 nm in 
radius using over focused and 
under focused bright �eld TEM 
imaging with a Gatan OneView 
16-megapixel charge-coupled 
device (CCD) camera capable 
of 4K resolution with 0.25 nm 
point-to-point resolution. Hand 
counting techniques were used 
with the FIJI image software to 
measure the cavity diameter to 
convert to a cavity radius and 
estimate the density of cavities 
from resulting images. Images 

for cavities can be found in 
the supplemental materials 
for Taller and Was’ 2020 article 
[1]. Dislocation loops were 
imaged using on-zone STEM 
BF imaging near the [001] 
or [011] zone axis to view 
dislocation loops on edge, or 
nearly on edge, to distinguish 
between a < 100 > dislocation 
loops, a/2 < 111 > dislocation 
loops, and dislocation lines. 
The dislocation and cavity 
microstructures of dual 
ion irradiated T91 and T91 
irradiated in the BOR-60 fast 
reactor matched extremely well 
using a temperature shift of 
+60–70°C and an increase in the 
helium injection ratio.

Discussion/Conclusion
Higher damage rates in ion 
irradiation require higher 
irradiation temperatures 
to maintain a balance 

between defect production 
and loss; however, with 
helium transmutation, the 
temperature shift is less 
than predicted by invariance 
relationships. Higher rates 
of helium implantation 
are required in dual ion 
irradiations to compensate 
for the reduced irradiation 
time that impacts the 
distribution of helium 
among the microstructural 
features. The temperature 
dependence of swelling is 
governed by both the thermal 
evaporation of small vacancy 
clusters and helium trapping 
at damage rate independent 
trapping sites. These 
conclusions provide a guiding 

“formula” for predicting the 
complex radiation induced 
phenomenon of cavity 
nucleation and growth at an 
accelerated damage rate.
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