
American Mineralogist, Volume 93, pages 241–247, 2008

0003-004X/08/0001–241$05.00/DOI: 10.2138/am.2008.2563      241 

Effects of ionizing radiation on the hollandite structure-type: Ba0.85Cs0.26Al1.35Fe0.77Ti5.90O16
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ABSTRACT

The hollandite structure-type has received considerable attention as a nuclear waste form for the 
incorporation of radioactive 135Cs and 137Cs, both of which are important fission product radionuclides 
in the high-level nuclear waste generated by the reprocessing of used nuclear fuel. A critical concern 
has been the effects of high doses of ionizing radiation from incorporated Cs on the long-term struc-
tural stability of the hollandite structure. Optimization of the synthesis conditions has resulted in the 
hollandite stoichiometry of Ba0.85Cs0.26Al1.35Fe0.77Ti5.90O16. To evaluate the effect of Cs-beta-decay 
on this stoichiometry, we have simulated the ionizing radiation using 200 kV electron beam using 
transmission electron microscopy (TEM) at 298 and 573 K. Complete amorphization was achieved at 
doses of 1.1  1014 and 1.8  1014 Gy at temperatures of 298 and 573 K, respectively. Electron energy-
loss spectroscopy (EELS) of the Cs M-edge revealed the selective loss of Cs at the maximum doses. 
Hollandite irradiated using gamma rays, ~106 Gy, which has defects associated with the formation of 
Ti3+ and O2

– had a dissolution rate similar to that of the pristine hollandite, suggesting that the initial 
stage of defect formation does not influence chemical durability. Because the accumulated dose in 
the hollandite with 5 wt% of radioactive 137Cs2O is estimated to be ~2.0  1010 Gy after 500 years, the 
hollandite structure should be stable under the conditions anticipated for geologic disposal.
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INTRODUCTION

During the past twenty years considerable effort has been 
devoted to the development of a wide variety of materials for 
the incorporation and disposal of the different waste streams that 
result from chemical processing of used nuclear fuel (Lutze and 
Ewing 1988). For all of these materials, many of which have min-
eral analogues, a critical concern has been the effect of radiation 
on the stability of the structure (Ewing et al. 1995, 2000; Weber 
et al. 1998). Radiation effects have been studied and simulated 
by studying: (1) natural minerals that contain actinides, such as 
U and Th; (2) actinide-doping experiments, using mainly 244Cm, 
238Pu, and 239Pu; and (3) heavy ion irradiations (Weber et al. 1997, 
1998). Particularly in the case of alpha-decay events, substantial 
changes can occur in the structures of these phases as a result of 
the radiation-induced transformation of the aperiodic state that 
can cause a substantial decrease in chemical durability (Ewing 
et al.1995; Weber et al. 1998). However, it is only recently that 
the effects of ionizing radiation from fission product elements 
have been considered. 

As advanced reprocessing technologies are considered, 
certain radionuclides, such as Cs, may be removed from the 
high-level waste and incorporated into solid waste forms for 

long-term storage. High Cs-loadings in these waste forms can 
result in substantial doses of ionizing radiation. For Cs isotopes, 
hollandite has been proposed as a promising candidate for im-
mobilization (Mitchell et al. 2002; Fillet et al. 2004). Previous 
work has confirmed the chemical durability of hollandite (Fillet 
et al. 2004; Carter et al. 2004). 

The structure of hollandite, A0–2B8(O,OH)16, (I2/m, Z = 1), 
consists of double chains of edge-sharing BO6 octahedral that are 
linked by corner-sharing to other double chains of BO6 octahedra 
to form a framework structure with large tunnels parallel to the 
b-axis in which the A-site cations are located (in the case of 
priderite, one of the minerals in which the hollandite structure-
type that has a higher symmetry, I4/m, (K,Ba)(Ti,Fe)8O16, the 
tunnel is parallel to the c-axis) (Fig. 1a) (Post et al. 1982). For 
the hollandite synthesized in this study, the A site is filled with 
Ba and Cs, and three different cations, Al, Fe, and Ti, occupy the 
B site. The symmetry of hollandite can be modified by chang-
ing the ratio of the average ionic radius of the B-site cation to 
that of the A-site cation, resulting in either tetragonal (I4/m) or 
monoclinic (I2/m) structures (Post et al. 1982). Many hollandites 
are actually monoclinic, I2/m, with the  angle slightly greater 
than 90° (Carter and Withers 2004). 

Hollandite was first proposed by Ringwood et al. (1979) 
as a waste form for the 137Cs in SYNROC, and subsequently, 
leaching experiments demonstrated the high chemical durability 
and congruent dissolution of hollandite (Ringwood et al. 1979; 
Smith et al. 1992; Fillet et al. 2004). However, beta-decay of 
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