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1. Introduction 

Boron suboxide (B6O) is a potential high-hardness, low-density armor ceramic. In 
the past few years, the US Army has focused on hot-pressing small-batch powders, 
in-house powders synthesized through the oxidation of amorphous boron,1 and 
mixtures of elemental boron and boron oxide (B2O3). More-recent studies have also 
involved the use of glassy additives, such as silicon dioxide (SiO2) and  
rare-earth oxides, to improve the densification and control grain boundary 
complexion transitions for property modification.2 Although B6O has been of 
interest to the military for decades3 and its existence known for even longer,4 there 
are still relatively few studies dedicated to understanding the structure and 
chemistry of B6O. The boron carbide (B4C) structure, however, has been studied 
extensively by methods including nuclear magnetic resonance (NMR),5,6 
vibrational spectroscopy,7,8 X-ray diffraction (XRD),9 and neutron diffraction. 
These structural studies are vital to understanding compositional dependence of 
performance and the mechanism for breakdown in ballistic performance at high 
loads.10 Likewise, an understanding of structure–property relations in B6O must be 
developed to realize Army goals. 

Compared with the reported Vickers hardness of 45 GPa at a load of 0.98 N in 
single crystals, the reported Vickers hardness of B6O ceramics is in the range of 
25–35 GPa.11,12 This is quite a large discrepancy. In fact, structural defects in 
particular are believed to have a major influence on the properties including 
hardness,13 toughness, and elastic modulus.14,15 Although the general structure of 
B6O with 12-membered boron icosahedra bridged by two oxygen atoms and 
arranged within a rhombohedral unit cell (space group R3�m) has been established 
(Fig. 1), the structure’s accommodation of substoichiometric oxygen levels by the 
formation of point defects has not been given adequate attention. In addition, high 
prevalence of twinning and stacking faults in B6O have been observed in the 
aberration-corrected scanning transmission electron microscope (STEM) under 
bright field (BF) conditions (Fig. 2). However, no studies have been dedicated to 
probing twin statistics in the bulk. Even for B4C, the effect of twins on performance 
has been given very little attention in the literature. 
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Fig. 1 Schematic of the B6O structure with boron atoms in green and oxygen atoms in red 

 

Fig. 2 Fast Fourier transform–filtered BF-STEM image of a single B6O grain in a  
hot-pressed ceramic. Multiple A) stacking faults and B) twins are visible. 

The first step in developing meaningful structure–performance relationships for 
B6O is to develop a better understanding of its structure. This report focuses on the 
use of powder diffraction and Rietveld refinement for determining phase 
composition,16 lattice parameters, nonstoichiometry,17,18 and twinning statistics19 in 
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B6O. Similar methods have been used in the past to determine stoichiometry 
only.17,20,21 This work set out to establish best practices for Rietveld refinement for 
the purposes of studying point defects as well as provide some simulations of the 
effect of twinning on diffraction patterns for the first time. 

2. Rietveld Refinement Using GSAS II 

The method of Rietveld refinement relies on an iterative nonlinear least-squares 
algorithm to fit an entire diffraction pattern. Details on the method are covered in 
Hugo Rietveld’s seminal paper from the 1960s.22 Many modern software packages 
are available for performing Rietveld analysis. All examples in this report are based 
on the General Structure and Analysis Software (GSAS) II software developed by 
Brian Toby and Robert Von Dreele at Argonne National Laboratory.23 An extensive 
manual and numerous examples are also available online.24,25 Although modern 
software can perform powerful analysis very rapidly, it is important to begin with 
a few comments on the very basics of Rietveld fitting. 

2.1 Software Setup 

To account for the instrumental contribution to peak shape, most Rietveld analysis 
software requires an instrument parameter file including source wavelength, Kα/Kβ 
intensity ratio, zero offset for the goniometer, and the Gaussian\Lorenztian 
components to the peak shaping. These are determined by performing a refinement 
of high-purity Baikalox alpha-alumina powder pattern (Fig. 3) collected on a 
Bruker D2 Phaser diffractometer with 1.5° soller slits, 0.6-mm divergence slit, and 
LYNXEYE detector from 10° to 100° 2θ with a step size of 0.02° and an effective 
collection time of 2 s/step. Figure 4 shows the data contained in the instrument file, 
which are imported at the start of each refinement. These generic steps for 
beginning a refinement are covered in more detail in online tutorials.4 
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Fig. 3 a) Alpha alumina XRD pattern used for the creation of an instrument parameter 
file, and b) enhanced view of the 024 peak to show the Rietveld model’s good fit to the peak 
shape 

 

 

Fig. 4 Screenshot showing the instrument parameters for beginning a Rietveld fit 

B6O samples used for the examples in this report were ground to a fine powder with 
a steel hammer mill and spread in a thin layer over an off-axis silicon holder. 
Patterns are collected in the same diffractometer configuration (i.e., slits, masks, 
and the like) as used for the alumina scan described in Fig. 3. The lattice parameters, 
atomic positions, and isothermal broadening parameters from Olofsson17 are used 
as a starting point for refinements. 
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2.2 General Rietveld Fitting 

A pattern collected from a hot-pressed mixture of elemental boron and B2O3 is used 
to demonstrate the basics of Rietveld fitting. The first important step of a profile 
refinement is to fit a background.  

A Chebychev background fitting function with 3–5 terms is used for all examples 
in this study. An additional complication for B6O is the presence of broad features 
centered near 22.2° 2θ and 36.8° 2θ. These so-called amorphous features are 
modelled as independent background peaks. As the B6O phase is added, these 
background peaks are allowed to continuously refine. The background polynomial 
coefficients and peak parameters are shown in Fig. 5. An impurity peak at 44° 2θ, 
arising from the steel mill, is added as an excluded region (found in the “Limits” 
menu). Finally, because the sample sits atop a silicon zero background holder, the 
sample displacement is refined to account for its effect on peak shift and shape. The 
results of this first refinement (Calculate>refine) are shown in Fig. 6. The red 
background curve does a good job approximating the background and amorphous 
peaks of the blue experimental data. The excluded region is indicated by the purple 
vertical lines. At this point the peak positions (green lines) are fairly well 
approximated by the initial structural data; however, the broad peak shapes are not 
captured. To track the progress of this fit, the weighted R (wR) factor, based on the 
sum of residuals, is used. The first refinement achieves wR = 15.28%. Typically, a 
wR less than 10% is considered acceptable; however, chasing a lower wR should 
be done with caution. Rietveld programs are simultaneously fitting dozens of 
parameters, which must be kept within physically meaningful bounds. 
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Fig. 5 Screenshot of the background parameter window showing the five-term Chebyschev 
function and two independent background peaks 

 

 
Fig. 6 Screenshot of the first round of fitting (background and sample displacement) for a 
B6O sample 
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In this B6O sample, because the peak positions are slightly off and the peaks are 
very broad, a logical next step is to refine lattice parameters and the Lorentzian 
broadening terms. In GSAS II, the size (microns [µm]) and microstrain checkboxes 
alter the Lorentzian X and Y terms, respectively, and compute the crystallite size 
and inhomogeneous strain values based on a Scherrer analysis.26 The result of the 
second round of refinement is shown in Fig. 7. The size and strain terms refine to 
110 nm and 2200, respectively. The size is physically meaningful based on 
transmission electron microscopy analysis of similar samples. A strain of 2200 
corresponds to a Δd/d of 2.2 × 10–3, also physically reasonable for a low level of 
residual inhomogeneous strain (from grinding or hot-pressing). After this second 
refinement, the fitted peak shapes begin to approximate the experimental data; 
however, the peak intensities are not captured. The wR is 10.90%. 

 
Fig. 7 Result window showing an improved fit after refining lattice parameters and 
size/strain. The inset shows an enhanced low-angle region to highlight the change in peak 
shapes in the fitted pattern (green). 

In the case of B6O, one major contributor to incorrect peak intensities is 
nonstoichiometry.17,20 To adjust for nonstoichiometry, oxygen site occupancy is 
altered first. In GSAS II this control is found under the “Atoms” tab within the 
“Phases” tree item. Here, the x,y,z positions for the three unique atoms in B6O are 
listed (Fig. 8). The other refineable fields are the fractional site occupancy (frac.) 
and isothermal broadening parameter (Uiso). The Uiso’s account for the thermally 
activated oscillatory motion of an atom at temperatures above absolute zero. 
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Fig. 8 Screenshot of the “Atoms” data tab, where atomic coordinates, site occupancies, and 
Uiso’s can be viewed and refined 
 
Physically reasonable Uiso values for an atom in covalent, inorganic compound are 
in the neighborhood of 0.01 to 0.04.27 These are adjusted later in the refinement. 
However, the frac. for the oxygen atom is refined at this point in the process; the 
result after another round of refinement is shown in Fig. 9. This fit achieves a wR 
of 5.662% and corresponds to a frac. of 0.75. 

 
Fig. 9 Result window showing good agreement in peak widths and intensities after refining 
occupancies 
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This Rietveld fit assuming oxygen vacancies achieves a very low R-factor, but the 
question of reasonableness must be raised again. Although it is widely agreed that 
B6O can be oxygen-deficient,17,20,21 the way the structure accommodates this 
oxygen deficiency is not agreed upon. The presence of boron as a substitutional in 
the oxygen sites28 has been proposed in addition to the oxygen vacancy model.17 
Recent G0W0 calculations suggest that both defects should be stable.29 Unlike 
boron, there has been no report of “chain” atoms substituting for boron atoms in 
the B12 icosahedron. Rietveld analysis is certainly not a method to be used 
exclusively for studying this nonstoichiometry. Quantitative elemental analysis is 
important to impart some chemical constraint to fits. Methods sensitive to bonding 
environment, such as X-ray photoelectron spectroscopy (XPS) or NMR would also 
be complimentary. Nevertheless, the use of Rietveld refinement software to 
understand this defect structure is demonstrated.  

2.3 Advanced Features of Rietveld Refinement 

To push the capability of Rietveld refinement further, it is worth taking a closer 
look at the multiple high-angle residual peaks unattributable to impurity phases that 
can be found in many samples (Fig. 10). The patterns used in the examples in this 
section are collected from a hot-pressed B6O specimen containing 5-v% silica. The 
entire 3-mm-thick by 25-mm-diameter disc is mounted and scanned to achieve 
better peak intensities and definitions, especially in the 45° to 60° 2θ range. B6O 
has a high X-ray transparency, with an attenuation length of 1.2 mm at 1.54 Å  
(8.05 MeV). This compares to 84 µm for silicon carbide at the same X-ray energy. 
Thus, the asymmetry in B6O peak shape is more pronounced in thicker samples. 
The asymmetry is incorporated in Rietveld fits by a modified Finger-Cox-Jephcoat 
model for axial divergence. The attenuation length (centimeters) is entered in the 
list accessed through the “Sample Parameters” tree item. 
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Fig. 10 Rietveld fit in the 48–58 2θ region of a silica-containing B6O sample showing large 
residual (green curve) 

Now that the refinement incorporates all appropriate peak-shaping models, one 
approach to finding the source of residual peaks is to transform both the 
experimental and calculated diffraction patterns into a map of electron density using 
a Fourier transform, and look for the missing or excess electron density. In  
GSAS II, this function is found under the “General” tab and “Fourier map controls”  
(Fig. 11). The “delt-F” or difference Fourier transform, is used for map type. The 
experimental data used in the calculation are selected by activating the “Select 
Reflection Sets” button. The spatial resolution and peak cutoff (to set the floor for 
residual peak intensity and filter out noise) are set to 0.5 and 50, respectively. 
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Fig. 11 Screenshot of “General” data tab where Fourier map controls are found 

To generate the map, “compute>Fourier map” is selected on the top menu bar. The 
map can be visualized in 3-D using GSAS II, but a second program, VESTA,30 is 
used for this task. To save the map, navigate to “ExportMaps as>FOX/Draw XTL 
file”. The map can then be plotted in VESTA along with a .CIF or .str file 
containing the crystallographic data from the Rietveld fit. Fig. 12 shows the 
example of the Fourier map visualization corresponding to the pattern in  
Fig. 10. 
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Fig. 12 Difference Fourier map visualization using VESTA. The solid green and red atoms 
are boron and oxygen, respectively. The translucent yellow regions correspond to the regions 
missing the most electron density. 

From the map it is clear that the areas missing the most electron density (translucent 
yellow) are slightly off-center from the oxygen site (red sphere). This has been 
interpreted as evidence of a substitutional with a slightly different position than 
oxygen it replaces. This site has been found in difference Fourier maps of multiple 
samples. Possible candidates for occupying this site are boron, silicon, and carbon, 
a common impurity in samples pressed in graphite dies. The bond length between 
the new atom and the nearest icosahedral boron (B1 following the nomenclature in 
Fig. 8) is found to be 1.685 Å compared with 1.499 Å for the B1-O distance. 
Surveying the literature for bond lengths measured in other icosahedral borides,  
B-C and B-Si distances are 1.6249 and 1.973,31,32 respectively. Because this new 
distance is very far from published B-Si bond lengths, it is unlikely that silicon 
occupies this site. The distance is most reasonable for boron (1.65 Å in β-boron33), 
suggesting the presence of boron substitutionals. Based on the position of highest 
residual density, a boron atom is appended to the position 0, 0, 0.625, and given an 
occupancy of 0.1. A final refinement on position and occupancy is performed.  

The inclusion of boron substitutionals does improve the fit, with only one 
unidentified peak still remaining at 50.74o 2θ (Fig. 13). The wR has reduced by 
over 1% after final refinements of positions and Uiso’s. The final values of 
parameters mentioned throughout this fitting are listed in Tables 1 and 2. 
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Fig. 13 Rietveld fit in the 48–58 2θ region of a silica-containing B6O sample showing 
improved residual (green curve) after incorporation of a substitutional boron atom near the 
6c site 

Table 1 Atomic parameters upon completion of Rietveld fit for B6O 1v 

Atom x y z occ Uiso 
B1 0.1516 0.8486 0.6432 1 0.061 
B2 0.1130 0.8870 0.8784 1 0.025 
O 0 0 0.3824 0.81 0.012 
B3 0 0 0.4294 0.09 0.010 

 

Table 2 Final values for other Rietveld parameters 

Parameter Value Units 
a (hexagonal) 5.398 Å 
c (hexagonal) 12.344 Å 

Size (Lorentz x) 118 nm 
Strain (Lorentz y) 2.5 10-3 

Sample displacement 9.21 µm 
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3. Simulation of the Effects of Twinning 

Thus far, the origin of the broad amorphous features modelled as individual peaks 
in the background has not been discussed. In this section, the possibility of these 
features arising from twins is explored. B6O is known to exhibit twins in the 
{0 1� 1 1} family of planes in the hexagonal basis. These have been observed by 
others34–37 as well as other work at ARL, as seen in Fig. 2. In addition, density 
functional theory simulations have identified stable nanotwinned periodic 
structures.34 In this section, simulations of random distributions of twins are 
performed with a program, which recognizes the recurring patterns in randomized 
stacking sequences to compute the average interference wave function scattered 
from each layer type occurring in a disordered crystal. A version of this program, 
first released by Treacy as DIFFAX,38 is incorporated into GSAS II. To build a 
layered structure as input to GSAS II, the stacking plane must be perpendicular to 
the c-axis. This is accomplished by transforming the rhombohedral basis of the B6O 
structure by 

 
1 0 −0.3113
0 1 −0.3113
0 0 1

 . (1) 

The transformation is performed and visualized using VESTA. Fig. 14 shows two 
identical structures with ABAB stacking sequence, the first in the rhombohedral 
basis and the second in the new monoclinic basis. With the structure transformed 
to an appropriate input format, the “Layers” calculation can now be set up. To 
distinguish a layered phase, the “phase type” under the “General” tab should be 
changed from “molecular” to “faulted”. At this point, a “Layers” tab should appear 
along the top of the screen (Fig. 15). The setup continues in this tab. The lattice 
parameters for the transformed layer structure are entered along with the atomic 
positions, one by one. A second layer, identical to the first, is created. 
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Fig. 14 Representative of ABAB stacking along 001 in a) standard rhombohedral basis and 
b) new (monoclinic) basis for fault calculations 
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Fig. 15 Screenshot of the “Layers” tab used to conduct a twinning simulation in B6O 

The transition vectors (Dx, Dy, Dz) across a twin boundary are entered as seen in 
Fig. 15. The vector <0.3113 0.3113 1> corresponds to the regular stacking of an 
untwinned (Layer 1) structure, while <-0.3113 -0.3113 1> corresponds to the 
formation of a twin. Likewise, in the twinned structure (Layer 2), transitioning 
along <-0.3113 -0.3113 1> will increase the width of the twin by one layer, while 
<0.3113 0.3113 1> will transition back to the regular stacking sequence. Thus, 
altering the 2 × 2 transition matrix between layers will affect the concentration and 
spacing between twins. A series of simulations is performed, beginning with a 
Layer 1→1 transition probability of 1 and a Layer 1→2 transition probability of 
zero. This should approximate an untwinned structure. Ten simulations are 
performed, keeping the transition matrix symmetric (1→1 = 2→2, 1→2 = 2→1) 
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and normalized (1→1 + 1→2 = 1). The final simulation, where 1→1 and 2→2 are 
zero, corresponds to a periodic nanotwinned structure called τ-B6O as suggested by 
An et. al.36 The series of 11 successive twin simulations are plotted in Fig. 16.  

 

Fig. 16 An experimental B6O diffraction pattern compared with a series of twinning 
simulations from 2→1 layer transition probability ranging from 0 to 1. The transition matrix 
is symmetric (2→1 = 1→2). 

From Fig. 16 it is clear that the peak positions of the untwinned simulation (P = 0) 
approximate those of the experimental pattern. Increasing the transition probability 
to the alternate layer has the effect of broadening the peaks (P = 0.1, 0.2, and 0.3), 
especially at 22.2° 2θ. The simulated broadening at 22.2° corresponds to the largest 
background peak from the Rietveld fits in the previous sections. In addition to peak 
broadening, additional peaks begin to appear at higher transition probabilities 
(>0.5) at the positions of 22.64°, 28.78°, 36.97°, 65.4°, and 67.18°. These 
correspond well to the τ-B6O pattern simulated by Kunka et. al.34 Although distinct 
peaks at these positions are not visible in experimental patterns, the peaks at 36.97° 

and 65.4° do correspond to an area where a broad background peak is used and a 
high residual is observed (Fig. 9), respectively. The intensity of the peak at 23.86° 
decreases very rapidly with increasing transition probability and disappears by  
P = 2. 

To access a larger range of twin spacing, a second round of simulations are 
performed in which the transition matrix is not symmetric: 1→1 is fixed at 0.95 and 
1→2 at 0.05, while 2→2 is varied between 0 and 1. Probabilities remained 
normalized. The first of these simulations with 2→2 = 0 is considered similar to a 
bi-crystal with a thick region of Layer 1 followed by a continuous region of  
Layer 2.  
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The final of these simulations (2→2 = 1) corresponds mostly of Layer 1 with widely 
spaced one-layer-thick twins. The results of these simulations are plotted in Fig. 17. 
Here, the rapid decrease of the 23.86° peak and the broadening and disappearing of 
the 22.2° peak with increasing probability are apparent as in the first set of 
simulations. In addition, the intensities of the two strongest peaks at 34.8° and 39.2° 
decrease with increasing transition probability, but show little broadening. These 
observations suggest that, in addition to stoichiometry, twinning can play a major 
role in the relative intensities of peaks. 

 
Fig. 17 An experimental B6O diffraction pattern compared with a series of twinning 
simulations from 2→1 layer transition probability ranging from 0 to 1. The transition matrix 
is asymmetric with 1→1 = 0.95 and 1→2 = 0.05 held constant. 

Furthermore, the origin of the so-called amorphous features modelled as individual 
background peaks during Rietveld analysis, is likely twinning. A periodic 
arrangement of nanotwins in large areas of a sample is unlikely, due to the absence 
of the extra τ-B6O peaks in experimental patterns. To predict the concentrations and 
spacings of twins in samples the simulations will need to be implemented into 
Rietveld refinements in the future. The simultaneous influence of size/strain 
broadening, atomic isothermal broadening terms, stoichiometry, and twinning on 
peak width and intensity are expected to be challenging to decouple. 

4. Conclusion 

Sections 1 and 2 of this report showed the potential of Rietveld refinement to 
provide helpful insight into questions of stoichiometry and defect structure in 
icosahedral borides, especially B6O. With modern software, the basic fitting 
procedure is accessible to most analysts. Major pitfalls, such as the account of 
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instrumental parameters, sample displacement, and isothermal broadening terms 
have been addressed. More-advanced features of Rietveld fitting, such as the use of 
Fourier maps of electron density to locate atomic positions, have also been covered. 
The major finding in Rietveld analysis of B6O samples thus far is the evidence of 
boron substitutionals on the oxygen site. Advancing further will require additional 
diffraction methods. For instance, higher-resolution synchrotron data might 
highlight the subtle changes in peak intensities and shapes needed for determining 
both site chemistry and occupancy. Furthermore, neutron diffraction may provide 
overall better scattering efficiency with, unfortunately, no gain in contrast between 
oxygen and boron. Finally, the use of nondiffraction-based methods such as 
elemental analysis and defect spectroscopy (i.e., XPS or NMR) will also be 
complementary.  

Section 3 of this report presented simulations on the effect of twinning on 
diffraction patterns. Results suggest that twins do contribute to the observation of 
broad diffraction bands in experimental patterns as well as changes in the relative 
intensities of peaks. These initial results are qualitative, and the goal is for future 
work integrating the simulations into whole-pattern-fitting algorithms to be more 
quantitative. This method would provide a more timely analysis of the extent of 
twinning in a sample. Currently, the only other method is quantitative microscopy, 
which due to the nanoscale size of the twins, is inaccessible to many research 
groups.
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List of Symbols, Abbreviations, and Acronyms 

µm   micron 

3-D   3-dimensional 

B4C   boron carbide 

B2O3   boron oxide 

B6O   boron suboxide 

BF   bright field 

frac.   fractional site occupancy  

GSAS II  General Structure and Analysis Software II 

NMR   nuclear magnetic resonance 

SiO2   silicon dioxide 

STEM   scanning transmission electron microscope 

Uiso   isothermal broadening parameter 

wR   weighted R 

XPS   X-ray photoelectron spectroscopy  

XRD   X-ray diffraction 
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