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Synchrotron X-ray tomography is used to image, at 3.34 µm resolution, a mixture
containing high-impact polystyrene (HIPS) and a two-component flame retardant, a
brominated phthalimide dimer (Saytex BT-93), and a synergist, antimony oxide (Sb2O3).
Complete tomography data sets were acquired at seven X-ray energies in the range of 12-
40 keV, closely spanning Br and Sb 1s electron binding energies at 13.474 and 30.491 keV,
respectively. Data acquisition required 8 h. Quantification is done for a representative
subvolume of 0.582 mm3 containing 2503 cubic volume elements (voxels) which is fitted to
a model for X-ray voxel linear attenuation coefficient, yielding the three-dimensional
concentration distribution of the flame retardant and the synergist. With successive
thresholding, a particle size distribution algorithm yields regions of low flame retardant
concentrationsa potential safety concernsand regions of excessively high flame retardant
concentrationsa waste of an expensive product.

Introduction

Materials characterization with imaging requires a
balance of many factors: sample preparation, resolu-
tion, dimensionality, image processing, and feature
analysis. Sample preparation can range from microtome
cutting1-3 and evaporation of a gold overlayer to crude
cuts with a penknife. Resolution can range from sub-
nanometer in probe microscopy experiments to mil-

limeters in acoustic and NMR imaging. Image dimen-
sionality is most commonly two, although 1D imaging
has an important niche for time-dependent properties
such as real-time observation of surface reactions.4
Often overlooked is k-space imaging5 which can ef-
ficiently yield parameters such as average feature
spacing. Three-dimensional imaging is attractive, but
the data set sizes are formidable, on the order of
gigabytes. As each volume element (voxel) is imaged, a
single parameter is obtained, usually the X-ray linear
attenuation coefficient. In the distant future, one might
obtain the Cartesian coordinates, momentum, and
phase space information of each particle in a material.
However, with today’s instrumentation, one measures
the average X-ray absorption, acoustic loss, or NMR
signal strength voxel by voxel. Hence, the parameter
measured must be matched to the particular materials
science question to be addressed.

Recently, synchrotron microtomography has devel-
oped into a fast, reliable method for three-dimensional
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imaging of materials at the micrometer distance scale.6-12

In a few hours, image data sets consisting of 2503 to
10243 voxels can be acquired and transformed into
absorption data. After data acquisition, a challenging
problem is 3D image analysis. For large, well-defined
objects, a combination of slice-by-slice display and
manual tracing is effective.13 For two phase systems
having large contrast, 3D absorption data are converted
into 3D binary images (black-white or 0-1 images).14

Physical structures in 3D binary images such as chan-
nels and pores are characterized with routines such as
a medial axis search tool, 3DMA.15-18 Recently, the
physics of grain growth for an aluminum-tin alloy was
used to identify voxels as either Al98Sn2 grains or the
Sn film between grains.19 Also, lung structures and
structures within the brain have been extracted from
3D images.20,21 Very recently, the pore structure in
polyvinyl chloride foams has been studied with tomog-
raphy and a mean intercept technique.22

However, many objects are not easily converted into
binary images, for example, any material having a
distribution of concentrations such as additives blended
with a polymer matrix or any other sample without
clearly resolved peaks in a histogram of linear attenu-
ation coefficients. Herein, we evaluate multi-X-ray
energy synchrotron tomography for 3D concentration
analyses. Seven images were acquired from 12 to 40 keV
and the polymer blend components were analyzed based
on the X-ray absorptions of pure phases. Sample prepa-
ration is minimal, the experiment requires 8-h of
instrument time, and data processing is straightfor-
ward. The heterogeneous distributions of a flame re-
tardant, a brominated aromatic, and its synergist,
antimony oxide, are clearly and independently visual-
ized. Based on these results, multi-X-ray energy imaging
is widely applicable to compositional analysis. To the
best of our knowledge, this work is the first complete

application of multispectral X-ray imaging for 3D con-
centration analysis.

Structural features in X-ray absorption imaging are
a consequence of characteristic elemental absorptions,
and for the range of 2-100 keV, the energies and linear
attenuation coefficients can be predicted based on
elemental composition and sample density.23 For ex-
ample, grain structure in an aluminum-tin alloy is
clearly visible based on the 16-fold greater X-ray mass
absorption for Sn versus Al at 15 keV.19 In our work,
we seek the distribution of a brominated aromatic and
finely powdered antimony oxide within a polystyrene
sample. Since Br and Sb have K-edge absorptions at
13.474 and 30.491 keV, respectively, the sample was
imaged at 12, 13.4, 13.5, 25, 30.43, 30.53, and 40 keV
to yield seven data sets, with each reconstructed volume
data set being 0.415 GB (1 GB ) 230 bytes). The
objective of this work is data reduction to convert 2.905
GB of imaging data into 3D concentration maps.

Many consumer productssfor example, the plastic
housing of a computer CRT monitorsare made with
high impact polystyrene (HIPS). By itself, this material
will support combustion. As televisions were introduced
into Great Britain, the incidence of household fires rose
dramatically, until flame retardants were introduced.24

Today, a common flame retardant is a mixture of a
brominated aromatic and antimony oxide, both present
at high loading levels.25-27 The plastic CRT monitor
shell can be as much as 30% bromine by mass. There
are three issues with brominated aromatic flame retar-
dants. First, the solubility of the brominated aromatic
with high impact polystyrene (HIPS) varies with the
molecular structure of the brominated aromatic. Good
miscibility is required, else the stability of the final
product can be poor. Second, brominated aromatics are
difficult to observe with the more common spectroscopic
methods typically used for polymer blend characteriza-
tion. Solid-state 13C NMR is often used for polymer
studies, yet the quadrupolar bromine nucleus causes
such line broadening of the 13C resonances that misci-
bility is difficult to ascertain,28 hence, the use of the
relatively uncommon technique of 81Br NQR.29,30 While,
in principle, NMR imaging could be used to study
miscibility and possible leaching of flame retardants
from the polymer blend, synchrotron microtomography
is judged to be a faster and more accessible technique.
Commercial brominated flame retardants (Figure 1)
have somewhat different abilities to dissolve in a matrix
like high-impact polystyrene (HIPS). An aromatic ether,
1-(2,3,4,5,6-pentabromophenoxy)-2,3,4,5,6-pentabromo-
benzene (Saytex 102), is miscible in HIPS, based on
X-ray scattering and 81Br NQR. However, a somewhat
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larger molecule, 3,3′,4,4′,5,5′,6,6′-octabromo-N,N′-ethyl-
enediphthalimide (Saytex BT-93), appears to exist as
microcrystalline domains dispersed in the HIPS ma-
trix.25,28,29

The distribution of flame retardants in a polymer
matrix is a particularly nice problem for multi-X-ray
energy synchrotron tomography. Sample preparation is
done with simple cutting, and not a microtome; a micro-
tome’s water or oil lubrication may wash flame retar-
dants from the sample. The resolution needed to assess
blend distribution is defined by the initial particle
size; both the brominated aromatic and the antimony
oxide are initially microcrystalline, thus requiring mi-
crometer resolution. Image dimensionality could be
k-space but 3D imaging is desired in this exploratory
study. Last, each voxel must be analyzed for its com-
position: fraction polymer, fraction brominated aro-
matic, and fraction antimony oxide. This last require-
ment is the exceptional advantage of multi-X-ray energy
imaging. The characteristic X-ray absorption spectra of
each component can be fitted to the observed linear
attenuation coefficients. Nominally, two X-ray energies
would suffice to determine the two compositional un-
knowns; however, we have elected to over-determine the
system.

In this manuscript, we will show how the 3D, element
specific absorption data obtained using synchrotron
X-ray tomography can be used to quantitatively deter-
mine the spatial characteristics and concentration
values of a chemical mixture. Specifically, we will do
the following: (1) calculate quantitative, absorption data
from a series of 3D, high-resolution tomographic images
obtained at multiple energies; (2) employ X-ray linear
attenuation values for the chemical components as a
function of energy; (3) use a least-squares fit technique
on the data and parameters obtained from steps one and
two to calculate chemical concentrations in each voxel
in 3D space; and (4) utilize common image analysis and
visualization techniques to quantify the concentration
distribution and the correlation between flame chemi-
cals in an effort to better understand the effectiveness
of the blending techniques.

SEM, a more common 2D technique, is used to provide
quantitative information on the heterogeneous distribu-
tion of the chemicals.

Experimental Section

Sample Preparation. Saytex BT-93 (3,3′,4,4′,5,5′,6,6′-
octabromo-N,N′-ethylenediphthalimide) has a mp of 450-455°
C. BT-93 and antimony oxide, Sb2O3, were mixed and shaken
together and then melt-processed with high impact polystyrene
at 220 °C. Sample compositions given in wt % can be converted
to vol % via the pure component densities: F(BT-93) ) 2.77
g/cm3, F(Sb2O3) ) 5.67 g/cm3, and F(HIPS) ) 1.040 g/cm3. The
sample studied is 6.90 wt % Br (10.3 wt % BT-93) and 2.95 wt
% Sb (3.53 wt % Sb2O3); corresponding to 4.25 vol % BT-93
and 0.714 vol % Sb2O3.

Scanning Electron Microscopy. For the electron micro-
scope experiments, a thin section of the polystyrene blended
with BT-93 and Sb2O3 was coated with a 20 nm thick carbon
layer for energy-dispersive X-ray spectroscopy (EDS). EDS
spectra and digital images based on X-ray mapping were
acquired using a JEOL 840A scanning electron microscope
(SEM) equipped with an ultrathin window EDS and a Macin-
tosh G3/4Pi Spectral Engine II data acquisition and control
system. NIST Desk Top Spectrum Analyzer (DTSA) and NIH
Image software packages were used to display and process
images. For the elemental distribution mapping, instrument
parameters were 20 kV, 60 nA, and 20 µs dwell time per pixel,
yielding images in 12-h of 1350 × 1070 pixels with a resolution
of 1.1 µm. EDS spectra and secondary electron images (SEI)
were acquired with 20 kV and 3 nA; the images are 1024 ×
812 pixels with resolutions ranging from 10 to 20 nm.

Tomography. The GeoSoilEnviroCARS (GSECARS) bend-
ing magnet beam-line 13-BM-D (sector 13 at the Advanced
Photon Source (APS) at Argonne National Laboratory) pro-
vides a fan beam of high brilliance radiation. When used with
a monochromator (Si 111), energies in the range from 8 to 65
keV can be obtained with a beam width of 50 mm and height
of 5 mm.31 Transmitted X-rays are converted to visible light
with a synthetic garnet (Ce:YAG) scintillator and the scintil-
lator is imaged with a 5X Mitutoyo microscope objective
focused onto a 12-bit CCD camera (Roper Scientific MicroMAX
5 MHz) 1300 × 1100 pixels, each 6.7 × 6.7 µm2. The sample
was cut into a rough cylinder with diameter of 1.3 mm and
mounted with clay atop the tomography sample rotation stage.
A total of 720 images were collected as the sample was rotated
from 0° to 179.5° by 0.5° and then 0.25° to 179.75° by 0.5°.
Over the course of the imaging experiment, the X-ray flux at
the sample was stabilized to within a few percent with two
mechanisms: The APS beam current was held constant by
operation in “top-up mode”. The orientation of the second
crystal of the monochromator was fine- tuned based on
feedback from an ion-chamber X-ray flux indicator mounted
immediately upstream of the sample.

Each CCD image was converted to a transmission image
with white field and average dark count correction. White field
images were collected at intervals of 50 CCD images. The
average dark field intensity was 85 counts. Sinograms were
constructed, efforts were made to reduce zingers and ring
artifacts, and the transmission values were converted to line
integral of the absorption.31 An attempt was made to measure
the mass linear attenuation coefficients of pure BT-93 and
Sb2O3 mounted in glass capillary tubes, but the total X-ray
absorption was too great.

The slice reconstruction was done with a fast Fourier
transform algorithm following a re-gridding from polar to
Cartesian coordinate systems.31 The slices were assembled into
a single reconstructed volume of 650 × 650 × 515 volume
elements, each element containing the value of the voxel linear
attenuation coefficient. The voxel linear attenuation coefficient
is equal to the mass attenuation coefficient (cm2/g) × density
(g/cm3) × voxel dimension (cm).

The 2D FFT introduces small offset (e2 × 10-5) and scale
errors (less than or equal to (10%) in the voxel linear
attenuation coefficients, and these were corrected by rescaling

(31) Rivers, M. L.; Rivers, M. L. Tutorial Introduction to X-ray
Computed Microtomography http://www-fp.mcs.anl.gov/xray-cmt/riv-
ers/tutorial.html (accessed June 2003).

Figure 1. Representative flame retardants.
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such that projections of representative slices yield voxel linear
attenuation coefficients in agreement with the original absorp-
tion images. Note: when projections from the 3D data sets
are calculated, only the voxels within the reconstructed Radon-
defined circle were used; the absorption values for positions
lying between the inscribed circle and the square defined by
data storage were not used as these areas are not defined by
the Radon transform. The scale factors were independently
determined for each subvolume data set.

Image Analysis. From each volume data set, a cubic
subvolume of 2503 voxels was selected for further analysis.
Difference images showed no evidence of undesirable sample
motion between images acquired at different X-ray energies.
For each subvolume, a histogram of linear attenuation coef-
ficients provided the first insight into the overall sample
characteristics. In addition, the average linear attenuation
coefficient was calculated as well as the maximum and the
variance of linear attenuation coefficients. These calculations
were done in a combination of IDL and Matlab programs. A
constrained least-squares fit to the voxel linear attenuation
coefficients (fit parameters constrained to have physically
reasonable values) program was written in Matlab. Surface
renderings of the 3D concentration maps were generated in
IDL. Quicktime movie fly throughs were made either with
Matlab or screen captures from IDL stitched together in Apple
Authoring VR. The particle size distribution of BT-93- and
Sb2O3-rich and depleted domains was obtained with a three-
dimensional medial axis routine, 3DMA.15

Results and Discussion

Electron Microscopy. Electron microscopy yields
qualitative and quantitative information about the

heterogeneous distribution of BT-93 and Sb2O 3 in the
high impact polystyrene. The strong correlation between
Br and Sb is obvious in the X-ray maps (Figures 2a and
2b) and in the energy-dispersive X-ray spectra (Figure
2c), a spectrum typical of the bright regions in Figure
2a. Four elements were detected, Sb, Br, O, and C,
suggesting that this point is a blend of BT-93, Sb2O3,
and possibly polystyrene. The element distribution
shown in Figures 2a and 2b is consistent with the
sample preparation; BT-93 and Sb2O3 are mixed and
then extruded with high-impact polystyrene (HIPS).
Quantitative measurement of flame retardant distribu-
tion is possible with data sets such as these, provided
calibrations with pure phases are done and a statisti-
cally large area is measured. Such a study is quite
laborious. For example, each measurement (Table 1)
requires approximately 3-6 min of instrument time. A
secondary electron image (Figure 2d) shows submi-
crometer grains embedded in the polystyrene matrix.
A scale bar shows the SEI resolution and, for compari-
son, a cube representing the tomography resolution is
superimposed upon the image.

Figure 2. High-impact polystyrene blended with BT-93 and Sb2O3. (a) Br X-ray map. (b) Sb X-ray map. (c) EDS spectrum in a
Br-rich area and (d) secondary electron image with a superimposed tomography volume element.

AxyzE ) scaleE × AxyzE + offsetE (1)

Table 1. Compositions from Energy Dispersive X-ray
Spectroscopy

position BT-93/vol % Sb2O3/vol % HIPS/vol %

grain 1 41.6 4.5 53.9
grain 2 29.2 4.8 66.0
grain 3 27.5 0.4 72.1
matrix 1 2.5 0.6 96.9
matrix 2 2.6 0.8 96.6
matrix 3 3.5 0.9 95.6
matrix 4 2.2 0.6 97.2
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Images and Tomographic Reconstructions. The
BT-93/Sb2O3/HIPS sample was imaged at seven differ-
ent X-ray energies. Two pairs of X-ray energies closely
span the Br and Sb X-ray absorptions, respectively, with
the other three X-ray energies chosen at widely spaced
intervals. Figure 3 shows the raw data, in absorption
mode, and the dramatic change in X-ray absorption as
a function of a small change in X-ray energy crossing
the Br absorption edge. A similar change occurs at the
Sb X-ray absorption edge at 30.491 keV with images
acquired at 30.43 and 30.53 keV.

The tomographic reconstructions yield a rectilinear
cube of data, 650 × 650 × 515 voxels, showing the
sample and surrounding air. The color bars are in units
of voxel linear attenuation coefficients, which can be
related to the chemical composition for that voxel. A
2503 voxel subvolume was extracted and used for
further analyses; the subvolume outline is superimposed
on the reconstructed images, as shown in Figure 4. This
subvolume is quite large, consisting of over 15 million
voxels with a volume of 0.582 mm3. Seven subvolumes,
one at each X-ray energy, were generated and used in
the next phase of the analysis.

Histograms of Voxel Linear Attenuation Coef-
ficients. A convenient method for visualizing the range
and distribution of voxel linear attenuation coefficient
of a large volume is a histogram. Shown in Figure 5 are
the histograms for each of the seven subvolumes. There
are several features of note. First, the dramatically
increased voxel linear attenuation coefficient at 13.5 keV
corresponds to the X-ray voxel linear attenuation coef-
ficient by Br. Second, a similar, but less pronounced,
increased voxel linear attenuation coefficient at 30.53
keV is due to Sb. Third, there is an overall decrease in
voxel linear attenuation coefficient as the X-ray energy
increases. Fourth, the shape of all histograms is roughly
Gaussian and shows no appreciable bimodal character.
The last is in stark contrast to simple two-phase
materials which often show a bimodal distribution. The
lack of bimodality has, heretofore, been an obstacle for
the composition analysis of a material, hence, the seven
different X-ray energies. The key features of each
histogram are summarized in Table 2.

Mass attenuation coefficients are an additive, intrin-
sic property below 5 MeV.23 The National Institute of
Standards and Technology has compiled X-ray mass

Figure 3. CCD images (white and dark field corrected) at (a) 13.4 keV and (b) 13.5 keV with color bars in absorption units. The
rapid increase in X-ray absorption indicates dispersal of BT-93 within the polystyrene matrix as well as in domains on the order
of 0.2 mm.

Figure 4. Reconstructed slices at (a) 13.4 keV and (b) 13.5 keV with color bars in units of voxel linear attenuation coefficients.
The outline of the subvolume chosen for further analysis is shown (white box).
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attenuation coefficients for the elements and provides
a computational tool for the prediction of attenuation
coefficients for organics, minerals, and biological sub-
stances.23 The conversion between X-ray mass attenu-
ation coefficients and the voxel linear attenuation
coefficient for a pure phase requires the density of the
phase and the voxel size (length of a face). Table 3 lists
the calculated voxel linear attenuation coefficients for
polystyrene, BT-93, and Sb2O3 for the experimental
energies used here. The images acquired at 13.5 and
30.53 keV are affected by XAFS effects, making the
linear attenuation coefficients of Table 3 at those two
X-ray energies imprecise by up to an estimated 10%.32

The omission of XAFS effects on the final composition
images is mitigated by the inclusion of additional images
with high voxel linear attenuation coefficients at X-ray
energies beyond the XAFS effects. A comparison of the

values in Table 3 and with maximum experimental
voxel linear attenuation coefficients listed in Table 2
shows that polymer blending is effective; there are
absolutely no voxels in the subvolume which consist
exclusively of Sb2O3; at all X-ray energies, the maximum
experimental voxel linear attenuation coefficient is less
than that predicted for pure Sb2O3.

Graphically, we find it convenient to generate Figure
6, which compares the calculated pure phase voxel
linear attenuation coefficient with the experimental
average and maximum voxel linear attenuation coef-
ficients. Casual inspection of Figure 6 shows blending;
there are no voxels consisting of only pure Sb2O3. If
there were such voxels, then the maximum experimen-
tal voxel linear attenuation coefficient would match the
Sb2O3 calculated trace. Also of note in Figure 6 are the
K-edge absorptions for Br and Sb, at 13.474 and 30.491
keV, respectively. The amplitude of the step functions
is a function of the composition of the material. Some
of the other preliminary interpretations of Figure 6 are
as follows: The sample contains more BT-93 than
Sb2O3. There are no other significant additives with
atomic numbers between Br (Z ) 35) and Sb (Z ) 51).
No voxels contain only pure BT-93; the voxel with the
largest voxel linear attenuation coefficient at 13.5 keV
has been identified and its values at the X-ray energies
are shown in Figure 6 (dotted line) and is seen to be a
mixture of BT-93, Sb2O3, and polystyrene. The other
voxels associated with maximum voxel linear attenua-
tion coefficient have been examined at the other X-ray
energies and never show complete filling by BT-93.
Since the subvolumes have reasonable values for voxel
linear attenuation coefficients and are consistently
aligned, the next step is to fit all voxel linear attenuation
coefficients to three-dimensional BT-93 and Sb2O3 con-
centration distributions.

(32) Chantler, C.; Tran, C.; Barnea, Z.; Paterson, D.; Cookson, D.;
Balaic, D. Phys. Rev. A 2001, 64, 062506.

Figure 5. Histograms of voxel linear attenuation coefficients
for the subvolume at seven X-ray energies. The subvolume
contains 2503 ) 15 625 000 voxels.

Table 2. Mean, Variance, and Maximum Voxel Linear
Attenuation Coefficients at Various X-ray Energies

energy/keV mean/10-3 variance/10-3 maximum/10-3

12 2.07 1.2 25.13
13.4 1.55 0.93 21.07
13.5 4.49 1.8 36.44
25 0.949 0.56 10.41
30.43 0.590 0.43 7.11
30.53 0.913 0.54 11.21
40 0.479 0.42 6.44

Table 3. Calculateda,b Voxel Linear Attenuation
Coefficients of Pure Components

energy (keV) HIPS/10-3 BT-93/10-3 Sb2O3/10-3

12 0.4688 19.15 142.4
13.4 0.3525 14.16 106.1
13.5 0.3462 91.41 104.0
25 0.1101 18.04 19.88
30.43 0.0907 10.55 11.74
30.53 0.0904 10.45 64.39
40 0.0757 4.98 32.19

a Voxel linear attenuation coefficients ) mass attenuation
coefficients (cm2/g) × density (g/cm3) × voxel dimension (cm). b We
attempted to measure these values experimentally, but the high
attenuation coefficients were not compatible with the capillary
tube, about 1 mm i.d., used to hold the pressed, pure flame
retardants.

Figure 6. Experimental voxel linear attenuation coeffi-
cients: average (filled symbols), variance (vertical bars), and
maximum linear attenuation coefficients (open symbols). The
traces (solid lines) show the calculated voxel linear attenuation
coefficient for three components: high impact polystyrene
(HIPS), brominated aromatic (BT-93), and antimony oxide
(Sb2O3). The dashed line shows the predicted voxel linear
attenuation coefficient for the sample composition as measured
by tomography. The dotted line shows the voxel linear attenu-
ation coefficients for one voxel, the voxel having the largest
X-ray absorption at 13.5 keV; this trace and similar are used
to establish that no voxels contain only pure BT-93.
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Least-Squares Fit of All Voxel Linear Attenua-
tion Coefficients. X-ray mass attenuation coefficients
are additive at energies below 5 MeV; thus, the following
model is used,

where [BT93]xyz, for example, is the thickness of BT-93
and we seek to minimize, voxel by voxel, the difference
between the experimental and calculated voxel linear
attenuation coefficients, Axyz and AxyzE

calc , respectively, by
adjusting the concentration (vol %) of BT-93 and Sb2O3
in each voxel. For each voxel, the problem is over-
determined with seven equations and two unknowns,
corresponding to the seven X-ray energies and the two
unknown concentrations, respectively. However, noise
in the data may yield physically impossible concentra-
tions, either negative or in excess of 100%. For this
reason, the fitting algorithm is a constrained nonlinear
least-squares algorithm from the Matlab toolbox, a
modification of the Levenburg-Marquardt algorithm; the
constraint limits the range of the fit parameters,
[BT93]xyz and [Sb2O3]xyz to lie between the physically
possible values of 0-1, inclusive. The large number of
fits, 2503, required 2 weeks on a single processor campus
mainframe and a few days when spread across several
desktop computers.

Residuals are a standard method for assessing the
quality of the fit, but with 7 × 2503 residuals, the
presentation is awkward. From within the subvolumes,
sorted on the basis of a voxel linear attenuation coef-
ficient at 13.5 keV, 104 voxels are selected and fitted
with eq 2. The 7 × 104 residuals and the fit for one voxel
are shown in Figure 7. There is no apparent systematic
deviation in the residuals. The residual magnitude is
on the order of 0.02 linear attenuation units, which is
much smaller than the variance of the voxel linear
attenuation coefficients listed in Table 2, a result
consistent with a reliable fit.

Visualizations of Chemical Composition. The
final results of the constrained least-squares fit are two
2503 voxel cubes giving the three-dimensional distribu-

tions of BT-93 and Sb2O3. The average concentrations
in these cubes are25 [BT-93] ) 3.831 vol % (9.343 wt %)
and [Sb2O3] ) 0.638 vol % (3.185 wt %). The distribution
can be presented in several formats: (1) rendering with
color scale; (2) histogram of the voxel concentrations,
and a (3) surface plot showing cross-correlation of BT-
93 and Sb2O3 concentrations.

Each of these presentations will be given below.
A three-dimensional rendering, Figure 8, shows the

heterogeneity in flame retardant distribution, in agree-
ment with the 2D X-ray mapping images (Figure 2) and
with the voxel linear attenuation coefficient variance
for 13.5 and 30.54 keV tomography images (Table 2).
Also, there is a strong correlation between the concen-
trations of BT-93 and Sb2O3, as was noted in the 2D
X-ray mapping images (Figure 2). The unique feature
of Figure 8 is the calibration of the image in terms of
concentration. We note that the 2D X-ray mapping
images yield the relative concentrations across a surface
whereas Figure 8 shows the absolute concentrations
throughout a volume. Admittedly, additional calibration
work could improve the 2D X-ray mapping results,
making those images quantitatively correct.

Histograms of Voxel Compositions. Three-dimen-
sional renderings are attractive, but should be supple-
mented with alternative presentations. The human eye
may not accurately compute an average composition.
Therefore, a histogram presentation remains useful, as
shown in Figure 9. For convenience, the x-axis plot
ranges are proportional to the variance of the con-
centration distributions. Later in the analysis, we will
focus on the voxels with very low concentrations, which
are highlighted in red in Figure 9. Similarly, the
voxels with very high concentrations are highlighted
in blue.

Cross-correlations between components in a blend is
an important issue. A high correlation may indicate a
common mechanical path of the components or an
affinity between components such as a chemical reaction
leading to coprecipitation. The cross-correlation of BT-
93 with Sb2O3 concentrations is examined with a
contour plot, shown in Figure 10. Again, as was evident
in the X-ray mapping images (Figure 2), there is an

Figure 7. An assessment of the quality of the constrained least-squares fit: (a) 104 voxels chosen at random are fitted and the
residuals displayed as a function of the fit parameter, BT-93 vol %. (b) An example of a fit at one voxel with high concentrations
of BT-93 and Sb2O3 showing the good agreement between measured (filled symbol) and calculated (open symbol) voxel linear
attenuation coefficients.

AxyzE
calc ) [BT93]xyz × AE

BT93 + [Sb2O3]xyz × AE
Sb2O3 +

(1 - [BT93]xyz - [Sb2O3]xyz) × AE
HIPS (2)
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extremely high correlation between the flame retardant
and its synergist with the most probable correlation at
3.2 vol % BT-93 and 0.4 vol % Sb2O3. The distance scale
for the correlation is 3.34 µm and is set by the resolution
of the tomography experiment. The high positive cor-
relation reflects with the blending process; the flame
retardant and its synergist are premixed and then
blended with high impact polystyrene.

Concentration Distribution. The concentration
distribution is visualized by creating isosurfaces at
specific concentrations, thus showing domains with very
small flame retardant concentrations and domains with
very large concentrations. The histograms, Figure 9, are
used to set the threshold concentrations, with the
concentration distribution split into three ranges: (a)
the 5% of voxels with the lowest concentrations of BT-
93 or Sb2O3, (b) the 5% of voxels with the greatest
concentrations of BT-93 or Sb2O3, and (c) the remaining
90% of voxels. Table 4 lists the concentration ranges and
the fraction of voxels in each range; the deviation from

Figure 8. Rendered views of (a) BT-93 and (b) Sb2O3 concentrations as obtained from a constrained least-squares fit to tomography
images acquired at seven different X-ray energies. The color bars are in units of vol %.

Figure 9. Histograms of (a) BT-93 and (b) Sb2O3 concentrations in vol %. The red highlighted region encompasses 5% of all
voxels; similarly, the blue region shows another 5% of all voxels. These voxels will be visualized and counted in subsequent
figures.

Figure 10. Contour plot showing a positive correlation
between BT-93 and Sb2O3 concentrations; bin width ) (0.04
vol %)2. The maximum correlation occurs at 3.2 vol % BT-93
and 0.4 vol % Sb2O3.
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exactly 5% or 90% is a consequence of a particle size
analysis program, 3DMA, which operates on 8-bit
integer data rather a numerical representation with a
larger dynamic range.

The splitting of the concentration distribution into
lowest 5%, middle 90%, and greatest 5% is arbitrary.
We admit that a more logical segmentation would be
based on both the minimum flame retardant concentra-
tion needed to suppress a flame and the maximum flame
retardant concentration beyond which no further im-

provement in performance is gained. However, data of
this detail are not yet available, thus, the 5:90:5 vol %
split.

As a memory aid, the next two figures are color coded.
“Red” denotes voxels with the lowest concentrations; red
is chosen because of its connection with safety. Con-
versely, voxels with the highest concentrations are
shown in “blue”, a cold color, suggestive of “cold, hard
cash”. Excessively high concentrations indicate waste
of an expensive product, the flame retardant. Table 4
lists the concentration ranges and the fraction of voxels
within each range; the fractions are close to the 5:90:5
vol % target.

Figure 11 shows renderings of the voxels having low
and high concentration of BT-93 and Sb2O3. These
renderings show that domains of low concentrations,
Figures 11a and 11b, are randomly dispersed and
probably very small. Similarly, the domains of high
concentration, Figures 11c and 11d, are also randomly
dispersed, though appear to be somewhat larger, indi-
cating incomplete blending of the flame retardant into
the polystyrene matrix. We note that roughly 90% of

Figure 11. Volume renderings of domains with low and high concentrations of flame retardant. In each image, the threshold
value is arbitrarily set to show 5% of all voxels. Domains of low flame retardant concentration are shown in red: (a) e2.2 vol %
BT-93 and (b) e0.06 vol % Sb2O3. Domains of high flame retardant concentration are shown in blue: (a) g5.62 vol % BT-93 and
(b) g1.31 vol % Sb2O3.

Table 4. Concentration Distribution of BT-93 and Sb2O3

avg concentration/vol %

concentration/
vol %

% of
voxels tomography

chemical
analysis

BT-93 e2.20 5.4 3.831 4.25
2.21-5.61 89.9
g5.62 4.7

Sb2O3 e0.06 7.4 0.638 0.714
0.07-1.30 88.0
g1.31 4.6
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the voxels are not shown in these images; even when
only 5% of the voxels are shown, a random distribution
of voxels can create a dense object such as the cubes
shown here. To gain further insight into the blending
of the flame retardants, the domains are treated as
particles and a particle size distribution is performed.

Figure 12 shows the results of six successive particle
size distribution analyses applied to the BT-93 and
Sb2O3 concentration distributions. For each analysis, the
volume data set was converted to a binary data set, with
“1” for each voxel with a concentration in the range of
interest and “0” for voxels outside the range of interest.
Again, the concentration ranges originate from the
histograms, Figure 9, and are listed in Table 4. Of the
15 625 000 voxels in the subvolume, the largest single
domain is the well-blended phase labeled “matrix” in
the figures; for BT-93, this domain is 89% of the
subvolume and, for Sb2O3, the matrix domain is 88% of
the subvolume, values as expected from the 5:90:5 vol
% split used to define the concentration ranges. As noted
in Figure 11a, the domains having low BT-93 concen-
trations appear small, and this is verified with the
particle size distribution. The largest domain with low
BT-93 concentration has a volume of 37 284 voxels,
corresponding to 0.001 mm3 or 0.2% of the subvolume;
this domain is labeled in Figure 12. Even better, the
largest domain having low Sb2O3 concentration has a
volume of only 1527 voxels, 6 × 10-5 mm3. The domains
with high flame retardant concentrations are slightly
larger. For BT-93, there is one domain with a volume
of 37 461 voxels having higher concentration than the
well-blended phase. Likewise, for Sb2O3, there is one
high concentration domain, labeled in Figure 12, with
a volume of 26 004 voxels.

The last issue is whether the subvolume represents
a sufficiently large volume so as to provide an accurate
measure of the bulk composition. The flame retardant
concentrations measured with tomography are 9.9%
(BT-93) and 10.6% (Sb2O3) below the traditional chemi-
cal measurements (Table 4). On one hand, the particle
size distribution (Figure 12) indicates a sufficiently large

subvolume. For example, the largest domain of a high-
concentration phase is only 0.2% of the subvolume; had
there been two such domains in the subvolume, the bulk
concentration would have increased by only 0.01%. On
the other hand, the raw data as shown in Figure 2
clearly show a domain of extremely high flame retardant
concentration lying just outside the subvolume. Inclu-
sion of this domain in the subvolume would have pushed
the concentration much higher, even exceeding the
chemical measurement bulk value. As high-resolution,
three-dimensional chemical analysis progresses from
2503 to 10243 and larger data sets, we expect rapid
convergence of average tomographic composition with
traditional chemical analysis.

Conclusions

Three-dimensional chemical analysis at near microme-
ter resolution is demonstrated with multiple data sets
acquired by synchrotron tomography. Tomography is
performed at seven different X-ray energies, spanning
Br and Sb absorption edges. The experimental X-ray
absorption is fitted to a linear absorption model based
on calculated mass linear attenuation coefficients, yield-
ing the concentration distributions of a brominated
aromatic, 3,3′,4,4′,5,5′,6,6′-octabromo-N,N′-ethylene-
diphthalimide (Saytex BT-93), and antimony oxide,
Sb2O3, within a matrix of high-impact polystyrene. The
chemical distributions for BT-93 and Sb2O3 are visual-
ized in 3D; histograms show the concentration distribu-
tion of each substance; the correlation between BT-93
and Sb2O3 concentrations is correlated with the sample
preparation; and the effectiveness and economy of these
flame retardants is explored with views of domains
having lower and higher concentrations. Remarkably,
all of these results were acquired with only 8 h of
tomography instrument time.

Three-dimensional chemical analysis is shown here
as an effective method for studying a blending process.
The extension to nanoparticles embedded in a matrix
is one of many possible applications, requiring modest

Figure 12. Domain size distribution of (a) BT-93 and (b) Sb2O3 within the subvolume, divided into three ranges: voxels with low
(red), average, and high (blue) concentrations of the flame retardant. Nearly 90% of all voxels are in a single, interlinked domain
labeled “matrix”.
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improvements in tomographic spatial resolution while
still maintaining a macroscopic field of view.
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