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Introduction
X-ray fluorescence (XRF)  and X-ray diffraction (XRD) are
both used in the characterization of heavy minerals sands
(HMS) as supplementary techniques. Quantitative
mineralogical methods such as the Rietveld method or
scanning electron microscope (SEM) based methods (MLA
or QemSCAN) are also used to give valuable mineralogical
information, which cannot directly be derived from bulk
chemical analysis. The Rietveld method is based on XRD
and is used to quantify the amount of each mineral present
in the sample. This is done by cumulating the calculated
theoretical contribution of each mineral to the X-ray
diffractogram. The difference between the observed
diffractogram and the calculated pattern is minimized by
simultaneously adjusting the crystallographic parameters
and concentration of each phase. The resulting data
includes the concentration of each phase as well as
information on the crystallography and composition of each
phase present. It has previously been shown that when
applied to heavy mineral sands the Rietveld method
produces reliable quantitative mineralogical data
comparable to those achieved by the SEM based techniques
(Spicer et al. 2008). One of the mineralogical problems is
the characterization of ilmenite and its alteration products
pseudorutile and leucoxene. Another aspect is the extensive
solid solution between ilmenite, FeTiO3 and haematite,
Fe2O3. The magnetic properties of ilmenite depend on this
(Ishikawa, 1958) and it has a direct impact on the process
behaviour of ilmenite. 

In this study we investigate the viability of automated
sample preparation of heavy mineral concentrates. For this
purpose concentrates of ilmenite, rutile and zircon from
Richards Bay Minerals were investigated. These materials
are well characterized in literature both from the
perspective of process mineralogy (Deysel, 2007; Potgieter-
Vermaak, 2007; Spicer et al., 2008) but also in terms of
general mineralogy (Andersen and Lindsley, 1988). 

The samples of concentrate were processed using the
Centaurus from FLSmidth Pfaff with the purpose of making
pressed pellets suitable for both XRD and XRF analysis,
thereby eliminating the need for parallel sample preparation
for the two techniques. The Centaurus is a high capacity
combined mill and press supporting industrial laboratory
applications by pulverizing the sample material and
pressing a pellet in preparation for XRF and/or XRD
analysis. The unit is shown in Figure 1. Centaurus has a
flexible control unit enabling it to follow complex sample
preparation recipes which can be optimized for specialized
applications or difficult materials. There are 22 adjustable
parameters, each can be linked to a recipe for a specific
material. The XRD analysis was performed using CubiX
Fast from PANalytical using X’Pert HighScore Plus for the
Rietveld method. This is a high capacity instrument
supporting both the high throughput required for industrial
applications while delivering the analytical accuracy and
quality required for the accurate application of the Rietveld
method. X-ray fluorescence spectroscopy was performed on
the material with the purpose of characterizing repeatability
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of sample preparation of the pressed pellets. The surface of
the prepared samples were investigated using the SEM at
Zentrum für Werkstoffanalytik The resulting images
illustrate the variability in particle size and particle
retention.

Experimental methods
Sample preparation
Since a previous test had shown that the various phases
segregated easily, they were processed in batches of 8
samples, split from the same lot using a rotary sample
splitter by feeding it 450 g of material. Samples of roughly
58 g were the feed to the Centaurus® combined mill and
press. This unit then processed the samples using
parameters listed in Table I. For the purpose of
investigating the effect of grinding time on X-ray
diffraction, the samples were either processed with a long
(150 s) or a short (60 s) grinding time. The longer grinding
is optimal for XRF, but potential damage to crystal lattices
of the various phases could negatively affect the quality of
the X-ray diffractograms. The sample preparation process is
flexible: parameters like mill RPM, press pressure and ramp
up/down time can be varied during the process adding
further flexibility to the optimization of the process. The
binder used was C20 pills supplied by FLSmidth Pfaff. The
resulting samples were pressed into 51.5 mm metal rings
ready for laboratory analysis. The surfaces of the different
type samples are shown in Figure 2, illustrating grain size,
smoothness, particle retention and so forth. Only in the case

Figure 1. The Centarus® combined mill and press produced by
FLSmidth Pfaff. This unit performs high capacity sample

preparation for XRF and XRD. The unit is highly flexible and
suitable for usage both in manual and automatic laboratory

environments

Figure 2. SEM images of the prepared samples. Top left: zircon after 60 s milling time. Top right: zircon after 150s milling time. 
Middle left: ilmenite after 60s milling time. Middle right: Ilmenite after 150 s milling time. Base left: rutile after 60 s milling time. Base left:
rutile after 150 s milling time. In all images are mineral materials seen as grains 1–30 micron in size, while the binder is seen as the smooth

matrix interlocking matrix



SAMPLE PREPARATION FOR QUANTITATIVE RIETVELD ANALYSIS 51

of rutile is there a distinct difference between the particle
size shown in the 60 s and 150 s sample, although this may
be an artefact of the sample preparation since larger
particles tend to migrate away from the surface during
pressing. 

X-ray diffraction
X-ray diffraction was performed at PANalytical in Almelo
using a CubiX Fast. Table II shows the instrument
configuration and parameters used for the measurements.
This particular setup is optimized for best intensity and
resolution. The following software packages were used for
the measurements and subsequent analysis: X’Pert Industry
2.1 (for data collection and instrument control and for data
display), X’Pert Data Viewer 1.2a (for data display), X’Pert
HighScore Plus 2.2c (for crystallite size determination
using Rietveld analysis), and Profile Fit 1.0c (for fitting of
the measured data). These software programs run on a
normal state-of-the-art PC under Windows XP, without
extra hardware or software requirements. The uncertainty of
the X-ray diffraction was investigated by analysing the
same sample 10 times. The result of this test is shown in 
Table III. 

X-ray fluorescence
The pressed pellets were analysed using an Thermo ARL
9900. Samples were analysed for the following elements:
Si, Al, Fe, Ca, Mn, Mg on fixed channels and Zr, V, Zn, Ti,
P, K on the goniometer, although only Fe, Ti, Si and Zr are
used in this study. All the elements on the fixed channels,
except Fe were analysed at 30 kV and 80 mA as were P and
K. The remaining elements were analysed at 50 kV and 
50 mA. Counting time was 8 s on Zircon, 20 s on Na and
Mg and 12 s for the rest. This set-up gives a fast analysis
time and more than enough counts. The XRF analysis had
two purposes: one was to determine the repeatability of the
sample preparation and the other to quantify the amount of
cross-contamination during automatic sample preparation.
The first was quantified by analysing 16 samples of each of
the concentrates. The contamination test was performed
using ilmenite and rutile concentrates in series of

alternating samples. Table IV summarizes the results: total
repeatability for the complete process of mill, press and
XRF analysis as well as the XRF uncertainty in terms of
relative standard deviation (%RSD). Contamination is listed
in terms of % of material carried over from one sample to
the next. The total repeatability also represents the
uncertainty of the contamination measurements, and for this
purpose it has been recalculated into % material, X (where
X = 100 * [Repeatability/kcps of the Element]). It can be
seen that some of the contamination numbers (bold) are

Mill
Spoon vol. 7 ccm / 10 ccm
Grinding aid C20
No. pills pregrind All materials: 1

Rutile: 5
No. pills maingrind Ilmenite: 5

Zirconia: 7
Flush time 25 sec
Flush speed 1300 rpm
Main grind time 150 sec
Main grind speed 1350 rpm
Main grind emptying time 35 sec
Main grind emptying speed 1100 rpm
Cleaning time 30 sec
Cleaning speed 1100 rpm
Press settings for all tests
Ramp up 20 sec
Holding time 30 sec
Ramp down 20 sec
Pressure 17 tons

Instrument type CubiX Fast
Tube Ceramic Co Long Fine Focus
Applied power 40 kV, 45 mA
Diffractometer radius 200 mm
Goniometer PW3050
Sample stage Spinner

Incident beam path

Beta filter iron
Divergence slit 1/2°
Anti-scatter slits 1°
PreFIX module Programmable divergence slit
Soller slits 0.02 rad 
Beam mask 15 mm

Diffracted beam path

PreFIX module X’Celerator
Soller slits 0.02 rad

Number Rutile, % Anatase, % Brookite, % Zircon, % Quartz, %

1 91.1 4.8 1.6 1.8 0.7
2 91.2 4.7 1.6 1.8 0.7
3 91.0 4.7 1.7 1.8 0.7
4 91.1 4.7 1.6 1.8 0.7
5 91.2 4.7 1.6 1.8 0.8
6 91.3 4.7 1.5 1.8 0.7
7 91.0 4.7 1.7 1.8 0.7
8 91.7 4.5 1.4 1.7 0.6
9 90.7 5.0 1.8 1.8 0.7
10 90.8 5.0 1.7 1.8 0.7
Std. dev. 0.3 0.2 0.1 0.03 0.05

Total repeatability (%RSD)

Fe Si Ti Zr

Rutile 2.26 (1.51) 2.10 (1.52) 0.13 (0.14) 1.74 (0.28)
Ilmenite 0.24 (0.06) 2.57 (2.55) 0.12 (0.16) 2.15 (1.24)
Zircon 13.72 (4.29) 0.71 (0.44) 21.14 (17.57) 0.000 (0.000)

Contamination in %
Rutile 0.10 ± 0.03 0.88 ± 2.75 -0.05 ± 0.30 na
Ilmenite 0.30 ± 0.24 1.02 ± 0.79 0.24 ± 0.15 na

Numbers marked in bold are elements of low concentration where the
repeatability has a large contribution from the uncertainty of the XRF
analysis. The uncertainty of the XRF analysis is listed in parenthesis

Table I
Centaurus configuration and settings

Table II
XRD system configuration

Tabel IV
XRF data summary

Table III
XRD repeatability
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small relative to the repeatability. If one looks only at
numbers where the determined contamination is
comparable to the repeatability, it can be seen that it lies in
the range 0.0–0.3 wt.% depending on the element. In a
similar way, one can consider only elements where the
concentration of the element is high enough to make the
XRF uncertainty irrelevant. In these cases the repeatability
of the entire process lies in the range 0.0–0.24 %RSD.  

Scanning electron microscopy
At Zentrum für Werkstoffanalytik six samples were
investigated using a Zeiss LEO scanning electron
microscope. Acceleration voltage was set to 5.0 kV, the
aperture was 30 µm, with a working distance of 8 mm. The
images (shown in Figure 2) were taken at magnifications in
the range of x500 to x5000. 

Results and discussion
The results are presented in two sections, the first
concerning X-ray diffraction and Rietveld analysis treating
ilmenite, rutile and zircon samples and another more
general concerning X-ray fluorescence.  

X-ray diffraction and Rietveld analysis of heavy mineral
concentrates

Ilmenite concentrates
The phase analysis of this material showed that it contains
two distinct phases—various members of the ilmenite-
haematite solid-solution series (Fe1-xTixO3) and rutile
(TiO2). The peaks of the ilmenite phase show considerable
asymmetry. This can be explained by the presence of the
solid solutions members of the FeTiO3·Fe2O3 series of
different stoichiometries. To quantify this effect we
introduced in the analysis two phases with compositions
FeTiO3 and Fe2O3. The concentrations of FeTiO3·Fe2O3
where recalculated into the Fe1-xTixO3 formula giving the
average formula of ilmenite in the sample. Figure 3 shows
that longer grinding times cause a reduction in the
intensities maxima of peaks originating from the ilmenite

phase, while at the same time their widths increase. This
indicates reduction of the average crystallite size in this
material. In these samples, the peaks of the rutile phase are
not affected visibly by the longer grinding time. 

Three-phase Rietveld analysis was performed and the
quantitative results are given in Table V in terms of %
rutile, % Fe1-xTixO3 and atoms per formula unit of Ti in the
haematite formula (x). The quantitative mineralogical data
show a similar repeatability in the two data sets, but the
compositions of the ilmenite-haematite solid solution
artificially shifted (0.04 atoms per formula unit) towards
more Ti-rich composition—the sum of the two members is
unaffected as are the data on rutile concentrations.  

Rutile concentrates

In these samples five different phases were identified: rutile
(TiO2), anatase (TiO2), brookite (TiO2), zircon (ZrSiO4),
and quartz (SiO2), see Figure 4. A few low intensity peaks
could not be identified. With prolonged grinding times the
intensities of peaks originating from the rutile and anatase
phases are reduced and their widths increase. This indicates
reduction of the average crystallite sizes of these two
phases. The peaks of quartz, zircon and brookite are not
visibly affected by the additional grinding time. Results of
the quantitative analysis (five-phase Rietveld refinement)
are given in Table VI. An interesting result from the
quantitative analysis is that the amount of anatase slightly
decreases after longer milling times whereas the amount of
rutile slightly increases. The general repeatability is better
at the long grinding times. The agreement between the
calculated and experimental diffraction patterns is shown in
Figure 5.

Zircon concentrates

Sections of the diffraction patterns collected from the 16
zircon samples are shown in Figures 6. These samples
contain a single phase—ZrSiO4. The samples prepared with
longer grinding time show reduced intensities of the

S1—150 s grinding time

TiO2 (%) ΣFe(Fe1-xTix)O3 (%) X in Fe(Fe1-xTix)O3

1 24.0 76.0 0.74
2 23.8 75.7 0.74
3 23.7 76.2 0.75
4 23.7 76.2 0.75
5 23.5 76.5 0.74
6 23.8 76.2 0.75
7 23.8 76.2 0.75
8 24.0 76.1 0.74
Std. dev. 0.16 0.2 0.005

S2—60 s grinding time

TiO2 (%)        ΣFe(Fe1-xTix)O3 (%) X in Fe(Fe1-xTix)O3

1 23.4 76.7 0.71
2 23.1 76.9 0.71
3 23.4 76.6 0.72
4 22.8 77.2 0.71
5 22.7 77.4 0.71
6 23.4 76.6 0.71
7 23.2 76.8 0.71
8 23.4 76.6 0.72
Std. dev. 0.3 0.3 0.05

Figure 3. Diffraction patterns of the 16 ilmenite samples. 8 of
them were prepared with 60 s grinding time (light gray lines) and

the other 8 with 150 s grinding time (dark grey lines)

Table V
Rietveld analysis of ilmenite concentrates
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diffraction peaks and slight increase in the widths of the
peaks. An interesting observation is that peaks of the
samples with longer grinding times are shifted to the left
(lower 2θ angles). This shift is more pronounced at low 2θ
angles and gradually decreases at higher angles. Such
behaviour is typical for samples in which the surface is
displaced from the centre of the goniometer. Another effect
is the presence of anisotropic peak broadening; peaks that
represent Bragg reflections from certain lattice planes are
broader than others. This is easily seen in the lower panel of
Figure 6a. The reason for this is not clear and calls for a
more detailed analysis. 

X-ray fluorescence

The repeatability of the sample preparation by Centaurus
mill and press give numbers in the range of 0.0–0.24%,
when considering only elements in concentrations high
enough to make the XRF uncertainty insignificant. The
contamination levels were found to be in the range of
0.0–0.3 depending on material and element. These numbers
typically have a uncertainty of 30–50% of the value. A
parallel study using the Centaurus mill and press to process
samples spiked with BaSO4 vs. non-spiked samples gave
contamination levels of 0.03 ± 0.05 wt.%. These low
contamination levels are caused by the elaborate cleaning
procedures performed by the Centaurus unit during
automatic operation. This makes it suitable for processing
samples in sensitive environments where high capacity and
throughput is also required. Typical applications would be
mine site or QC laboratories in processing plants or cement
factories. In fully automated robotic laboratories this unit’s
flexibility and high performance can be utilized fully, and it
is designed to readily integrate into an automatic laboratory
environment. 

Conclusion
Generally it can be concluded the Centaurus mill and press
can prepare HMS samples suitable for both XRD and XRF
analysis. This makes it possible to obtain both
mineralogical and bulk chemical data from one line of
sample preparation. The Rietveld data showed excellent
repeatability with standard deviations in the range of 0.1%
to 0.3%. The longer milling time optimized for XRF
analysis had minor influence on the concentrations
determined by the Rietveld method. The only significant
change was an apparent reduction in anatase concentrations
by roughly 2%. Another small but detectable change is a
seeming increase in the Ti component of the ilmenite-
haematite solid solution. These variances are highly

S1—150 s grinding time

Rutile (%) Anatase (%) Brookite (%) Zircon (%) Quartz (%)

1 90.8 5.0 1.7 1.8 0.7
2 90.1 5.1 2.0 2.0 0.8
3 89.3 5.4 2.2 2.1 1.0
4 90.2 5.3 1.8 1.9 0.8
5 90.3 5 1.8 2.1 0.8
6 90 5.3 1.8 1.9 0.9
7 89.9 5.2 1.9 2.0 1.0
8 89.8 5.3 2.1 1.9 0.9
Std. dev 0.4 0.2 0.2 0.1 0.1

S2—60 s grinding time

Rutile (%) Anatase (%) Brookite (%) Zircon (%) Quartz (%)

1 87.5 7.2 1.8 2.3 1.1
2 88.2 7.3 2.0 1.7 0.8
3 89.2 6.2 1.8 1.8 1.0
4 88.6 7.0 2.0 1.5 0.9
5 88.8 6.6 2.0 1.7 0.8
6 89.4 6.4 1.9 1.6 0.7
7 88.4 7.0 1.9 1.9 0.8
8 88.1 7.0 1.8 2.1 1.0
Std.dev 0.6 0.4 0.1 0.3 0.1

Figure 4. Diffraction patterns of the 16 rutile samples. 8 of them
were prepared with 60 s grinding time (light gray lines) and the

other 8 with 150 s grinding time (dark grey lines)

Figure 5. Rietveld analysis of one of the Rutile concentrate
samples

Table VI
Rietveld analysis of rutile concentrates
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systematic as shown by the low standard deviation, and can
thus be eliminated by the implementation of systematic
correction factors or alternatively by further optimization of
milling parameters.  
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Figure 6b. Diffraction patterns of the 16 Zircon samples. 8 of them were prepared with 60 s grinding time (light gray lines) and the other 8
with 150 s grinding time (dark gray lines)

Figure 6a. Rietveld analysis of Zircon samples grinded for 150s and 60s. A slight peak shift is observed upon longer grinding time, this shift
is most pronounced at low 2θ angles
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