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The potential presence of an amorphous content in OPC clinker and cements is usually
overlooked when studying their phase composition. This is largely because of the difficulty
in determining amorphous content experimentally. Despite this difficulty, the study of
amorphous content and composition in these materials has merit due to the likely effects

on the reactivity of the resulting cement.

This paper applied the Rietveld method using X-ray powder diffraction data to determine
the amorphous content of a number of materials, including clinker, cements and single
phases. The cementitious materials were found to contain widely varying, but significant,
amorphous contents. The addition of amorphous slag to change the amorphous content by
a known amount, gave results as expected from the calculated results for the pure cement
and clinker amorphous contents. The results are discussed in relation to other studies
published on the issue of amorphous content in cementitious materials. © 2003 Kluwer

Academic Publishers

1. Introduction

The cement industry uses a number of techniques
to characterise their clinkers and final cement ma-
terials. These include solution-based techniques and
X-ray fluorescence, results from which are then used
in the Bogue calculation to generate the ratio of phases
present. The Bogue calculation uses a number of as-
sumptions and is known to be inaccurate when these
are not met [1]. Optical microscopy can also be used,
but is not a routine technique due to the time and skill
required. Rietveld refinement of powder X-ray diffrac-
tion data is becoming increasingly popular to deter-
mine quantitatively the crystalline phases present [2]
due to its speed and perceived simplicity. However, such
an analysis ignores the possibility of significant amor-
phous content, which could have major effects on the
cement’s mineralogy and hydration properties. Given
that modern cement clinker is quenched from high tem-
perature by forced air cooling on removal from the kiln,
it is not unlikely that the resultant material has a signif-
icant amorphous content.

In 1937, Lerch and Brownmiller used calorimetric
techniques to determine the amorphous content in ce-
ment clinker [3]. In a series of experiments they found
an amorphous content between 10 and 28% with an
estimated error of +5%. The variation appeared to be
strongly linked to the Al:Fe ratio, as well as the cooling
rate. Their most amorphous samples were quenched
in mercury, so were cooled extremely rapidly. Their
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most crystalline samples were slow cooled to promote
crystallization. These results seem to have been largely
forgotten, but a few papers have recently appeared [4,
5] which use X-ray based techniques to determine the
amorphous content in clinker, and various single phase
cement-related materials. One conclusion that may be
drawn from these results, is the amorphous contents of
these materials are very sensitive to synthesis condi-
tions and can vary significantly. One author quoted a
value of 7% for a clinker [6], and 19% for a single phase
monoclinic C3S in another publication [7]. Another au-
thor studied a range of single-phase materials using a
standardless X-ray technique (the Ruland method), and
found wildly varying amorphous contents for the same
compound [5]. Very recently a paper appeared citing
values for amorphous contents from Rietveld analy-
sis of between 6 and 15% for a number of cement
clinkers [4]. The materials examined in their study,
National Institute for Science and Technology (NIST)
Standard Reference Materials (SRM) 8486-8488 clink-
ers and two Australian clinkers, are different from
those in this work, but the values stated in their paper
(from 6.1 to 15.9%) suggest that our results are reason-
able. Unfortunately, these authors do not have access
to the NIST SRM 8486-8488 clinkers and are unable
to directly repeat or confirm the results of Suherman
etal. [4].

Rietveld analysis was developed in the late 1960s
for structural refinement of crystalline phases from
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powder neutron diffraction data [8]. The Rietveld anal-
ysis technique has developed in scope and rigor, to
the stage where accurate quantitative analysis of com-
plex mixtures of crystalline phases using laboratory
X-ray diffractometers may be attempted [9]. One
common application of this technique is on-line quan-

e
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titative analysis of cements for quality control pur-
poses. Recently, through the use of selective and well-
characterised internal standards, the application of
Rietveld analysis to determine amorphous content of
complex mixtures has been described [10]. The amor-
phous content is calculated from the difference in the

1

Figure 1 SEM micrographs of (a) Ti-Pure ®R900 rutile and (b) SRM676 alumina.
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TABLE I Table of the linear absorption coefficients for Cu K, radia-
tion for diferent materials of interest

Phase My saig & (cm™1h) Phase My saig & (cm™1)
TiO, 528 C3A 274

Al O3 127 C4AF 509

CaCO3 201 Anhydrite 232

SiO; 95 Bassanite 201

C3S 323 Gypsum 146

CaS 311

known wt% content of the spike and the wt% calculated
from the refinement.

Determination of amorphous content from such anal-
yses is more challenging experimentally than obtaining
the ratio of crystalline phases. Issues such as microab-
sorption complicate matters considerably [11], and in
extreme cases can make the analysis impossible. A judi-
cious choice of an internal standard can make for much
improved results using the Brindley microabsorption
correction [12]. A standard for this task should have
a well defined and narrow particle size distribution, as
well as having an absorption coefficient similar to the
mixture’s components. It has been demonstrated in the
literature, that inappropriate use of the Brindley correc-
tion can be worse than using no such correction [13].

Promising standard materials for such a study would
be rutile and corundum. Corundum has a linear ab-
sorption lower than most of the cement phases, and
rutile higher (see Table I). The US National Institute of
Standards and Technology (NIST) supply a quantitative
X-ray corundum standard known as SRM676. SRM676
has a known amorphous content of 1.77% =+ 0.68 [14],
and acts as the primary standard in this study. This
SRM is too expensive to use routinely, so a rutile mate-
rial was chosen as a standard material. The rutile used
in this study was Dupont’s Ti-Pure® R900. This ma-
terial is claimed to have a narrow particle size distri-
bution around approximately 0.4 m, which would re-
duce microabsorption, and makes possible the use of

the Brindley microabsorption correction if it becomes
a problem.

2. Experimental

The equipment used in the study was a Bruker D8
with parallel beam, double Gobel mirror optics, using
Cug, radiation with a scintillation detector. Errors in
the value of amorphous content of the R900 rutile add
significantly to the final errors in amorphous content
of the samples. Therefore, to standardise the R900, an
extended scan, with a 20 s count time, and range from
20-100° 26 was used to reduce signal:noise, and sub-
sequent errors in the refinement of the SRM676-rutile
mixture. The cements and clinker were examined us-
ing both short and long scan times. Long scans were
undertaken on the complex samples between 10-100°
26 using a 20 s count time and 0.03° step, yielding data
with a very good signal:noise ratio. To gauge the effect
on the results and errors of a shorter, more routine data
collection, scans with a 3 s count time and 0.03° step
size were chosen to collect data between 10-80° 26.
Data were collected for the single-phase samples using
only the shorter scan conditions.

The particle sizes of the rutile, SRM676 and polish-
ing corundum were examined by the use of a Cambridge
Stereoscan 250 Scanning Electron Microscope (SEM)
using carbon adhesive pads on aluminium stubs.

R900 is not 100% crystalline rutile, and was stan-
dardised using the SRM676. Using a carefully prepared
50:50 mixture of the SRM676 and R900, the amor-
phous content of R900 was determined using Rietveld
technique.

Samples and standards were mixed in either a 50:50
or 75:25 ratio. The significantly different rutile con-
tent might be expected to have a large effect on cal-
culated amorphous contents if absorption contrast is a
problem in a sample. Data were obtained from a type
10 clinker, its corresponding cement product, and a
second type 10 cement from another manufacturer.

11,000
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8,000
7,000

Counts

Corundum 49.81 %
Rutile 46.53 %
Amor. 3.66 %
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Figure 2 Rietveld difference plot for the standardisation refinement of R900 rutile and SRM676 alumina. The tickmarks represent the calculated peak
positions of each phase and the phase composition is displayed in the plot. The amorphous content indicated in the plot is not corrected for the rutile

content.
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The cements and clinker were of the same age, and
had been stored in water and air-tight containers for a
period of two years. In addition, data were collected
from synthetic triclinic C3S, B-C;,S, C3A and C4AF
(Construction Technologies Laboratories, Inc). Besides
forming a study of pure cement phases, they acted as a
cross-check for possible problems with absorption from
the iron-containing phases in copper radiation. Sample
mixtures of the cementitious phases were prepared im-
mediately before data collection. Additional data were
collected from materials that had an additional spike of
approximately 10 wt% of amorphous blast furnace slag.
In the event that the refinements give results close to
those expected after perturbing the amorphous content,
additional confidence in the accuracy of the technique
would be gained.

Highly crystalline materials in the form of a 0.3 um
polishing corundum, and reagent grade CaCos, were
also examined to ensure the technique gave consistent
results across a range of crystallinities.

Data were analysed using a beta version of Bruker’s
Topas V2.1 software [15]. The fundamental parameters
approach was used to generate the instrument broaden-
ing contribution to line broadening [16]. The parame-
ters used were generated after refining models to fit the
NIST LaB¢ 660a standard. This approach is useful in re-
ducing the number of variables during the refinement,
as well as yielding information about crystallite size.
The Lorentz polarisation factor used for the twin mir-
rors was 0°. Structures refined for the clinker were alite,
belite, C3A, and C4AF, together with the internal stan-
dard and calcite to account for carbonation of the sam-
ples. For the cement samples, gypsum, bassanite (hemi-
hydrate) and anhydrite were refined in addition to those
phases previously mentioned. A number of other possi-
ble phases were considered but did not appear in these
samples. No evidence of Ca(OH), was found, suggest-

ing that the sample container seals remained intact. The
C3S structure used was the monoclinic structure de-
scribed by Nishi [17], and the 8-C,S that described by
Mumme [18]. Refined parameters for each phase were
lattice parameters and crystallite size. The structures
included values for site occupancies and thermal pa-
rameters, but these were fixed during the refinements.
Despite the implications alluded to in the introduction,
no attempt was made to determine the Al:Fe ratio of the
C4AF, as peak overlap and broadening made refining
site compositions impossible. Preferential orientation
was refined for C3S, CaCO3 Al,O3 and TiO; using the
March-Dollase correction [19]. The spherical harmon-
ics usually gives better results in quantitative analysis
[11], but the severe peak overlap of monoclinic C3S and
CaCOj; tended to make the refinement unstable due to
the correlations. The single-phase triclinic C3S was fit-
ted using a structure described by Golovastikov [20].

3. Results and discussion

The particle size of the R900 rutile was found to be ap-
proximately 0.3 um by SEM (Fig. 1a). No anatase was
visible in the diffraction pattern, and the particles’ alu-
mina coating was invisible to the X-rays. The SRM676
alumina was found by SEM to have particle sizes of
approximately 0.5 um (Fig. 1b), although it did con-
tain a fraction of particles of up to 1 um in size. A
good fit was obtained from the Rietveld analysis of
the 50:50 mixture of R900 rutile and SRM676 alumina
(see Fig. 2). Residuals from the refinement were cal-
culated to be 8.23% for Ry, and 6.15% for Rexp. The
amorphous content of the R900 was calculated to be
5.60% = 1.15, taking into account the error in SRM676,
refinement errors and a Brindley correction for 0.3 um
rutile and 0.5 um alumina. A previous study using the
same methodology found their batch of R900 material

TABLE II Percentage amorphous contents of the materials studied. Quoted errors were calculated using 2o (~90% confidence limits) from the
Rietveld esd’s, and absolute errors include uncertainty in the amorphous content of the standard

% Absolute amorphous

% Comparative error % Absolute amorphous
content (using 50 wt% TiO;) (using 50 wt% TiO;) content (using 25 wt% TiO;)

% Comparative error
(using 25 wt% TiO3)

Sample
Type 10 Clinker A (short scan) 21.1+£3.7 2.7
Type 10 Clinker A (long scan) 21.3+28 1.7
Type 10 Clinker A with 9.3 wt% — -
slag (long scan)
Type 10 Cement A (short scan) 21.2+45 34
Type 10 Cement A (long scan) 20.7+3.0 1.9
Type 10 Cement A with 11.2 wt% — -
slag (long scan)
B-C3S (short scan) 31.2+3.8 2.7
Triclinic C3S (short scan) 58+£29 1.7
C4AF (short scan) 384+2.7 1.7
C3A (short scan) 289+24 1.3
Type 10 Cement B (short scan) 182+4.2 3.1
Type 10 Cement B (long scan) 18.4£3.0 1.9
Type 10 Cement B with 12.7 wt% — -
slag (long scan)
0.3 um polishing Al,O3 0.4+3.1
(short scan)
CaCOs (short scan) 23+33 -

25.1£19 1.6
31.2+£1.8 1.4
(expected = 31.2% using 25.1%
amorphous value for clinker)

21.0+2.1 1.7
28.7£2.0 1.7
(expected = 29.9% using 21.0%
amorphous value for cement)

302+25 22
82424 2.1
433+£2.1 1.7
344+£1.6 1.2
17.8 £2.2 1.8
25.8£2.1 1.7

(expected = 28.2% using 17.8%
amorphous value for cement)
23423

—42+£27
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Figure 3 Rietveld difference plots for a 50:50 mixture of R900 rutile and Type 10 materials from manufacturer A—clinker (a), and corresponding
cement product (b). The tickmarks represent the calculated peak positions of each phase and the phase composition is displayed in the plot. The
amorphous content indicated in the plot is not corrected for the rutile content.

to have an amorphous content of 5.6% [10]. This would
seem to be a remarkable agreement, but their study used
a value of 1.6% (as opposed to 1.77%) for the amor-
phous content of SRM676. An amorphous content of
1.6% for SRM676 would lead to a value of 5.77% in
our calculations.

The calculated amorphous contents are shown in
Table II. The amorphous content of the clinker (around
21%) seemed high compared to convention [1], al-
though the same source states that there can be ap-
proximately 27% liquid phase in a typical clinker com-
position at 1400°C [1]. The results were not disimilar
to those found by Lerch and Brownmiller [3] using a
completely different technique. The fits obtained in the
mixtures of R900 rutile and the cementitious materi-

als were quite good as seen in Fig. 3a and b. Results
obtained after the addition of a known quantity of amor-
phous slag were as expected within error, with good fits
to the data (Fig. 4). This confirmed that the technique
does detect the presence of amorphous material in a
quantitative manner.

It can be seen in Table II that the use of different
data collection strategies had a negligible effect on the
result but reduced the inherent errors. Reducing the ru-
tile addition from 50 to 25% also reduced the absolute
errors for most materials but increased the comparative
error for others. In a single-phase system with only a
25% addition of rutile, structural inadequacies become
more apparent and contribute an increasingly large pro-
portion of the error. In a complex mixture this effect is
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Figure 4 Rietveld difference plot of a cement/slag mixture. The mixture contained 11.2 wt% slag and the cement was from manufacturer A. The
rutile spike was approximately 25 wt%. The amorphous content indicated in the plot is not corrected for the rutile content.

diluted considerably. This leads to the surprising result
that the calculated amorphous content of the cements
and clinker were actually more reproducible than the
single phases when the spiking level was changed. The
errors shown in Table IT were calculated using a statis-
tical level of 20 with regard to the Rietveld estimated
standard deviations (esd’s) to give errors within ~90%
confidence limits. When a comparative study is desired
rather than absolute values for amorphous content, then
the error in the amorphous content of the standard can
be ignored, and this comparative error for the cementi-
tious phases is also in Table II.

Potential additional errors could be introduced by the
presence of other phases, and attempts were made using
the long scans to identify other possible minor phases
such as periclase, quartz, alternative calcium silicate
polymorphs, etc. The particle sizes of the individual
cementitious phases were unknown, therefore correct
application of the Brindley microabsorption correction
was not possible. However, the application of this cor-
rection to cement B at 50% dilution, assuming a size
of 40 pum for all the cement phases, increased the final
amorphous content by only 0.7%. The iron-containing
phases do not seem to have an undue effect in these
cases, possibly helped by significant dilution with the
rutile.

The results for the amorphous content of the pure
synthetic cement phases varied between 6% for #-C3S
and 43% for C4AF (Table II). The results are repeat-
able, but high values of amorphous content for some
of the materials could be related to their advanced age.
Despite the good storage conditions for the cements
and clinkers, the particle surfaces could have slowly
carbonated and/or hydrated, forming a thin film that
would be effectively invisible to X-rays. In addition,
microabsorption could have had an effect on the re-
sults obtained for the pure calcium silicate and alu-
minate cement phases, due to the absorption contrast
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between them and rutile (Table I). However, the addi-
tion of a 40 um Brindley correction to the C,S refine-
ment actually increases the amorphous content by 1.1%
rather than decreasing it. The Cug, linear absorption
for C4AF is almost identical to that of rutile. The par-
ticularly high amorphous content of the C4AF should
not be too surprising given the relationship between
the Al:Fe ratio and the glass contents found by Lerch
and Brownmiller in their study [3]. Both Yang [5] and
this study have found that many lab-prepared phases
have significant amorphous contents. The samples cho-
sen as crystalline did indeed yield low amorphous con-
tents. The results for these crystalline materials show
that there is no systematic error in the technique that
would consistently give erroneously high amorphous
contents.

4. Conclusions

A study of the amorphous content of cements, cement
clinkers, and single phases using Rietveld analysis of
X-ray powder diffraction has been undertaken. It was
found that many of them contained significant quanti-
ties of amorphous material. Given the current forced-
air cooling of clinker used in the cement industry, the
range of values obtained for the cementitious materi-
als (between 18-25%) seem reasonable compared to
the range of values obtained by Lerch and Brownmiller
[3]. They calculated values for amorphous content in
clinkers as low as 10%, and up to 28% using calorime-
try, with an estimated error of 5%. This study also de-
fined an upper range of amorphous content, as their
most amorphous clinkers were quenched in mercury—
a very efficient if hazardous operation. Their results for
the rapidly quenched samples agreed well with typical
values (~27%) for the amount of liquid phase present in
the cement kiln at 1400°C [1]. The Rietveld approach to
amorphous content determination is able to cope with



carbonated samples or those with sulphate additions,
whereas the thermal analysis approach cannot. The ad-
dition of a known quantity of amorphous slag to the
clinker and cements was successfully detected, which
gave additional confidence that the technique measures
amorphous content in a quantitative manner.

It was apparent that a significant portion of the er-
ror in the absolute values of amorphous content, were
due to uncertainties in the rutile standard. The primary
SRM676 alumina standard was responsible for much
of that error, and the lack of a standard with a well-
defined amorphous content is the main obstacle in this
respect. Until a primary (e.g., NIST) standard with an
extremely well defined amorphous content, with a small
error, is produced, the errors inherent in determination
of absolute amorphous contents will be significant. Ri-
etveld analysis of a material ‘spiked” with a well charac-
terised, suitable standard, with sub-micron particles and
a narrow size distribution, can yield consistent results
for the amorphous contents of cementitious and other
materials.

The comparative errors were significantly lower, and
reducing the spiking level from 50 to 25% improved
the absolute error due to better statistics for the cement
phases. Improved statistics from the cement phases,
and a reduction in the absolute error associated with
large additions of the standard contributed to this. Con-
versely, in some of the synthetic pure phases, the errors
on reducing the spiking level from 50 to 25% actu-
ally increased. In these instances the improved statis-
tics highlighted inadequacies in the structural models
used.

The results obtained in this study warrant further
work into the area of amorphous contents in cementi-
tious materials. Neutron diffraction experiments would
be useful to confirm these results given the greater bulk
sampled by that technique and its insensitivity to ef-
fects such as microabsorption. Given a technique to
reliably calculate amorphous contents, any effects on
cement hydration and other properties could then be
determined.
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Appendix—Cement Nomenclature
CgS = Ca3SiO5

CzS = Ca25i04

C4AF = Caz(All_xFex)205

C3A = Ca3A120(,

Gypsum = CaSO4-2H,0

Bassanite = CaSO4-1/2H,0

Anhydrite = CaSOy4
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