
Cements Materials 
Characterization Workshop
Specimen Preparation for X-Ray Powder Diffraction

Phase Identification for Cementitious Materials



No detailed procedure, providing 
flexibility

•Qualification approach based upon 
each user’s analysis of SRM clinkers

•Precision and accuracy criteria based 
upon an inter-laboratory study

•Four cements compounded using 
SRM clinkers and lab-prepared 
calcium sulfates

•Rietveld and traditional methods are 
acceptable

•Some guidance provided for phase 
identification and analytical 
procedures

ASTM C1365



Errors in Powder Diffraction
Relative Importance of Errors
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S = Systematic Error R = Random Error

Reproduced from:
W.N. Schreiner, C. Surdukowski, R. Jenkins
and C. Villamizar,  “Systematic and Random Powder 
Diffractometer Errors Relevant to Phase Identification”,
Norelco Reporter Vol. 29, No. 1, April 1982

• Specimen displacement has little effect on 
intensities

• Preferred orientation continues to present 
problems, particularly with the top-loaded 
specimens commonly used today,

• After displacement, round off error in d-spacing 
reporting is most significant

• Alignment errors may be  identified and 
corrected via external standards (zero error, 2:1)

• Zero error and specimen displacement are highly 
correlated over short 2-theta distance

• Displacement  and orientation errors will affect 
phase identifications

• Incorrect phase identification introduces bias

These focus on data collection, analysis is another 
aspect of the test procedure 

Careful phase identification and refinement 
procedure improves the possibility of a success



Preferred Orientation: Alite

29.3 30.07 32.1 32.7 34.2

Ground to – 10 µm
Specimen pressed to induce
preferred orientation (red trace)

Minimal 
preferred orientation

Peak Intensity Ratio
29.3/30.1 32.1/32.7
2.6 1.2  OK

2.6 1.5  not OK

Coarse-ground samples, like cement 
from the finish mill, can be 
susceptible to preferred orientation.

Phases that exhibit strong cleavage 
like alite, calcite, gypsum are prone 
to orientation, particularly with top-
loaded specimens.

For alite this is most apparent with 
the diffraction peak occurring at 32.1 
degrees.

Fine-grinding, careful specimen 
loading and pressing minimize these 
tendencies, though for some phases 
with strong cleavage we rarely 
eliminate orientation

Orientation corrections are possible 
but seem to work best in quantitative 
analysis when orientation is not too 
severe.



Specimen Preparation

Cement: As-Received

Cement: hand-ground, mortar and pestle

Cement: 70% <10 um

Modern instruments today obtain results in a fraction of the time 
required in 1930 but are still subject to sample preparation and mounting 
artifacts that may affect the analysis,

Grinding reduces particle size, improves representative sampling and 
particle statistics, reduces preferred orientation tendencies, and 
improves packing characteristics,

The packed powder mount ideal characteristics present a representative 
sampling of bulk material, a homogeneous volume, and smooth surface.

Cement Powder Specimens
2 mm field width

ü Cement phase solid 
interaction volume is 
roughly 15 µm at 40 
degrees 2-theta 

ü Sampling is improved by 
specimen rotation, 
bringing more particles 
into the beam footprint

ü Many particles are multi-
phase with individual 
crystals smaller than the 
particle



Preparing Powders

to -10 um

Jaw Crusher – down to mm-sized fragments

Mortar and Pestle – to -50 um

Splitter for subsampling



Preparing Specimen Mounts

A wide range of specimen mounts are available for normal and specialized applications



Preparing Powder 
Mounts

Pour approximate volume, level Gently press with slide and paper Examine surface for smoothness and uniformity

• Spatula
• Microscope slide
• Cavity holder
• Weighing paper

Determine the approximate amount to make a compact specimen 
mount.  For these holders, about 1.2 g is sufficient.  

Level the surface by cutting with the spatula and gently tapping the 
mount, press it flush using the weighing paper and glass slide.

Powder on the holder surface will result in height displacement!



Clinker Phases
Clinker is comprised of a three-dimensional 

framework of alite and belite crystals and a 

matrix of aluminate and ferrite, crystallized 

from a molten liquid, periclase dispersed 

throughout as equant to dendritic crystals, 

alkali sulfates, which are  typically located 

along fractures and pore walls. Finally, 

porosity may also be considered a component 

of the microstructure.

The phase texture, size and distribution reflect 

the history of the raw materials preparation, 

firing (clinkering), and cooling. 

HFW Taylor, Cement Chemistry
DH Campbell, Microscopical Examination and Interpretation of Portland Cement and Clinker



Silicate Phases
Alite (Ca3SiO5):  comprises 40 % to 70 % of a clinker, 

has  triclinic, and monoclinic forms; impurities of up 

to about 4% stabilizes the monoclinic form; 

magnesium and aluminum may substitute for silicon 

and other substitutions include iron and sodium; 

distinct (idiomorphic) crystals exhibiting six-sides; 

density may range from 3.13 g/cm3 to 3.22 g/cm3 

Belite (Ca2SiO4): comprises 10 % to 30 % of a clinker 

as a series of orthorhombic and monoclinic solid 

solution phases; impurities of up to 6 % as Mg, K, 

Na, Al, Mn, P, Fe and S may stabilize the polymorphs 

such as the beta form (most common), alpha, alpha-

prime, gamma; as idiomorphous, rounded grains 

often exhibiting a lameller texture due to twinning; 

density (beta form) is 3.28 g/cm3 



Interstitial Phases
Aluminate (Ca3Al2O6):  comprises up to 18 % of 

a clinker as xenomorphic or anhedral (no 

distinct form) crystals intermixed with the 

ferrite phase has  cubic, orthorhombic, and 

monoclinic forms; impurities of up to about 10 

% include Mg, Si, K,  and Na; alkali aluminate is 

typically orthorhombic and monoclinic, may 

exhibit a lath-like texture; density around 3.064 

g/cm3 for the cubic form and 3.052 g/cm3 for 

orthorhombic

Ferrite (Ca4Fe4O10 to Ca4FeAl3O10): is an 

orthorhombic solid solution comprises about 14 

% of a clinker; impurities of up to 13 % as Mg, K, 

Na, Al, Mn, and Ti; exhibiting a lath-like (slow 

cooling) to dendritic (rapid cooling) texture; 

density is 3.77 g/cm3 



Dispersed Phases
Free Lime (CaO): Cubic, rounded, idiomorphous grains, sometimes 

agglomerated and retaining the shape of the parent limestone 

fragment; density of 3.32 g/cm3 

Periclase (MgO): Cubic, euhedral (equiaxed),rounded to dendritic 

grains free within the clinker and as inclusions in the silicates and 
interstitial phases, comprising up to 7 % of a clinker; density of 3.58 

g/cm3 

Na and K sulfates may only comprise up to a few percent of the clinker 
but can affect early hydration as they typically form along pore and 
fracture surfaces and have a high solubility.
Arcanite (K2SO4); orthorhombic;  density of 2.67 g/cm3 

Aphthitalite ((K2Na)2SO4); trigonal; density of 2.66 to 2.71 g/cm3

Ca Langbeinite (K2SO4 2CaSO4); cubic;  density of 2.87 g/cm3 

Thenardite (Na2SO4) ; orthorhombic; density of 2.67 g/cm3 

Syngenite (K2Ca(SO4)2 H2O; monoclinic, secondary product in 

cements  density of 2.6 g/cm3 

BE-K-S



Clinker and Cement Phase Identification 
Cheat Sheet Alite (Ca3SiO5): M1, M3

Belite (Ca2SiO4): β, !, !’, "
Aluminate (Ca3Al2O6): cubic, orthorhombic

Ferrite (Ca4Fe4O10 to Ca4FeAl3O10)
Free Lime (CaO)
Periclase (MgO)

Arcanite (K2SO4)
Aphthitalite ((K2Na)2SO4)
Ca Langbeinite (K2SO4 2CaSO4)

Thenardite (Na2SO4)

Anhydrite (CaSO4)
Bassanite (CaSO4 0.5 (H2O))
Gypsum (CaSO4 2(H2O))

Calcite (CaCO3)

Quartz (SiO2)

Syngenite (K2Ca(SO4)2 H2O
Portlandite (Ca(OH2))
Ettringite (Ca6Al2(SO4)3(OH)12 26H2O)

Cement

Clinker

Hydration Products



Phase Identification: 1

Traditional methods  - manual search-match using 
the Hanawalt method.

• Identify significant peak positions and relative 
intensities

• correction for displacement errors would 
requite some kind of internal standard.

• otherwise, keep in mind the need 
for some flexibility in peak 
locations

• relative intensity is useful but secondary 
to peak position and the collective set of 
peaks

• List peak d&I in order of relative intensity



Phase Identification: 1
Traditional methods  - manual search-match using the Hanawalt method.

• List peak d&I in order of relative intensity

• Search on strongest peak followed by second and third strongest.

• Each entry is listed three times to account for relative intensity error

Any guesses?



Computer-Aided Search-Match

• Mark peak positions and relative intensities
• Set negative and positive chemistry
• set subfiles; user-created subfile if possible



Computer-Aided Search-Match

Run the search



Computer-Aided Search-Match

No chemical restraints or subfile selection can lead to MANY hits



Computer-Aided Search-Match

Check the stick figures against the pattern; consider the plausibility of the chemistry

Some are close!



Computer-Aided Search-Match

Check the stick figures against the pattern; consider the plausibility of the chemistry

Some are very close!



Check against the ICDD
Database Card Files using
either the D & I values or
a graphical representation
as a stick figure against the
diffraction pattern.

Recall that the specimen
displacement error is the
greatest so expect some peak
shifting.

For clinker phases, chemical
substitution will also affect
the peak positions.

The high degree of pattern
overlap and the number of
phases also complicates
identification.  Therefore, an
alternative is to look for the key 
resolvable peaks and then check
the cards.

Peaks not assigned to a phase
may be from some new phase



Key Lines for Cement Phase Identification using XRD



Key Lines for Cement 
Phase Identification using 

XRD



Practicum 2
Using the file Cement Key Lines.pdf, identify the single phases and simple mixture 
phases found in the folder XRD Phase Identification

Each folder contains 
• an image of the pattern (.JPG), 
• a .RAW powder diffraction data file (.RAW) that may be read into Profex, 
• and a text file providing peak d-spacings, two-theta positions, and relative 

intensities

Work on identifying the file using the key lines and knowledge that it diffraction 
pattern is from a phase that is related to portland cement

Work in pairs if you wish

While most examples are of a single phase, one or more may be a mixture



Analysis of Clinker and Cements 
Using Selective Extractions
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Phase Identification

ASTM C1365: Standard Test Method for Determination of the Proportion of Phases 
in Portland Cement and Portland-Cement Clinker Using X-ray Powder Diffraction, 
Annual Book of ASTM Standards, ASTM Int., West Conshohocken, PA, 2013. 

Cement phases are a challenge and can be difficult to identify 
using the traditional methods

Tentative identification is made using diagnostic peaks for each 
phase rather than the traditional methods (three major peaks); 
confirmation uses the ICDD powder diffraction database

g f

g

b
B

A
a

Al
f

Table X1.1 of ASTM C1365 lists peaks by descending d-spacing 
that have minimal interference. ICDD card numbers allow 
recalling the entire pattern.

b

g – gypsum
f – ferrite
b – bassanite
a – anhydrite
A – alite
B – belite
Al – aluminate



SRM 2686a 
Bulk, 
KOSH: silicates, periclase
SAM: ferrite, aluminates, alkali sulfates, 
periclase, (calcite and calcium sulfates for 
cements)



Selective Extractions
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Bulk Clinker and 

KOSH Residue 

(silicates, periclase)

Bulk Clinker and SAM Residue

Aluminates, ferrite, periclase, 

alkali sulfates, and for 
cements, calcium sulfates

Provide a clearer picture of phase groups to facilitate identification, refinement of their characteristics 

(peak shape, lattice parameters), and an additional sample set for quantitative analysis.

1) KOH-Sucrose: 7.5 g KOH, 7.5 g sucrose, 75 ml water. Heat to 95 C, stir in 2 g ground cement for one minute. Vacuum 

filter, wash residue with 20 ml water followed by 50 ml of methanol

2) Salicylic Acid / Methanol: 20 g salicylic acid in 300 ml methanol. Stir 5 g ground cement in SAM solution for 2 h, 

vacuum filter, wash residue with methanol, dry below 60 C, weigh residue

3) Nitric Acid / Methanol: 10 g of ground clinker or cement in 500 ml of 7 % nitric acid in methanol for 30 minutes to 
produce residue of ferrite and periclase (if present).



Analytical Approach
• Bulk Analysis

– detection limits due to dilution by silicates make them difficult to identify – but 

certain diagnostic peaks are evident even in low concentrations.  An alternative is 

to perform a selective extraction to concentrate the intersitital phases, calcium 

sulfates, and alkali sulfates

• SAM extraction residue
– quantitative extraction, QXRD and re-calculation of phases on a whole-cement basis

• KOSH Extraction Residue

– can be a difficult extraction but will provide an improved pattern of the silicate 

phases and identification of belite and alite forms

– Generally not quantitative but still useful



Common Sulfate Phases in Clinkers and Cements

• arcanite (K2SO4) may accommodate Na+, Ca2+, and CO3 in solid solution

• aphthitolite (K4-x,Nax)SO4 with x usually 1 but up to 3)

• calcium langbeinite (K2Ca2[SO4]3) may occur in clinkers high in K2O and SO3

• anhydrite (rare) (CaSO4) in clinkers with high SO3 (>2%)

• thenardite: (rare) (Na2SO4)  in clinkers with high Na/K ratios

these phases are generally found along silicate crystal boundaries – though 

sometimes too as inclusions

Some sulfate is substituted in the silicates (below 1% for low-sulfate and 2% for high-sulfate clinkers.  Some may 
also be found in the aluminates and ferrite.

SO3 to alkali ratio of up to 0.5 occurs as alkali sulfates.  Higher SO3 levels, there is insufficient alkali dissolved to 
balance the sulfate and that sulfate may be present in other phases – calcium langbeinite, anhydrite, silicates



Cement Sulfates

• gypsum:  CaSO4 2[H2O]

• bassanite:  (hemihydrate, plaster) 2CaSO4 H2O, or γ-CaSO4

• anhydrite:  CaSO4

• syngenite:  (K2Ca2SO4 [H2O])  formed by reaction of gypsum and 

potassium sulfate  - reacts rapidly on mixing.



Calcium Sulfates

• Gypsum (CaSO4 2H2O) – moderate solubility.  Dehydrates 
around 100 C to bassanite (hemihydrate or plaster) CaSO4 ½ 
H2O and at higher temperatures to anhydrite (CaSO4).  Both 
dehydration products exhibit different solubility than gypsum

• Bassanite hydration to gypsum during mixing may result in 
paste stiffening – false set

The SAM extraction enhances detection limits by eliminating the dilution 
effect of the calcium silicates.  Be careful however, to dry the residue at low 
enough temperature that dehydration does not alter the forms



Aluminate Forms:  Cubic and Orthorhombic

cubic – two peaks around 21 and 21.8 degrees;
single peak at 33.2 degrees.  The 21 degree peak
has half the intensity of the 21.8 degree peak

orthorhombic:  the 33.2 degree peak is split and there
is no peak at 21.8 degrees.  

There is an overlap with the 21 degree cubic form peak.  
If the 21 degree peak is greater than half the intensity of
the 21.8 degree peak, you may conclude that there is some
orthorhombic aluminate in the sample

This is best observed in a SAM extraction residue



triclinic vs. monoclinic alites

the 51 degree region is
relatively clear of other
peaks and is a good place
to look – especially in the
KOSH residue



Peak Intensity Ratio
29.3/30.1:  2.6

Calcite in Cement

alite

calcite

The primary 
calcite peak (104) 
overlaps the alite
peak at 29.3 
degrees

Peak ratios in 
excess of 3 
suggest an 
overlap from 
calcite

Confirm from 
SAM and KOHS 
extraction residue



Composite Pattern 2686a



Alite



Belite



Aluminate: Cub., Ort.



Ferrite



Periclase
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142bulk.RAW:1 C3S monoclinic (NISHI) 54.51 %
C2S beta (JOST) 21.58 %
Periclase 3.18 %
C4AF Colv ille 10.10 %
C3A Na cubic 4.95 %
Anhy drite 0.38 %
Gy psum 0.07 %
Arcanite K2SO4 0.35 %
Calcium Langbeinite 1.22 %
Dolomite 0.83 %
Bassanite 2.84 %

CCRL 142 Data Set

KOSH - 76.04% of cement, SAM - 23.96% of Cement

BULK KOSH SAM
C3S 54.5 48.9
b-C2S 21.6 18.1
a-C2S -- 0.9
C4AF 10.1 10.3
C3Ac 5.0 4.2
Arc. 0.4 0.1
Lang. 1.3 1.3
Peric. 3.2 3.5 3.7
Anh. 0.4 1.2
Bass. 2.8 4.1
Gyp. 0.1 0.2
Qtz. 0.1 0.2 0.1
Dolo. 0.8 1.0

Recalculation of Selective 
Extraction Data

- provides an extra estimate based upon a 
concentrated residue of the selective 
extraction

IR

(43) 
(17.5)
(0.4)
(5.4)
(15.4)
(5.0)
(17.1)
(0.8)
(0.4)
(4.2)



Practicum 3: SRM2686a
Start with phase identifications using the selective extraction patterns in the IMAGES folder

Examine images SRM2686a_KOSH_d&I_1.png and SRM2686a_SAMd&I_1.png
and their corresponding .txt files

With the knowledge that you are working with a portland cement clinker, look for key 
diffraction peaks for phases you might encounter in that material

Prepare a list of potential phases

Starting with the powder diffraction files found in the Bulk folder, read one of the KOSH or 
SAM patterns into profex, load the appropriate instrument file from the Device folder 
(D8_6Div_4SS.sav), load the appropriate phase files from the CementStructures folder and 
initiate the refinement.  Transfer the results to the spreadsheet

Repeat for each of the two or three replicates for the SAM and KOSH

Proceed to the Bulk data files (86a_10_B_0*.raw) and repeat


