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Workshop Configuration

• We will focus on a number of materials characterization applications: X-ray powder 

diffraction (XRD), scanning electron microscopy (SEM) with X-ray imaging (XR), image 

processing and  image analysis (IA) , X-Ray fluorescence (XRF), and Digital holographic 

microscopy (DHM).

• The XRD and SEM portions have an introductory presentation followed by a live 

demonstration and a lab practical

• The exercises have real lab data for the NIST SRM clinkers and portland cement

• The SRM certificates are provided for the clinkers for comparison of your estimates, and for 

the XRD exercise, the ASTM C1365 qualification criteria are provided



Early Work: Clinker Manufacture

Aspden Patent 1824

from The Chemistry of Portland Cement, RH Bogue, 1954

It had been recognized that some limes were hydraulic and some were 
not but the reasons remained a mystery. John Smeaton found that the 
best limes were impure, containing a substantial amount of clay (25%), 
and additionally used a pozzolanic tuff. (1756)  

Similar findings appear to have been made independently in other 
countries

The reasons the materials were hydraulic remained a mystery

Bottle kilns at Lehigh PA

D. Campbell, CTL



Le Châtelier and Tornebohm – the first look

Microscopy of thin sections, 1883
• description of the clinker phases
• postulate compositions
• observed decomposition of  SiO2.2CaO
• relating excess free lime to durability 

problems

1905, translation by J.L. Mack
https://books.google.com/books/about/Experimental_Researches_on_the_Constitut.html?id=PVFDAAAAIAAJ

500um

crossed polars SRM2688

Plane-Polarized light:  SRM2688



Geophysical Laboratory, Early 1900’s

A.L. Day, E.S. Shephard, F.E. Wright  “The Lime Silica Series of Minerals”, Am. Jour. Sci. (4) xxii, 265 1906
E.S. Shepherd, G.A. Rankin, F.E. Wright, The Binary Systems of Alumina, with Silica, Lime, and Magnesia, Am. Jour. Sci. (4)  xxviii, 293, 1909
E.S. Shepherd, G.A. Rankin, F.E. Wright, “Preliminary Report on the Ternary System CaO-Al2)3-SiO2. A Study on the Constitution of 
Portland Cement Clinker”, J. Ind. Eng. Chem., iii, 211-227, 1911

Light microscopy was limited by the equipment of the day, the subtle differences in 
optical properties, and the fineness of the constituent phases but remained useful 
for examination of laboratory-prepared mixtures 

Three general theories prevailed on cement:
• a sold solution of various silicates and calcium aluminates
• a definite lime, silica and alumina compound
• composed of separate silicates and aluminates, some or all of which are 

hydraulic

Work at the Geophysical Laboratory  on binary systems CaO-Al2O3, CaO-SiO2, and 
Al2O3-SiO2 and the ternary system CaO-SiO2-Al2O3 using many compounded 
samples and optical microscopy concluded that cement is composed of separate 
silicates and aluminates



Thin section of dicalcium silicate, 
crossed Nichols, 90x

Tricalcium silicate (gray), along with 
dicalcium silicate    crossed Nichols, 190x

1. “At early periods the constituents of Portland cement of normal composition and manufacture, in 
the order of their strength-conferring properties, are: tricalcium silicate, tricalcium aluminate, and 
dicalcium silicate,

2. At periods beyond 28 days the dicalcium silicate gains sufficient strength to place it almost on 
equality with the tricalcium silicate,

3. Tricalcium aluminate containing 10 percent plaster gains practically no strength after the first 
period at which it was tested; that is, 24 hours,

4. Tricalcium silicate of the purity used in this investigation (90 per cent 3 CaO.SiO2 in one case and 
95 per cent in the other) has all the important properties of Portland Cement, especially those of 
the “rate of setting” and strength developed,

5. dicalcium silicate, such as used in this investigation, sets too slowly and attains strength too slowly 
to be of any commercial value when used alone,

6. Tricalcium aluminate alone, as used in this investigation, sets too rapidly and attains too little 
strength to be of any commercial value as a hydraulic cementing material

1. Plaster of Paris, when added to any of the compounds or mixtures of those studied, generally 
increased their strength. This effect is more marked at the early periods.”

P.H. Bates and A.A. Klein, Properties of the Calcium Silicates and Calcium Aluminate Occurring 
in Normal Portland Cement, Technologic Papers of the Bureau of Standards, No. 78, 1917



Cement Chemist Nomenclature

Cement chemists use a variety of  methods for expressing chemical formulae; 1) 

standard, 2) a sum of oxides and, 3) an abbreviated oxide nomenclature that stems from 

the Geophysical Laboratory work of Rankin and Wright (1915).  

For example, tricalcium silicate (Ca3SiO5) may also be expressed as 3CaO×SiO2 and as C3S

Simple oxide phases such as free lime (CaO) or periclase (MgO) generally are expressed 

without abbreviation

C = CaO S=SiO2 A = Al2O3 F = Fe2O3

M = MgO K = K2O S=SO3 N = Na2O

T = TiO2 P = P2O5 H = H2O C = CO2

To ensure things remain confusing, C3S or  tricalcium silicate usually refers to the pure 

phase (i.e., no chemical substitution) while alite refers to the impure industrial products.  

This convention is often not followed and the names are used inter-changably



1930 X-Ray Powder Diffraction Camera work by the Portland 
Cement Association Fellowship at the National Bureau of Standards

At that time there were three prevailing theories on phase composition of 
portland cement clinker:

• a complex compound containing lime, alumina, and silica

• lime and silicates form a loosely bound solid solution

• lime and silica form two separate silicates

Comparison of synthesized phases to commercial clinkers demonstrated the 
presence of tricalcium silicate as the primary phase, as postulated by LeChatelier
previously (1882, 1905), observed by Tornebohm (1887) independently, and the 
work of Rankin and Wright (1915) on the system CaO-Al2O3-SiO2

Other phases identified included what are now called belite, aluminate, ferrite 
and periclase. 

X-ray diffraction powder camera patterns required 
50 h exposure times!



1930 Powder Camera work by the Portland Cement 
Association Fellowship at the National Bureau of Standards

Museum of Optical InstrumentsDebye-Scherrer Camera

Philips Technical Review, Vol. 16, No. 4, 1954

The wide-angle goniometer introduced in the 
late 1940’s provided improved resolution, 
more stable and intense X-ray sources and 
an output to a strip chart that facilitates 
position and intensity measurement

Quartz, SiO2

Cristobalite, SiO2

Glass, SiO2



Cements-Related Developments in XRD
• PCA Fellowship: Bogue, Brownmiller, Harrington, Ordway

• L.E. Copeland and R.H. Bragg: Quantitative analysis procedures with or without calibration curves, 

including a means to deal with overlapping lines (1958)

• PCA controlled atmosphere (RH, N2) experiments on cement hydration

• G. Frohnsdorff, R. Berger, P. Harris, P. Johnson: automated powder diffractometer (1964), sample changer 

and least-squares decomposition of diffraction patterns

• PK Mehta, M.J. Shah:  Standards-based XRD analysis of clinker for closed-loop kiln control

• Studies on precision by AE Moore (1964), L. Aldridge (1982)

• 1978: XRD Task Group started in ASTM C01.23, Compositional Analysis

• initial data using sets of pure phases and calibration curves
• development of the NIST Reference Clinkers to develop and test the methods

• development of the first ASTM standard C1365 for XRD analysis of cements

• amending the standard XRD test to include Rietveld analysis



Uncertainty in Bogue-Calculated Phase Content of 
Portland Cement The traditional means of estimating potential cement composition using the 

Bogue calculations (1929) has limits recognized since inception.  

oxide uncertainty
±1-s mass percent 

oxide and constants uncertainty
±1-s mass percent2

C3S= 4.070 x %CaO - 7.610 x %SiO2 - 6.720 x %Al2O3 - 1.420 x %Fe2O3 - 2.850 x %SO3  

C2S= 2.867 x %SiO2 - 0.7544 x %C3S  

C3A= 2.650 x %Al2O3 - 1.692 x %Fe2O3  

C4AF= 3.040 x %Fe2O3  

Bogue Calculations

1 P.E. Stutzman, and D.S. Lane, “Effects of Analytical Precision on Bogue Calculations of Potential Portland Cement Composition,” Journal of ASTM International, Vol. 7, No. 6 

2 P. Stutzman, A. Heckert, A. Tebbe, and S. Leigh, “Uncertainty in Bogue-Calculated Phase Compositions of Hydraulic Cements”, Cement and Concrete Research, 61 (2014) 40 – 48

1

• Uncertainties in bulk oxide determinations,
• Uncertainties in the Bogue constants, reflecting deviations 

of clinker phase chemistry from ideal assumptions, 
• Not accounting for all phases, and
• Covariances among oxide errors,

Alite



ASTM C01   Cement Committee

Develops specifications, methods of test, recommended practices, 

and terminology for hydraulic cements 

• C01.23 Subcommittee on Compositional Analysis 

– To develop and maintain test methods and practices for determination of chemical 

and mineralogical composition of hydraulic cements

– XRD Task Group established in 1978

• C114 Standard Test Methods for Chemical Analysis of Hydraulic Cement 

• C1356 Standard Test Method for Quantitative Determination of Phases in Portland Cement 

Clinker by Microscopical Point-Count Procedure

• C1365 Standard Test Method for Determination of the Proportion of Phases in Portland 

Cement and Portland-Cement Clinker Using X-Ray Powder Diffraction  Analysis



ASTM C 150 Limits

Currently, these phase mass fractions are estimated 
using the Bogue calculations of potential composition 
from a bulk chemical analysis.           

We can relate the existing specification criteria to XRD-
derived phase measurements via calibration



ASTM C01.23 Interstitial Phase Calibration 

Early efforts used individual peak area measurement 
and calibration curves plotted as mass ratios vs. 
intensity ratios

Pattern-fitting improved the precision of the 
estimates of the calibration curves and for the 
unknown specimens

The first version of ASTM C1365 covered the 
interstitial phases based upon calibration curves 
developed using mixtures of pure phases

Compensating 
Polar Planimeter

Pattern-fitting for QXRD 
of portland cement 
clinker, ICMA 1996



Periclase

C3A-O

C3A-C

Ferrite

C2S-alpha

C2S-beta

C3S

C3S - mono

Figure 4

best-fit pattern (green)

difference plot



Phase Abundance Analysis

Simultaneous refinement of X-ray diffraction patterns of 
multiple phases allows quantitative analysis:

Wp = (Sp (ZMV)p) / (Σi[Si (ZMV)i])

where
Wp - the mass fraction of phase p
S - the Rietveld scale factor
Z - the number of formula units per unit cell
M - the mass of the formula unit
V - the unit cell volume



SRM Clinker 
Certificate



No detailed procedure; provides 
flexibility but increases potential for 
precision and bias

•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



Qualification
11.1.2 Prior to use for analysis each QXRD test procedure must be qualified. The 
laboratory shall maintain records that include a description of the procedure and the 
qualification data. These records shall be made available to the purchaser. 

11.1.5 Qualification shall consist of analyzing the three SRM clinkers for the 
proportions of C3S, C2S, C3A (cubic and orthorhombic), C4AF, and M.

11.2.2 If replicate analyses are carried out, results should differ from each other by 
no more than the value shown in Table 1. 

11.2.3 The mean result should differ from the known value by no more than the 
value shown in Table 2 for the number of replicates used. 

The inter-laboratory study included the calcium sulfates and calcite in anticipation of 
the analysis of cement, but those phases are not specified in the C150 specification



The numbers are pooled 
across four cements and 
are expressed in 1-s 
terms. 

To convert sr and sR to 
ASTM r and R multiply 
by 1.96*√2

Repeatability
Within-lab

Reproducibility
Between-lab

s within r s between R

Alite 0.74 2.04 2.23 6.18
Belite 0.64 1.77 1.41 3.91
Aluminate 0.47 1.31 0.74 2.05
Ferrite 0.49 1.36 0.95 2.63
Periclase 0.23 0.63 0.32 0.89

Arcanite 0.22 0.60 0.41 1.13
Gypsum 0.21 0.59 0.58 1.62

Bassanite 0.39 1.08 0.81 2.24
Anhydrite 0.27 0.74 0.63 1.75
Calcite 0.99 2.73 0.50 1.50

The within-laboratory standard deviation for each phase is reported as ‘s-within’.  
Therefore, results of two properly conducted tests by the same operator should not vary more than ‘r’.  

The multi-laboratory standard deviations are ‘s-between’. Therefore, results of two properly conducted 
tests on the same clinker or cement by two different laboratories should not differ from each other by 
more than ‘R’.



Table 2: Prediction Intervals

Phase
2 
replicates

3 
replicates

4 
replicates

Alite 5.93 4.91 4.31

Belite 3.70 3.06 2.69

Aluminate 2.14 1.77 1.55

Ferrite 2.46 2.04 1.79

Periclase 0.77 0.64 0.56

Arcanite 0.85 0.70 0.61

Gypsum 1.55 1.28 1.12

Bassanite 1.52 1.26 1.11

Anhydrite 1.67 1.38 1.21

Calcite 0.68 0.56 0.49

Accuracy: 
“the closeness of agreement between a test 
result and a accepted reference value”, 
- includes both random and systematic error

The mean result shall differ from the known 
value by no more than the value shown in 
Table 2 for the number of replicates used. 

The prediction intervals (95%) are designed 
to bracket values of a mean of k (=2,3,4) 
future measurements of the relevant 
phases


