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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 Ca365 qualification criteria are provided



Early Work: Clinker Manufacture

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
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Le Chatelier and Tornebohm — the first look

Microscopy of thin sections, 1883

 description of the clinker phases

* postulate compositions

* observed decomposition of SiO,.2Ca0

* relating excess free lime to durability
problems

SRM2688

Anhydrous Cements.—The examination by the micro- il
scope of a thin section cut from a clinker of Portland
cement shows immediately two predominating constituents
which recur without exception in all the samples. (Fig.
2, facing page 86). .

1° Colorless crystals, with weak double refraction, with
square or hexagonal cross sections and very clear borders
much resembling those of the cube. It is by far the most
abundant constituent.

2° 1In the space between these crystals, a ground mass,
the color of which is always dark and varies from a yel-
lowish red to a greenish brown. Ifs double refraction s
stronger than that of the preceding material, but it does
not possess any clear crystalline contours.

3° Beside these two essential elements, accessory ele-
ments are frequently found, varying in different samples:

sed polars SRM2688
T

a. Crystalline sections of forms and dimensions analo-
gous to those first given, but which are distinguished from
them by a light brownish, slightly yellowish color, a com-
plete absence of transparency, and by very fine strige in-
clined to each other about 60°. This constituent, al- =ik oy
though scarcely plentiful, is found, however, in almost all W o/ SEEEDGIN R 0 S RN Y i 5 ‘4"

samples of cement of good quality. i ST <t CEBNG- L g AN TR & v‘J a%
b. Very small crystals of sufficiently energetic double v T, I T Wmi e Z- ug\ oy "::""
s ¥l o . P e oY $

>
*

refraction to give polarization colors. This constituent is N o

always in small quantity and is sometimes entirely absent. Experi
It is found especially in underburned cements. erimental researches on the

¢. Certain forms without action upon polarized light T o, 2N 48 R0 W s, . constitution of hydraulic mortars
and of negative character which do not give any distin- \ -

e Henri Le Chatelier
guishing test.

0N

3

A AR ?‘1
1905, translation by J.L. Mack
https://books.google.com/books/about/Experimental_Researches_on_the_Constitut.html?id=PVFDAAAAIAAJ




Geophysical Laboratory, Early 1900's

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:
 asold solution of various silicates and calcium aluminates
* adefinite 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-Al203, Ca0-SiO2, and
Al203-SiO2 and the ternary system CaO-SiO2-Al203 using many compounded
samples and optical microscopy concluded that cement is composed of separate
silicates and aluminates

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



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

Thin section of dicalcium silicate,
“At early periods the constituents of Portland cement of normal composition and manufacture, in crossed Nichols, 9ox
the order of their strength-conferring properties, are: tricalcium silicate, tricalcium aluminate, and . — .
dicalciumssilicate,

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

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

Tricalcium silicate of the purity used in this investigation (9o per cent 3 Ca0.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,

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,

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

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




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 (Ca;SiO.) may also be expressed as 3Ca0-SiO, and as C;S

Simple oxide phases such as free lime (CaO) or periclase (MgO) generally are expressed
without abbreviation

C=Cao S=SiO, A =Al,0, F = Fe,0,
M = MgO K=K,0 S=S0, N = Na,O
T=TiO, P =P,0, H=H,0 C=CO,

To ensure things remain confusing, C,S 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

RP233

THE X-RAY METHOD APPLIED TO A STUDY OF THE CON-
STITUTION OF PORTLAND CEMENT

By L. T. Brownmiller and R. H. Bogue

ABSTRACT

The X-ray diffraction method has been applied to a study of the constitution
of Portland cement clinker.

It has been found that 2Ca0.SiO; and CaO combine to form 3Ca0.Si0, and
not a solid solution of 2Ca0.8i0,+ CaO; that 8Ca0.Al;03.28i10, does not exist in
Portland cement systems; that solid solutions are not formed between the
aluminates and silicates of cement systems; and that free CaO is not present
generally in commercial cements in amounts as great as 2.5 per cent.

The limiting amounts were determined of each cement compound that could
be identified by X-ray means as employed in this study. Twenty-eight commer-
cial cement clinkers were subjected to X-ray examination and 3Ca0.SiO, and
B2Ca0.Si0, were identified in each. 3Ca0.Al;0; 4Ca0.Al;0;.Fe;0; and MgO
were found in the samples which contained those compounds, by calculation, in
amounts great enough to permit identification.

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

* a complex compound containing lime, alumina, and silica

e lime and silicates form a loosely bound solid solution

e 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-Al,0,-Si0,

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

B. S. Journal of Research, RP233

Ficure 1.—Upper, pattern of equimolar mixture of B2Ca0.8i0; and CaO.
Lower, pattern of pure 3Ca0.Si0,

Ficure 2.—Upper, mizture of 47 per cent 3Ca0.810,, 47 per cent B2Ca0.810;,
and 6 per cent 3Ca0.A1,0;. Lower, composition of same calculated content
burned at 1,525° C.

Ficure 3.—Upper, clinker burned at 1,435° C. which contains 2.8 per ceni
free CaO. Lower, clinker burned at 1,500° C. which contains 0.1 per cent
Jree CaO

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

Debye-Scherrer Camera  myseum of Optical Instruments

Cones of X-ray.diffraction

\ - Fim hole:2

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

X rays in G
through — =
film hole 1 =

Direction of
Split in strip film nondiffracted beam
toward top inside

Ficure 1.—Upy i : 2Ca0.8i0; and Ca0.

Philips Technica
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Cristobalite, SiO,
Glass, SiO,
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graphed with a 114.6 mm diameter

ec l(imu 10 kVp, 20 mA, exposure time 2 hours,
b) \ulllmlln corded chart obtained with the new Norelco X-ray (hﬂlu(mnllnx
using the same X-ray tube conditions. Recording time 4.8 hours.

per cent
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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, N,) 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 Co1.23, 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

Reprinted from Analysis of Calcareous Materials.

USE OF
DIGITAL TECHNIQUES IN
THE PHASE ANALYSIS
OF PORTLAND CEMENT BY

X-RAY DIFFRA

deg. (20)

999399090 !
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Uncertainty in Bogue-Calculated Phase Content of

PO rt l an d Ce me nt The traditional means of estimating potential cement composition using the
Bogue calculations (1929) has limits recognized since inception.

C3S=(4.070 x %Ca0)-(7.610 x %Si0,)-(6.720 x %Al,0;)-(1.420 x %Fe,03)-(2.850 x %S0;)

C,5=(2.867 x %Si0,)-(0.7544 x %C;S)
Bogue Calculations

~
o

C3A=(2.650 x %Al,03)-(1.692 x %Fe,0;)

3

C4AF=(3.040 x %Fe,03)
*  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,
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40 50 60 70

X-Ray Powder Diffraction, Mass Percent
Belite Aluminate Ferrite
Forrester et al. +2 +2 +0.7 +0.08
Aldridge, Eardley +0.6t0 4.0 +06t040 £0.1tol.1 £0.06t00.4
Aldridge +2.2 +2.0 +0.4 +0.2
Stutzman, Lane
*1-6 mass percent Reference Methods +22 +2.0 +0.5 +0.3
XRF-glass +2.0 + 1.8 +0.2 +0.1
XRF powder +2.5 +2.5 +0.3 +0.2
Oxides and Constants
Reference +9.5 +9.5
XRF-Glass +9.6 +9.5
+1-6 mass percent XRF-Powder +9.7 +9.5

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




ASTM Co1x1 Cement Committee

Develops specifications, methods of test, recommended practices,
and terminology for hydraulic cements
Co1.23 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 Ca5o Limits

TABLE 1 Standard Composition Requirements

Applicable Test | and Il and Il and
Method 1A 1A A

Aluminum oxide (Al,O3), max, % C 114 6.0
Ferric oxide (Fe,0,), max, % C 114 6.05-¢
Magnesium oxide (MgO), max, % C 114 ! 6.0
Sulfur trioxide (SO.).° max. % C 114

When (C;A)E is 8 % or less X 3.0

When (C;A)E is more than 8 % : K
Loss on ignition, max, % C 114 : 3.0
Insoluble residue, max, % C 114 0.75
Tricalcium silicate (C5S)5, max, % See Annex A1
Dicalcium silicate (CQS)E, min, 9 See Annex A1
Tricalcium aluminate (CzA)E, See Annex A1
Sum of C,S + 4.75C,A%, max, % See Annex A1
Tetracalcium aluminoferrite plus twice the tricalcium aluminate (C,AF + 2(CzA)),

or solid solution (C,AF + C,F), as applicable, max, % See Annex A1

Cement Type”

TABLE 2 Optional Composition Requirements”

Applicable | and Il and Il and v
Test Method IA A 1A

Tricalcium aluminate (C,A)%, max, % See Annex 8 for moderate sulfate resistance
A1l

Tricalcium aluminate (C,A)5, max, % See Annex 5 for high sulfate resistance
A1l

Equivalent alkalies (Na,O + 0.658K,0), max, % C 114 0.60°¢ 0.60¢ 0.60¢ 0.60¢ 0.60¢  low-alkali cement

Cement Type Remarks

6. Chemical Composition Currently, these phase mass fractions are estimated
6.1 Portland cement of each of the eight types shown in USing the Bogue Ca|CU|atiOnS Of potentia| CompOSitiOn

Section 1 shall conform to the respective standard chemical

requirements prescribed in Table 1. In addition, optional from a bulk Chemical analysis_

chemical requirements are shown in Table 2.

Note 4—The limit on the sum, C;S + 4.75C;A, in Table 1 provides

control on the heat of hydration of the cement and is consistent with a Test I I ifi I I [ -
Method C 186 7-day heat of hydration limit of 335 kJ/kg (80 cal/g). We Ca f! relate the eXIStI i SpeCIflcatlon Crlterla to XRD
derived phase measurements via calibration




ASTM Co1.23 Interstitial Phase Calibration

ASTM RR - Second Trial, ‘95 Calibration Curve Plot Data
1/1 Ti02 C3A-Cubic St. Dev. In Tio2 C3A-Ort. St.Dev.
C3A-Cub_C3A-Ort. C4AF __ MgO 08414 09167 00052 03620 05833  0.0037
RRAvg. | 08719” 05195 05797  081I0| 19999 24167 00366 16003 42500  0.0161 . 6
St. Dev. 00452" 0.1451 001817 0.0061 47135 54167 00370 -
Mix 1 08702 05826 o g |Y¥=11521x+0.0154 S5
Mix 2 09179 04168 05961 07112 VI Ti0Z _C4AF___StDev. Wi TiOZ MgO ___St.Dev. [} e y =1.8102x - 0.101
Mix 3 08276 06221 05603 07026 05464 09167 00063 03620 03333 00037 k5 RIR = 0.871874 Fa
16992 29167 00257 16003 22500  0.0161 < 4 w -
Cal.Curve 11564 26045  1.764 13822 28014 50000 00075 3, $s3 RIR =0.579656
o
Mix 1 Pattern Weights RIR Calculation Tio2 Average # 2 " 2
Phase RIR Stds Scan 1 Scan 2 Scan 3 1 3 3 1Tio2 Stdev ] % 1 .
C3AC 08702 00068 00756 00741 09805 08655 08671 08780 46879 46967 47550 4713 00370 | = 1 = Com pens atin g
C4AF 05826 00088 03508 03491 03564 05779 05771 05027 16856 16832 17288 16992  0.0257 0+ 0 |
Tio2 733195 02081 02074 02062 17303  1.7328 16871 .
Baes 0 1 2 3 4 5 6 0.0 0.5 1.0 15 2.0 25 3.0 Polar Planimeter
Mix 2 1C3A-Cubic /1 TiO2 1 C4AF /1 TiO2
C3AC 09179 00057 03253 03315 03204 09168 09240 09128 08404 08470 08367 08414 00052
C3A-0 04169 00034 06923 06900 06941 04208” 04148 04149 17885 17631 17634 17717 00146
C4AF 05961 00069 02125 02156 02122 05990 06011 05882 05491 05510 05392 05464  0.0063
MgO 07112 0.0072 0.6263 0.6246 0.6245 0.7191 0.7094 0.7051 1.6180 1.5962 1.5866 1.6003 0.0161
Tio2 0.3871 0.3913 0.3936 1.6694 1.6637 1.7000
5 y =2.9633x - 0.492 8 3
Mix3 a [} - _
C3AC 08276 00751 07213 06048 06055 08448 08213 08165 20416 19849 19733 19999 00366 | & 4 RIR = 0.519489 oy, ¥ =1.549x - 0.2288
C3A-0 06221 00064 01272 01285 01274 06173 06294 06197 03601 03672 03615 03620  0.0037| | = =~
C4AF 05603 00015 09923 09806 09847 05618 05603 05588 28090 28013 27939 28014 00075 = 3 8 5 RIR = 0.810975
Mgo 07026 00136 00845 00815 00812 07178 06984 06915 02393 02328 02305 02342 00045 | & 3 =
Ti02 03533 03500 03525  1.7800  1.7849  1.7896 o 2 2
0 2 &
CAAF - TIO2 1.726428 8 1 1
1.726428 s @
8
0+ = 0+
0.0 0.5 1.0 15 2.0 0.0 0.5 1.0 15 2.0
1C3A-Ort. / 1 TIO2 1Ti02 /| Periclase
ASTM 1995 Round Robin Unknown Mixtures Data
FIX
Phase  Average Std.Dev. Dup.SD Miila _ Mi1ib _ Mii2a _ M1126 _ Mi2ia _Mi2ib _ Mi22a  Mi22b _Mi23a _ Mi23b  Mi32a _ M132b
C3A-Cub. 20.97 0.89 011 04881 04978 05244 05113 05059 05261 05209 05302 05424 05161 05215 05245 05167 05002 05037 05201 05237
1.98 067 012 00427 00379 00475 00457 00171 00118 00308 00331 00242 00221 00172 00175 00292 00285 00210 00212 00332  0.0309
60.05 1.13 034 09820 09959 10036  1.0320 09699 09562 09910 09796 10053 10157 09664 09700 09799 09772 09447 09304 09884  0.9864
21.61 050 010 04867 04920 05037 05165 04845 04897 05019 04961 05130 05193 04864 04911 04947 04935 04680 04588 05073 05104 —Bulk 86
104.60 03515 03581 03639 03751 03339 03386 03460 03440 03556 03579 03344 03405 03390 03344 03242 03198 03424 03422
0117831 _ 0.00223 01202 01208  0.1218 01220 01157 _ 0.1190 _ 0.1173 01180 _ 0.1188 01184 _ 0.1162 _ 01178 _ 0.1162 _ 0.1150 _ 0.1153 _ 0.1155 _ 0.1164 _ 0.1166
RIR - Dupiicate Scans 1939 1941 1960 1952 2138 2086 2123  21.14 2082  21.16 2156 2139 2160 2158 2194 2200 2121 2137 .
284 248 3.06 286 1.20 0.82 209 225 1.60 145 121 152 1.56 227 212 Alite
58.69 58.42 57.93 57.84 61.01 59.31 60.15 59.81 59.38 59.61 59.89 61.21 61.11 60.63 60.54
2079 2066 2078 2067 2178 2171 2178 2165 2166 21.78 21.65 2167 21.54 2224 2239
Belite
Early efforts used individual peak area measurement B
d | . b . I d . 8000 ~Ferrite
and calibration curves plotted as mass ratios vs. Pattern-fitting for QXRD
Periclase
intensity ratios of portland cement
H Arcanite
clinker, ICMA 1996
6000
000
2000

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

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

W, = (5, (ZMV),) [ (2[5 (ZMV);])

where

W,  -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

Vv - the unit cell volume



SRM Clinker
Certificate
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Uertificate of Analysis

Standard Reference Material®2686a
Portland Cement Clinker

This Standard Reference Material (SRM) is intended for use in evaluating methods of phase abundance analysis of

major phases in cement clinkers: the percentages of alite (C;S)", belite (C;S), aluminate (C;A), ferrite (C<AF),

periclase (M), and alkali sulfates (aphthitalite and arcanite). = A unit of SRM2686a consists of four
aled containers of 7 g each of crushed portland cement clinker.

Certified Mass Fraction Values: The certified mass fractions for phase abundance are given in Table L. A NIST
certified value is a value for which NIST has the highest confidence in its accuracy, in that all known or suspected
sources of bias have been investigated or taken into account [1]. Further detail regarding the preparation, analysis,
and phases of the SRM are described in references 2 and 3. The certified values listed are unweighted averages, the
results of analyses performed at NIST using quantitative X-ray powder diffraction (QXRD) and from image analysis
of scanning electron microscope backscattered electron and X-ray images. The QXRD used Reitveld refinement of
powder diffraction data [4-6).

Reference Mass Fraction Values: Reference values for SRM 2686a, expressed as mass fractions are provided in
Table 2 [3). Reference values are noncertified values that are the best available estimates of the true values;
however, the values, which are based on determinations done by reliable methods, do not meet the NIST criteria for
certification [1].

Information Value: The bulk oxide mass fractions of the clinker analyzed by X-ray fluorescence (XRF) and
atomic absorption are provided in Table 3. The loss on ignition (LOI) value is included in Table 3, as well. An
information value is considered to be a value that will be of interest to the SRM user, but insufficient information is
available to assess the uncertainty associated with the value [1].

Expiration of Certification: The certification of SRM 2686a is valid, within the measurement uncertainty

i 18, provided the SRM is handled and stored in accordance with instructions given in
this certificate (see “Instructions for Handling, Storage, and Use”). The certification is nullified if the SRM is
damaged, contaminated, or otherwise modified.

Maintenance of Certification: NIST will monitor this SRM over the period of its certification. If substantive
technical changes occur that affect the certification before the expiration of this certificate, NIST will notify the
purchaser. Registration (see attached sheet) will facilitate notification.

Overall direction and i of the analytical leading to fon were performed by
P.E. Stutzman and G. Lespinasse of the NIST Materials and Structural Systems Division.

Analytical measurements leading to certification were performed by P.E. Stutzman and G. Lespinasse of the NIST
Materials and Structural Systems Division. Bulk chemistry analyses were performed by S. Lane, K. Stark, L. Smolinski,
and G. Barger of the Ash Grove Cement Company, Overland Park, KS.

Statistical consultation for this SRM was provided by S.D. Leigh of the NIST Statistical Engineering Division.

Support aspects involved with the issuance of this SRM were coordinated through the NIST Measurement Services
Division.

Stephen A. Cauffman, Acting Chief

Materials and Structural Systems Division

Gaithersburg, MD 20899
Certificate Issue Date: 05 \luvcmbl,r 2012

Certificate Revision History on Last P

Robert L. Watters, Jr., Chief
Measurement Services Division

) Cement chemist’s notation: C = Ca0, S = SiO,, A = Al 03, M = MgO.
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WFERENCE MATERIAL

2686 B MATERIAL FERENCE MATERIAL
Portland 2687 2688
Cement Portland Portland
Clinker Cement Cement

Clinker Clinker

7 BNT OF COMMERC
OF COMMERCE
OF STANDARDS AND nurm\mm)\ AND

INSTRUCTIONS FOR HANDLING, STORAGE, AND USE

Storage over desiceant is recommended to minimize the effects of exposure to humidity as the cement clinker is
hygroscopic. Changes in the appearance of the etched surface of polished sections, particularly the appearance of
free lime, which hydrates to epezite (calcium hydroxide), indicate change due to moisture exposure. Epezite
exhibits a popeorn-like texture and high topographic relief. For XRD analysis, the presence of calcium hydroxide or
calcium carbonate may be taken as an indication that moisture has altered the free lime. For XRD powders,
heat-treating to 450 °C converts calcium hydroxide back to free lime without other alteration.

Sample Preparation and Analysis®: A representative sampling of each clinker was obtained through use of &
random-stratified sampling scheme and totaled sixteen samples for XRD analysis and ten for microscopy. The splits
for XRD were ground individually to a fineness less than about 250 pm using a mortar and pestle and were
subjected to a final grinding by a micronizing mill to reduce to a mean particle size of about 7 um using 200-proof
ethanol (about 5 mL) as a grinding lubricant. The ground clinker was vacuum filtered to remove the ethanol, dried
at 60 °C, and then placed in a sealed vial over desiccant in desiccators. Whole-clinker fragments were potted in
low-viscosity epoxy, which was cured at 60 °C for 24 h, cut to expose the embedded fragments, and polished using
diamond pastes of 6, 3, 1, and 0.25 um particle size. The polished sections were carbon-coated to eliminate charge
buildup in the scanning electron microscope.

Qualitative phase identification by XRD was pcrfmmcd on three sub- ples: a potassium hyd: s
extraction residue (composed essentially of the silicates and periclase), a salicylic acid-methanol extraction residue
(comprised of the interstitial phases periclase and alkali sulfates), and a bulk (untreated) clinker. Details on the
extraction procedures may be found in reference 3. Each replicate analyzed three times by XRD. At least six
fields were analyzed for each replicate by microscopy and image analy:

Homogeneity Assessment: Sampling for the X-ray study allowed assessment of within-vial and between-vial
homogeneity and found the materials to be homogeneous.

Certified Mass Fraction Values: Each certified value is a weighted average of replicated values for multiple
samples, measured by XRD and microscopy, and it was obtained by fitting a Gaussian random effects model to the
data [1,6]). The measurement uncertainty associated with each value is an expanded uncertainty, U= ku,
consistently with the ISO Guide [7], and the coverage factor was k = 2 for approximate 95 % coverage probability.

Table 1. Certified Mass Fraction Values for Phase Abundance of SRM 2686a.

Mass Fraction
Phase g
Alite 63.35
Belite 18.68
Aluminate 246
Ferrite 10.76
Periclase 3.40
Alkali Sulfates 0.87

129
142
0.67
144
0.40
0.27

HOH W H

@) Certain commercial equipment, instruments, or materials are identified in this report to § adequately the

cedure. Such joes not imply or by the National Institute of

Standards and lulmulugv nor does it imply that the materials or equipment identified are necessarily the best available for the
purpose.
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ASTM C1365

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

eQualification approach based upon
each user’s analysis of SRM clinkers

ePrecision and accuracy criteria based
upon an inter-laboratory study

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

eRietveld and traditional methods are
acceptable

eSome guidance provided for phase
identification and analytical
procedures

Designation: C 1365 - 06

Standard Test Method for

Determination of the Proportion of Phases in Portland
Cement and Portland-Cement Clinker Using X-Ray Powder

Diffraction Analysis’

1. Scope*

1.1 This test method covers direct determination of the
proportion by mass of individual phases in portland cement or
portland-cement clinker using quantitative X-ray (QXRD)
analysis. The following phases are covered by this standard:
alite (tricalcium silicate), belite (dicalcium silicate), aluminate
(tricalcium aluminate), ferrite (tetracalcium aluminoferrite),
periclase (magnesium oxide), gypsum (calcium sulfate dihy-
drate), bassanite (calcium sulfate hemihydrate), anhydrite (
cium sulfate), and calcite (calcium carbonate).

1.2 This test method specifies certain general aspects of the
analytical procedure, but does not specify detailed aspects.
Recommended procedures are described, but not specified.
Regardless of the procedure selected, the user shall demon-
strate by analysis of certified reference materials (CRM’s) that
the particular analytical procedure selected for this purpose
qualifies (that is, provides acceptable precision and bias) (see
Note 1). The recommended procedures are ones used in the
round-robin analyses to determine the precision levels of this
test method.

I yproach was used in the performance requirements
for alterns methods for chemical a Test Methods C 14

1.3 The values stated in SI units shall be regarded as the
standard.

1.4 This standard does not purport to address all of the
safety concerns, if any, associated with its use. It is the
responsibility of the user of this standard to establish appro-
priate safety and health practices and determine the applica-
bility of regulatory limitations prior to use. For specific
hazards, see Section 9

2. Referenced Documents
2.1 ASTM Standards: *

Q01 on Cement
itional Analysis

For referenced /
ct ASTM C

4 Test Methods for Chemical Analysis of Hydraulic
Cement
C 150 Specification for Portland Cement
3 Practice for Sampling and the Amount of Testing of
Hydraulic Cement

9 Terminology Relating to Hydraulic Cement
Practice for Preparing Precision and Bias Statements
st Methods for Construction Materials

E 29 Practice for Using Significant Digits in Test Data to

etermine Conformance with Specifications

C
C

71 Practice for Conducting an Interlaboratory Study to
termine the Precision of a Test Method

3. Terminology
Definitions are in accordance with Terminology C 219,
Phases (1)
3.2.1 alite. n—tricalcium silicate (C;S)" modified in com-
position and crystal structure by incorporation of fore
occurs typically between 30 to 70 % (by mass) of the portland-
cement clinker: and is normally either the M, or M, crystal
polymorph, each of which is monoclinic
2 alkali sulfates, n—arcanite (K,SO,) may accommo-
*. Ca2", and CO; in solid solution, aphthitalite (K,
xNa, SO, with x usually 1 but up to 3), calcium laj
(K,Ca,[SO,]);) may occur in clinkers high in K
thenardite ( 80,) in clinkers with high N ratios (1).
3.2.3 aluminate, n—Itricalcium aluminate (C;A) modified in
composition and sometimes in crystal structure by incorpora-
tion of a substantial proportion of foreign ions: occurs as 2 to
15 % (by mass) of the portland-cement clinker: is normally
cubic when relatively pure and orthorhombic or monoclinic
when in solid solution with significant amounts of sodium (2).
anhydrite, n—calcium sulfate {CS) and is orthorhom-
bic (see Note 2).
Note 2—Calcium sulfate is added to the clinker duri
. and volu




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 C;S, C,S, C;A (cubic and orthorhombic), C,AF, 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 srand sR to
ASTM r and R multiply

by 1.96%+/2

Alite
Belite
Aluminate
Ferrite

Periclase
Arcanite
Gypsum

Bassanite

Anhydrite
Calcite

Repeatability

Reproducibility

Within-lab Between-lab

s within r s between R
0.74 2.04 2.23 6.18
0.64 1.77 1.41 3.91
0.47 1.31 0.74 2.05
0.49 1.36 0.95 2.63
0.23 0.63 0.32 0.89
0.22 0.60 0.41 1.13
0.21 0.59 0.58 162
0.39 1.08 0.81 2.24
0.27 0.74 0.63 1.75
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

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

Phase ?eplicates ?eplicates ?eplicates
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 |o0.77 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




