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ABSTRACT 
The modified Ruland method was employed to determine the crystallinities of 
“pure phase” substances used as standards for quantitative x-ray diffraction 
analysis (QXDA) in order to improve the accuracy of x-ray quantitative 
analyses, especially for the crystalline phases whose pure phase standards 
with high crystallinity are not available and the amorphous phases whose 
contents are determined by difference from the QXDA determinations of the 
crystalline phases. It was found that most of the synthetic “pure phases” had 
the crystallinities less than 95% and some of the clinker minerals and the 
crystalline hydrates of Portland cement less than 90%. The effect of the “pure 
phase” crystallinity on accuracy of QXDA was discussed. 

Introduction 

The mineralogy of cement materials is an important factor which influences their properties. 
Quantitative x-ray diffraction analysis (QXDA) is often applied to determine the relative 
amount of crystalline phases or amorphous phases in cements, cement pastes and mineral 
additions ~~1. Aldridge ~‘1 and Taylor@] reviewed the methods used for QXDA of the major 
clinker minerals (GS, GS, GA and GAF) and the crystalline hydrates (CH, ettringite, etc.) 
of Portland cement, and compared them with other techniques of quantitative phase analysis. 
Although XRD is generally considered as a good method of quantitative phase analysis, 
large errors are not uncommon in experimental data. Valid comparison of results from dif- 
ferent laboratories is often impossible because most of the results are of low accuracy 161. 

Nevertheless, if the results of QXDA are considered to be relative to the data of the pure 
phases used as standards in the analysis rather than to be absolute, it is not too difficult in 
practice to make the relative accuracy of x-ray quantitative measurement better than 5% for 
most of the crystalline phases in cement chemistry. Many experimental errors which do not 
concern the pure phase standards can be eliminated or minimised by the proper sample 
preparation techniques, such as, grinding the sample particles to less than 5pm, minimising 
the preferred orientation of the crystalline particles (or using the Rietveld method suggested 
by Hill et alIs]), and eliminating other experimental errors which will alter the observed 
intensities. In addition, errors can be introduced during data treatment but this also can be 
minimised by, for example, avoiding the use of overlapping diffraction lines (or using whole 
pattern matching techniques [Y-Ill), and employing the appropriate techniques for subtraction 
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of the background. Therefore, the low accuracy of QXDA data may, to a considerable ex- 
tent, result from a fact that many synthetic pure phases which are used as standards in the 
quantitative analysis of cement materials do not satisfy the requirements for the accurate 
quantitative analysis of XRD. There are two main sources of errors relating to the synthetic 
pure phases: 

mnronriate Chorce of Standard Mat&&. Ion substitution and polymorphism widely 
present in the crystalline phases in cements and cement pastes can change their observed 
intensities of XRD. A systematic error may be caused by the difference in the type of ion 
substitution or the polymorphic form between the synthetic pure phase standard and the 
corresponding phase in the practical sample. Gutteridge [III established a database of the 
synthetic pure phases as the primary standards for most of the cement minerals and port- 
landite which took into account the varieties of possible ion substitutions and polymorphism. 
The deviations of XRD intensities between the measured phase and the standard caused by 
compositional or polymorphic difference can be avoided by selecting the primary standard 
from the database which corresponds most closely to the measured phase in the polymorphic 
form or the type of substitution. 

Presence of an -hous Commnt in Stan-. Odler et al[lzl noted that the 
intensities of the diffraction lines of synthetic ettringite varied sensitively, not only with its 
composition, but also its mode of preparation. They attributed the latter to the effect of crys- 
tallinity on the diffracted x-ray intensities. In fact, this kind of crystallinity effect in synthetic 
pure phase is commonly present in QXDA. It is also hard to say that the variations of XRD 
intensities of the synthetic pure phases attributed in referencet’u and [“‘to ionic substitutions 
are not partly due to differences in crystallinity. Therefore, even though the measuring error 
may be reduced by the proper choice of standard, it will not be completely eliminated if the 
crystallinity effect is not taken into account. Nevertheless, few data for crystallinity parame- 
ters for the pure phase standards of QXDA are available. Consequently, the quantitative 
determination of the compounds that are difficult or impossible to obtain in a pure and 
highly crystalline state, will suffer from a large systematic error due to the crystallinity 
effect. If the amount of amorphous substance in a multiple-phase system needs to be deter- 
mined by difference from the content of all the crystalline phases, a larger systematic error is 
easily produced because of an accumulation of the measuring errors of the crystalline phases 
induced by omitting the crystallinity effect. 

The development of a standardless method for the determination of the crystallinities of 
the “pure phase” standards by XRD would represent a significant advance in quantitative 
phase analysis. Firstly, the accuracy of QXDA would be improved, especially for com- 
pounds difftcult or even impossible to obtain pure and highly crystalline phases. Secondly, It 
would be unnecessary to spend much time and finance in preparation of the pure phases of 
high crystallinity because the lower crystallinity compounds could also be used as standards 
for accurate quantitative measurement. Thirdly, the quantitative analyses of amorphous 
substances in the multiple-phase samples might potentially reach the level of accuracy ob- 
tainable for crystalline phases. Finally, the crystallinity parameter might be used as a crite- 
rion to assess the quality of the pure phase for the purpose of QXDA. 

In this paper, the modified Ruland method is employed to determine the crystallinities of 
the “pure phases” of some compounds which are commonly found in the field of cement and 
concrete. the accuracy of this method is assessed and the effect of the “pure phase” crystal- 
linity on accuracy of the Reference Intensity Ratio (RIR) method of QXDA is discussed. 



Vol. 26, No. 9 CRYSTALLINITY, X-RAY DIFFRACTION, STANDARDS 1453 

Experimental Methods and Conditions 

Princinle of The Modified Ruland Method. The Ruland method was originally developed by 
Ruland[‘3l to determine the absolute crystallinities of organic polymers. It is generally be- 
lieved that Ruland method is the most reliable one for the determination of absolute crystal- 
linity as it has a solid theoretical foundation. It was computerised by Vonk 1141. Subsequently, 
this method was modified by Vonk et al[ul to meet the needs of the crystallinity determina- 
tion in a system where the chemical composition of the crystalline phase was different from 
that of the amorphous phase, such as, glass-ceramic materials. 

In the modified Ruland method [15J61, the equation in which the crystallinity, Xc, of the 
sample is related to the data of x-ray diffraction can be expressed as follows if the sample 
only contains a crystalline phase and an amorphous phase: 

R(S ,,) is defined as: 

% 
j I(S).S*.dS 

R(Sp) = ssO 
s”l, (S)S2 .dS ’ 
4, 

(2) 

where I(S) and I,(S) are the coherent intensities of x-rays diffracted by the sample and the 
crystalline phase respectively, S is the variable in the reciprocal space (S=2sinWh, 28=Bragg 
angle and h= wavelength of x-ray beam), SO corresponds to the starting angle of intensity 
measurement and S, is the upper limit of S. 

( *> ( c) Z and Z , standing for the average atomic numbers of the sample and the crystalline 

phase respectively, are given by: 

(zt)=Xn;~Z;/Cni.Zi and (Z,.)=Cn .Z;/Cni.Zj, 
, I j I j 

(3) 

where, 
Zi is the atomic number of the element i in the sample, 
Zj is the atomic number of the element j in the crystal, 
s is the number of atoms of the element i in the chemical molecular formula of the sample, 
nj is the number of atoms of the element j in the molecular formula of the crystal. 

K( Sp) as a function of S, has the following analytical expression: 
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s 
f fW2~ 

K(S,) = s ‘I 
I f ;(S)D(S)S*dS ’ 
41 

(4) 

where, 
f, is the average scattering factor per electron which approximately is a constant for all 
atoms in the system, D(S) is a disorder function which describes the reduction of I@) 
caused by deviations of the atoms from their ideal positions in the crystalline phase. 

It needs to be borne in mind that the two conditions should be satisfied if the experimental 
x-ray intensities are applied to equation (2) for determination of the function R( S,): (a) no 

crystalline preferred orientation should be present in the sample; (b) the experimental angu- 
lar range of the measurement (SO&) should be large enough to justify the substitution of a 
finite interval of the integration for the theoretical infinite one. In addition, the experimental 
x-ray intensities of the sample have to be converted to electron units, after corrected for 
polarisation, air and background scattering, etc.. The coherent intensities of the sample, I(S), 
are determined by subtraction of the incoherent intensities from the corrected experimental 
x-ray intensities in electron units. The crystalline peaks are separated from the amorphous 
contribution to the total x-ray scattering for determination of L(S). 

The chemical molecular formulae of the sample and the crystalline phase are requisite 
parameters for the crystallinity determination. If the chemical composition of the sample is 
identical to that of crystalline phase, as are most of the “pure phase” samples, the sample has 
the same molecular formula as the crystalline phase. If not, the chemical analysis of the 
sample needs to be performed for determination of the molecular formula of the sample. 

It was found by Ruland “‘I and Vonkn4’ that the curve of K(S ,,) vs. Si can be properly 

approximated by a straight line or an upwards concave parabola which is generally ex- 
pressed by: 

K(S,)=l+ $3; +c.s; ) (5) 

where k and c are the positive constants. Equation (5) becomes a straight line of K( SP) vs. 

Si if c is equal to zero. If K( SP) in equation (1) is replaced by equation (5), equation (1) 

becomes: 

R(S,)=(l+ (2) ;.s; +c.$).(--I_ (z,)d . 
It is shown by equation (6) that the values of R(S,) vs. S,*of a sample obtained from the 
experimental data of XRD will oscillate about an upwards concave parabola (sometimes a 
straight line). This parabola can be analytically expressed by: 
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y(s >=ELl+k @t) 1 s2 + c G> s4 ._._. -._. 

p w xc 2 &> x, p x, (Z,) p. 
(7) 

Equation (7) is determined by a least squares fit between the experimental data (R(S,), 
S,‘) and the simulated parabola (Y(S,), S,‘). The crystallinity X, of the sample is simply 
obtained from: X=<Z,~/<Z,NY(O). Fig. 1 demonstrates how the experimental values of 
R(S,) vs. S,* oscillate about the upwards concave parabolas which are very close to straight 
lines for KC1 sample. 

The methods for all the above data correction and data treatment were described in detail 
by Vonk [14~151 and Benedetti et al[lnl. A computer programming package was developed for 
the whole procedure of the crystallinity calculation in China Building Materials Academy. 

X-ray dzfiactometry. The quantitative analysis of x-rays was performed on a Rigaku Dmax- 
IIIA diffractometer, updated with a computer system for data collection and data treatment. 
The experimental conditions were as follows: Voltage = 37.5 kV; Tube current = 40 mA; 
Step width = O.l”/step; Count time = 5 sec./step; the scanning interval = 5”-130”. A curved 
single crystal monochromator of graphite was installed in the receiving optical path. 

Thermogravimetry (TG). DuPont 1090 synthetic thermal analysis instrument made in USA. 
was used for comparison of the quantitative results between XRD and TG. 

8 
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FIG. 1. 
Variations of R vs. S* of KCl-glass Mixtures. 
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Standard substances for calibration. In order to examine the accuracy of the modified Ru- 
land method for the crystallinity measurement, the pure potassium chloride was selected as 
standard substance because its perfectly crystallised grains with large size could be obtained 
conveniently. Another kind of pure substance, crystalline silicon, was also employed. Both 
standard substances were mixed with glass at the three levels of 20%, 50% and 80%. The 
industrial gypsums were chosen to compare the modified Ruland method with TG. The 
chemical compositions of the industrial gypsums and the glass are listed in Table 1. 

Results and Discussion 

. . 
Crvstallmitv Measurement. Fig. 1 shows the variations of R(S,) vs. S,’ for the KCl-glass 
mixtures. The solid curves represent the parabolas which tit the experimental data points by 
least squares procedure. Table 2 lists the analytical errors of the crystallinity determinations 
by the modified Ruland method. Although the oscillation of the data points around the fitting 
curves becomes serious as the crystal content in the sample decreases, the results of the 
crystallinity measurement do not significantly increase the absolute errors which keep less 
than 3%. The samples with glass contents below 50% keep the relative errors below 5% and 
the relative errors of the samples with 80% glass still lie below 10%. The well crystallised 
KC1 presents a crystallinity of 99.36%, and the crystalline silicon, 96.8%. The modified 
Ruland method provides the CaS04 2HzO contents in the industrial gypsums very close to 
which does TG. Therefore, it is considered that the modified Ruland method is an appropri- 
ate technique for determining the crystallinity of the “pure phases” used for QXDA. 

Table 3 lists the crystallinities of some “pure phase” substances collected or prepared by 
our laboratories which are determined by the modified Ruland method. Most of the so called 
“pure phases” have crystallinities below 95%. The crystallinities of hydration products, alite, 
C4AF, etc. are below 90%. It is noted that crystallinity is often sensitive to the conditions and 
the skills of pure phase preparation. The three “pure” p-C2S phases are prepared in the two 
different laboratories. The p-C$ phases are stabilised by the element boron or phosphorus 

TABLE 1 

Chemical Compositions 

Oxides 

CaO 

Gypsum from Gypsum from 

Hebei Shanghai 

32.05 32.54 

Glass* 

Al, 0, 0.35 0.03 22 

so, 41.1 I 45.00 

SiO 

Bound &ate, 

0.53 53 

17.91 20.60 

LO1 5.01 0.2 

Fe, 0, 0.11 

MgO 2.43 22 

B, 0, 2 

P, 0. 5 
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TABLE. 2 

Error Analysis of the Crystallinities Measured by the Modified Ruland Method 

Sample 

KCI 

Si 

Glass 
content 

20 

50 

80 

0 

20 

Measured Average Real Absolute Relative 
value value V&e error error 

98.98 
100.75 99.36 - 
98.36 

81.47 
80.00 80.71 79.52 I.19 I.5 
80.67 

47.45 47.92 49.68 -2.39 -4.8 
47.13 

18.88 
18.04 18.66 I9 87 -1.21 -6 I 
19.07 

96.5 
96.6 96.8 - 
97.2 

75.9 
75.3 75.1 77.4 -2.4 -2.3 

I 4s. I I 50 48.5 46 3 46.6 48.4 -1.8 -3.7 

I 80 18.6 17.3 17.5 19.36 -1.86 -9.6 

gypsum 
A 

gypsum 
B 

88.82 87.36’ I .46** I .6** 

98 7 98.4* 0.3** 0.3** 

* determined by using TG. 

* * the deviations from the results of TG. 

Comment 

Hebei 

Shanghai 

when they are cooled from high temperature to normal temperature. The crystallinities give 
the marked differences between the three p-CzS, although the diffraction peaks of quartz 
@iOn) and f-CaO do not appear on the spectrums of XRD for all of them. Similarly, distinct 
differences in crystallinity can be observed between the synthetic ettringites. The suspen- 
sions containing Ca(OH)z, Al2(SO& l 1 8H20 and CaS04 l 2HzO in proportion are agitated 
for 3 days to make ettringite (l), and for 5 days to make ettringite (2) and (3). Ettringite (2) 
and (3) are prepared by the same procedure but by two different operators. It is clear that the 
crystallinities of at least some synthetic pure phases are difficult to control during their 
preparation. Thus the crystallinity determination is an effective measure for overcoming this 
problem and improving the accuracy of QXDA of these phases. 

)fect f f s ‘ni The RI 
The Reference Intensity Ratio (RIR) me:hod is widely applied in QXDA. The Method). 

most general definition of the Reference Intensity Ratio, RIR, is given by Hubbard and 
Snyder[“’ 
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TABLE 3 
Crystallinities of “Pure Phases” 

Compound 

P-C2SU) 

Cryslallinity 

98.7 

p-c; s (2) 92.0 

D-C, S (3) 84.7 

Alite 88.2 

C,AF 87.7 

C3A 93.3 

C, A, s 92.9 

a-C, S 91.0 

ettringiie (1) 64.8 

ettringite (2) 88.7 

ettringite (3) 74.5 

Ca(OHJz 85.9 

CaSO, .ZH, 0 96.9 

CaCOJ 97.4 

a-SiO, 93 2 

a-Al, O3 92.4 

Comment 

P as stabiliser* 

B as stabiliser* 

B as stabiliser* 
* 

* 

chemical reagenl 

chemical reagent 

chemical reagent 

from Hunan 
* 

Ti02 (ana&) 93.0 from Shanghai 

* prepared in China Building Materials Academy 

where, 
RZR,, = the Reference Intensity Ratio, a constant relating to the properties of the phase k and 

the phase s (including the densities) and usually, also to the instrumental parameters, 
X, = the weight percentage of the phase k in the measured sample, 

X,= the weight percentage of the internal standard phase s in the sample, 
Zik = the XRD intensity of the line i of the phase k, 
ljs = the XRD intensity of the line j of the phase s, 

I:‘= the intensity of the line i of the phase k relative to its 100% line , 

Ii:‘= the intensity of the line j of the phase s relative to its 100% line. 

Equation (8) can be rearranged for the quantitative determination of the phase k in a sample 
when RIR,,% and X, are the known parameters: 

(9) 

According to equation (8), the RIR value can be experimentally determined by measuring 
Iik I:’ 

the intensity ratios, I, and T, 
1j.Y 

of the diffraction lines of the phase k and the internal 

standard phase s in a synthetic sample in which the pure phase k is mixed with the internal 
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standard phase s in a known proportion. In fact, equation (8) and (9) are based on an as- 
sumption that both of the pure phase k and the internal standard phase s have crystallinities 
of 100%. If, currently, we consider the crystallinities of the “pure phase” k and the internal 
standard phase s as X,, and X,,< rather than one hundred percent, the RIR value after the 
crystallinity correction, RIR,,,%’ , can be given by: 

Equation (9) after the crystallinity correction becomes: 

(10) 

(11) 

where X,’ is the weight percentage of the measured phase after the crystallinity correction. 

The absolute measuring error and the relative measuring error of the measured phase caused 
by the crystallinity effect can be derived from equation (9) and (11). When X, and X,. keep 

constant, the absolute error is: 

x, - X,’ = X,’ ( 
1-x 
A) > 

X4 
(12) 

and the relative error is: 

Xk - Xk’ l-Xc, _ 
Xk’ xc, . (13) 

It is demonstrated by equation (12) and (13) that the systematic errors produced by the crys- 
tallinity effect are always positive. The absolute error is proportional to the weight percent- 
age of the measured phase and the relative error. If X,, is 90%, the absolute systematic error 
will exceed 3%, provided that X,’ is larger than 27%. The relative error is only dependent 
on the crystallinity of the pure phase standard of the measured compound. As X,, =90%, the 
relative error will be over 10%. If X,, is 80%, the relative error will be 25%. Apparently, it 

is necessary to perform the crystallinity correction before QXDA, when the crystallinity of 
pure phase standard is below 90%, as are those of alite, C4AF, ettringite, CH, etc. in table 3. 
If the quantitative analysis with high quality is required, then most of the pure phase stan- 
dards need the crystallinity correction. 

As the measured phase is an amorphous substance, the absolute error and the relative error 
caused by the crystallinity effect are expressed by: 

x,, - X,,’ = -C(X, - X,’ ) = -c X,’ (F) 
k k ck 

and 
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&?I - X”,’ 
-F(X,-X,‘) > 

x ’ rrm 
= I-CX,’ = 

k k 

(15) 

where the weight percentages of the amorphous substance before and after the crystallinity 
correction (X,, and X,,‘) are equal to 1 -C X, and 1 -Z X,’ respectively. The crystallinity 

effect always gives a negative systematic error to the result of QXDA of amorphous phase. 
The absolute measuring error of amorphous phase is a sum of those of all the crystalline 
phases in the system. Therefore, the crystallinity effect seriously influences the absolute 
accuracy of QXDA of amorphous phase. The relative error rises rapidly with increase of the 
total content of the crystalline phases in the sample. As the total content of the crystals is 
over 50%, the relative measuring error of amorphous phase will exceed the average relative 
measuring error of the whole crystalline phases. The crystallinity correction, in no doubt, is 
more important to the quantitative analysis of amorphous phase, particularly when the con- 
tent of the amorphous phase is below 50%. 

An Examnle of Practical Measureme& The industrial sulphoaluminate cements are em- 
ployed to examine the deviations caused by the crystallinity effect in the practical quantita- 
tive measurement by using the RIR method. The sulphoaluminate cement clinker is mainly 
composed of the minerals C4A3 3 and CZS, in addition to a little anhydrite, MgO, etc.. Gyp- 
sums with the different levels are blended into the clinker to make the cements with the 
different properties. Table 4. lists the quantitative results of C~AJ S of the sulphoaluminate 
cements, using the RIR method with and without the crystallinity correction. The amount of 
C4A3 3 are also calculated from the data of chemical analysis, based on an assumption that 
all AhO in the cement clinker is exhausted to form C.,Aj S. The results of QXDA with the 
crystallinity correction match those calculated from the chemical composition very well. 
Nevertheless, the data of QXDA without the crystallinity correction show about 9% system- 
atically higher than those from the chemical calculation. According to the assumption of the 
C4A3 S calculation, the calculated result should present a maximum quantity of &A3 S 
which possibly exists in the sulphoaluminate cement. Therefore, the results with the crystal- 
linity correction more approach the real values than those without the crystallinity correc- 
tion. 

TABLE 4 

QXDA of C4A3 S in Sulphoaluminate Cements 

Cenlent CR QXDA QXDAc RD RDc 

co 58.8 63.0 58.4 7.1 .7 
c5 55.9 61.4 56.8 9.9 1.8 
Cl5 50.0 54 9 50 84 98 1.7 
C25 44.1 41 3 43.8 72 -0 7 
c45 32.3 36.0 33.3 Il.3 3.1 

Cs= lhc dilTcrcn( cements. t\ here x is the gpsunl Ia cl 0T lbe cenlcnl. 
CR= the result calculated from lbe chemicnl composition. 
QXDA= the result determined by the RlR mclhod withoul the crplullinity coneclion. 
QXDAc- the result dctwmincd by lhc RIR method u ith lhc cryslallinily corrcclion. 
RD= lhc rclalivc deviation of QXDA from CR. 
RDc= ~hc relative de\ iation of QXDAc from CR. 
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1. 

2. 

3. 

4. 

Conclusions 

The modified Ruland method is a satisfactory technique to determine the crystallinities 
of the “pure phase” substances as standards for QXDA. 
Most of the “pure phase” substances, which are prepared in the laboratories, show crys- 
tallinities less than 95% and some important synthetic cement minerals and crystalline 
hydrates such as alite, GAF, ettringite, CH, etc., less than 90%. 
The influence of pure phase crystallinity on the absolute and the relative accuracy of 
QXDA can be determined by equation (12) and (13). 
When the amount of amorphous phase is measured by difference from QXDA determi- 
nations of the whole crystalline phases in the system, the absolute measuring error 
caused by the crystallinity effect is a sum of the absolute measuring errors of the whole 
crystalline phases (equation (14)), and its relative measuring error (equation (15)) will 
be over the average relative measuring error of the whole crystalline phases provided 
that the amount of amorphous phase is below 50%. 
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