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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 2CaO.Si02 and CaO combine to form 3CaO.Si02 and
not a solid solution of 2CaO.Si02+CaO; that 8CaO.Al 203.2Si02 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-rav examination and 3CaO.Si02 and
/32CaO.Si02 were identified in each. 3CaO.Al2 3 , 4CaO.Al2 3.Fe2 3 and MgO
were found in the samples which contained those compounds, by calculation, in

amounts great enough to permit identification.
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I. INTRODUCTION

The investigations by Rankin and Wright (1) * on the system
CaO-Al2 3-Si02 have shown that there are formed in that system, at

equilibrium, in the region of Portland cement clinkers, 3CaO.Si02 ,

2CaO.Si02 , and 3CaO.Al2 3 . More recently, other systems have been
solved (2), as a result of which the compounds that can be formed at

equilibrium, in the region of Portland cement clinker, have been
determined for the components CaO, A12 3 , Si02 , Fe2 3 , and MgO.
These compounds are 3CaO.Si02 , 2CaO.Si02 , 3CaO.Al2 3 , 4CaO.-
A12 3 , Fe2 3 , and MgO.

Portland cement clinker contains, in addition to the above men-
tioned components, from 2 to 4 per cent of other material, as alkalies,

titania, sulphates, manganese oxides, phosphates, etc. These may
have some influence on the proportions of the above-mentioned
compounds in the clinker, but it is improbable that they materially

affect the major constitution of the commercial product.

1 The figures in parenthesis here and throughout the text relate to the reference figure in the bibliography
at the end of this paper.
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The findings on the five-component system referred to are deduced
from studies at the condition of equilibrium. The method used in

the manufacture of Portland cement leads to the belief that a condi-

tion approaching equilibrium is attained in commercial clinker. A
failure completely to reach equilibrium, however, may result in the

presence of some uncombined lime and a change in the relative pro-

portions of the other compounds, but rarely in the elimination of one
of those compounds with the formation of a different compound.

Investigations (3) have been reported frorn this laboratory which
confirm this viewpoint. The methods used in the study of phase
equilibria, including thermal, microscopic, and X-ray examinations
indicated that the major compounds of Portland cement clinker are

3CaO.Si02 ,
/32CaO.Si02 , 3CaO.Al2 3 , 4CaO.Al2 3.Fe2 3 , and MgO.

Many investigators, however, especially in Europe, have adhered to

theories of constitution developed prior to the application of the
phase rule, or have advanced other views which are at variance with
those expressed above. Prominent among these may be mentioned
the view (4) that the lime, in excess of that necessary to form
2CaO.Si02 with the silica, enters essentially into solid solution with
the 2CaO.Si02 ; the contention (5) that 3CaO.Si02 does not exist and
that the principal constituent of clinker is 8CaO.Al2 3.2Si02 ; the
opinion (6) that the 3CaO.Al2 3 enters into solid solution with the
calcium silicates; and the conclusion (7) that Portland cement clinker

contains relatively large amounts of uncombined lime.

The X-ray method is peculiarly well adapted to the examination of
the above theories, both as they apply in pure systems and in com-
mercial clinkers. This was one of the objectives of this research—to
present X-ray evidence bearing directly on each of the above theories

to the end that the nature of the compounds in the pure systems and
in commercial cement clinker may become generally established.

The second purpose of this study was to examine by X-ray and
chemical means a large number of commercial clinkers to ascertain

(1) precisely what compounds could be positively identified in each
and (2) the nature of the agreement between such X-ray analysis and
the constitution as computed from the chemical analysis. Incidental
to this part of the work, it was necessary to determine the efficiency of

the X-ray method to resolve the pattern of each compound in the
presence of the other compounds of the cement.

II. THE X-RAY METHOD
The positive identification of a crystalline compound by the micro-

scope should include the measurement of a number of the optical

properties, such as the refractive indices, optic axial angle, pleo-

chroism, etc. ; but in the case of Portland cement it is not possible to
obtain all of these data for each phase present. The crystals, even
of the principal constituents, usually are very fine grained and often
too small to permit of satisfactory measurements. Furthermore, the
crystals often are surrounded with glass or contain inclusions. For
these reasons the microscopic examination of these materials has not
proved entirely satisfactory, and this condition has resulted in much
difference of opinion in the interpretation of the available observa-
tions. The X-ray method, therefore, fills a distinct need, for the
results obtained with it are based on criteria which are convincing.
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During recent years the powder X-ray method for identifying com-
pounds in the pure state or in mixtures has received considerable
attention and development (8). The theoretical considerations of
this method have been described in various places (9). When a
powdered material is subjected to X-radiation and the resulting spec-
trum photographed, there is obtained an X-ray diffraction pattern
consisting of a series of lines in definite positions which are ordinarily
measured from a fixed zero point and recorded as "interplanar spac-
ings" (d-hki). Each crystalline chemical compound has a charac-
teristic diffraction pattern which appears always to be the same
whether the compound is present in a pure state or intermixed with
other compounds. Even different crystalline forms of the same com-
position can be distinguished by the method; thus y— and 0— 2CaO.
Si02 have entirely different diffraction patterns (10).
1 The X-ray method has definite but well-understood limitations.

Thus, a diffraction pattern depends on the arrangement of the atoms
of a substance in crystal planes. Glass shows no such arrangement,
and, hence, can not be detected by the method.
In a mixture of two compounds, it often happens that some of the

lines of one pattern coincide with some of the lines of the other pat-
tern. Hence, the greater the number of compounds, the greater the
probability of coincidence of lines. Nevertheless such coincidences
cause differences in intensity of the resulting lines so that the identity"

of a pattern may not be entirely obscured.
Of greater significance are the limitations due to the amount of a

material present. As the quantity of one crystalline phase decreases,

the general intensity of the pattern of that compound decreases.

First the least intense lines of the pattern disappear and then the
stronger lines until a certain minimum amount of the compound is

reached when the strongest lines can no longer be observed. Under
the most favorable conditions, quantities of material less than 2 or 3

per cent of the total can rarely be identified. For the detection of

such small amounts of material, the crystals should be well developed,
possess a high order of symmetry and a simple structure, and give

rise to lines which do not conflict with those of the patterns of the
other materials present. Only infrequently are these conditions ful-

filled, so that, ordinarily, greater amounts than those mentioned above
are required for the recognition of a phase.

The relative intensities of the lines as well as their positions are sig-

nificant in the identification of compounds. If one fine of a diffrac-

tion pattern is twice as intense as another line of the same pattern,

that relation obtains whether the compound is present in a pure state

or in a mixture. In a mixture of two compounds, the pattern of one
is superimposed on that of the other; the general intensity of each
pattern is diminished because of dilution by the other, but the rela-

tive intensities of the fines of each pattern remain the same.
Analysis of a sample of an unknown material, therefore, depends

upon the recognition, by position and relative intensity, of the lines

of the diffraction pattern of a pure material in that of the unknown
sample. Hence, before any such analysis can be undertaken, the

diffraction patterns of the pure compounds which may occur in the
sample must be known. Such information has been published from
this laboratory for most of the pure compounds which occur in the
oxide systems of Portland cement (11). Recent improvements in
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methods and purity of samples have resulted in somewhat more
precise measurement of the lines of the diffraction patterns and in

more complete diffraction data, but the interplanar spacings are not
found to differ essentially from those reported previously.

The apparatus used in this study was the X-ray diffraction pho-
tometer of Hull equipped with a Coolidge molybdenum water-cooled

target. The cassettes for holding the films were provided with
zirconium oxide filters so that the effective wave length of the rays

was 0.712 A. U. The radius of the cassettes was 8 inches. Since

crystals of clinker are extremely small, the powder method of Debye
and Hull (9) was found most suitable and was used exclusively in

these studies. By this method the samples of clinker are ground to

pass a No. 200 sieve and mounted in lead-free glass tubes of about
0.5 mm. inside diameter. Occasionally the samples were mounted on
a silk thread. To do so the finely ground clinker was mixed with
collodion and the thread immersed. On withdrawing the thread,

sufficient material adhered to permit a satisfactory analysis. Exposure
of a sample lasted 50 hours in most cases at a tube current of about
18 milliamperes and a voltage of 30,000.

Diffraction patterns were obtained of 28 samples of clinker, both
domestic and foreign. For the complete analysis of any one sample,
several exposures were necessary. Normal exposure of 50 hours was
sufficient for the identification of most of the lines; occasionally,

however, overexposure and overdevelopment of the films were
resorted to for the strengthening of the weaker lines. On the other
hand, underexposure and underdevelopment sometimes provided a
means for the resolution of two lines lying very close to each other,

which lines ordinarily merged to form one broad band. In the
identification of the patterns of various pure compounds in clinker

a capillary tube was filled one half of its length with the samples of

clinker and the other half with the compound to be identified. Thereby
the patterns of the two were exactly opposite each other on the film

and measurement of the lines became more precise, since then irregu-

larities of two films were avoided. Altogether some 200 exposures
were made in the course of this study.
The precision of measurement of the interplanar spacing increases

as the interplanar spacing decreases. It may be pointed out, however,
that weak lines are more difficult to estimate than stronger lines so
that measurement in such cases may not be as accurate; often also

they lie close to strong lines so that their true position may be mis-
judged. Measurements were made on the centers of the lines, but in

some cases, where a line is broad, the precise allocation of the center
is difficult. Many of these broad lines may be found, by special

exposures, to consist of two lines. Where such lines occur in the
patterns, the position of each component line is recorded in the
following tables, together with the reading that ordinarily is obtained
where the two lines appear as one broad band.

In order to determine the relative precision of the measurements of
the interplanar spacings, 15 films of the diffraction pattern of
tricaclium aluminate were examined. Six lines in each film were

3ured, A summary of the results is given in Table 1. It may be
noted that the difference between the extreme values, as measured,
diminish from 0.020 at interplanar spacings of 2.690 to 0.004 at
[ni ei planar spacings of 1.202. The average deviations from the mean
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through the same range diminish from 0.004 to 0.001. This serves

as a general indication of the precision of measurements in this study
but some variation may occur due to the differences in sharpness or

intensity of the lines as above noted.

Table 1. The precision of measurement of six lines in the X-ray diffraction

-pattern of 8CaO.Al2Oz

Line No.

> 2 3 4 5 6

Mean (15 films) . - 2.690 2.202 1.905 1.555 1.346 1.202

2.700
2.680

2.210
2.195

1.910
1.897

1.557
1.551

1.348
1.344

1.205
1.201

.020 .015 .013 .006 .004 .004

.004 .004 .003 .002 .001 .001

The intensity of the lines was measured visually. This is the
procedure commonly employed and is satisfactory for qualitative

observations. A photodensitometer (12) has been developed in

this laboratory, however, for the more precise estimation of the
intensities of the lines which will be employed in a later study on the
quantitative X-ray determination of the compounds present.

III. THE COMPOSITION 3CaO + Si02

The existence of 3CaO.Si02 in the CaO-Al2 3-Si02 system (1)

and in Portland cement clinker (3) has been established by phasQ
equilibria studies combined with microscopic examinations. A
number of European investigators, however, have been unable to

accept the existence of that compound (5), and the suggestion has
been urged (4) that the lime enters into solid solution with dicalcium
silicate. The evidence obtained by the X-ray method on this

problem is important because of the rigid nature of the criteria in

identification of compounds in the X-ray diffraction patterns. These
data, set down below, offer impressive confirmation of the existence

of the tricalcium silicate in the CaO-Al2 3-Si02 system and in Port-
land cement clinker.

Samples were prepared of the following compositions: No. 1,

2CaO + Si02 ; No. 2, 2}{ CaO + Si02 ; No. 3, 2% CaO + Si02 ; No. 4,

2% CaO + Si02 ; and No. 5, 3CaO + Si02 .

These were made from calcium carbonate and quartz of high purity
as indicated by the partial analyses (13) of these materials given in

Table 2.

Table 2.—Partial analyses of raw materials

CaO
MgO
SiOs
AI2O3
Fe2 3

CI
S03

C0 2

Loss on ignition

Calcium
car- Quartz

bonate

55.55 0.02
.07 .00
.03 99.37
.01 .50
.00 .03
.04 .00
.00 .00

43.63
43.97 .11
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The weighed portions of sample No. 1 (2CaO + Si02), ground to

pass completely through the No. 200 sieve, were mixed in a pebble

mill for 3 hours, then formed into bars about 10 inches long by 1 inch

cross section and heated in an updraft gas furnace for 2% hours at

1,500° C. The clinker was ground and a sample taken for micro-

scopic and X-ray examination and for the free CaO test. The bal-

ance of the sample was then mixed in the pebble mill as before with

an additional quantity of calcium carbonate to give the composition

of No. 2 (2){ CaO + Si02 ), and the mixture again burned for 2% hours

at 1,500° C. This process was repeated with additional increments

of calcium carbonate until all of the samples of the different composi-

tions had been obtained. The free CaO test showed that no lime

remained uncombined in any of the samples.

Each of the samples was subjected to X-radiation and the diffrac-

tion patterns obtained. No. 1 showed only the pattern of 72CaO.Si02 .

No. 2 showed the lines of a new pattern, which we will call x, super-

imposed upon that of 72CaO.Si02 . In No. 3, the lines of 72CaO.Si02

disappeared and were replaced by the pattern of the beta form of that

compound. The pattern of x also was present, and in greater intensity

than in No. 2. No. 4 showed the same pattern as No. 3 except that

the lines of jS2CaO.Si02 were weaker and the lines of x were stronger.

No. 5 showed only the pattern of x. In no case were the lines of

CaO observed nor was there found any shift in position of the lines

of the dicalcium silicate nor of x following a change in composition.

The formation of a distinctive pattern when the composition

3CaO + Si02 is reached, together with the appearance and position

of this pattern in other mixtures, meets the requirements for assign-

ing to that composition an identity as the chemical compound
3CaO.Si02 . When larger amounts of CaO are present than repre-

sented by the composition 3CaO + Si02 the pattern of CaO is found
to be superimposed upon that of the 3CaO.Si02 . Between the

compositions 3CaO + Si02 and 2CaO + Si02 there always are ob-

served the lines of 3CaO.Si02 and /3 or y 2CaO.Si02 . The intensities

of the two patterns are proportional to the calculated amounts of

those compounds that should be present. When sufficient attention

is given in the preparation to insure that a condition of equilibrium
is reached, the lines of CaO are absent. The failure to observe any
shift in position of the lines of those compounds when CaO is added
indicates that no solid solution is formed or that the amount of such
solution, if there is any at all, is too small to be detected.
The principal interplanar spacings of the patterns of CaO,

3CaO.Si02 , and /52CaO.Si0 2 are listed in Table 3.

An inspection of the data will show that the pattern of each is dis-

tinctive. There are, indeed, several lines which are found to be
coincident in two or three of the patterns, but a sufficient dissimi-

larity is found, both in position and intensity of lines, definitely to

preclude any interpretation which would assign to tricalcium silicate

the composition of a mixture or solid solution of the other two
compounds.

Recently Janecke (14) has interpreted X-ray data reported from
this laboratory (10) as indicating that 3CaO.Si02 is a mixture of

/32CaO.Si02 and CaO. In order the better to demonstrate that the
pattern of 3CaO.Si02 is quite distinct from that of /32CaO.Si02 with
CaO, X-ray diffraction photographs were made as follows: One
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half of a capillary glass tube for exposure was filled with pure tri-

calcium silicate; the other half was filled with an equimolar mixture
of beta dicalcium silicate and calcium oxide. The resulting photo-
graph shows the patterns of the two materials on opposite sides of

the same film. X-ray diffraction patterns do not reproduce well for

printing, but the reproduction shown in Figure 1 reveals the striking

dissimilarity of the two patterns. The upper pattern is that of the

mixture of J32CaO.Si02 and CaO. The lower pattern is that of pure
3CaO.Si02 . It is at once apparent that 3CaO.Si02 is not composed
of /32CaO.Si02 + CaO.
A careful measurement of the interplanar spacings shows that the

mixture of /32CaO.Si02 and CaO gives a superimposed pattern of

those two compounds. It conforms to a combination of the pat-

terns of those compounds as fisted in Tabel 3. The pattern of the

3CaO.Si02 is identical with that listed for 3CaO.Si02 in Table 3.

Table 3.

—

The principal interplanar spacings of CaO, 3CaO.Si02 and (32CaO.Si02 1

Line No. CaO 3CaO.Si0 2 /32CaO.Si0 2

1 3.80 w.
2 3.37 w.
3 3.02 s 3.03 w-b.
4 . 2.940 w
5 2.870 w.

6 2.765 m (?-™ ss
)2.750 ..

/2.780 ss\2 7 ,

12.730 ss/
2 '750-

2.610 s.7

\2.730ssJ
2.600s

8 2.540 w.

9 2.435 ww ._
/2.440 m\2 420
\2.400 m/2 -42U-

10 2.390 ss

11 2.320 m
12 2.278 m.
13 2.178 s 2.182 s.

14 2.080 w.

15..
/2.040 wl„ Oo
\2.020 w.rUdU-

1.980 m.16 1.975m
17 1.932m
18 1.895 m-b.
19. 1.825 w
20... 1.800 m.

21 1.762 s

22 1.755 w.
23 1.700 w-b.
24. 1.695 s

25.... 1.627 s 1.632 wl
t 620

1.610 w/1,twu w

1.575 ww.

26

27...
28 1.542 m-b.. . 1.548 ww.
29 1.528 w.
30 1.487 s 1.482 w.

31 1.458 w .

32 1.445 m
33 1.415 w.
34 1.385 m 1.390 ww 1.393 ww.

35 1.370 w.
36.. 1.198 w ..

37 1.162 w-b
38 1.132 w-b

39 1.090 w-b
, 40 1.075m
1

41..... 1.020 wwb
i 42..... .980 m '.

f

1 In tnis and in subsequent tables, ss=very strong; s=strong; m== medium; w=weak; ww=very weak

;

b= broad.



.820 Bureau of Standards Journal of Research [vol.

IV. THE COMPOSITION 8CaO + Al2 3 +2Si02

In 1912 Janecke (5) published his first paper setting forth his

discovery that the "alite," or principal compound of Portland

cement, consists of 8Ca0.Al2 3.2Si02 . This contribution was quickly

refuted by Rankin and Wright (15), who pointed out that such a com-
pound did not exist in the Ca0-Al2 3-Si02 system and that a mix-

ture of that composition at equilibrium consists of 3CaO.Si03 ,

2CaO.Si02 , and 3Ca0.Al2 3 . The conclusion of Rankin and Wright
has been confirmed in this laboratory (16), but the existence of

8CaO.Al2 3.2Si02 , designated "Janeckite," (17) as the "alite" of

Portland cement clinker, has been reaffirmed by Janecke (18).

The X-ray evidence upon which the opinion of this laboratory is

based is set down below:
The purported composition 8CaO.Al 2 3.2Si0 2 was prepared (16)

in the form of fused drops by the method described by Dyckerhoff (4)

and found by microscopical examination to consist largely of the

elongated fiber-like crystals said to be characteristic of that com-
pound. The drops were crushed and examined by the X-ray method.
At the same time a mechanical mixture of 3CaO.Si02 ,

/32CaO.Si02 ,

and 3CaO.Al2 3 in the same molecular proportion was subjected to

X-radiation.
The X-ray data on these materials are given in Table 4, together

with the pattern of CaO, which was found also to be present in the

fused drops.

Table 4.

—

Inter-planar spacings of the 8CaO-\-Als 3 -\-2SiOs preparations, mix-
tures of SCaO.SiOt, pZCaO.SiO, and 8CaO.Al2Os , and of CaO

Line No. Fused drops of 8CaO
+SiO a+2SiOs

Mixture of C3S,
/3C 2S, and C3A CaO

Compounds giving rise

to lines in pattern of

fused drops

1 3.03 m 3.03 m . C 3S.

2 . 2.77 ss .. 2.77 ss .. 2.765 m C 3S,/3C 2S, CaO.
3 2.69 ss 2.69 ss C 3A.
4 2.60 m

2.39 m...
2.60 m c 3s.

5 2.390 ss CaO.

6 2.27 ww 2.26 ww. . /3C 2S.

7— 2.18 s

2.03 ww...
2.18 s

2.04 ww
C3S, /3C2S, CsA.

8... /3C 2S, C3A.
C3S, C3A.9. 1.975 w— 1.970 w

10 __ 1.895 s 1.895 s C3A.

11 1.755 m 1.758 m C3S.
12 1.695 m. 1.695 s CaO.
13 1.627 m

1.550 s

1.630 w C3S, 0C 2S.
14 1.552 s C3A.
15 1.483 m 1.485 w C3S.

16 1.450 w 1.445 m CaO.
17. 1.385 ww. 1 385 m CaO.
18 1.345 w. 1.342 w C3A.
19.. 1.200 m ..: 1.202 m 1 201 w C3A, CaO.
20 1.095 w... 1.093 ww.. 1.101 w C3S, CaO.

21 1.076 ww... 1 075 m CaO.
22 1.020 w 1.017 w C3A.
23.... .980 ww. .980 m CaO.
24 .900 ww.. .890 ww C3A.

Note: C 3S = 3Ca0.Si0 2 ; C 2S= 2CaO.Si20; C 3A = 3CaO.Al2 3 .

The X-ray pattern of the fused drops is observea to be similar to

the pattern of the mechanical mixture of 3CaO.Si02 ,
j32CaO.Si02 ,

and 3CaO.Al 2 3 except that a few additional lines appear in the
former which may be noted to be due to free CaO.
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Figure 1.— Upper, pattern of equimolar mixture of (32CaO.Si02 and CaO.

Lower, pattern of pure SCaO.SiOo

Figure 2.— Upper, mixture of 47 per cent 3CaO.Si02, 47 per cent (32CaO.Si02 ,

and 6 per cent SCaO.AUOz. Lower, composition of same calculated content

burned at 1,525° C.

Figure 3.— Upper, clinker burned at 1,435° C. which contains 2.8 per cent

free CaO. Lower, clinker burned at 1,500° C. which contains 0.1 per cent

free CaO
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In a recent paper, Janecke (19) presents some information obtained
by the X-ray examination of the composition "8CaO.Al2O3.SiO2."
In the pattern of that composition Janecke reports that he finds the
lines of /32CaO.Si()2 , 3CaO.Al2 3 , and CaO, together with a few
additional lines which he ascribed to " Janeckite." Unfortunately he
makes no attempt at a comparison of those lines with the pattern of

tricalcium silicate.

From the evidence presented it appears that Janecke's compound
is a mixture of 3CaO.Si02 ,

j82CaO.Si02 ,
and 3CaO.Al2 3 with a small

amount of CaO. )

V. SOLID SOLUTIONS OF ALUMINATES IN SILICATES

It has been reported (6) that 3CaO.Si02 and 3CaO.Al2 3 are capa-
ble of entering into solid solution with each other and that they exist

as a solid solution in cement clinker. It is extremely difficult by
optical methods to identify positively small amounts of 3CaO.Al2 3

in the presence of 3CaO.Si0 2 . The indices of the two compounds (1)

are practically identical, 1.710 for 3CaO.Al2 3 and a mean index of

1.715 for 3CaO.Si02 . Moreover, in iron-containing systems, the
index of 3CaO.Al2 3 may be raised (2), so that its index may be the
same or somewhat higher than that of 3CaO.Si02 . And, although
3CaO.Si02 is birefracting, yet its birefraction is so low that in small
grains it may not be evident. Because of these difficulties, micro-
scopical examinations have only seldom detected 3Ca0.AJ2 3 in

cements and theories, such as solid solution formation, have been
advanced to explain this failure of positive identification.

Although optical similarities made the microscopical examination
unsatisfactory as a means for the identification of 3CaO.Al2 3 in

the presence of 3CaO.Si02 ,
distinct differences in the X-ray diffrac-

tion patterns of those two compounds would appear to provide,
in the X-ray method, a reliable means for such an identification.

If the 3CaO.Al2 3 exists as such in a sintered mixture with 3Ca0.Si02

and 2CaO.Si02 , the X-ray diffraction patterns of the aluminate will

be superimposed upon those of the other two compounds. But if

the 3CaO.Al2 3 enters into a solid solution with either of the calcium
silicates, the pattern will show the lines of that silicate in a uni-

formly shifted position with reference to the location they would
occupy if the compound were in pure state. Likewise, if either

silicate entered into solid solution with the aluminate, the pattern
of the aluminate would occupy a shifted position.

To study this problem, a sample of CaO, A12 3 , and Si02 was
mixed to form a composition represented by 47 per cent 3CaO.Si02 ,

47 per cent 2CaO.Si02 , and 6 per cent 3CaO.Al2 3 . This sample
was burned at 1,500° C., reground, and burned at 1,525° C, follow-

ing which treatment it showed no free lime by White's test. A
mechanical mixture of the pure compounds in the proportion 47
per cent 3CaO.Si02 , 47 per cent /32CaO.Si02 , and 6 per cent

3CaO.Al2 3 was then made. These two samples were exposed to

X-radiation on the same film, hence, under exactly the same con-

ditions.

The two patterns shown in Figure 2 appear to be identical in

every respect, both in the position and in the intensity of the lines.

Each of the compounds was definitely identified. Very careful

measurement revealed only such slight differences as would obtain
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by repeated measurements on the same pattern. Several additional

comparisons of the same character were made on compositions
containing up to 15 per cent of 3CaO.Al2 3 , but the results obtained
were similar to those just described. This demonstrates that the

pattern of none of those compounds is shifted when sintered prepara-
tions are obtained in the system CaO-Al2 3-Si02 in compositions
similar to Portland cement clinker. The experiment confirms ex-

tensive tests that have been made in this laboratory on commercial
and laboratory cements. In a great many of these, tricalcium

aluminate has definitely been identified, but in none of them has
there been observed any shift in the position of the patterns, either

of the aluminate or the silicates. The data constitute convincing
evidence that solid solutions are not formed between tricalcium

aluminate and either tri-or di-calcium silicate in amounts sufficient

to be detected by X-ray means.

VI. FREE LIME

In a study reported from this laboratory (20), it was indicated
that free CaO does not occur in Portland cements in amounts ex-

ceeding 3 per cent, and that probably the content is generally less

than 2 per cent. The method used for determining the free CaO
was the ammonium acetate method (21), the results of which were
confirmed qualitatively by White's (22) test. Nacken (7), however,
has reported that commercial cements ma}^ contain significant

amounts of fine-grained CaO as determined by the X-ray method.
Nacken obtained his evidence for the presence of free CaO in

cements from pinhole diffraction patterns. These diagrams consist
of a series of concentric circles ; identification of a compound is

effected by the measurement of the diameters and relative intensities

of the lines of the circles.

As a matter of interest, pinhole photographs were made in this

laboratory of a commercial clinker, 3CaO.Si02 and CaO.
The diameters of the circles and relative intensities are recorded

in Table 5.

Table 5.

—

Pinhole X-ray data on a cement clinker, 3CaO.Si02 and CaO

Clinker 3Ca0.Si02 CaO

3.73 m 3. 70 m
4.05 m.
4. 75 ss.

6. 95 s.

8. 39 m.
8. 90 m.

4.08SS-. 4.07 ss.
4.35ss 4.35 s
4.95 ww
5.25 m 5. 23 m
6.03 ww 6.00 ww
6.67sb..._ 6.65 s

7.35m 7. 34 w...
7.75w
8.15 m

7. 78 w
8. 13 m

An examination of these data show that there is no similarity
between the patterns of CaO and cement clinker while the patterns
of 3CaO.Si02 and this particular clinker correspond within the limit
of accuracy by this method. No further studies were made with
pinhole diagrams since the method described in this report is a devel-
opment which gives far superior resolution of the lines from which
measurements of greater accuracy may be obtained.
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A study was then made of the adaptability of the X-ray method for

identifying CaO in cements. A commercial raw mixture was obtained
and burned at different temperatures. One portion, burned at

1,435° C. was found, by the ammonium acetate method, to contain 2.8

per cent of free CaO. Another portion, burned at 1,500° C. was
found to contain 0.1 per cent of free CaO. The chemical analysis of

this clinker and the calculated composition (23) of the clinkers ob-
tained at the two temperatures are given in Table 6.

Table 6.

—

Chemical analysis and calculated compound composition of a clinker

burned at 1,435° and 1,500°C.

Chemical analysis Calculated composition at 1,435° C. Calculated
composi-
tion at
1,500° C.
(Per cent)

Oxides Per cent Compounds Per cent

CaO 64.7
5.8
2.7

24.1
1.8

3Ca0.Si02 26
50
11

8
1.8
2.8

37
41
11

8
1.8
.1

AI2O3--
Fes03
Si02-

2Ca0.Si0 2

3Ca0.Al203.
4CaO.Al203.Fe203

MgO MgO
CaO_.

Table 7 contains the X-ray diffraction data obtained on the two
clinkers, together with the interplanar spacings and intensities of the
lines for CaO, 3CaO.Si02 ,

/32CaO.Si02 and 3CaO.Al2 3 .

Table 7.

—

Interplanar spacings of diffraction patterns of a cement composition
burned at two different temperatures, together with the interplanar spacings of the

lines of SCaO.Si02 ,
(3@CaO.Si02, SCaO.AkOs and CaO which may be observed

when those compounds are present in mixtures approximating the composition of
Portland cement clinker

Line
No.

Cement clinker
1,500° C

Cement clinker
1,435° C C3S /3C2S C 3A CaO

1 3.02s 3.02 s 3.02 s

2 2.955 w.._ 2.950 w ... ... 2. 940 W-.
3 2. 755 ssb 2. 760 ssb

2.685 m
2. 750 ssb 2. 750 ssb 2. 765 m.

4 2.690 m 2.690ss
5 2. 610 ss 2. 600 ss 2. 600 s 2. 610 s

6 2.435 w 2.440 ww 2.440 m
7 2. 395 w 2. 390 sb 2.400 m 2. 390 ss.

8 2. 320 m 2.315 m. 2.320 m
9 2. 275w._ 2.270w 2.278m
10 2. 180 ss 2.175 SS--- 2.178 s 2.182 s

11 2. 040 wwb
1.980 m
1.932 m

2.035 wwb 2.030 mb
12 1. 978 m 1.975 m. 1. 980 m .

13..- 1.932 m 1.932 m
14 1. 905 m . 1.905 m 1.895mb

1.800 m
1.905 s

15 1. 824 wb.. 1.830wb

1.765 s

1. 825 w

16 1.763 s 1.762 s

17 1.698 s 1. 695 s.

18 1.624 s 1.629 s 1. 627 s

19— 1. 554 m .. 1.557 m 1.555ss
20 1.545 mb 1.545mb

1.490 s

1.542 mb !

21 1.490s
1.462 w

1.487 s 1

22 1.460wb
1.392W.

1.458 w ! 1. 445 m.
23 . 1 385 m.
24.. 1.347 ww. 1.348 ww 1.346 m
25 1.200wb 1.201 wb

1. 159 wb
1/134 wb
1.092wb
1.077 ww

1. 198 w

26 1. 159 wb 1. 162 wb
27 1. 133 wb 1. 132 wb 1

28 1. 092 wb 1. 090 wb !

29 | 1. 075 m.
1 1
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It will be observed that the patterns of the two differently burned
samples are not identical. The points of difference lie in the lines

which are characteristic of CaO. Lines 17, 23, and 29, which are

found to be due to CaO and are not found in the pattern of any of the
other compounds, are present in the X-ray pattern of the material
burned at 1,435° C, but are absent in the pattern of the sample
burned at 1,500° C. Furthermore, the strength and breadth of line

No. 7 and the breadth of line No. 22 from the low-burned sample
indicate that those lines are due to the strong corresponding lines of

CaO rather than to the medium and weak corresponding lines of the
j82CaO.Si02 and 3CaO.Si02 , respectively. These data show that
the free CaO of the low-burned sample can be positively identified

by this means.
In Figure 3 the upper pattern is that of the clinker burned at

1,435° C, which contains 2.8 per cent uncombined CaO. The lower
pattern is that of the sample burned nearly free of uncombined CaO
at 1,500° C. Two lines show up prominently in the upper pattern
that are very weak and absent, respectively, in the lower pattern.

These are the lines No. 7 and 17 of Table 7. The other differences,

noted on the original film, are not observable on the print.

Many other examinations of a similar character indicate that the
free CaO may be detected in cements when present to the extent of

2.5 per cent. Of 28 commercial cements examined, however, the
lines of free CaO have not been observed in a single case. This is

convincing evidence that free CaO does not occur generally in modern
rotary kiln clinkers in amounts as high as 2.5 per cent, and confirms
the evidence obtained by chemical and microscopical tests.

VIT. LIMITING AMOUNTS REQUIRED FOR IDENTIFICA-
TION

In order to determine the effect on the X-ray pattern of varying
proportions of compounds, mixtures were made of the pure compounds
which have been found to occur in cement. Thus a series of mix-
tures was prepared which contained various proportions of 3CaO.Si02

and j82CaO.Si02 , and the X-ray diffraction pattern obtained of each
mixture. Other series in which 3CaO.Al2 3 , 4CaO.Al2 3.Fe2 3 , and
MgO were added to the silicates were included. By a study of these
films the minimum amount of each material which could be detected
in the presence of the others was determinedo Also an idea was
obtained of the relative intensities of the lines. Thus in a mixture
of 85 per cent 3CaO.Si02 and 15 per cent 2CaO.Si02 , only the most
intense lines of 2CaO.Si02 appear, whereas only the least intense
lines of 3CaO.Si02 disappear. This series furnished a standard to

which the films of commercial cements could be compared.
An additional set of standard films was obtained from a series of

laboratory cements prepared of various compositions from the pure
components: CaO, A12 3 , Si02 , Fe2 3 , and MgO. It was felt that in
mechanical mixtures of pure compounds, crystals are apt to be better
developed than in sintered cement clinkers. In the latter, the crystals
are very small and intimately mixed so that this series of burned mix-
tures of known composition should furnish a set of standard films
that more closely resemble the conditions met under commercial
conditions.
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From these studies there was determined under the conditions of

test, the minimum amount of one compound which could be detected
in the presence of the other compounds of the mixture. These results

may be summarized as follows:

It was found by the X-ray method that in the laboratory burns,
/32CaO.Si02 could be identified definitely in the presence of 3CaO.Si02

only when the amount of /32CaO.Si02 reached 15 per cent. This is

due to the circumstances that the more intense lines of /32CaO.Si02 ,

which are the ones to appear when small amounts of /32CaO.Si02 are

present, nearly or quite coincide with lines of 3CaO.Si02 . Only when
this minimum amount of /32CaO.Si02 is reached do the weaker lines of

that compound appear whereby it may be identified and its presence
confirmed. Under unfavorable conditions; for example, poor crys-

tallization, it is probable that greater amounts may be necessary
for identification.

The amount of 3CaO.Si02 which can be identified in the presence
of /32CaO.Si02 , or in cement clinkers may be as low as 8 per cent.

Because of the high order of symmetry and relatively simple struc-

ture of the crystals of CaO, MgO, and 3CaO.Al2 3 , most of the lines

in the patterns of these compounds are intense and, therefore, appear
when only small percentages of those compounds are present. In
mixtures of compounds approaching Portland cement clinker in com-
position, the minimum amount of MgO which could be detected was
about 2.5 per cent; CaO about 2.5 per cent, and 3CaO.Al2 3 about 6
per cent.

4CaO.Al2 3.Fe2 3 , like /32CaO.Si02 ,
gives a diffraction pattern con-

taining only a few intense lines. And in cement like compositions
these lines' nearly or quite coincide with lines of the other compounds.
Therefore, to identify this comopund, especially in the presence of

3CaO.Al2 3 or /32CaO.Si02 , the minimum amount required is about
10 per cent in mixtures of the pure compounds and about 15 per cent
in cement clinker. The larger amount required in clinkers may be
due to poorer crystal formation; the combination of some of the
Fe2 3 or A12 3 with alkalies or other minor constituents which can
not yet be evaluated in the calculations; or to the failure of some of
the 4CaO.Al2 3.Fe2 3 to crystallize. Thus Hansen (24) has observed
that the iron phase frequently remains as a glass in the presence of

silicates. If 3CaO.Al2 3 is absent, or present only in small amounts,
the quantity of 4CaO.Al2 3.Fe2 3 necessary for identification in
clinkers is less than 15 per cent.

To summarize, in laboratory clinkers, the following amounts of

crystalline phase must ordinarily be present in order to be susceptible

of recognition by the X-ray diffraction method as employed in this

study.
Per cent

3CaO.Si02 8
02CaO.SiO2 15
3CaO.Al2 3 6
4CaO.Al2 3 .Fe2 3 15
MgO 2.5
CaO 2. 5
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VIII. EXAMINATION OF COMMERCIAL CEMENT CLINKERS

Twenty-eight commercial clinkers were examined by the X-ray
diffraction method in the attempt definitely to identify the compounds
present in them and to correlate the results obtained by X-ray
examination with the composition as calculated from chemical analy-

sis. These clinkers represent a variety of types of raw material and
methods of manufacture, both domestic and foreign.

Table 8 gives the chemical analyses of three of these commercial
clinkers, together with the compounds present as obtained by calcu-

lation (23). It should be pointed out that the status of equilibrium
is taken into consideration in the calculations by means of the value
obtained for the free CaO content.

Table 8.

—

Chemical analyses and calculated compound composition of three com-
mercial cement clinkers

Chemical analysis

CaO
AI2O3-
Fe2 3

MgO
MnO

Si0 2

S03

Loss
Free CaO

Compound composition

3CaO.Si0 2—
2CaO.Si0 2—
3Ca0.Al2 3__„
CaO____
4Ca0.Al2 3.Fe203

MgO
CaSO*. _

Clinker
No. 1

2.6
4.1

22.8
.2
.1

.0

37
38
13

8

4.1

Clinker
No. 2

64.5
6.4
2.4
3.1
.03

22.8
.2
.5
.4

Clinker
No. 3

36.0

4.4
5.1
.6

24.0
.0

.0

Table 9 gives the interplanar spacings and relative intensities of

the lines of the X-ray diffraction patterns of these clinkers, together
with corresponding data for the compounds to which the lines may
be assigned. In the diffraction patterns of the pure compounds, the
weakest lines are omitted, since such lines do not appear when the
concentrations of the compounds are of the order found to obtain in

cements. Complete diffraction data on these compounds have been
reported from this laboratory (11).
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Table 9.

—

Interplanar spacings of diffraction patterns of three commercial clinkers,

together with the interplanar spacings of the lines of the cement compounds which
may be observed when those compounds are present in amounts approximating the

quantities predicted in Portland-cement clinker

Line
No. Clinker No. 1 Clinker No. 2

Clinker
No. 3

C 3S 0C 2S C 3A MgO C 4AF j

1 3.02 m
2.940 w
2.755 ssb
2.680 w

3.02 m
2.945 ww
2.750 ssb
2.680 w

3.03 m
2.950 w_...
2.760 ssb..

3.02 s

2 2.940 w
3 2.750 ssb.. 2.750 ssb. 2.760 m.
4 2.690 ss...

5 2.645 w 2.640 ss.

6 2.605 s

2.435 w
2.405 w
2.320 w
2.275 w

2.180 s

2.100 m
}2.035wwb

1.980 w ..

1.895-1.935 w.
1.824 ww
1.760 s

1.623 m

2.595 s

2.430 w
2.390 w
2.315 w
2.275 w

2.175 s

2.100 w

2.590 s

2.435 w ...

2.600 s 2.610 s

7 2.440 m—
8 2.400 ww. 2.400 m—
9 2.315 w..-.

2.275 w
2.320 m

10 2.278 m...

11 2.170 s 2.178 s 2.182S—
12 2.100 ss »..

13
2.035wwb

1.975 w

1.890-1.935 w_
1.824 wwb
1.761s
1.626 m

/2.045 w .. 2.045 m.
14 \2.030 wwb.

1.978 w._ -.

1.924 mb..
1.823 w._._
1.763 s

1.624 m..._
1.577 w

2.030 mb

.

1.980 m...15 1.975 m....

1.932 m___.
1.825 w._..
1.762 s

16
17

1.895 mb.
1.800 m___

1.905 s_... 1.930 s.

18
19 1.627 s

20 1.578 m.

21 1.530-1.560 w_
1.485 s

1.454 w
1.345 ww

1.540-1.560 w.
1.488 s.

1.458 w
1.345 w

1.540 mb__
1.488 s

1.460 w....

1.542 mb. 1.538 m.
22 1.487 s . I.48"6~ss._.

?,3 1.458 w
24 1.346 m._.
25 1.318 ww._ 1.318 m.

?6 1.210 w 1.209 w.
27 1.198 w..

1.160 wb
1.131 wb.
1.092 wb

1.197 w
1.158 wb
1.132 wb
1.092 wb

1.198 w....
1.159 wb..
1.133 wb ..

1.090 wb__

1.198 w
?8 1.162wb—
W 1.132 wb._
30 1.090 wb._

'A typographical error appeared in a previous publication (Am. J. Sci., 15, p. 225; 1928) in which the line

2.100 ss for MgO was incorrectly listed 2.01 m.

An examination of the diffraction data shows that there can be
identified in clinkers 1 and 2 the compounds 3CaO.Si02 ,

j32CaO.Si02 ,

3CaO.Al2 3 and MgO. The compound 4CaO.Al2 3.Fe2 3 ,
present (by

calculation) to the extent of 8 and 7 per cent, respectively, was not
definitely identified in those two clinkers.

In clinker No. 3, which contained (by calculation) 3 per cent of

,
3CaO.Al2 3 , 15 per cent of 4CaO.Al2 3.Fe2 3 , and 0.6 per cent of MgO,

; only the lines of 4CaO.Al2 3.Fe2 3 were identified in the pattern in

addition to those of 3CaO.Si02 and /32CaO.Si02 . The low concentra-
tion of the 3CaO.Al2 3 and MgO accounts for the absence of the lines

of those compounds in the pattern.

These three clinkers were selected for detailed presentation because
they are typical and represent rather widely varying compositions.
Twenty-five other commercial-cement clinkers were examined by this

method. In all of them, without exception, 3CaO.Si02 and /32CaO.-
Si02 were identified. Furthermore, the patterns of those two com-

1 pounds were always the most prominent, indicating that they are the
' most abundant constituents of normal cement clinker. One or more
of the compounds 3CaO.Al2 3 , 4CaO.Al2 3.Fe2 3 , or MgO were
identified in most of the clinkers, but not all of these latter compounds

/ were identified in all clinkers. As previously pointed out, the X-ray
method fails to indicate the compounds when they are present in

11295°—3(
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amounts less than a certain minimum value. In no case, however,
has any inconsistency been observed between the computed con-

stitution, due consideration always being given to the free CaO, and
the X-ray observations although, to bring out the desired relation-

ships, special exposures and developments have sometimes been
necessary.

No one method of approach to the complicated problem of the
constitution of Portland cement may be regarded, of itself, as alto-

gether conclusive. The separation of the compounds from a finely

ground sample by methods based on differences in specific gravity
probably can not be made complete because of the intimate inter-

growth of the crystal phases. Microscopical examinations are satis-

factory when made on especially prepared laboratory clinkers, but the
fine structure and intergrowths of the constituents of commercial
clinkers make for difficulties in the interpretation of optical data when
applied directly to the commercial material. Calculations based on
the phase-rule interpretations of chemical analyses are open to the
criticism that the exact state of the equilibrium which obtains and
the effect of the minor components are not known precisely. Of
itself, the X-ray method also is inconclusive for it is not capable
of detecting small amounts of a crystalline phase nor large amounts
of an amorphous composition.
Taken together, however, the cogency of the data obtained by

phase equilibria, chemical, microscopical, and X-ray methods becomes
profoundly impressive. There is in no case a conflict in interpreta-

tion and, where one method fails, the other methods usually supply
the information to complete the picture. It is especially noteworthy
that the X-ray method can be applied directly to commercial clinker.

The results obtained by it are not, to as large an extent as in phase
equilibria studies, dependent upon a scientific deduction following
established laws; but the confirmation of those deductions by the
X-ray method, as also by the microscopical method, leads to increased
confidence in the findings.

The X-ray technique has not yet been developed to a degree where
the method may be employed for the quantitative estimation of the
compounds present. This is a problem to be studied in the near
future.

IX. SUMMARY
The X-ray method has been applied in recent research to a study of

the compounds which may occur in Portland cement clinker. The
present investigation is concerned with a number of subjects regarding
the constitution of cement clinker and with the identification of the
compounds that occur in the commercial material.
An examination of" the composition 3CaO + Si02 has shown that

3CaO.Si02 exists and can be formed by the heating together, under
the proper conditions, of a properly proportioned mixture of lime and
silica. It is shown, furthermore, that CaO does not enter into solid
solution with 2CaO.Si02 in appreciable amounts, but that com-
positions ranging between 2CaO + Si02 and 3CaO + Si02 ,

properly
heated, contain at equilibrium a mixture of 3CaO.Si02 and either y
or j82CaO.Si02 .

A study of the composition 8CaO + Al2 3 + 2Si02 has shown that a
compound of that composition does not exist in the system
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CaO-Al2 3-Si02 nor in Portland cement. On the contrary, such a

mixture, properly heated gives 3CaO.Si02 ,
/32CaO.Si02 and

3CaO.Al2 3 and, if equilibrium is not complete, a small amount of

CaO.
A special examination of the system 3CaO.Si02-2CaO.Si02

-

3CaO.Al2 3 has shown that solid solution does not occur between
either of the above silicates and the aluminate in appreciable amounts.
The mixtures at equilibrium contain only those three compounds..

Free CaO was not found in commercial cement clinkers by the
X-ray method. A study of the identification of that compound
indicates that a percentage of CaO of 2.5 could be recognized. Hence,
it is demonstrated that free CaO is not commonly present in commer-
cial clinkers in amounts as high as 2.5 per cent.

The minimum amounts of the cement compounds that could be
detected in controlled laboratory burns by the X-ray method, as

used in this study, were found to be as follows:
Per cent

3CaO.Si02 8
/32CaO.Si02 15
3CaO.Al2 3 6
4CaO.Al2 3.Fe2 3 15
MgO 2.5
CaO 2. 5

The X-ray diffraction patterns of 28 commercial Portland cement
clinkers, representing many types of raw material and processes of

manufacture, both domestic and foreign, were obtained. 3CaO.Si02

and ]82CaO.Si02 were identified in each as unquestionably the most
abundant constituents; 3CaO.Al2 3 , 4CaO.Al2 3.Fe2 3 , and MgO
were identified, separately or together, in most of the clinkers but,

in many of them, the patterns of one or two of these latter com-
pounds were not observed.
The results obtained in this investigation by X-ray methods are in

agreement with those obtained by phase equilibria, chemical and
microscopical methods. Each supplements and confirms the other.

Taken together, the cogency of their findings becomes convincing.

These findings define the major constitution of Portland cement
clinker. They indicate that the most abundant constituents are tri-

calcium silicate and beta dicalcium silicate; that there are normally
present, in addition, tricalcium aluminate, tetracalcium alumino
ferrite and magnesia; and that free CaO is not normally present in

amounts as great as 2.5 per cent.
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