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Intioduction.

The title of the paper I shall Lave the pleasure cf
presenting for you is: Applied research in process control
in cement productions. Under this heading I would like

to report on a research program, I was asked to conduct,

during a five month stay in one of the Middle East contries.

The program was intended primarily to Le a training program
for the scientific staff at a local central lakeratory, and
attempts were made, to relate characteristic diversities

or anomalies oLserved, to relevant prcduction stages.

Due to the limited time availakle, the investigations were
carried out on single sample-sets, each consisting of
raw-mix, élinkers and cement. The work included physical
tests and chemical analysis of cements, microscoric inve-
stigations on clinker-samples and fineness-analysis of
raw-mixes. Because of the general difficuity of obtaining
cement-samples, which originates from the clinkers under
investigation (same period of burning), the results obtained
on cements may contradict the results obtained on clinker-
samples. It could therefore ke argued that results from
single samples, as used in these investigatiohs, might
reflect exceptional extrecemes c¢f fluctuations within the
individual productions. However, for productions of high
degree of stakility such fluctuations are expected to be
small, and contradictory data from cement- and clinker~samples
are therefore kelieved to reflect the degree of instability
in the clinker production.

The experimental work of the prcgram was divided between
two working groups, the microscopic group and the cheni-

cal-/physical-group as shown kelow:

Clinkers: a) determination of free lime. {(Chem.)

b) phase distribution of clinkers. (Micr.)
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Cemz2nts: a) physical test cf cement. (Chexn.)

b) chemical analysis. (Chem.)

Raw-mixes: a). particle size distribution. (Micr.)

E) burnability test. (Micr.)

Samgling.

The raw-mix- and the cement-samples were considered homo-
geneous and were examined as received. For clinker-samplcs
the situation is normally different. Each clinker-sample
was the.cinre divided in homogeneous sub-samples according
o clinker-size, colour and apparent porosity. The sukse-
quent examinations were then carried out on the individual
suk-samplas and the final results calculated as weighted
means of the sub-samples.

APILICATION OF EQUILIBRIUM PHASE DIAGRAMS IN CEMENT R SEtARCH.

It has keen generally accepted for many years,6 that okserva-

tions on model clinkers consisting of only CaO, A1203 and
SiO2 and burnt to complete equilibrium under lakoratory
conditions, could be satisfactorilv interpretated by the
203 ~ SJ_O2
(C-A-S-diagrgm). This has also kteen the case for more rea-

help of the three compoaent diagram Ca0 - Al

listic compositions containing Fe203 ( 1lo3) and minor

amounts of other "impurities".

More recenlly it has been demonstrated that the application
of equilikrium diagrams is also usefull in investigations
of industrialy produced clinkers (ref. 3, 4 and 5). This
was ealier questioned kecause industrial clinkers were

not considered to be equilibrium samples and local inhomo-
geni*ies normally exist. Investigations of the different
steps of the clinker reaction nave confirmed that the
ratelimiting step is the reaction:

C28 + cad —>» CBS (1)

This reaction takes place in the Lkurniny zone of the cement-
kiln, atfter that rmuch more rarid reactions, in lower tempe-

rature-zones in the Xiln, have changed the szvw-macerials

to a mixture of C.5, liguid and great amounts of free Ca0.
L
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It has also been shown (ref. 3. 4 and 5) tha. reacticn (1}

is diffusion controlled arc that locally eguilibrium will
eéxist. The cencept ©of locally eauvilibrium means that equi-
librium according to the phase-diagram exists at any Lkoundary
between different phases in the sample at the definite tempe-
rature. Fig. 1 shows the corner of the CAS-diagram of
interest for cement-production. This diagram gives detailed
informations about the equilikrium situation for different

compositions at different temperatures.

Because reaction (1) is the far most important reaction in
cement-production and since this reaction in practice can
be assumed to take place at fairly constant temperature,

a more convenient diagram may be constructed to give infor-
mations corresponding to one temperature only, (ref. 6).
This is named an isothermal section, and is shown in fig. 2,
for the temperature 1500° C, which corresponds the burning
temperature, approximately 1550° ¢ for realistic cement

compositions.

In fig. 2 the composition space is divided into different

fields designated D, - DS’ The fields Dys Dy and DS

two-phase fields where one solid (the component in the cornsr)

are

in eguilibkrium with one liquid phase. Dl thus designates
compositions in which CaO c¢s in equilitrium with melt of
'composition L3 - LZ,D3 designates compositions consisting
of C3S in equilibr@um with meit of composition L, - LI

and DS' finally compositions where CZS and melts on the

isotherm are in equilibrium.

D2 and D4 are three-phase fielus corresponding two solid
phases in equilikrium with a liquid phase of fixed composi-
tiomn. D2 corresponds to CBS and free CaO in equilikrium

with melt L and D4 to compositions giving CBS and CZS in

2!
equilibrium with melt of composition Ll'

At a relative early stage :11 “he burning zone, the individual
regions of the clinker (approximately lﬁOxlOOxlOQumB) will
show a quantitative phase composition corresponding the
isotherm diagram for the kurning-temperature ard the local

composition concerned. However, general eqguilikbrium still
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does not exist kecause of composition-differences ketwean
local regions. The reaction then taking place in the burning-

zon€ is easily cxplained in the isotherm section in fig. 2.

In fig. 2, P is the total composition of the raw-mix. The
equilibrium phase distribution of composition P is directly
read from the diagram to ke: (CBS- a)%CZS, (Czs— b)%C3S and
(a- b))% ligquid of composition Ll'

Because of the chemical inhcmogeneity, the average composition
P, may result from neighbour-regions of different compositions

P, and P,. The region of P, consists of C3S, C,S and liquid

Ly, while 2, consists of c;s, free CaO and Lz. Because Pl and

P2 are located in different fields of the iscotherm section,

D, and Dz.in fig. 2, they are not in mutual equilibrium and

a transfer of materials ketween them will take place by a
diffusion process. buring this diffusion process an intermeédiate
zone will develcp in the contact zcne ketween the two original
regions Pl and P2.
N.H.Christensen (7) has shown, that this new diffusion zone
will corsist of compositions on the straight line belween P,

and P2' and only those crossing the two-phase field D3 in fZg.z.
According to the diagram, the diffusion laver then consists

of C3S and liquid only.

The two original regions will decrease in size, while the
thickness of the intermediate zone wiil increase following a
square roote of time deperndency and equilibrium is not reached
until one of them has disappeared. Consequently the rate of
the over-all reaction CZS + Ca0 +'c3s will also decrease
oropcrtional to the sgquare roote of time, characteristic for
diffusion processes.

For finely ground and homogeneous raw-mixes the diffusion
distances can bc kept very small (< 200 «m) and reaction

times correspondingly short. This is not possible however, if
coarse grains are present in the raw-mix, and the reaction
time for complete reaction will therefore increase accordingly.

Tvo types of coarse grains are of special interest in this
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connection, coarse CaCOB- and coairse SiOZ—grains.

If coarsz CaCbB-grains are present in tne raw-mix, the reac-
tion will proceed as illustrated in fig. Ja. The reaction
layer of C3S will increase during the reaction, but for
CaCO3—grains smaller than approximately 125 «m the CaO=
grains are completely dissolved within the ncrmal burning
times and transformed to an area consisting of C3S and

liquid only.’
Hereafiter the clinker-structure will not change fundamentalily
during continued burning, but only show suksequent crystal

growth of the equilibrium phases formed.

Coarse Si0O,-grains.

If coarse Si0O,-7rains are present in the raw-mix, the flpal

2
step cf the clinker reaction can be illustrated by fig. 3b.

As mentioned akove, the Sioz-grains, when entering the
burning zone, have already keen transiormed to Czs-clusters
containing some liguid. Because of the low CaC-content
in such regions, the surrounding matrix must show a corre-
sponding increased CaO-content, compared to the total ~om-
positicn P. The composition of the matrix may then fall
inside the field D,
are seen to be C,S, free Ca0 and liquid L2. The free Cal

3
will in this case be finely distributed in the matrix.

of fig.2, where the phases in ecuilibrium

The further reaction ketween the CZS—cluster and the free
CaO-containing matrix will also here result in a diffusion
layer around the coarse Czs—particle, consisting of CBS

and liquid only.

.However, for a given reaction layer-thickness, the reduction
in size of the Czs-cluster is insignificant compared to the
grain-size reducticn in the case of coarse CaO-particles.
This is due to tne random distrikution of the reacting
partner, ine free TaO in the metrix, which in thec case of
coarse Sios-grains has to he transported from regions far

away in the sanple, in order to complete the reaction.




Therefore when Sioz-grains, coarser than apprcximately 44 um
are present in the raw-mix, the abouve mentioned reaction
will normally not Le completed within the time availakle

in: the burning zone. Conseguently a corresponding amount

of free Ca0O (depending on the lime saturation factor)

will be present in the clinker after leaving the kiln.

Even a considerable increase in burning time will not affect
this situation significantly, because of the rapid decrease

in reaction rate by increased reaction layer-thickness.

From the discussion above it is understood,that the distri-
bution of the clinker phases C3S and CZS will depend on the

original distribution of CaO- and SiO.-rich regions in the

2
raw-mix, and that no change in the phase-distribution

is to be expected after completion of tne reaction (1).

An observation of an ununiform distribution of these phases
in the microscopic examiration, then reflects either iasuf-

ficient homogenity or coarse-grains in the raw-mix.

By the rapid cooling, normally exerted in the clinkers
upon leaving the burning zone, the liguid phase will cry-
stallize forming mainly C3A and also C,AF in the realistic

4
system.

EXPERIMENTAL.

Cement-samples from each sample-set were physically tested

in accordance with the national specifications for cement
testing. Only the autoclave test were omitted and additiorally
to tne specification, the 28-day compressive strength were
meassured. The results from the physical tests are shown

in table I. Also on cement samples, complete chemical

analysis has been carried out, following the standard
proceedures normally used. The results avre listed in

table IT.

Raw-mix samples were investigated for grain size distri-

bution by meassuring tne residues on sieves with No. 16,
18, 26, 72 and 170 corresponding mesh widths 1000, 850,




600, 210 and 90 microns reswvectively. The si=zve residues
are listed irn table VII. On tle kasis of the accumulated.
residues, the gra.in size curves were constructed and graphs
for the individual samples are shown in fig. 4.

Clinker-samples wer2 exanined for 503—content by chemical

metbods normally used. The results are included in takle II.
Ciinker-samples from the individual factories were also
examined qualitatively as well as quantitatively by reflec-
tion microscopy of polished sections. As mentioned earlier,
the clinker-sanples showed different degrees of inhomogenity
with respect toc modul size, colour and porosity. In order

to improve the accuracy of the microscopic examinations,

the clinker-samples were divided intc grouvs, which then

were examined individually.

Clinker fragments from eéch such group were impregnated

in resin. After hardening of the resin the samples were
ground to expose a cross-section of the clinker fragments,
using 96% alcohol as a lubkricant. To secure an absolute
plane surface, the final steps of grinding were carried

out in glass-plates, using SiC-powder and iso-butanediol.
Finally the samples were polished automatically on petrodisc
in a Struers DP-U pclishing machine, using iso-butanedicl
and 1 gm and 0.3 ym A1203-pcwder. Upon cleaning, the samples
were surface-etched in HF-vapour for 5 - 15 sec. By using
this etching technique the clinker phases are easily
destingdished in the reflection microscop. Thus C3S, CZS'

c
while C

3A appear with brcwn, bilue and grey colours respectively,
4AF and Mg0 remain completely unaffected by this
treatment. The free Ca0 shows only a slightly change in

cclour and will also appear uneiched white.

When not examined under the microscep the polished sections
are carefully stored in dessicators eguiped with silicagel.
For further details in procedures for sample-prcparations,

sce ref. 7 and 8.

Qualitative micro«copic examination.

The clinker samples were investigated guaiitatively under
the microscop by estimating 10 characteristic clinker
properties on three arbitrary levels. The selected proper-

ties were the following:




_8-

Crystalsize of alitil2. The alite cryctals arz2 regarded
as medium size between 20 and 70 ¢m. Small alice
crystals .ndicate inc,m;leﬁe clinker burning, while
large sizes of alite irdicate unneccessary intense

burning, i.e. either too high tempi:rature or too

long time in the burning zone. Coarse alite surrounding

-belite clusters, typical for raw-mixes containing

coarse silica is not consiaered herw.

Crystalsize of belite. Belite crystals between 10
and BO/ym are regarded as medium size crystals.
Smaller dimensions reflect an underburned situation,
while oversize crystals of kelite indicate coarse
SiOz-rich particles in the raw-mix.

"Belite".Under this point the frequency ci kelite
with anomal etching benaviour is estimated on three
levels, none, few ard many. "Belité" denctes oelite
with a significantly lower reactivity than the {%-
belite usually founé, when etchef with HF-vapour.
“Bolite” is normally seen to form part of individual
belite crystals, located in direct contact with
sulphate liquid phase. It is known (ref. 9) that
high concentrations of sulphates may stabilize =~ or
pz'-modifications of kelitc. Alszo the temperature

in the burning zone may arfect the formaticn of
certain modifications of belite, but more detailed
investigations are needed to confirm the ident.ty

of "belite®.

The points 1 - 3 are related tc the burning tempera-
ture and burning time. The following two points

4 and 5 deals with homogenity.

Strezks or bands of helite fcrming an ircerconnected
pattern in the clinker, indicate insuificient homoc-

genization ¢f the raw-mixX or in more rare cases, con-
taminatiorn of the clinkers with Sioz-rich constituents
in the kiln. This feature is alszo characteristic

for raw-mixes with coarse CaCO3—grains, especially
wher the lime saturaticn factcr 1is relatively low,

i.e. ¢ B7.
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Clusters of belite is a specific indicaticon of the
presence of coarse SiOé-qrains in the raw-mix. It

has previously been cdiscussed that this particvlar
phase-distribution is an eyguilibkrium phenomena feor

raw-mixes with lime saturation factors lower than 98.

Point 6 and 7 give informations about the cooling
rate of the clinker.

The crystallini“y of the interstitial phase will

be highly influ=2nces of the cooling rate in all

the temperature range down to the eutectic tempera-
ture about 1200° c. If slowly cooled, the liquid,
which is completely melted at the clinker reaction
temperature, will crystallize to well developed

crystals of C3A and C4AF.

On the contrary, if clinkers are qguickly ccoled

the liquid phase will shecw a fine grained structure.

The stoichiometric ccmpositicn of the crystals formed
from the clinker liquid is kncwn to ke more complex,
but a more detailed differentiation than mentic.ed

here will re outside the scope of this work.

Secondary precipitation of belite around alite

crystals is occasionally ohserved in industrial

clinkers and results from slow to moderate cooling

rates at temperaturec just belcw the maximum tempe-
rature in the kilrn. It can ke shown (ref. 6), that

this particular belite structure must be expected,

when passing the peritectic temperature (1455O C

in the CAS-systen) with a moderate rate of cocling.
The reaction taking place in this point is the

resorbtion reaction C3S + liq-4>C28.

In practical cement-production this unrdesirable
reaction is avoided by installation o*f ”“cam-lines"
in the kiln, vhich ensures the proper rapid cooling

of the clinkers in the actual tecnaperature-range.
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The last points 8, 3 and 10 convey a qualitative
estimate of the prosence of the remainder miror

constituerts.

8. Clusters of free CaC are an unmistakable indication

of coarse CaCO3—particles in the raw-mix.

9. MgO-crystals, periclase are to be expected as an
equilibrium phase in clinkers with high MgO-contents,
( > 3% Mg0). The amount quantitatively estimated
here, represents the coarse primary crvstals (size
> 15 y4m) formed at the maximum temperature in the
kiln. Additionally small amounts of finely crystal-
lized periclase may be formed éuring the cooling
of the clinker.

10. The sulphate phase, mainly K-, Na- and Ca-sulrhates,
is observed as separated inclusions in the intoersti-
tial phase. This characteristic distrikution is
due to immiscibility of the two liguid phases at
the high temperature in the kiln. A larger amount
of sulphate phase indicates high alkalicontent

in the clirkers.

Recently published data (ref. 10) also seem to
indicate, that even small amounts of sulphate phase
(water soluble sulphates) may have a negative
influence on the long termed compressive strength

of the cement.

The resuits of the qualitative examination are listed in
table IV.

Quantitative microsccpic examination.

The HF-vapour-etched pcolished sections of clinkevrs were
after the qualitative examination investigated quantitatively

for the content of clinker phasec, by optical pointcounting.

The OPC-method is kased on t*~ fact chat *“he ar=za, occupied
by any ccnstituent in an cross scction of a sample, corre-
sponds to the volume percent of the particular constituent

in the clinker.
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Of statistical reasons tinis area is easily determined

by placing a number of random gyrid points over the sample,
and then count the reiative number of points falling withir
the particular phase in gquestion. Then, knowing the densitics
of the clinker phases, the weight percents are easily

calculated from the volume percents measured.

In the present workx a counting technique was used, by

which the samples were automatically moved in steps, when
the push buttons on a counting keykoard were pressed.

A ceicain clinker mineral was counted by pressing the
corresponding button when the mineral appeared under the
cross-hairs of the microscops eye-piece. Normally the

50 x objective lense was used and the clinkerphases counted
were C3S, Czs (C3A + C4AF), free CaO, MgO, sulphate phase
and pores. The C3A and C4AF were counted in one gGroup
(liquid phase) and the relative amounts estimated from

the average appearance of the liquid phase in cach case.
From the optical-point-counting data, the averzge vclumetric
content of each constituent in a clinker-sample is calcula-
ted as the weighted mean of the contents in the individual

clinker-fractions. The results are listed in table V.
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RESULTS.

————— ——

Optical point counting.

From the volumetric data, the corresponding weight
percentages are calculated in table V using the following
equations:

p

WT % (component i) = Vol & (i) x :i

p

Vol % (i) X pi

lo0

where P =

The densities P;, used for the different cliinker-minerals
were: C3S, 3.13; CZS’ 3.28; ¢c.,An, 3.¢c; C,AF, 3.77; Cca0O, 3.32;
Mg0, 3.58 and sulphate, 3.22

3 4

For the contents of clinker minerals determined by optical
point counting, confidence limits on a 95 % level have

been claculated. In principle two different sources of error
should be considered, the statistical cournting-error and

the error of sampiing.

For the statistical error of counting, the standard deviation,

can be deduced from the data in ref. 11, using the

6 —_— - ° 6
95% 1.96 x Scount 95%
confidence limit, listed in ref. 11l as a function of the

s
count’
equation

i3 here the Y5 %
total number of counts and the relative content of the

phase counted.

Using 3000 as the total numker of counts, which has bcen

exceeded in all cases in the present work, counts is
calculated for the individual clinker-phases and listed

in table VI (1l).

Applying the "mean range method. for grouped sandles”,

ref. 12, p. 48, the sampling error can be estimated from

the OPC-data from the individual clinker pieces in c¢different
polished sections. The groups are here polished sections
containing the same number of clinker pieces (four). The
individual pieces in a polished section represents the same
particular fraction of the corplcte clinker sample from

the factory.
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om the ¢PL-data the mean range W is calculateé for each

[

T
of the clinker-phases and listed in tabkle VI (2). From the
mean range W, the standard deviation of samgpling is found

using

ssampl. = 4
where d4 = 2.06 (ref. 12).

The s-vzlues of sampling for the different clinker-phases
are listed in table VI (3).

The overall standard deviation is now calculated in table VI
(4) from

s = vrsz + sf
OPC count sampl

Using now the overall standard deviations, the 95 % confidence

limits are finally calculated in table 7I (5) from

§. . = ¥ X Sype

95% - N

where N is the total numker of clinker pieces counted in
a complete clinker sample and t takes the value 2 for

the degree of freedom of ¢, i.e, N ~ (number of groups).

‘Chemical analysis.

In table V also the mineral contentes are iisted, which
have beer calculated from the chemical analysis deta on

cements, using following set of modified Bcjue-formulas:

C3S = 4.0 X Ca0 - (6.5% x A1203 + 1.47 x Pe203 + 7.39 x Sio2 +
2.8 x SO3 + 4.0 x Free CaO0)

czs = 3.11 x 9102 - 0.8 x cgs

C3A = 2.78 x A1203 - 1.86 x Fezo3 - 0.02 = CBS

_
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C4AF = 3.3 x F9203 -~ 0.06 x czs

CaSO4 =1.7 x 503
The modified formulas are taking into consideration the
pronounced tendency of solid solution formation in clirker

minerals, documented in litterature in recent years.
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BURNABILITY.

Standard Burnakilitv index.

In this part of the investigation the turnability of the
raw-mixes from the different factories has been compared.

The burnakility model applied here is suggested by

V. Johahsen and Fundal, ref. 2 and 13, and is closely related !
to the clinker reaction mechanism discussed previosly

in this report. According to th=z model a-standard burnakbi-

lity index for at given raw-rix is defined as the amcunt

of free CaO0 in the clinker after burring under standardized

conditions, i.e. 1400°C, 30 min.

A relatively higher burnability index then stanées for a

raw-mix more difficult to burn into equilibrium condition.

Fundal! (ref. 13), has established a relationship from
which the standard burnability index can be calculated
from chemical and physical parametsrs of the raw-mix.

The equation is

30

Ca0, 400

= 0.33 (LSF - LSF{4_)) + 0.93 x Si0, . ., +

0.56 x ¥k x CaCC3 + 125 0.2 x Ag

(2)

Where LS? is the lime saturation factor, (LSF(MS) =
~-5.1 x silica modulus + ‘107, and SiO2+44 and Ca;o3+125

are the fractions of Sio2 - 2.4 CaCO3 - grairs coarser

than 44 and 125 um respec.ively. k ic defined as

titration (limestone)}- titration (raw-mix)

100 -~ titration (raw-mix; and

k =

Aq is the acid-insoluble residue - gquartz.

Using equation (2) the standard burnzbility index were
calculated¢ for the nine raw-mixes inveswvigated anrd the
results are shown in table VIII. The chemical parameters
in eq. 2 were calculated from the data in takle II and

the coarse CaCCS - fractio- wvere read from the ¢grain size
curves in fig. 4, acsuming that the fraction coarser than

l2§/4m cornsists ol CaCC, particles only. Thn ~orrection l
2
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factors, k, used in the calzulation, ar2 included in
table VIII.

Thé term related to "coarse silica™ in eg. 2 had to te
considered in five cases, where ccarse silica were indicated
from the qualitative investigatiorn. In these cases, the
amount of coarse silica was determined as the HCL-insnluble

recidue on sieve mesh no. 270 (cf. table VII).
The term Ag was neglected in all cases.,

EZfect of temperature and time.

Furthermore, Vagn Jchansen (ref 2) has demonstrated that

burnability indexes corresponding temperatures and burning-

calculated on the basis of the standard burnability index

and the grain size distributions of the raw-mix.

The equation to be applied in this case is

t .
t gLl - X3) Ri 30 .
= X Cao (J)
T 00 - x Ri 1400
1466 i) 1

C=20

t . -
where TZ(l - Xi)Ri represents the summation or *the non-
reacted fractions of CaO-grains, extended over alil ¢ :ain
sizes in the raw-mix, for the temperature and time indicated.

Caoigoo is the standard burnability index previously defined.

The non-reacted fractions {1 - Xi)Ri are calcuiated indivi-
dually for the avera¢c grain sizes di of a number c¢f intervals,

using following equation established in vei. 2:

-5 .
1 - 35.5 x 10 ¥ t = (1 + 5X)2/3 _ L?X (4)
K d2 3

In egq. (4}, K is a temperature dependent constant related
to the diffusiosn - coefficient in the clinker liquid

1 for 1500°C, 2.3 for 1400°C); R, is the weight-fraction
of Caco

—
1]

3 with grain size di in the raw-mix.




On the basis oi eqg. (2) and (4) the effzct of kurning time

at leOOC has been calculated for the seven raw-mixes

investigated.

The procedure in the calculation appears from appendix I

and the results are shown in table VIII.

The burnability equation (3) considers the reaction of

couarse CaCO3 - particles only.

Therefore, if also coarse grains oZf silica are present

' in the raw-mix, & certain amount of free Ca0 should ke
added, corresponding the contribution from this constituernt.
According to the previcus discussions in this report about
the consequences Jf coarse silica in the raw-mix, this
amount of free CaO will be influenced Ly the chemical
parameters but are expected to be a naerly constant function

of temperature and time. This contribution to the burnzbility

index may therefore be estimated from equation (2) as
Ca0(5102+44) = 9.33(L3F - LSP(MS)) + 0.93 x SiOz+44.
These corrections for the relevant cases are included in
table VIII and a graprical reprensentaticn of the time-
dependency cf the 1500° - burnability inde:x is shown in
fig. 6.

Effect of {ineness.

In one case of an extremcly ccarse raw-mix, sampie no. 3,

the effect of grinding has Lbeen demcnstrated. By grinding

by hand in a2 mortar, the 170 mesh sieve-residve, originally
arounting 24% of the raw-mix, was changed to 10% (cf. fig. 4},

wichout changing the total chemical composition.

Using the burnability model discussed in the proceeding
section, the burnabkility indexes wz2re calculated for the
two different fineness-csituations for three different

temperatures and fixed burning-time, 30 min.

For the same conditicns of temperature and time an experi-
mental burnability test series was accomplished. Laboratore
r

clinkers cf the two raw-mixes werec herc calcinated for

30 min. at 10600°C and suksequently burned in a leksrarvery

03

- [




kiln under striccly controlled conditions at 1365°C,

1400°C and 1459°C for 30 min. Upon rapid cooling the amournrt
of free . ' in the clinkers was determined by chemical
analysis.

The calculated and experimentally determineé free CaO-
contents in Lhe two cases are shown in takle IX. A good
aggreement is found between calculated and axperimental
values. - It should be noticed, that variation of burning
temperature only has a mincr influence on the amount of
free Ca0, compared to the effect of improved fineness.

for this raw-mix.




COMBINATION OF RESULTS.
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Discussion of the Sample No. 1.

The physical test results for Sample No 1 (cf. table I), shows

a cement which satisfy all specification-properties tested.

The relative amounts of clinker minerals (cf. table V) may
also be regarded as normal.

The considerable discrepancy between the OPC-data and the
Bogue-data in table V reflects a significant difference

in chemical composition between the clinlkers and the cement-
-samples investigated, which again indicates an anomal fluctuat-
ion in the lime-saturation fgctbr cf the kiln feed.

This conclusion has been confirmed in a communication with
the factory, and effcrts were made to overcome these temporary
difficulties,

Special attention has been payed to the unusual high MgO-content
in these clinkers (determined to 4,4%).This amount exceeds the
amount, that can be incorporated either in the ‘clinker-minerals
as solid soiutions or dissolved in the liquid phase. Consequently
a resjidual amount must remain in the clinker as a primary formed
equilibrium phase of periclase. If slowly ccoled an additional
amount may precipitate from the saturated liquid phase.

By optical point counting the content of primary formed peri-’
clase has been determined to 1.12%, while no indication of
periclase precipitated during ccoling has been observed. The

periclase crystais have a grain-size > 20 um and C3S-Mg0 “growing
together" phenomena, characteristic for primary crystals, were

frequently seen.

The maximum acceptable amount of coarse periclase crystals may
be a function of procducticn-conditions and has not been stated
in the present work, but may be determined by additional micro-

scopic examinations in connection with autoclave test con cement
samples.




Discussion of Sample No 2.

From the physical test resulets (cf. table I) it appears that
the cement conforms to the specificaticns in all properties
tested.

From the qualitative microscopic examiration it was revealed
ghat substantial amounts of CZS-clusters were present in the
fine fraction of the clinker-sample, the dusty part, which
fraction amounts for more than 50% of the whole sample. This
observation is consistent with the findirng of 6.5% silica-grain

coarser than 50 uym in the raw-mix.

A substantial part of the belite-crystals is of the "Belite"
type, but the practical importance of this observaticn is not
clear at the present moment. The OPC-detcrmination of clinker-
-minerals (cf. table V) was in excellent agreement with the Bogue-

-calculated values.

The relative high content of coarse silica in the raw-mix, is
seen to have great influence on the burnability (cf. fig. 6),

making this rawv-mix very difficult to burn.

.This difficulty is intensified because of a relatively high
LSF (92). The matrix between the Czs—clusters in the dusty
clinkers consists of CBS only, and the crystals here show

ekagerated grain-growth due to intensive burning.

In order to reduce the problems with the coarse silica-grains
it was suggested to lower the lime-sattration to about 90.

A consequence of this moderéte change should be a matrix
between the Czs—clusters more easy (o burn and less sensitive
to LSF-fluctuations, and the resulting minor reduction in the
C3S—content seemns to be acceptable, if coarsening of C3S can be
avoided at the same time ard a more "safe" production could be

secured,

However, because of the limited range for the LEF, caused by

coarse silica, and kecause of the abscnce of the mineral C3A
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in sulphate resistant cement, early strengths , far beyond the
specifications can no% be expected in this difficult case. Tnis
property seems only possible tc improve in this case by increasing

the specific surface (Blaine) of the cemrent.




Discucsion of Sample No 3.

From the physical test results (cf. table I) it is seen that the
cement does nct fulfil the specifications with respect to com-

pressive strengths and with respect to the fineness of the cement.

It is likely that the low specific surface found may nhave in-
fluenced the compressive strength data in this test.

However, from the microscopic examination,observations have been
made, which is ccnsistent with the physical test results. Big
clusters of free Cal in amounts of 2,7% are characteristic for
the clinkers. These clusters are impossible to dissolve by
continued burning because of their coarse nature, and a corres-
ponding decrease of approximately 10% in the C3S-content is the

consequence,

The reason for this major problem in this particular production

is the extremely coarse-grained slurry used (cf. fig. 4).

The detailed burnability test prcgram conducted especially on
this raw-mix has been discussed in a precediny section. As a
conclusion it was therefore only reconmended here, that the
particle size distribution in the slurry wes improved to a
residue on mesh 770 sieve of e.g. 11~13%. This change will
improve the burnability sufficiently to secure a completed
clinker reaction for an increased clinker-production. An in-
creased fineness of the slurry alsc allows for a minor adjust-
ment of the LSF to e.g. 89 - 90% without any risk of exceeding
amounts of free Ca® in the clinker.




" Discussion of Sample Yo 4.

From the pnysical test results {(cf. taple I) it is seen, that
the cemen%: conforms to the specifications in all properties

tested with the exception of the 3-days compressive strength.

The relatively low CBS—content of 48% from the Bogue calculat-

ion (cf. table V), in connection with the very low C_A-content,

3
seems to give an adequate explanation for this failing property.
The minor disagreement betwcen the mineral contents from OPC and
Bogue-calculations in table V, is explained by fluctuations in

the LST.

By the qualitative microscopic examination the presence of
coarse silica in the raw-mix was indicated by 100 - 300 um
CZS-clusters in the medium and the very small clinkers (75% of
the total clinker-sample). From the burnability data (cf. takle
VIII znd fig. 6) this content of s‘lica-grains ic seen to be the
limiting factor in the clinker reaction. This conclusion is sup-

ported by the finding of C_,S and liguid only in the clinker matrix

3

between the Czs-cluster, showing that eventual residues of free

lime here are very difficult to react.

Exaggerated grain growth of the alite crystals observed in the
medium sized clinkers (typical sizes 60 - 80 um) sz2ems to suppoc-t
the prediction, that intensive burning has been necessary to keep

the free lime content very low.

Therefore in order to imprcve the 3-days compressive strength,
an increase of the LSF to approximately 90 was recommended, but
in order to compensate for the corresponding increase in the
burnability index, a simultaneouc lowering of the silica modulus
tc about 3.0 was suggested.
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Discussion of Sample Nc 5.

From table f it is seen that the cement from Sample No 5 easily

fulfils all requirements within the specifications.

The particle-size distribution in the raw-mix is suitable and
the burnability (cf. table VIII and fig. 6) is seen to be ex-

cellent,

The microscopic examinations reveal an ideal clinker-structure

in the small size clinkers. In the big and medium clinkers, clu-
sters of C.S (200 - 400 um) were frequently cbserved, indicating

a certain gmount of coarse silica particles (100 - 200 um) in the
raw-mix (the amount was.not estimated) . This observation is far from
reflecting any difficulties ,butbecause the clinker-matrix between these
(‘2$-clusters was seen to consist of C38+hq. only, it canbe stated that the
content of coarse silica in the raw-mix is +tbhe limiting factor

in the clinker burning reaction in this case. Therefcre the lime
saturation factor 92, used at the present, is believed to be

close to the maximum (and optimal) value for this raw-mix, if the
free CaO should be kept at the same low value.

The excellent agreement between the OPC-data and Bogue calculated

clinker mineral contents (cf. table V), seems to indicate a Do~
duction o>f high stability.
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Discusszion of Sample No 6.

From the physical test results (cf. table I) it appears that

the cement fulfils all requirementes within the specification.

The good agreement between OPC-results and Bogue-calculated

mineral-contents cseems to indicate a stable production.

In the microscopic investigation the presence of coarse silica
in the raw-mix was indicated by 100 - 500 um Czs-clusters in the
clinkers. The amount of this constituent was 3.2% (cf. table VII).

However, because of a correct choice of a relatively low lime
saturation factor, the negative effect on the burnability from
these coarse particles is reduced. This is also supported by the
observation of a matrix between the C_S-clusters containing C.S

2 2

as well as CBS and liquid.

There should therefore be no reason for any changes in the con-

ditions in this production.
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Discussion of Sample N5 7.

The cement is found to fulfil all requirements within the spe-

cification easily (cf. table II).

The calculated burnability index is seen to predict a very easy
burnable raw-mix (cf. table VIII and fig. 6). This is mainly

because of the good grinding condition for the raw-mix.

The microsceopic examinations confirm this situation in revealing
a clinker structure without any anomalities. A homogene phase
distribution is observed in all clinker fractiors and the high
content cof CBS found by OPC explains the excellent early strength
for this cement. The discrepancy between the OPC-data and the
Bogue calculated mineral-contents is not clear at the present
time. It might reflect fluctuations in the LSF, but no other ob-

servation supports this possibility.
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compressive strength
(1b/in?) le chat.  Blaine
Cement sample No | 3 days 7 days 28 days exp. (cmz/g)
1 3470 48o7 590 - 3051
2 2600 3550 - 5163 ! 1 2554
3 lol9 2586 4550 2.5 1909
4 1850 3300 5900 1 2933
5 | 3513 5120 6150 0 3000
6 2588 3940 6500 1 2573
7 3015 4509 6850 Lﬁ 0 3044
Specifications 2134 C 3 - 2250
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TABLE 1I. RESULTS; CHEMICAL ANALYSIS OF CEMENTS.

Cement-sample 5102 A1203 Fez(l3 Cal ~ Mg0 loss
No
1 20.45 5.80 2.70 62.45> 4.39 1.14
2 21.17 3.52 5.57 62.81 3.78 0.7
3 22.22 4.70 2.70 62.40 3.5 1.20
4 23.70 .02 3J.02 64.05 0.83 l.1o
, 5 21.46 3.66 5.26 64.27 1.86 0.90
| é 22.47 4.69 2.67 62.33  3.43 0.98
7 21.22 5.96 3J.00 62,26 3.05 l.07

x) Sﬂj—content in clinkers,




in.res.  Na,0  K,0 SO, 503“) e Lep oM
- - - 2.51 0.77  1.43 0.93 2.4
0.17 0.48 0.62 1.83 0.88 1.27 0.52 2.3
0.16 0,68 o0.64 2.45 1,18 1.50 o0.87 3.0
0,37 0.32  0.26 3,73 0.3l 0.64 0.9 3.9
- 0.86 - 1.60 l.lo 0.86 0.92 2.4
- 0.73 - 2.39 1.0 0.58 .86 3.1
- - - 2,51 0.46  o0.41 0.88 2.4




QUALITATIVE MICROSCOPIC EXAMINATION.

RESULTS;

TABLE 1V.
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TABLE V.  PHASE DISTRIBUTIONS IN CEMENTS AND CLINKERS.,

Clinker-sample C}S CZS CBA

No

1 Bogue 50.8 22.9 lo.1
oPC 62.612.6 16.722.6 12.1].0

2 Bogue 55.3 21.9 o
arC 51.2%4.0 28.1t4.0 2.1%0.2

3 Bogue 44,3 39.9 0.3
orC 39.243.0 41.3413.0 8.821,2

4 Bogue 48.3 41.3 2.1
ofrC 54.0t2.0 36.0t3.0 0.7¢1.5

5 Boyue 59.3 19.0 0.0
oprC 6l.0t3.0 17.023.0 2.710.2

6 Bogue 42.5 32.9 7.2
GpPC 844.424.,7 33.2¢4.7 9.812.0

7 Bogue 41.3 33.0 lo.2
opC 6l.ot30 2).0%3,0 lo.9+1.2




—

C AF free Mg0 Sulphale phase
4
Cal periclase
7.5 1.43
6.2tl.0 1.1t0.4 1.1%0.13 2,1%0,?
17.1 1.2 g
16.612.0 0.620.6 1.6t0.2 - '
7.8 1.5
7.5¢1.3 2.7t0.4 - -
B.4 0.64
9.3:1.5 0.0t0.5 - -
16.2 0.86
19.021.4 0.l6t0.4 - -
6.8 0.6
12.412.2 0.3%a.7 - -
7.9 0.41

8.4%1.4 0.13%0.4
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TABLE VI. STATISTICAL ANALYSIS (r ERRCR FROM OPC-METHOD.

C3S CZS CBA CQAF Cal Mg0
IW - =
TN 8.0l 8.19 3.31 >.79 l.04 0.41
W W
sSampling = 3;‘2.06 4 4 1.6 1.8 0.5 0.2
s = é» 9 8 7 o.7 3 1
counting = 2 0. c 0. . 0. o.
o =\L2 L o2 4.1 4.1 .79 1.9 0.6 0.2
OPC ~ "“count. Tsampling

x) ec.6 for sulphate resisten clinkers.




-3k

TABLE VI1. STEVr RESIDUES OF RAW MIXCS 4% OF DRY MATTER.
Mesh No

Sample No 16 18 26 72 172 270%)
1 0.59 0.07 0.27 4.04 6.16 1.38
2 0.28 o.l4 0.38 5.7 13.1 6.5
3 1.4 0.16 1.1 9.7 11.9 1.98
4 0.09 0.16 0.25 6.5 12.8 2.0
5 0.02 0.0l o0.a2 3.77 3.31 -
6 a.a5 0.09 o0.09 2.04 7.70 3.2
7 0.03 0.03 o.l 1.86 9.39 -

x) Accumulated residue after HCL-treatment.




TABLE VIII.
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BURWABILITY INDEXLS, CALLULATED.

3o
-Ca0
, l4co 30 60 120 240 .
Sample No | k-value 'Si02+4a Ca01500 Ca[]ls00 CaOlSO0 CaolSoo ?g;g )
2+44
1 0.48 3.6 2,04 1.43 0.95 0.68 0.7
2 0.80 4.5 2.40 1.40 l.02 0.47 4
3 0.59 5.9 4.50 3.70 2.20 1.14 c.3
4 0.28 o} ¢} o o] o 1.5
5 0.6 2.6 1.35 0.81 0.75 0.28 -
|
[ 0.51 0.5 .19 o.lo 0.05 0.02 1.3
7 0.52 o o o ) o -




-36~

FREE CaU-CUNIENT IN BURNACILITY-TEST-CLINKERS.

(SAMPLE No 3)

T = 1365°C T = 1400°C = 1450°¢C
t = 30 min t-= 30 min t = 30 min
Cale. exp Calc. exp Calc; exp
Slurry as
received 1) €1 5.7 6.2 5.6 4.9 4.9
Regroun
slurry 9) 1.7 1.6 1.6 1.3 1.1 1.2

1) 24% residue on 170 mesh sieve.

2) 1lo% residue on 170 mesh sieve,
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Fig. 1. Part of CaO-A1203-5102 phase diagram.

1500° isotherm
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Fig. 2. 1500°- icotherm section of CaQ-AL,03-SiO,- diagram
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Fig. 3. Schematic representation of clinker

containing: (a) coarse CaCO3- particles (b)coarse SiO,- particles.
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Fig 6
Burnability - index (1500 °C)
as a function of burning- time.
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APPENDIX  Ia. EXAMPLE OF BURNABILITY CALCULATION, SAMPLE No 2.

| R
Grain size (wt% in .
30 Jo 8o 120 240
interval interval) (l'x)laoo x R (I—X)ISOO *x R (l_x)1500 X,R (lnx)1500 x R (I-X)ISOO x R
‘ 40 - 6o o _ o] o o o 0
60 - Bo . 3 0.3 o 0 o o
|
80 - 120 lo.1 4.55 _ o o o o
120 - lé6o 3.7 2.15 1.37 o o] 0
160 - 200 2.3 1.63 1.27 0.67 o ' o
200 - 2i¢ 0.9 0.72 0.58 0.29 . 0.14 (4]
240 - 300 2.1 1.76 1.51 1.22 0.74 0
3noo - 4ou 1.6 1,42 1.2° 1.12 0.88 0.42
{ 400 - 600 1.6 - 1.46 1.36 1.28 1.23 0.85
‘ 600 - 800 0.3 0.28 0.27 0.25 0.24 0.21
- 14,27 7.62 4.83 3.23 1.48

-a,{-
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APPENDIX  Ib.

t = 30 t = 3o t = 6o t = 120 t 240
T = l4oo T 1500 T = 1500

"
=
Ln
o]
o
—
"
—
W
0
o]
—
n

z § 14.27 7.62 4.83 3,23 1.48

Ca0 § 5.5 2.4 1.4 l.02 0.47
- o

CaCO3+125 = 12% (from graph)

I.5F = 92

LSF(HS) = 95,12

K = 54.9 - 74,4 = 0.8
lco - 74.4
30 _ \
Caolﬁoo = 0.33 (LSF - LSF (Ms)) + 0.56 x k x CaC03+125
= 0,33 (93 - 95) + 0.56 x 0.8 x 12
= 4,5
t
T
.t 7T 30
Caly = 3o Ca0 00
1400







