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Abstract. The construction industry is demanding more and more quality decorative cements.
The demand for them and the requirements for their performance are constantly growing. But since
decorative cements are based on white Portland cement, their production is associated with the
disadvantages of the production of all clinker cements — low environmental friendliness, high
energy consumption and high prices. They are not always able to provide decorative ecological and
comfortable coatings with increased performance. In addition, many countries do not produce it and
have to import it.

An effective alternative to decorative clinker cements can be decorative slag-alkaline cement
obtained from industrial waste. It also provides a number of special properties — a wide range of
colors, color fastness, high strength, high adhesion, durability and many others.

But the problem associated with the use of slag-alkaline cements as decorative cements with
high linen (> 70%) is the unstable chemical composition of the slag and, first of all, the different
presence of iron oxides in it. It is shown that the presence of iron oxides can reduce the whiteness of
decorative slag-alkaline cements due to the synthesis of compounds in them, which give the
samples of blue-green color and due to the presence of iron oxides proper, which are inherent in
color from brown to dark brown.

The paper shows the regularities of the influence of the chemical composition of blast-furnace
slags on the whiteness of an artificial slag-alkaline stone. Possibilities of obtaining decorative
alkali-activated cements with a wide range of whiteness — from 70 to 97% are shown. Methods of
reducing the cost of slag-alkaline decorative cements by using a complex bleaching additive, where
part of the expensive TiO, can be replaced by kaolin or CaCOs, are shown. A new method for
determining the whiteness of hardened materials is proposed.

Keywords: decorative cements, alkali-activated cements, degree of whiteness.

Introduction. Industrial development and safety policies require new building materials that
are economical and environmentally friendly. In particular, this applies to decorative cements used
to enhance the architectural expressiveness of buildings and to carry out finishing work. The
demand for them and the requirements for their performance are constantly growing [1]. Decorative
cements are usually made on the basis of white cements [2]. However, such cements have all the
disadvantages of Portland cement, including high energy demand, high cost and low environmental
friendliness in their production. White Portland cements need to be imported. They, also, are not
always able to provide decorative ecological and comfortable coatings with increased performance
[3-5]. Decorative slag-alkaline cement produced from industrial waste can be an effective
alternative. It also provides a number of special properties — a wide range and color stability, high
strength, high adhesion, durability, etc. [6-12].
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Analysis of recent research. But the problem associated with the use of slag-alkaline
cements as decorative cements with high whiteness (> 70%) is the unstable chemical composition
of the slag. In particular, this concerns the presence of iron oxides in it, the content of which can
range from 0.13% to 2.95%. In addition, in the initial periods of hardening, slag-alkali compositions
can acquire a blue-green color. In the literature [13], this is associated with the formation of
compounds of the FeSO4-7H,0 type and this was the reason for concerns about the possibility of
obtaining white decorative cements on their basis.

In previous studies in this direction [14-16], insufficient attention was paid to the influence of
individual additives and their interaction on the decorative and physical-mechanical properties of
slag-alkali cements.

Purpose and objectives of research. Based on the analysis of literary sources and theoretical
prerequisites, the aim of the work is to study the possibility of effective control of the
decorativeness of slag-alkaline cements (slag alkali-activated cements), regardless of the
composition of the slags. Research data are aimed at choosing such additives that should have
maximum bleaching properties and would enhance the stabilization of bleaching processes during
hydration and hardening of slag in the presence of alkalis. The research data are aimed at
determining both the individual and the simultaneous effect of several additives on whiteness and
physical and mechanical characteristics, as well as determining the optimal content of these
additives in slag-alkali decorative compositions.

Materials and research methods. Three types of granulated blast furnace slags were used in
the study: Ukrainian metallurgical plants (slag M and slag K) and one — from the Russian
Federation (slag T). All slags were ground in a ceramic mill to obtain a specific surface area of
4500 cm?/g (according to Blaine). All investigated slags had a glass content in the range from 50 to
60%. The chemical composition of the studied slags is shown in Table 1.

Table 1 — Chemical composition of slag

Main oxides content, % by mass
Slag Na,O S | M, | M
type CaO | MgO AlLbO3| SiO, | MnO | SO3; | FeO + K,0 TiO, 8
SlagT | 435 | 63 | 70 | 43 |0054| - | 042 | — | 0.26 |100.53| 1.00 | 0.16
SlagM | 470 | 46 | 6.8 | 389 | 055 | 18 | 035 | — — (100.00| 1.13 | 0.17
SlagK | 485 | 46 | 46 | 382|081 | 11 | 165|079 | - |[100.25 1.24 | 0.12
A low-hygroscopic alkaline compound - sodium metasilicate pentahydrate -

Na,0-SiO,-5H,0 was used as an alkaline component.

Titanium dioxide (TiO,), KH 84 class kaolin used in the paper industry with a whiteness of
84%, and calcium carbonate (CaCOs) in powder form with a whiteness of 90% were used as
bleaching additives.

Determination of the whiteness of decorative slag alkali-activated cements was carried out by
scanning the surface of the cement samples with high resolution and then measuring the whiteness
by comparison with a reference sample with a whiteness of 98% in PhotoShop Soft.

Technological and physical-mechanical properties of slag alkali-activated cements were
determined in accordance with the current Ukrainian standards.

Research results.

Mechanical characteristics of slag alkaline-activated cements. At the first stage of the
research, the compressive strength of the slag-alkaline cement was determined depending on the
amount of the alkaline component. Slag (M) was assigned as the base aluminosilicate component of
slag-alkaline cement for comparison with other slags based on the minimum content of iron oxides
init.

The compressive strength of slag-alkaline cement is shown in Fig.1.
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Fig. 1. Compressive strength of slag-alkaline cement depending
on the content of the alkaline component. Slag type — M

The analysis of the given results showed that all compositions meet the requirements for
cement of strength classes 42.5...52.5. High values were achieved with an alkaline activator content
of 8 and 10% by weight — they turned out to be almost the same at the age of 28 days and both
cement compositions met the requirements for cements of strength class 52.5. The results of the
study show that the compressive strength after 28 days decreases with an increase in the content of
sodium metasilicate by more than 10%.

Considering the higher early strength (after 2 days) of the cement containing 10 wt% sodium
metasilicate, it was chosen for further research.

Whiteness of slag-alkali cements. The next stage of the study was to test the brightness of
alkali-activated slag cements made from three slags, and to investigate possible ways to increase it
by adding bleaching additives such as TiO,, CaCOj3 and kaolin clay with a high degree of disease.
In the studies, the following limits were adopted for varying the amount of bleaching additives in
cement: TiO, from 2.5 to 7.5% by weight, kaolin clay from 5 to 15% by weight and CaCO3 from 15
to 25% by weight.

The results of the study of whiteness degree of the investigated slag-alkaline cements are
shown in Fig. 2.

Analysis of the above results allowed us to reveal that slag alkali-activated cements based on
slag (T) and slag (M) adhered to similar patterns, and the best bleaching effect for these two cement
compositions was achieved with the addition of TiO,. Slag (K) showed the lowest whiteness
characteristic of all cement compositions. The best whitening result was obtained with calcium
carbonate, but it was close to the system without any bleaching agents. All other additives showed a
decrease in cement performance by whiteness.

The obtained data on the degree of whiteness for a part of the investigated slag alkali-
activated cements indicate that they meet the requirements for decorative materials, that is, they
have a whiteness degree of 70% and higher.

However, the addition of large amounts of TiO, is not economically efficient. On the other
hand, it is necessary to use some fillers in order to reduce possible shrinkage deformations of slag
materials based on slag alkali-activated cements. Moreover, such fillers should not reduce the
degree of whiteness.

For this, a set of experiments was carried out aimed at identifying the combined effect of various
bleaching agents. Based on the results of previous studies, TiO,, kaolin clay and CaCO3; were selected
as such additives. The experiments were carried out according to a two-factor mathematical design.
According to research results, TiO, was recognized as the best whitening agent.
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The ranges of variation for all additives have been set according to previous results in terms
of maintaining the required strength grades of 42.5 and 52.5. The maximum content of CaCO3 was
taken to be 25%, for kaolin clay — 15%. The TiO, content in the experiments was taken in the range
of 2.5...7.5%.
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Fig. 2. The degree of whiteness of slag alkali-activated cement,
depending on the type and amount of bleaching additives. The

amount of sodium metasilicate — 10%

The results of studies of the degree of whiteness of the investigated slag alkali-activated
cements with TiO, and calcium carbonate powder are shown in Fig. 3, and with TiO, and kaolin —
in Fig. 4.

The analysis of the results obtained allowed us to show that in the case of the combined use of
TiO, and CaCOs, a degree of whiteness can be achieved, which varies within 85...97%, which
meets the standard requirements for high-quality decorative materials.

The CaCOj; content in slag-alkaline cement made with slag (M) was the main one, and the
titanium dioxide content was minor (corrective). And for slag-alkaline cement based on slag (T), the
interaction of the aforementioned additives was important.

In the case of slag (K), when the TiO, content was 2.5 to 5.0 wt.%, the calcium carbonate
content was more important. After increasing the TiO, content to 5.0...7.5 wt. %, The combination
of the above additives was the most effective. The combination of kaolin and white TiO, pigment
also made it possible to obtain a high degree of whiteness of the studied alkali-activated slag
cements. It can be concluded that the whiteness of the slag alkali-activated test cements increased
rapidly with increasing titanium dioxide content, while the addition of kaolin clay allowed the
whiteness to be changed only within narrow limits.

The experiments carried out allow us to conclude that slag-alkaline cement made from slag
(K) has an insufficient degree of whiteness compared to slag-alkaline cements made from slag (T)
and slag (M). This can be explained by the different chemical composition of the feedstock, and
first of all, by the presence of iron oxides contained in the slag: 0.35% — in the slag (M), 0.42% in
the slag (T) and 1.65% in the slag (K). Thus, it can be assumed that the content of iron oxide in the
raw material is the main reason that explains why the whiteness tended to decrease. The small
difference between the whiteness degree of slag-alkali cements made from slag (T) and slag (M)
can be explained by the relatively small difference in the presence of iron oxide in these slags
(Table 1).
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Influence of iron oxides on the whiteness of slag-alkaline decorative cements. The presence of
iron oxides in slag-alkaline decorative cements can impair their whiteness for two reasons:

— due to the formation of compounds of the type FeSO4-7H,0 [13] and the acquisition of a
blue-green color;

— due to the fact that iron oxides have a color from brown to dark brown, they thereby reduce
the whiteness of the cement.

But if in the first case this color appears in the early stages of hardening and gradually
disappears in air due to carbonization over the surface [17], then in the second case, the decrease in
whiteness depends on the amount of iron oxides and can only be corrected with appropriate
bleaching additives and/or the choice of slag low in iron oxides.

To reveal the role that FeO plays in relation to the whiteness of slag-alkali cements, the
following experiment was performed — FeO powder was added to slag (M) to simulate slag
compositions (T) and (K). The proportions of the optimal cement composition did not change.

The results are shown in Fig. 5.
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The results of this study allow us to conclude that with an increase in the FeO content in the
slag, a decrease in the whiteness of the cement is observed.

Thus, the assumption about the role played by the composition of the slag and, in particular,
the content of FeO in it for the degree of whiteness, was correct.

Conclusions. The research results lead to the following conclusions:

— The content of iron oxide in the raw material plays a decisive influence on the whiteness of
alkali-activated slag cements. The easiest way to improve whiteness is to reduce the amount of iron
oxides in alkali-activated slag cement. This can be realized by choosing slags with a low iron oxide
content, grinding the slag in mills with ceramic lining and ceramic grinding bodies, and by
introducing bleaching additives.

— The main corrective effect on the whiteness of alkali-activated slag cements is produced by
TiO,. Its amount can vary depending on the required brightness of the final product and the content
of iron oxides in the blast furnace slag. Some TiO, can be replaced with white mineral additives
(calcium carbonate and kaolin clay) without significant loss of whiteness. The use of TiO, additives
alone and in combination with CaCO3 and kaolin additives made it possible to obtain decorative
slag-alkaline cements with a whiteness of 70...97%.

— The obtained decorative slag-alkali cements have a strength class of 42.5...52.5.

— A new method for determining the whiteness of decorative cements has been proposed by
scanning the surface of cement samples, followed by measuring the degree of whiteness by
comparing it with a reference sample with a whiteness of 98% in PhotoShop Soft.

— Further work will be aimed at determining the operational characteristics of slag-alkaline
decorative compositions — adhesion, efflorescence, resistance to ultraviolet radiation, durability.
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AHoTaunis. byniBenbHa iHIycTpist noTpedye Bce OLIBIIOT KIIBKOCTI SIKICHUX JEKOpPaTUBHUX
neMeHTiB. [lonmuT Ha HUX 1 BUMOTH /10 iX eKCIUTyaTalliiHUX XapaKTepUCTUK MOCTIHHO 3pOCTAOTh.
Ane Tak SIK JIeKOpaTHBHI LEMEHTH 0a3yloTbCs Ha OLIOMY MOPTIAHILEMEHTI, TO X BUPOOHHUIITBO
NOB'sI3aHE 3 HENOJIIKaMH BHPOOHMIITBA YCIX KIIHKEPHHMX LIEMEHTIB — HHU3bKOIO €KOJOIIYHICTIO,
BHCOKOIO €HEPrO€MHICTIO 1 BUCOKOIO 1iHOI. BOHM He 3aBkIu 37aTHI 3a0€3MeYUTH OTPUMAaHHS
JEeKOPAaTUBHUX €KOJIOTIYHMX 1 KOM(OPTHHUX TNOKPHUTTIB 3 MiJBUILNEHUMH eKCIUTyaTalliiHUMU
nokasHukamu. Kpim Toro, 6aratro kpail Horo He BUpOOJISAIOTH 1 3MyIlIE€H]1 IMIOPTYBATH.

EQexkTuBHOIO ~ anbTepHATHBOI  KIIHKEPHUM  JIEKOPATHUBHUM IIEMEHTaM MOXe OyTH
JEKOPAaTUBHUIA UTAKOTYKHUHA IEMEHT, SIKHH OTPUMYETHCS 3 BHKOPUCTAHHAM IPOMHCIIOBUX BiJXO/IIB.
BiH Takox 103BOJIsIE 3a0€3MEUNTH Pl CHELIAIbHUX BJIACTUBOCTEN — HMIMPOKMI Jliala3oH KOJIbOPIB,
CTIMKICTh KOJILOPIB, BUCOKY MIIIHICTh, BUCOKY aJIr€3110, JIOBITOBIYHICTH Ta 0ararboX 1HIINX.

Ane mpobnemMoro, TMOB’S3aHOK0 13 3aCTOCYBAaHHSM LUIAKONYXHHX IIEMEHTIB Yy SKOCTI
JIEKOPaTUBHUX LIEMEHTIB 3 BUCOKUMH XapakTepucTukamu O0umu3Hu (= 70%) € HecTaOUIbHUN XIMIYHHMA
CKJIaJ IIUTIAKy 1 B MEpIIy Yepry pi3Ha MPUCYTHICTh Y HbOMY OKCHIB 3aii3a. [lokas3aHo, 1110 HasBHICTh
OKCHJIIB 3aJ1i3a MOXKE€ 3HIKYBATH OLTICTh JEKOPATUBHUX IUIAKOTYKHUX LIEMEHTIB 3a paXyHOK CHHTE3Y
B HHMX CIOJNYK, SIKI HaJalOTh 3pa3kaM CHHbO-3€JIEHOTO KOJbOPY 1 3a PaxyHOK NMPHCYTHOCTI BJIacHE
OKCHIIB 3aJ1i3a, IKUM MPUTaMaHHUH KOJIp BiJl KOPUYHEBOTO IO TEMHO-KOPUYHEBOT 0.

VY po60Ti nokaszaHi 3aKOHOMIPHOCTI BILTUBY XIMIYHOT'O CKJIaAy JJOMEHHHX IIJIaKiB Ha OLTICTh
IITYYHOTO MIUIAKOJNY)KHOTO KaMmeHI0. [loka3aHi MOMIJIMBOCTI OTpUMaHHS JEKOPATHBHHX JIY)KHO-
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aKTMBOBAHUX LIEMEHTIB 13 MIMPOKUM Jiarna3oHoM Oinocti — Bix 70 mo 97%. Ilokaszani crocobu
3MICIIEBJICHHS NUIAKOIY)KHUX JCKOPATUBHUX IIEMEHTIB 32 PaxyHOK BUKOPUCTAHHS KOMIUIEKCHOT
BiIOUTIOBAIBHOI T00aBKH, JIe YacTuHa qopororo 7i0,; Moxke Oyt 3amineHa kaoniHoM abo CaCOs.
3anporoHOBaHO HOBHI METOJT BU3HAYCHHS O1IOCTI 3aTBEP/IIJINX MaTepialiB.

Kiro4oBi ci10oBa: n1exopaTuBHI HEMEHTH, JTy)KHO-aKTHBOBaH1 IIEMEHTH, CTYIiHb O1LTOCTI.
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AnHoTanus. CTpouTenbHas UHIYCTpHUs TpeOyeT Bce OOJBIIETO0 KOJIMYECTBA KaYECTBEHHBIX
JICKOpAaTUBHBIX IeMeHTOB. Cmnpoc Ha HUX © TpeOOBaHUS K WX OIKCIUTyaTalldOHHBIM
XapaKTePUCTHKAM MOCTOSHHO pacTyT. Ho Tak kak JekopaTUBHbBIE LIEMEHTHI 0a3upyOTCs Ha Oenom
MOPTJIAHIIIEMEHTE, TO UX IMPOU3BOJICTBO CBA3AHO C HEJOCTATKAMH MPOU3BOJICTBA BCEX KIMHKEPHBIX
IIEMEHTOB — HH3KOH DKOJIOTMYHOCTHIO, BBICOKOW DHEPrOEMKOCTHIO M BBICOKOW IleHOH. OHHM He
BCEI/Ia CIIOCOOHBI OOCCIICUUTH TOJIYYCHHE JCKOPATUBHBIX JKOJIOTHYECKUX U KOM(OPTHBIX
MOKPBITUI C TMOBBIIIEHHBIMHU SKCILTyaTallMOHHBIMHU TOKa3aTenssMu. Kpome TOro, MHOTHE CTpaHbI
€ro HE MPOU3BOIAT U BBIHYXKJIECHBI UMIIOPTUPOBATH.

DddekTHBHONW aTBTEPHATUBOW KIMHKEPHBIM JCKOPATHBHBIM IIEMEHTAaM MOXET OBITh
JICKOPATUBHBIA IUIAKOIIEIIOYHOTO IIEMEHT, TIOJIy4aeMblii C WCHOJIB30BAHUEM MPOMBIIUICHHBIX
oTx00B. OH TaKXe MO3BOJISIET 00ECTICUUTh P CTICIIMATIBHBIX CBOWCTB — IIUPOKHUI TUAMa30H 1IBETOB,
CTOMKOCTb 1IBETa, BBICOKYIO IPOYHOCTD, BBICOKYIO aJIr€3HI0, JOJITOBEYHOCTh U MHOTUX APYTHUX.

Ho mpoGiemoii, cCBsi3aHHOW C TPUMEHEHHEM [UIAKOMIENIOUYHBIX IIEMEHTOB B KadyeCTBE
JIEKOPATUBHBIX LIEMEHTOB C BBICOKOH Oenmn3Hoi (> 70%) siBrsieTcst HeCTaOUIbHBIN XMMUYECKHUIA COCTaB
[UIaka M, B TIEPBYIO OYEpe/b, pa3HOE MPHUCYTCTBUE B HEM OKCHJIOB jkene3a. [loka3aHo, yTo Hanmuuue
OKCHJIOB JK€Je3a MOXKET CHH)XaTh OCNU3HYy [EKOPATHBHBIX IIUIAKOIIETOYHBIX I[IEMEHTOB 3a CYET
CHHTE3a B HUX COEJMHEHUH, KOTOPbIE IPUIAIOT 00pa3amM CHHE-3€JICHUI IIBET U 3a CUYET MPUCYTCTBUS
COOCTBEHHO OKCHJIOB KeJIe€3a, KOTOPHIM MPHUCYIIL IIBET OT KOPUYHEBOTO 10 TEMHO-KOPHYHEBOTO.

B pabore nmokazaHbl 3aKOHOMEPHOCTH BIUSHUS XUMHUYECKOTO COCTaBa JOMEHHBIX IIJIAKOB Ha
OENMM3Hy WCKYCCTBEHHOT'O IIIAKOMIETOYHOrO KamHs. [loka3aHbl BO3MOXKHOCTH TMOTY4YEHHS
JIEKOPATUBHBIX MIETIOYHO-aKTUBUPOBAHHBIX IIEMEHTOB C IIMPOKUM JIUAMAa30HOM Oenu3Hbl — oT 70
10 97%. Iloka3zaHbl crIOCOOBI yNEHIEBIECHUS HUIAKOUIETIOYHBIX JEKOPATUBHBIX IIEMEHTOB 3a CYET
HCIIOJIb30BAHUS KOMIUIEKCHOM OTOemUBaromel 100aBKu, rae 4actb gopororo TiO; MoxeT OBITh
3ameHeHa kaonuHoM Wik CaCQOs. TlpennokeH HOBBIM METO/I ONPECICHHS OSIM3HBI 3aTBEPEBIITUX
MaTepHuanoB.

KuioueBble ¢JjI0Ba: IEKOPATUBHBIC IIEMEHTHI, IIEIOYHO-aKTHBUPOBAHHBIE IIEMEHTHI, CTETICHB
OCITM3HBEL.
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