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Abstract: Steel slag is a co-product of the steelmaking industry, this material is rarely used as a
binder due to its low cementitious properties. Thus, it’s believed that the alkaline activation of steel
slag can enable its use as a cementitious material. This work has the objective of making a systematic
bibliographic review on the theme "slag melt as a precursor in activated alkali binders". To this end,
the ProKnow-C method was used for the selection and analysis of relevant research on the topic.
The portfolio resulted in 71 texts, mostly journals paper. Bibliometrics showed that the country with
the most publications is China and the journal with the most publications is Construction and Build-
ing Materials. The critical analysis concluded that the XRD, XRF, and compressive strength tests are
the most used for the characterization of the material. It is possible to establish that there are some
knowledge gaps on the subject, such as better mechanical characterization and greater production
of works with dosing by the one-part method.
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1. Introduction

In the steelmaking industry are generated two main kinds of slag: blast furnace slag
and steel slag. The blast furnace slag, if granulated, is widely used for Portland cement
fabrication [1]. Their use by the cement industry is very common in many countries and
more than 90% of the worldwide slag production is destinated for this sector. On the other
hand, the steel slag is still not used in the same proportion in some countries, like China,
India, and Brazil [2]. These countries are among the biggest steel producers and the dep-
osition of this material in landfills can promote many environmental impacts.

The use of steel slag for cement-based materials is very reported by researchers. In a
recent article, Martins et al. [3] related a lot of works written by this use, either as a cement
substitute or as an aggregate for mortars and concrete. However, the use of steel slag as a
precursor in alkali active binder is not very annunciated.

Alkali Activated Binders (AAB) are a possible substitute for Portland cement [4]. This
binder is formed by the alkaline activation for aluminum-silicate materials which can be
make a workable paste used for mortars, concrete or construction blocks [5]. According
to Provis [6], there are many resources that can be used as an AAB, but due to environ-
mental impacts associated with industrial wastes, several research groups have been us-
ing preferentially these materials as AAB. This paper aims to make a review literature
about the use of steel slag as an alkali activated binder.

2. Methodology
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This work used the ProKnow-C method for search relevant texts about the theme
“alkaline activation of steel slag”. This method was created in 2007 by Laboratory of Mul-
ticriteria Decision Support Methodology (LabMCDA), from Federal University of Santa
Catarina, Brazil [7].

The ProKnow-C is a complete method of systematic literature review and aims to
provide for authors and researchers an access to a large portfolio of texts on a given topic
[8]. The method uses four steps: document select, bibliometric analysis, structured critical
analysis and search for knowledge gaps.

2.1. Selection of documents

In first, was used the Brazilian governmental site called Portal de Periédicos Capes
where is accessed main researcher’s platforms. On follow, were chosen the research bases
Dimensions, EBSCO, MDPI, Science Direct and Scopus. These five databases were chosen
because they provided the most results on the topic.

On these bases, the following key words were hunted: “steel slag”, “BOF slag”, “EAF
slag” combined with “geopolymer”, “alkali” and “activation”. Preference was given when
these words were found in title, abstract or keywords. Furthermore, articles for last ten
years were searched. The Figure 1 shown this procedure.

Work theme: alkali activation of the
steel slag.

—J L CRITERIA

Steel slaléev V?;g;olymer ‘ Resgarch platform: Time: last Prefgrence
BOF slag X Alkali Dlm(j_\nsmns,_ EBSCO, MDPI, 10 Years for titles or
EAF slag Activation Science Direct, Scopus (2011-2021) abstracts
-1 SEARCH
Exclude . Abstract Ultimate
12 search: Title read: .
1753 texts [> doubles: 721 II> 203 texts read: 84 ] read:71
texts texts texts

Figure 1. Schematic model of bibliographic research.

The procedure spawn 1753 texts as an initial result and ended in December 2021.
Some these texts are repeated, so it was used the Mendeley tool, where is compilated the
bibliographic information. Like shown in Figure 1, after deleting the doubled, 721 texts
remained.

To establish the familiarity of the texts with the theme, we proceeded with the read-
ing of the titles and abstracts. Then, 203 texts are selectioned. After the read for abstract,
it was found that only 84 texts remained. Finally, after reading the full texts, only 63 works
persisted. Although, with the full text reading and analysis, more 8 relevant texts were
found, which had escaped the filters, totaling 71. These 71 texts form the portfolio on the
theme “alkaline activation of steel slag”.

2.2. Bibliometric and critical analysis

For bibliometric analysis, the database, the type of text and the number of texts pub-
lished per year are used. In addition to these, the country of the author of the publication
and the journals that published the most were correlated with the number of citations of
the works. With the help of VOSviewer Software (version 1.6.16.0), a word cloud was cre-
ated to correlate the groups of authors who printed works together.

For the structured critical analysis, the type of steel slag used, the use of slag with
other precursors, the characterization methods used, activator type method and the
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products obtained were verified. A comparison was made of all the results of chemical
and mineralogical composition of the slag, to try to find the main compounds of each
material. For the mineralogical composition, the frequency of how many times each min-
eral phase is found in the articles was calculated. About chemical composition, the mean
and the standard deviation for the oxides are determined.

Only for BOF slag, the mechanical behavior of the products was analyzed. Because
there are several types of mixtures and activators, this part was done relatively. The ref-
erence traces at the age of 28 days were used as a guide and, thus, the influence of the type

of activator and the type of precursor combinated was calculated.
Finally, based on the results obtained, gaps in knowledge that studies on alkaline

activation of steel slag have not yet studied were proposed.

3. Results and discussion

In general, the texts on portfolio showed publications for 247 authors who are from
24 countries, printed at 31 journals and cited 1421 times. The most cited work is “Bonding
and abrasion resistance of geopolymeric repair material made with steel slag” for Hu et
al. [9] with 210 citations. All the texts from portfolio are show at Table 1.

Table 1. Texts that made the portfolio about alkaline activation of steel slag (continued).

Citation Title Published in
Feng etal. | A comparison between fly ash- and basic oxygen furnace slag-modified gold Construction and
[10] mine tailings geopolymers Building Materials
Feng and A comparison of the 10-year properties of converter steel slag activated by Construction and
Sun [11] high temperature and an alkaline activator Building Materials
Zhang et al. | A new alkali-activated steel slag-based cementitious material for photocata- | Journal of Hazardous
[12] lytic degradation of organic pollutant from waste water Materials
Kang et al. | A novel V-doped CeO2 loaded alkali-activated steel slag-based nanocompo- | Integrated Ferroelec-
[13] site for photocatalytic degradation of malachite green trics
Cristelo et Alkali activated composites — An innovative concept using iron and steel Cement and Concrete
al. [14] slag as both precursor and aggregate Composites

Salman et al.

Alkali Activation of AOD Stainless Steel Slag under Steam Curing Condi-

Journal of the American

[15] tions Ceramic Society
Ozturk et al. | Alkali activation of electric arc furnace slag: Mechanical properties and mi- | Journal of Building En-
[16] cro analyzes gineering
Lancellotti | Alkali activation of metallurgical slags: Reactivity, chemical behavior, and Materials
etal. [17] environmental assessment
Handbook of Alkali-
Zhang et al. N . . . .
(18] Alkali-activated cements for photocatalytic degradation of organic dyes Activated Cements,
Mortars and Concretes
Rosales et al. | Alkali-Activated Stainless-Steel Slag as a Cementitious Material in the Man- .
. Materials
[19] ufacture of Self-Compacting Concrete
Kang et al. | Alkali-Activated Steel Slag-Based Mesoporous Material as a New Photocata- | Integrated Ferroelec-
[20] lyst for Degradation of Dye from Wastewater trics
Pinheiro et | Application of the response surface method to optimize alkali activated ce- Construction and
al. [21] ments based on low-reactivity ladle furnace slag Building Materials
Gautier et | Basic oxygen furnace (BOF) slag cooling: Laboratory characteristics and pre- | International Journal of
al. [22] diction calculations Mineral Processing
Hu et al. [9] Bonding and abrasion resistance of geopolymeric repair material made with | Cement and Concrete

steel slag

Composites

Salman et al.

[23]

Cementitious binders from activated stainless steel refining slag and the ef-
fect of alkali solutions

Journal of Hazardous
Materials



https://doi.org/10.20944/preprints202210.0137.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 11 October 2022

d0i:10.20944/preprints202210.0137.v1

Belhadj et al. C tand C t
ehadjeta Characterization and activation of Basic Oxygen Furnace slag ementan . onerete
[24] Composites
Z t al. M ine of C t
engeta Composite foamed alkali-activated concrete with slag and steel slag agazine of -Oncrete
[25] Research
Kuntikana
Ad in Civil Engi-
and Singh Contemporary issues related to utilization of industrial byproducts vanc.es n IVl, net
neering Materials
[26]
Liu et al.

Coupling effect of steel slag in preparation of calcium-containing geopoly-

Construction and

[27] mers with spent fluid catalytic cracking (FCC) catalyst Building Materials
Wang et al. | Development of green binder systems based on flue gas desulfurization gyp- Construction and
[28] sum and fly ash incorporating slag or steel slag powders Building Materials
Singh et al. | Development of newer composite cement through mechano-chemical activa- Construction and
[29] tion of steel slag Building Materials
Nikoli¢ et al. | Durability of alkali activated slag in a marine environment: Influence of al- | Journal of the Serbian
[30] kali ion Chemical Society
Salman et al. | Effect of curing temperatures on the alkali activation of crystalline continu- Construction and
[31] ous casting stainless steel slag Building Materials
Sun and Effect of silicate modulus of water glass on the hydration of alkali-activated ]ourr.lal of Therm.al
Analysis and Calorime-
Chen [32] converter steel slag try
Song et al. Effect of steel slag on fresh, hardened and microstructural properties of Construction and
[33] high-calcium fly ash based geopolymers at standard curing condition Building Materials
Morone et | Effects of Alkali Activation and CO2 Curing on the Hydraulic Reactivity and | Waste and Biomass
al. [34] Carbon Storage Capacity of BOF Slag in View of Its Use in Concrete Valorization
Guo and Effects of Steel Slag on Mechanical Properties and Mechanism of Fly Ash- | Journal of Materials in
Pan [35] Based Geopolymer Civil Engineering
Song et al. | Efficient use of steel slag in alkali-activated fly ash-steel slag-ground granu- Construction and
[36] lated blast furnace slag ternary blends Building Materials

Du et al. [37]

Efflorescence inhibition of alkali-activated steel slag-slag material by nano

Siop Ceramics - Silikaty
Wang et al Experimental study on alkali stimulating-steel slag cementitious materials International Confer-
2011 [38] ence CEBM 2011
Mec;}:rr[lar'r;(]ed Geopolymer Steel Slag Brick Apphe(ilvll;/[tii}il;rsucs and
Lee et al. Geopolymer Technologies for Stabilization of Basic Oxygen Furnace Slags o
. o . . Sustainability
[40] and Sustainable Application as Construction Materials
Morone et | Granulation—Carbonation Treatment of Alkali Activated Steel Slag for Sec- Waste and Biomass
al. [41] ondary Aggregates Production Valorization
Nguyenet | High performance cementitious composite from alkali-activated ladle slag | Cement and Concrete
al. [42] reinforced with polypropylene fibers Composites
Kaja etal. Hydration of potassium citrate-activated BOF sla Cement and Concrete
[43] y p & Research
Sun et al. Hydration properties and microstructure characteristics of alkali-activated Construction and
[44] steel slag Building Materials
Duda [45] Hydraulic reactions of LD steelworks slags Cement & Conerete Re-
search
Impact of electric arc furnace slag on geopolymer composites exposed to sul- | Journal of Building Ma-
Khater [46] . )
phate solution terials and Structures
lec)[z:l;]et al. Improved compressive strength of alkali activated slag upon heating Materials Letters
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Journal of Thermal

Zhou et al. | Influence of ground granulated blast furnace slag on the early hydration and . .
. . . Analysis and Calorime-
[48] microstructure of alkali-activated converter steel slag binder try
Wang etal. Influence of initial alkalinity on the hydration of steel slag Sc1encej Chmé Techno-
[49] logical Sciences
Kriskova et | Influence of mechanical and chemical activation on the hydraulic properties | Cement and Concrete
al. [50] of gamma dicalcium silicate Research

Bai et al. [51]

Influence of steel slag on the mechanical properties and curing time of me-
takaolin geopolymer

Ceramics International

Guo and Intrinsic properties and micro-crack characteristics of ultra-high toughness Construction and
Yang [52] fly ash/steel slag based geopolymer Building Materials
Salman et al | Investigating the binding potential of continuous casting stainless steel slag | Advances in Cement

[53] by alkali activation Research
Zhang et al. | Investigation on mechanical properties, durability and micro-structural de- Journal of Thermal
[54] velopment of steel slag blended cements Analysis & Calorimetry
N1ko[151;]et al. Kinetics of electric arc furnace slag leaching in alkaline solutions Pil ??j;;cﬁ(;?ejgi
AP or[15t(;]et al. Ladle steel slag in activated systems for construction use Minerals
Guoand | Mechanical properties and mechanisms of fiber reinforced fly ash-steel slag Construction and
Pan [57] based geopolymer mortar Building Materials
Liu et al. Microstructure and phase evolution of alkali-activated steel slag during Construction and
[58] early age Building Materials
Bignozziet | Mix-design and characterization of alkali activated materials based on me- Applied Clav Science
al. [59] takaolin and ladle slag PP y
Niklio¢ et al. | Modification of mechanical anq thermal Properties of fly ash-based geopoly- Materials Letters
[60] mer by the incorporation of steel slag
Kang et al. Preparation, characterization and photocatalytic activity of novel CeO2 International Journal of
[61] loaded porous alkali-activated steel slag-based binding material Hydrogen Energy
Hua[né]e tal Properties of waste-based geopolymer building blocks App hecl:lvll;/lteeclz.?;zucs and
. Property comparison of alkali-activated carbon steel slag (CSS) and stainless :

Liuetal [63] stgel s}lfag (SgS) and role of blast furnace slag (BFS) che%n(ical ():omposition Materials
Nunes and | Recent advances in the reuse of steel slags and future perspectives as binder Construction and
Borges [2] and aggregate for alkali-activated materials Building Materials
Long et al. Research on mechanism of sodium silicate on gas quenching steel slag ce- International Confer-

[64] ment ence FMRIA 2011
Guo and Resistance of fiber-reinforced fly ash-steel slag based geopolymer mortar to Construction and
Xiong [65] sulfate attack and drying-wetting cycles Building Materials
Jiaand Liu | Simulated Experiment Study of Factors Influencing the Hydration Activity | Advances in Materials
[66] of {-CaO in Basic Oxygen Furnace Slag Science & Engineering
Vlc?gf]t al. Slags from steel production: Properties and their utilization Metalurgija
Martins et | Steel slags in cement-based composites: An ultimate review on characteriza- Construction and
al. [3] tion, applications and performance Building Materials
Pereira et al. | Structural characterization of sustainable geopolymers of steel slag LD and Revista Materia
[68] steel slag LF with KOH
Wangetal. | Study on engineering properties of alkali-activated ladle furnace slag geo- Construction and
[69] polymer Building Materials
Chenetal | Synthesis and characterization of geopolymer composites based on gasifica- Construction and
[70] tion coal fly ash and steel slag Building Materials
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Furlani et al.

Synthesis and characterization of geopolymers containing blends of unpro-

Ceramics International

[71] cessed steel slag and metakaolin: The role of slag particle size
Youetal. | The influence of steel slag and ferronickel slag on the properties of alkali-ac- Construction and
[72] tivated slag mortar Building Materials
Apithan- . . . . :
) The potential of industrial waste: using foundry sand with fly ash and elec- .
yasai et al. . . g Heliyon
73] tric arc furnace slag for geopolymer brick production
Cesnovar et | The potential of ladle slag and electric arc furnace slag use in Synthesizing _
i . . . . . Materials
al. [74] alkali activated materials; the influence of curing on mechanical properties

Lu et al. [75]

Use of basic oxygen furnace slag fines in the production of cementitious

Construction and

mortars and the effects on mortar expansion Building Materials
Mastali et al.
ast[a%l)]et @ Using carbonated BOF slag aggregates in alkali-activated concretes Materials
Tsai et al. . . . Construction and
Using GGBOS as the alkali activators in GGBS and GGBOS blended cements o .
[77] Building Materials

Vandwlle, |
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3.1. Bibliometric analysis

The author with most publications is Ozlem Cizer, from Katholicke Universiteit Leven,
Belgium. Until December 2021, her articles were cited 168 times. Around her, there is only

group of authors found by the analysis of the results (Figure

2). The strongest relation-

ships were with other authors from the same university. However, it was possible to find
relationships with other research groups in Italy and Switzerland. This is an indication
that there is a working group on the subject at the Katholieke Universiteit Leven. Among all
the other 247 authors, no relationship between publications was obtained.

jonas, pt
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Figure 2. Network connections of the main author.
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About the kind of text, was found journal paper, conference paper and book chapter.
There are others five conference papers which do not had free access, these papers stayed
out from portfolio. Only one manuscript was from book chapter and other three were
obtained from conference paper (Figure 3). Theses texts also had few citations, less than
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five, until December 2021. But the journal papers presented great sum of citation and was
majority publication with 67 articles.

1
Journal Paper
m Conference Paper
m Book chapter
67

Figure 3. Number of publications for each text type.

Over the Years, few papers were published about the theme. A crescent move started
in 2018, but declined in 2021 (Figure 4). This decline can be attributed to pandemic context
in past two years. The grow up between 2018 and 2020 can be caused by crescent interest-
ing about theme. Two articles were selected for the portfolio, even though they were out-
side the 10-year limit amid 2011 and 2021. These were very cited for other works, because
of that, they were selected because of their relevance.

15
10
8
7
5 5 5 5
4 4

HE B N

1989 2008 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021

Figure 4. Publications per year with applicated filters.

3.1.1. Publications per country

The Figure 5 shows the country distribution of publications about theme. It is noted
that there are works on the subject in four continents, but researchers from China were
printed 40% for the texts. China, in addition to being the largest steel producer in the
world [78], has low slag utilization rates [2]. That can be explain the interest of the local
scientific community. However, other great producers like Japan, United States and Rus-
sia do not had write articles about the theme.


https://doi.org/10.20944/preprints202210.0137.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 11 October 2022 d0i:10.20944/preprints202210.0137.v1

A Y /
’ g g
L ) i Fa
\ R" _,f: - Py Ay | ‘ljj & b
& n-:L.* -F..l.»'"' | '\ v —

20 TR S \ Tl Slovenia 8 [Turkey 4
Iy s ) ’ ,

L U= \ § /AMontenegro 7 |Denmark 2
,f}‘*ﬁ‘-_ij[f"‘") . "L\_ ’3 Finland: 9 _{;I Czech Republic| 6 |Germany 1
’“Qd"-\-%!’""ffh 3,\ 2 f'/ Belgium_,"’— “--‘\__a(_,,_;-Nethe-rlands 5 |Switzerland | 1

Ko o ] J
¥ f _/'A
- |/L|-'—
l:)'{
fTaiwan: 17
Malaysia: 4 h"-.
A
J \ ’
Now
!

L

0 10 20 30 40 50 60 70 80 90 100 110 120 130

Figure 3. Number of publications per country.

In addition to China, there is a large concentration of articles published by authors in
the European Union, with 47% rate. Researchers from Belgium, Italy and Serbia are the
continent's greatest writers. Works from Europe tend to be cited more than those from
other countries. The Figure 6 show that relation, where the circumference size is the rate
between citations and publications. The biggest circle of France, Belgium and Italy tells us
that articles produced in these countries are proportionally more cited, in contrast to
China which your major number of publications.
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Figure 6. Relationship between number of publications and number of citations per country.

3.1.2. Publications per journal

The portfolio presented 67 journal papers, the main kind of text. These papers were
found in 31 periodicals. “Construction and Building Materials” were the most relevant
journal about the theme, with 22 publications. This, follow as so far by “Materials”. That
is an important periodical in civil construction area, its Impact Factor is 6,1 [79], while
“Materials” has an Impact Factor of 3,6 [80].

When analyzing the relevance of published article, Figure 7 shows the relationship
between the number of publications and citations until December 2021. As well as, “Con-
struction and Building Materials” continue to be to most relevant journal, with major pub-
lications and citations. The periodicals “Cement and Concrete Composites” and “Journal
of Hazardous Materials” can also be highlighted for presenting a large number of cita-
tions, despite few publications on the research object. The first is from civil construction
area, with impact factor 7,6, when the other is from Environmental area, with impact fac-
tor 10,6 [79].
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Figure 4. relationship between number of publications and number of citations per journal.

3.2. Bibliometric analysis

There are different types of steel furnace, which spawn steel slag. On the portfolio,
four sort of slag were announced: Blast Oxygen Furnace Slag (BOF), Ladle Furnace Slag,
Electric Arc Furnaces Slag (EAF) and Stainless-Steel Slag. These slags were used to com-
pose AAB alone or in mixes with other precursors. On the research, 47,7% that articles
used steel slag with others precursors. Among these are fly ash (52%), blast furnace slag
(38%) and metakaolin (16%) were the main binder utilized on the blends. These materials
are so well known in studies about cements and other binders. Other alternative materials
like nickel iron slag, gold mine tailings and flue gas desulfurization gypsum had been
found. About the Slag, BOF as the main used in texts, present in 61% of them follow by
EAF with 18%. According to WSA [78], the oxygen furnace is the most common form of
steel production, with a 72% share in the world.

All these slags were used to make some different products: pastes (52% of the texts)
and mortars (28%) were produced more times, followed by blocks and concrete with less
than 5% each. When analyzing the kind of activator, sodium hydroxide (NaOH) and so-
dium silicate (Na25iOs) are the most utilized. Studies were found where these activators
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were used alone, composing mixtures with each other or mixed with other activators. Be-
side these, were other ten activators related, like potassium hydroxide (15% of the texts),
sodium carbonate, calcium chloride, potassium citrate and cement kiln dust. 86% for the
articles utilized the two-part method for mixes the activator. This method uses an alkaline
solution and water to hydrate the slag. Any authors consider it more dangerous than one-
part method [6, 81]. So, that generate a knowledge gap for one-part method utilization.

3.2.1. Characterization Methods

Table 2 shows the main characterization methods among the works. The majority
researches used many physical, mechanical and microstructural tests. Axial compression,
X-Ray Fluorescence (XRF), X-Ray Diffraction (XRD) and Scanning Electron Microscope
(SEM) were the most utilized method for characterization among all types. On the Physi-
cal characterization, Particle Size Distribution (PSD) by Laser Diffraction (LD) and poros-
ity were the most utilized method. These are the tests that must be performed, at least, to
characterize the material in future works.

Table 2. Characterization methods used in portfolio.

Physical characterization | Mechanical characterization | Microstructural characterization
Method Quant. Method Quant. Method Quant.
PSD-LD 25 | Axial compression 54 XRF 68
Porosity 20 Bending 20 XRD 54

Calorimetry 14 Tension 4 SEM 47
Density 14 Elastic modulus 2 TG/DTA 21

BET Specific Surface 12 Hardness 2 FTIR 17
Setting time 11 Abrasion 1 UV reflexing 5
Absorption 10 Ductility 1 Rietveld analysis 5
Blaine Spec. Surface 7 Aggregate crush 1 ICP-OES 3
Shrinkage 5 - TEM 2

Its be possible to note a knowledge gap about these kinds of characterization. On the
mechanical characterization, there are few authors utilizing others tests besides axial com-
pression and bending. It be caused by the major utilization of 4x4x16 cm? prism molds to
mechanical description. Also, on microstructural evaluation, there is room for studies in-
volving Rietveld analysis by XRD and EDS analysis bay SEM. There is demand for articles
on a more complete mechanical and microstructural characterization.

A few works used others types of material characterization, like durability, environ-
ment tests or fresh state tests. Only twenty-three environmental tests were presented on
the texts, the same amount of durability tests. Leaching and pollutant adsorption are the
mains tests realized on ambiental characterization, while sulphate resistance is the major
utilized for durability studies. About fresh state methods, were only thirteen tests appre-
ciated, mostly spreading. Can be pointed a knowledge gap in these methods for the steel
slag as an AAB.

3.2.2. BOF Properties

The chemical composition of the BOF in portfolio is shown in Table 3. The main ox-
ides are calcium oxide (CaO), iron oxide (Fe20s) and silicon oxide (SiOz), together they
account for nearly 80% for the components. Jia and Liu [66] found significant difference
in the BOF composition, when varied the slag age or the treatment submitted. The authors
collected slag right after leaving the oven, after six months of ripening and after treatment
by magnetic separation. In addition to the Fe2Os content, some studies [24, 50, 71] sought
to reduce the amount of P20s or MnO, because these oxides modified the hydraulic prop-
erties.
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Table 3. Chemical composition for BOF of the portfolio.

Mean | Standard Deviation | Maximum | Minimun
CaO 41,2% 5,0% 52,4% 26,5%
Fe203 | 23,5% 6,0% 43,5% 14,9%
Si02 15,2% 4,0% 26,3% 8,2%
MgO 7,1% 2,6% 13,6% 1,3%
Al203 4,3% 2,7% 11,0% 0,8%
MnO 3,1% 1,1% 5,3% 1,1%
P205 1,5% 0,9% 4,1% 0,1%
TiO2 1,0% 0,5% 3,1% 0,3%
V205 0,6% 0,3% 1,1% 0,1%
SO3 0,6% 0,4% 1,7% 0,1%
Cr203 0,5% 0,4% 1,3% 0,1%
PF 3,5% 3,4% 9,8% 0,0%

About the mineralogical composition, the main phases found in XRD are Larnite
(Ca0.25i02), Wuestite (FeO) and Portlandite (Ca(OH)2). These phases appeared in at least
50% of articles from the portfolio. In addition to these, another 44 minerals were reported
as showed in Table 4. As with chemical composition, treatment or age for BOF can be
produce changes in mineral composition [22, 29, 58]. Authors reported some phases with
hydraulic properties, which can be increased mechanical resistance for Slag’'s AAB, like
Larnite, Portlandite, Alite or Brownmillerite. Also are related components which appear
during the hydration, like Hydrated Calcium Silicate, Hydrated Calcium-Aluminate Sili-
cate (CASH), Hydrogarnet or ettringite. These components increase mechanical resistance
on the products [32, 43, 53].

Table 4: phases found by XRD for BOF of the portfolio.

Phase Rate Phase Rate Phase Rate
Larnite 81,4% Mayenite 10,0% CaS0O4.H20 2,9%
Wuestite 64,3% Tricalcium Aluminate 10,0% CaSO4 2,9%
Portlandite 50,0% Zeolite 7,1% Hydrogrossular ~ 2,9%
Lime 47,1% Srebrodolskite 5,7% Calcium Peroxide  2,9%
CaFeO2 42,9% Rosenhahnite 43% Thaumasite 1,4%
Alite 35,7% Ussingite 4,3% Merwinite 1,4%
Calcite 30,0% Corierite 4,3% | Magnesium Ferrite  1,4%
Magnetite 24,3% Pirssonite 4,3% Metahalloysite 1,4%
Brownmillerite 21,4% Brucite 43% Paligorsquite 1,4%
Quartz 20,0% Hatrurite 4,3% Ferrocarfolite 1,4%
Hydrated Cal- = 0 o Hematite 4,3% Meixnerite 1,4%
cium Silicate
Amorphous 18,6% Bredigite 2,9% Butlerite 1,4%
Ettringite 14,3% Fayalite 2,9% Pseudobroquite ~ 1,4%
Hydrogarnet  12,9% Jennite 2,9% Grossular 1,4%
CASH 11,4% | Magnesium Silicate Hydroxide  2,9%
Periclase 10,0% Vuagnatite 2,9%

Due to the large number of mixes used in portfolio studies, there are many conclu-
sions about the axial compression resistance. In general, others precursors used withs BOF
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improve the mechanical resistance. Products made with BOF and fly ash have shown that,
the greater the amount of fly ash, the greater the compressive strength [52, 65]. Part of the
works shows that increasing the proportion of EAF improves resistance, achieving the
same strength as cement products in lager ages [63, 72]. Only one paper reported that has
a limit to blast furnace addition, beyond which the resistance decreases [77].

However, the kind of activator is the most important factor in increasing mechanical
compression. The highest strength was achieved by the KAJA et al. [43] work, reaching 75
MPa at 28 days, using BOF activated with by Potassium Citrate. Small amounts of activa-
tor do not cause enough reactions to gain strength, while high levels can cause bond
breakage and low strength. There is a need to dose the ideal amount. The combination of
Na(OH) and Na25iOs brings good resistance results, better than either of these activators
alone [32, 40]. For levels above 2%, sulphate activators like sodium sulphate (Na2504) or
calcium sulphate (CaSOs) showed better resistance than others activators [28, 29, 38]. On
the other hand, calcium chloride and potassium-based activators reached the lowest me-
chanical resistance [29, 31].

4. Conclusions

For the composition of the portfolio, it started with 1753 texts, which were refined
until reaching only 71. These texts were published by 247 authors, who formed little re-
search groups. 95% of the texts are journal papers, with increasing publication between
2017 and 2020. The country with the most authors who published is China, but French,
Italian and Belgian articles are more relevant because they are more cited. For the journals,
Construction and Building Materials is the one that published the most and also the most
relevant within the theme.

In the critical analysis, it was possible to see that four types of slag were used, with
BOF being the most common. It was also very common to use slag with other precursor
materials, especially materials already known as cement additions. Fly ash and blast fur-
nace slag were the most used in these mixtures. Sodium hydroxide and sodium silicate
are the most commonly used activators to make pastes and mortars, using the two-part
method.

Regarding the results achieved, the chemical composition showed a slag rich in CaO,
Fe20s and SiO2, with proportions varying little among themselves. The type of treatment
can influence these results. The mineralogical composition showed a BOF rich in larnite,
wuestite and portlandite, which explains the low hydraulicity of the material. When ana-
lyzing the compressive strength, studies that used other precursors, such as blast furnace
slag and fly ash showed better performance. The type of activator, for better mechanical
strength, requires an optimal dosage study.

All these results show that there are some knowledge gaps on the subject. First, in
mineralogical characterization, few studies use the Rietveld method. Afterwards, few
studies were observed on the mechanical properties of hardened pastes or mortars. Fi-
nally, there is room for further studies on the durability of these materials, as well as for
characterization of the fresh state.

Author Contributions: J. C. B ] — conceptualization, writing—original draft preparation, formal
analysis. G. J. B. — conceptualization, writing—review and editing, project administration. V. A. A.
O. and J. L. C. - methodology, validation, writing—review and editing. E. F. M. — data curation,
visualization.

Funding; this research received no external funding.

Acknowledgments: the authors acknowledges the support provided by the Federal University of
Sao Jodo Del-Rei (UFS]) and Federal University of Ouro Preto (UFOP). Thanks are also due to the
Brazilian research groups Ative-CNPq/ UFOP and RECICLOS-CNPq/ UFOP for the infrastructure
and collaboration.

Conflicts of Interest: the authors declare no conflict of interest.


https://doi.org/10.20944/preprints202210.0137.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 11 October 2022 doi:10.20944/preprints202210.0137.v1

References

1.  WSA - World Steel Association. Steel industry co-products: worldsteel position paper. Beijing: WSA, 2018.

2. Nunes, V. A; Borges, P. H. R. Recent advances in the reuse of steel slags and future perspectives as binder and aggregate for
alkali-activated materials. Construction and building materials, 2021 v. 281, p. 122605.

3.  Martins, A. C. P.; de Carvalho, J. M.; et al. Steel slags in cement-based composites: an ultimate review on characterization,
applications and performance. Construction and building materials, 2021, v. 291, p. 123265.

4. Ionescu, B. A.; Lazarescu, A.-V.; Hegyi, A. The possibility of using slag for the production of geopolymer materials and its
influence on mechanical performances— a review. 2020, mures: [s.n.], P. 30.

5. Provis, John L. Geopolymers and other alkali activated materials: why, how, and what? Materials and structures, 2014, v. 47, p.
11-25.

6.  Provis, John L. Alkali-activated materials. Cement and concrete research, 2018, vol.114, pp. 40-48.

7. Waiczyk, C.; Ensslin, E. R. Avaliagdo de produgao cientifica de pesquisadores: mapeamento das publicacdes cientificas. Revista
contempordnea de contabilidade, 2013, vol. 10 (20), p. 97-112. In Portuguese.

8. Matos, L. dos S., Valmorbida, S. M. I, Martins, V. A., Ensslin, S. R. Desenvolvimento do tema avaliagdo de desempenho: uma
analise sistematica da literatura. Contextus — revista contempordinea de economia e gestdo, 2020, vol 17(2), p. 63-97. In portuguese.

9. Hu, S. et al. Bonding and abrasion resistance of geopolymeric repair material made with steel slag. Cement and concrete compo-
sites, 2008, v. 30, n. 3, p. 239-244.

10. Feng, J; Sun, J.; Falayi, T. A comparison between fly ash- and basic oxygen furnace slag-modified gold mine tailings geopoly-
mers. Construction and building materials, 2020, v. 234, n. 2, p. 207-217.

11. Feng, Jingjing; Sun, J. A comparison of the 10-year properties of converter steel slag activated by high temperature and an
alkaline activator. Construction and building materials, 2020, v. 234, p. 116948.

12. Y.J. Zhang, L. C. Liu, Y. Xu, Y. C. Wang, and D. L. Xu, A new alkali-activated steel slag-based cementitious material for photo-
catalytic degradation of organic pollutant from waste water. |. Hazard. Mater., 2012, vol. 209-210, pp. 146-150, doi:
https://doi.org/10.1016/j.jhazmat.2012.01.001.

13. L.Kang, Y.J. Zhang, M. Y. Yang, L. Zhang, K. Zhang, and W. L. Zhang. A novel V-doped CeO2 loaded alkali-activated steel
slag-based nanocomposite for photocatalytic degradation of malachite green. Integr. Ferroelectr., 2016, vol. 170, no. 1, pp. 1-9.
doi: 10.1080/10584587.2016.1165572.

14. N. Cristelo, J. Coelho, T. Miranda, A. Palomo, and A. Ferndndez-Jiménez. Alkali activated composites — An innovative concept
using iron and steel slag as both precursor and aggregate. Cem. Concr. Compos., 2019, wvol. 103, pp. 11-21. doi:
https://doi.org/10.1016/j.cemconcomp.2019.04.024.

15. M. Salman et al. Alkali Activation of AOD Stainless Steel Slag under Steam Curing Conditions. J. Am. Ceram. Soc., 2015, vol. 98,
no. 10, pp. 3062-3074, doi: 10.1111/jace.13776.

16. M. Ozturk, M. B. Bankir, O. S. Bolukbasi, and U. K. Sevim. Alkali activation of electric arc furnace slag: Mechanical properties
and micro analyzes. |. Build. Eng., 2018, vol. 21, pp. 97-105, 2019, doi: 10.1016/j.jobe.2018.10.005.

17. 1.Lancellotti, F. Piccolo, K. Traven, M. Ce$novar, V. Ducman, and C. Leonelli. Alkali activation of metallurgical slags: Reactivity,
chemical behavior, and environmental assessment. Materials (Basel)., 2021, vol. 14, no. 3, pp. 1-19 doi: 10.3390/ma14030639.

18. Y.J. Zhang, L. Kang, and L. C. Liu. Alkali-activated cements for photocatalytic degradation of organic dyes. In Handbook of
Alkali-Activated Cements, Mortars and Concretes, Ed. 1: F. Pacheco-Torgal,. Ed. 2: ].A. Labrincha. Ed. 3 P. Chindaprasirt. Elsevier
Inc., 2015, pp. 729-775.

19. J. Rosales, F. Agrela, J. L. Diaz-Lopez, and M. Cabrera. Alkali-Activated Stainless Steel Slag as a Cementitious Material in the
Manufacture of Self-Compacting Concrete. Materials (Basel).,2021, vol. 14, no. 14, p. 3945, doi: 10.3390/ma14143945.

20. L.Kang, Y.J. Zhang, L. L. Wang, L. Zhang, K. Zhang, and L. C. Liu. Alkali-Activated Steel Slag-Based Mesoporous Material as
a New Photocatalyst for Degradation of Dye from Wastewater. Integr. Ferroelectr., 2015, vol. 162, no. 1, pp. 8-17, doi:
10.1080/10584587.2015.1037197.

21. C. Pinheiro, S. Rios, A. Viana da Fonseca, A. Fernandez-Jiménez, and N. Cristelo. Application of the response surface method
to optimize alkali activated cements based on low-reactivity ladle furnace slag. Constr. Build. Mater., 2020, vol. 264, p. 120271,
doi: https://doi.org/10.1016/j.conbuildmat.2020.120271.

22. M. Gautier, J. Poirier, F. Bodénan, G. Franceschini, and E. Véron. Basic oxygen furnace (BOF) slag cooling: Laboratory charac-
teristics and prediction calculations. Int. J. Miner. Process., 2013, vol. 123, pp. 94-101 doi: 10.1016/j.minpro.2013.05.002.

23. M. Salman et al. Cementitious binders from activated stainless steel refining slag and the effect of alkali solutions. J. Hazard.
Mater., 2015, vol. 286, pp. 211-219, doi: https://doi.org/10.1016/j.jhazmat.2014.12.046.

24. E. Belhadj, C. Diliberto, and A. Lecomte. Characterization and activation of Basic Oxygen Furnace slag. Cem. Concr. Compos.,
2012, vol. 34, no. 1, pp. 34-40, doi: 10.1016/j.cemconcomp.2011.08.012.

25. L. Zeng, P. Guo, W. Wang, Y. Zhang, S. Wang, and X. Peng. Composite foamed alkali-activated concrete with slag and steel
slag. Mag. Concr. Res., 2020, vol. 72, no. 5, pp. 262-270, doi: 10.1680/jmacr.17.00128.

26. G. Kuntikana and D. N. Singh. Contemporary issues related to utilization of industrial byproducts. Adv. Civ. Eng. Mater., 2017,
vol. 6, no. 1, pp. 444-479, doi: 10.1520/ACEM20160050.


https://doi.org/10.20944/preprints202210.0137.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 11 October 2022 doi:10.20944/preprints202210.0137.v1

27. H.Liu, H. He, Y. Li, T. Hu, H. Ni, and H. Zhang. Coupling effect of steel slag in preparation of calcium-containing geopolymers
with spent fluid catalytic cracking (FCC) catalyst. Constr. Build. Mater., 2021, vol. 290, doi: 10.1016/j.conbuildmat.2021.123194.

28. T. Wang, K. Wu, and M. Wu. Development of green binder systems based on flue gas desulfurization gypsum and fly ash
incorporating slag or steel slag powders. Constr. Build. Mater., 2020, vol. 265, doi: 10.1016/j.conbuildmat.2020.120275.

29. S. K. Singh, Jyoti, and P. Vashistha, Development of newer composite cement through mechano-chemical activation of steel
slag. Constr. Build. Mater., 2021, vol. 268, p. 121147, doi: https://doi.org/10.1016/j.conbuildmat.2020.121147.

30. I. Nikoli¢, M. Tadi¢, L. ]ankovic’-éastvan, V.V Radmilovi¢, and V. R. Radmilovi¢. Durability of alkali activated slag in a marine
environment: Influence of alkali ion. J. Serbian Chem. Soc., 2018, vol. 83, no. 10, pp. 1143-1156, doi: 10.2298/JSC180328057N.

31. M. Salman, O. Cizer, Y. Pontikes, L. Vandewalle, B. Blanpain, and K. Van Balen. Effect of curing temperatures on the alkali
activation of crystalline continuous casting stainless steel slag. Comstr. Build. Mater., 2014, vol. 71, pp. 308-316, doi:
https://doi.org/10.1016/j.conbuildmat.2014.08.067.

32. J.Sun and Z. Chen. Effect of silicate modulus of water glass on the hydration of alkali-activated converter steel slag. J. Therm.
Anal. Calorim., 2019, vol. 138, no. 1, pp. 47-56, doi: 10.1007/s10973-019-08146-3.

33. W. Song et al. Effect of steel slag on fresh, hardened and microstructural properties of high-calcium fly ash based geopolymers
at standard curing condition. Constr. Build. Mater., 2019, vol. 229, doi: 10.1016/j.conbuildmat.2019.116933.

34. M. Morone, O. Cizer, G. Costa, and R. Baciocchi. Effects of Alkali Activation and CO2 Curing on the Hydraulic Reactivity and
Carbon Storage Capacity of BOF Slag in View of Its Use in Concrete. Waste and Biomass Valorization, 2020, vol. 11, no. 6, pp. 3007—
3020, doi: 10.1007/s12649-019-00579-z.

35. X. Guo and X. Pan. Effects of Steel Slag on Mechanical Properties and Mechanism of Fly Ash-Based Geopolymer. ]. Mater. Civ.
Eng., 2020, vol. 32, no. 2, doi: 10.1061/(ASCE)MT.1943-5533.0003012.

36. W.Song et al. Efficient use of steel slag in alkali-activated fly ash-steel slag-ground granulated blast furnace slag ternary blends.
Constr. Build. Mater., 2020, vol. 259, p. 119814, doi: https://doi.org/10.1016/j.conbuildmat.2020.119814.

37. P.Du, T. Zhou, P. Zhao, Z. Zhou, Y. Liu, and X. Cheng. Efflorescence inhibition of alkali-activated steel slag-slag material by
nano SiO2. Ceram. - Silikaty, 2018, vol. 62, no. 3, pp. 285-292, doi: 10.13168/cs.2018.0023.

38. G.X.Wang, K.J. Xu, and M. Q. Zhu. Experimental study on alkali stimulating-steel slag cementitious materials. In International
Conference on Civil Engineering and Building Materials, CEBM 2011, 2011, vol. 261-263, pp. 551-554, doi: 10.4028/www .scien-
tific.net/ AMR.261-263.551.

39. B.S.Mohammed, M. F. Nuruddin, K. A. M. Azizli, and K. Z. K. Shaari. Geopolymer Steel Slag Brick. Appl. Mech. Mater., 2015,
vol. 754-755, pp. 296-299, doi: 10.4028/www.scientific.net/amm.754-755.296.

40. W.-H. Lee, T.-W. Cheng, K.-Y. Lin, K.-L. Lin, C.-C. Wu, and C.-T. Tsai. Geopolymer Technologies for Stabilization of Basic
Oxygen Furnace Slags and Sustainable Application as Construction Materials. Sustainability, 2020, vol. 12, no. 12, p. 5002, doi:
10.3390/5u12125002.

41. M. Morone, G. Costa, E. Georgakopoulos, V. Manovic, S. Stendardo, and R. Baciocchi. Granulation—Carbonation Treatment of
Alkali Activated Steel Slag for Secondary Aggregates Production. Waste and Biomass Valorization, 2017, vol. 8, no. 5, pp. 1381-
1391, doi: 10.1007/s12649-016-9781-0.

42. H. Nguyen, V. Carvelli, E. Adesanya, P. Kinnunen, and M. Illikainen. High performance cementitious composite from alkali-
activated ladle slag reinforced with polypropylene fibers. Cem. Concr. Compos., 2018, vol. 90, pp. 150-160, doi: 10.1016/j.cemcon-
comp.2018.03.024.

43. A.M. Kaja, K. Schollbach, S. Melzer, S. R. van der Laan, H. J. H. Brouwers, and Q. Yu. Hydration of potassium citrate-activated
BOF slag. Cem. Concr. Res., 2021, vol. 140, p. 106291, doi: 10.1016/j.cemconres.2020.106291.

44. 7J.Sun, Z. Zhang, S. Zhuang, and W. He. Hydration properties and microstructure characteristics of alkali-activated steel slag.
Constr. Build. Mater., 2020, vol. 241, p. 118141, doi: https://doi.org/10.1016/j.conbuildmat.2020.118141.

45. A.Duda. Hydraulic reactions of LD steelworks slags. Cem. Concr. Res., 1989, vol. 19, pp. 793-801.

46. H.M. Khater. Impact of electric arc furnace slag on geopolymer composites exposed to sulphate solution. J. Build. Mater. Struct.,
2017, vol. 2, pp. 12-26.

47. 1. Nikolié, L. Karanovi¢, L. J. Castvan, V. V. Radmilovi¢, S. Mentus, and V. V. Radmilovié. Improved compressive strength of
alkali activated slag upon heating. Mater. Lett., 2014, vol. 133, pp. 251-254, 2014, doi: 10.1016/j.matlet.2014.07.021.

48. Y. Zhou, J. Sun, and Y. Liao. Influence of ground granulated blast furnace slag on the early hydration and microstructure of
alkali-activated converter steel slag binder. |. Therm. Anal. Calorim, 2020, doi: 10.1007/s10973-020-10220-0.

49. Q. Wang, J. W. Yang, and P. Y. Yan. Influence of initial alkalinity on the hydration of steel slag. Sci. China Technol. Sci., 2012, vol.
55, no. 12, pp. 3378-3387, doi: 10.1007/s11431-012-4830-9.

50. L.Kriskova et al. Influence of mechanical and chemical activation on the hydraulic properties of gamma dicalcium silicate. Cemn.
Concr. Res., 2014, vol. 55, pp. 59-68, doi: 10.1016/j.cemconres.2013.10.004.

51. T. Bai, Z. G. Song, Y. G. Wu, X. Di Hu, and H. Bai. Influence of steel slag on the mechanical properties and curing time of
metakaolin geopolymer. Ceram. Int., 2018, vol. 44, no. 13, pp. 15706-15713, doi: 10.1016/j.ceramint.2018.05.243.

52. X.Guo and J. Yang. Intrinsic properties and micro-crack characteristics of ultra-high toughness fly ash/steel slag based geopol-
ymer. Constr. Build. Mater., 2020, vol. 230, doi: 10.1016/j.conbuildmat.2019.116965.


https://doi.org/10.20944/preprints202210.0137.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 11 October 2022 doi:10.20944/preprints202210.0137.v1

53. M. Salman et al. Investigating the binding potential of continuous casting stainless steel slag by alkali activation. Adv. Cem. Res.,
2014, vol. 26, no. 5, pp. 256-270, doi: 10.1680/adcr.13.00018.

54. T.Zhang, Q. Yu, J. Wei, and J. Li. Investigation on mechanical properties, durability and micro-structural development of steel
slag blended cements. |. Therm. Anal. Calorim., 2012, vol. 110, no. 2, pp. 633-639, doi: 10.1007/s10973-011-1853-6.

55. 1. Nikoli¢, A. Drinc¢i¢, D. Djurovi¢, L. Karanovi¢, V. V. Radmilovi¢, and V. R. Radmilovié. Kinetics of electric arc furnace slag
leaching in alkaline solutions. Constr. Build. Mater., 2016, vol. 108, pp. 1-9, doi: 10.1016/j.conbuildmat.2016.01.038.

56. D. Aponte, O. S. Martin, S. V Barrio, and M. B. Bizinotto. Ladle steel slag in activated systems for construction use. Minerals,
2020, vol. 10, no. 8, pp. 1-12, doi: 10.3390/min10080687.

57. X. Guo and X. Pan. Mechanical properties and mechanisms of fiber reinforced fly ash-steel slag based geopolymer mortar.
Constr. Build. Mater., 2018, vol. 179, pp. 633-641, doi: 10.1016/j.conbuildmat.2018.05.198.

58. Z.Liu, D. Zhang, L. LL J. Wang, N. Shao, and D. Wang. Microstructure and phase evolution of alkali-activated steel slag during
early age. Constr. Build. Mater., 2019, vol. 204, pp. 158-165, doi: https://doi.org/10.1016/j.conbuildmat.2019.01.213.

59. M. C. Bignozzi, S. Manzi, I. Lancellotti, E. Kamseu, L. Barbieri, and C. Leonelli. Mix-design and characterization of alkali acti-
vated materials based on metakaolin and ladle slag. Appl. Clay Sci., 2013, vol. 73, no. 1, pp. 78-85, doi: 10.1016/j.clay.2012.09.015.

60. L Niklio¢ et al., “Modification of mechanical and thermal properties of fly ash-based geopolymer by the incorporation of steel
slag,” Mater. Lett., 2016, vol. 176, pp. 301-305, doi: 10.1016/j.matlet.2016.04.121.

61. L.Kang, Y.]. Zhang, L. Zhang, and K. Zhang. Preparation, characterization and photocatalytic activity of novel CeO2 loaded
porous alkali-activated steel slag-based binding material. Int. ]. Hydrogen Energy, 2017, vol. 42, no. 27, pp. 17341-17349, doi:
https://doi.org/10.1016/j.ijhydene.2017.04.035.

62. F.H.Huang, Z. H. Zhou, and X. Cheng. Properties of waste-based geopolymer building blocks. Applied Mechanics and Mate-
rials, 2013, vol. 357-360, pp. 935-938, doi: https://doi.org/10.4028/www.scientific.net/ AMM.357-360.935.

63. J.Liu, C.Yi, H. Zhu, and H. Ma. Property comparison of alkali-activated carbon steel slag (CSS) and stainless steel slag (SSS)
and role of blast furnace slag (BFS) chemical composition. Materials (Basel), 2019, vol. 12, no. 20, doi: 10.3390/ma12203307.

64. Y.Long, H. Xing, Y. Zhang, and G. Li. Research on mechanism of sodium silicate on gas quenching steel slag cement. In Inter-
national Conference on Future Material Research and Industry Application, FMRIA 2011, 2012, vol. 455-456, pp. 382-388, doi:
10.4028/www .scientific.net/ AMR.455-456.382.

65. X. Guo and G. Xiong. Resistance of fiber-reinforced fly ash-steel slag based geopolymer mortar to sulfate attack and drying-
wetting cycles. Constr. Build. Mater., 2021, vol. 269, doi: 10.1016/j.conbuildmat.2020.121326.

66. R.]Jia and J. Liu. Simulated Experiment Study of Factors Influencing the Hydration Activity of {-CaO in Basic Oxygen Furnace
Slag. Adv. Mater. Sci. Eng, 2016, vol. 16, pp. 1-15, doi: 10.1155/2016/7529382.

67. J. Vlcek, V. Tomkova, H. Ovcacikova, F. Ovcacik, M. Topinkova, and V. Matejka. Slags from steel production: Properties and
their utilization. Metalurgija, 2013, vol. 52, no. 3, pp. 329-333.

68. A.P.dosS. Pereira, F. J. H. T. V. Ramos, and M. H. P. da Silva. Structural characterization of sustainable geopolymers of steel
slag LD and steel slag LF with KOH. Rev. Mater., 2020, vol. 25, no. 3, pp. 1-14, doi: 10.1590/s1517-707620200003.1127.

69. W.C. Wang, H. Y. Wang, and H. C. Tsai. Study on engineering properties of alkali-activated ladle furnace slag geopolymer.
Constr. Build. Mater., 2016, vol. 123, pp. 800-805, doi: 10.1016/j.conbuildmat.2016.07.068.

70. Y. Chen et al. Synthesis and characterization of geopolymer composites based on gasification coal fly ash and steel slag. Constr.
Build. Mater., 2019, vol. 211, pp. 646—658, doi: https://doi.org/10.1016/j.conbuildmat.2019.03.292.

71. E.Furlani et al. Synthesis and characterization of geopolymers containing blends of unprocessed steel slag and metakaolin: The
role of slag particle size. Ceram. Int., 2018, vol. 44, no. 5, pp. 52265232, doi: 10.1016/j.ceramint.2017.12.131.

72. N. You, B. Li, R. Cao, J. Shi, C. Chen, and Y. Zhang. The influence of steel slag and ferronickel slag on the properties of alkali-
activated slag mortar. Constr. Build. Mater., 2019, vol. 227, p. 116614, 2019, doi: https://doi.org/10.1016/j.conbuildmat.2019.07.340.

73. S. Apithanyasai, N. Supakata, and S. Papong. The potential of industrial waste: using foundry sand with fly ash and electric arc
furnace slag for geopolymer brick production. Heliyon, 2020, wol. 6, mno. 3, p. €03697, doi:
https://doi.org/10.1016/j.heliyon.2020.e03697.

74. M. Ce$novar, K. Traven, B. Horvat, and V. Ducman. The potential of ladle slag and electric arc furnace slag use in Synthesizing
alkali activated materials; the influence of curing on mechanical properties. Materials (Basel)., 2019, vol. 12, no. 7, doi:
10.3390/ma12071173.

75. T.H.Lu, Y.L.Chen, P. H. Shih, and J. E. Chang. Use of basic oxygen furnace slag fines in the production of cementitious mortars
and the effects on mortar expansion. Constr. Build. Mater., 2018, vol. 167, pp. 768-774, doi: 10.1016/j.conbuildmat.2018.02.102.

76. M. Mastali et al. Using Carbonated BOF Slag Aggregates in Alkali-Activated Concretes. Materials, 2019, vol. 12, no. 8, p. 1288,
doi: 10.3390/ma12081288.

77. C.J.Tsai, R. Huang, W.-T. Lin, and H.-W. Chiang. Using GGBOS as the alkali activators in GGBS and GGBOS blended cements.
Constr. Build. Mater., 2014, vol. 70, pp. 501-507, doi: https://doi.org/10.1016/j.conbuildmat.2014.08.011.

78. WSA — World Steel Association. Report 2020: World Steel in figures. Beijing: WSA, 2020.

79. ELSEVIER, 2021. An international journal dedicated to the investigation and innovative use of materials in construction and
repair. [Online] Available at: <https://www journals.elsevier.com/construction-and-building-materials. [Accessed November
2021].


https://doi.org/10.20944/preprints202210.0137.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 11 October 2022 doi:10.20944/preprints202210.0137.v1

80. MDPI, 2021. Materials is a peer-reviewed, open access journal of materials science and engineering published semimonthly
online by MDPI. [Online]. Available at: <https://www.mdpi.com/journal/materials> [Accessed November 2021].

81. F.P.Torgal, J. G. Gomes, S. Jalali. Alkali-activated binders: a review: part 1. Historical background, terminology, reaction mech-
anisms and hydration products. Construction and Building Materials, 2008; Vol. 22, n. 7, pp. 1305-1314.


https://doi.org/10.20944/preprints202210.0137.v1

