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Abstract. This paper investigates the characteristics of concrete made from
blast furnace nickel slag powder (BFNSP) and fly ash (FA) to use an alternative
binder to conventional Portland cement (PC) by making a geopolymer concrete
using an alkali activator. Samples for testing were made using 100% of BFNSP,
and 50% BFNSP + 50% FA combination binder, as a direct replacement for the
PC in concrete. These test samples were evaluated by compression and slump
tests, also using the Le Chatelier’ method, XRF, and SEM analysis of
microstructure properties. The samples with BENSP were activated with alka-
line activators with molarities of 12M and 6M with a ratio of Na,SiO3 to NaOH
of 2.5. The test samples with 100% BFNSP and 12M activator showed the most
slump and workability. However, the 50% BFNSP + 50% FA mix and 12M
activator had the highest compressive strength at 55.97Mpa at 28 days. These
results compare very favorably with the control Portland cement sample.

Keywords: Binders - Fly ash - Geopolymer concrete - Blast furnace nickel
slag powder -+ SEM

1 Introduction

The cement production contributes around 5-7% of total carbon dioxide (CO,)
emission in the atmosphere [1], CO, is one of the greenhouse gasses that causes global
warming so the use of Ordinary Portland Cement (OPC) type 1 should be replaced with
a more eco-friendly material. Geopolymer concrete is a combination of fine powdery
materials and liquid component of mix made of alkaline chemicals [2]. One of the
materials that can replace OPC is fly ash but other materials can be used as mineral
additions such as silica fume, granulated blast furnace slag (GGBFS), rice husk ash,
and metakaolin [3].

At present, Fly ash (FA) appears to be the most promising source materials for the
large-scale industrial production of GP concrete due to its favorable rheological
properties and lower water demand when mixed with aggregates and alkaline solution.
Geopolymer was first introduced by Professor Davidovits in 1978 [4] as a chemical
reaction with polymer process that occurs when alkaline liquid mingled with Silica
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(Si) and Alumina (Al) element in source material [5]. Depending on the material that
had been chosen as binders and the applied treatment, geopolymer concrete can have a
wide variation of characterization. This large gap of traits could be used to find the
correct formula for designing a geopolymer concrete mix [6]. The third-largest source
of waste comes from mining. In 2018, the ministry of industry of Indonesia found out
that from 40 million tons of raw material for nickel smelting 30 million tons would
become waste (slag). Based on literature Yang et al. [7] nickel slag provides the
potential for geopolymer production due to its high silica content. Nickel slag is usually
used for landfilling [8]. Utilizing industrial waste, geopolymer concrete can also reduce
CO, emissions from cement production, which is a sustainable development of the
cement and concrete industry [9].

Professor Davidovits suggested the ratio of alkaline solutions to fly ash (binders)
ranged between 0.30 and 0.45, as research conducted by Yang et al. [7] shows, alkaline
activator solutions with binders were maintained at a ratio of 0.42 in order to obtain
suitable workability. The ratio between alkaline activators found that the ratio between
NaOH and Na,SiOj3 (or SS/SH) has a slight effect on compressive strength [10], on the
slump and the setting time is very high due to the viscosity of Na,SiO;. Meanwhile,
based on research Hardjito and Rangan [5] the ratio between sodium silicate solution
and sodium hydroxide solution was fixed at 2.5. Molarity levels also affect the per-
formance of concrete that found that the higher the molarity used the greater the
compressive strength value obtained [11]. Furthermore, the addition of a naphthalic
sulfonate-based superplasticizer (SP) of 4% of the mass of fly ash will increase the
workability of fresh concrete, but this mixture will cause a slight decrease in the
compressive strength of hardened concrete if superplasticizer added is above 2% [5].

This paper aims to analyze the effect from nickel slag powder based on slag amount
and molarity difference in concrete mixture that would be reviewed by the workability,
compressive strength, and microstructure of geopolymer concrete.

2 Methods

2.1 Materials

The results of the physical characterization of studied materials are shown in Table 1.
The cement used was ordinary Portland cement which was obtained from the
“Le Chatelier method” (refer to ASTM C.188). The Nickel slag that would be used in
this study has been crushed by PT. Growth of Java Industry until the grain size was
very fine (<0.075 mm). Hereinafter, BFNSP refers to blast furnace nickel slag powder.
The physical characteristics using the Le Chatelier method test obtained a specific
gravity for BENSP of 2.79. SEM results showed asymmetrical and irregular shapes of
particles with various sizes [12]. There was also an energy dispersive X-ray
(EDS) graph showing the dominant compounds are silica (Si), calcium (Ca), and
magnesium (Mg). In accordance with Zhang et al. [8] reported that Si, Mg and Ca were
elements that are dominant in the high magnesium nickel slag (HMNS).

Coarse aggregates and fine aggregates were tested for physical characteristics
according to JIS A 5004 [13]. The fine aggregates passed the cleanliness test.
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Table 1. Physical properties of materials

Materials OPC | BENSP | Fly ash | FA* | CA®
Specific gravity [-] |3.14 |2.79 2.98 2.57 |2.59
Fineness modulus - - - 297 |6.3

Bulk density (kg/m®) |- |- - 1660 | 1490
Absorption (%) - - - 2.17 |2.38

“Fine aggregate (FA)
PCoarse aggregate (CA)

The coarse aggregate came from Sudamanik quarry, Banten, Indonesia with a size
range of 10-20 mm, specific gravity (SSD) of 2.59 and 2.38% absorption as shown in
Table 1. Sodium Hydroxide (NaOH) flakes will work as a reagent, had a purity of 98%
and will be dissolved in water. While the Waterglass (Na,SiO3) used has a specific
gravity of 1.44.

In addition, the X-Ray Fluorescence (XRF) test results by Astutiningsih et al. [14]
showed the same results with the examination using SEM: nickel slag powder was
dominated by silica (Si), calcium (Ca), and magnesia (Mg) shown in Fig. 1, this is
similar to the research by Bouaissi et al. [15] that found in the nickel slag particles Si,
Mg and Ca were the dominant elements in high magnesium nickel slag (HMNS). The
fly ash (FA) supplied from PT. Adimix Precast, Indonesia was obtained from Suralaya
Power Plant, Cilegon. Le Chatelier test results found that the specific gravity of fly ash
was 2.98. The mineralogical characteristic of powder for FA is shown in Fig. 2. SEM
results showed that they had a spherical particle shape, EDS’s results showed in Fig. 2.
The dominant compounds were silica (Si), alumina (Al), and calcium (Ca). Whereas
the XRF results showed in Table 2 that the dominant compounds were silica (Si),
alumina (Al), iron (Fe) and calcium (Ca). Based on ASTM C 618 [16] if the sum of
Al,O3, SiO, and Fe,03 > 70% and CaO < 15%, the fly ash is classified into class F.
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(a) SEM image of BFNSP (b) EDX of selected area from BFNSP

Fig. 1. The SEM image of BNSP (a) and EDX of selected area from blast furnace nickel slag
powder (BFNSP) (b)
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(a) SEM image of FA (b) EDX of selected area from FA

Fig. 2. The SEM image of Fly Ash (FA) (a) and EDX of selected area from fly ash (FA) (b)

Table 2. Chemical composition of BENSP and FA

Compositions BFNSP | Class F FA
ALO; 9.69 20.62
Si0, 4124 146.73
Fe,05 1.71 12.55
CaO 2471 |10.63
MgO 19.29 4.26
SO; 0.90 0.55
K,O 0.17 1.01
Na,O 0.24 0.87
TiO, 0.26 1.21
Mn,0; 0.83 0.24
SiO; + AlLO5 + Fe 03 | — 79.9
Loss on ignition n/a 1.33
Insoluble residue n/a 57.62

2.2 Specimen Preparation

A total of 51 cylinders with dimension of 100 mm diameter and 200 mm height were
cast. There were three different compositions in the concrete mixture. Two composi-
tions have been designed by geopolymer concrete with different percentages of nickel
slag powder and compared with the OPC concrete mixtures as a reference according to
ACI 211.4R-93 [21] (illustrated in Fig. 3). Besides the different composition between
binders, the molarity level of the alkaline activator solution would also be distinguished
from 6M and 12M. Superplasticizer types of polycarboxylate would be used as addi-
tives as much as 2% of the needs of binders.

NaOH was dissolved with water to obtain the molarity target then the NaOH
solution was mixed into Na,SiOj; then stirred until the solution was homogeneous and
wait for 24 h. The solution must be left for 24 h due to an exothermic reaction from the
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OPC
Coiciats GP Concrete GP Concrete
100% BFNSP 50% BFNSP - 50% FA
w/c 0.44
Fine Fine Fines
aggregates aggregates aggregates
& coarse & coarse & coarse
aggregates aggregates aggregates
OPC BFNSP ; FA
-‘ BFNSP
Water Alkaline Alkaline
Solutions Solutions

Fig. 3. Illustration of mixture composition

dissolution of NaOH with water. The mixture proportions are shown in Table 3, with
OPC, 100%BFNSP 6M and 100%BFNSP 12M (geopolymer concrete with 100%
nickel slag powder composition), 50%BFNSP + 50%FA 6M and 50%BFNSP + 50%
FA 12M (geopolymer concrete with a composition of 50% nickel slag powder and 50%
fly ash). 6M and 12M show the molarity of each composition.

The manufacturing of geopolymer concrete is shown in Fig. 4. Superplasticizer was
put into an alkaline solution that had been left for 24 h before casting and stirred for
30 min. Binders and aggregates were mixed for 3 min in a “Nikko mini mixer” with a
rotation speed of 60 rpm, then the superplasticizer alkaline mixture was inserted then
mixed for 5 min until the wet mix was homogeneous. Slump testing referred to ASTM
C143 [17], then the mixture that had been poured into the mold and vibrate with
vibrating table, then afterward covered with plastic. This was done to prevent excessive
evaporation on the concrete surface. The sample would be left at ambient temperature
for 24 h as a rest period after which the sample would be cured using steam at 60 °C
for 24 h.

Compressive strength test was carried out when the concrete had been aged 3 days,
7 days and 28 days multiplied by the type of variation in the composition of the
concrete, the level of molarity, and the specimens each for SEM at a molarity level of
12M.

Sample preparation for SEM tests were carried out with a sputter coater, the vac-
uum process on the sputter coater requires a small sample size, with a maximum size of
15 mm x 15 mm and a maximum thickness of 5 mm, because if the sample was too
large or too thick the vacuum process would be taken a long time up to 2 h. In addition
to making the SEM test image results clear, the test sample which had been cut was
sanded first using rough sandpaper, then with fine sandpaper so that the surface of the
sample was smoother.

3 Results and Discussion

3.1 Workability

Slump testing is one of the tests commonly used to measure concrete workability.
Regarding the fresh GP concrete, the slump test is shown in Fig. 5. The measurements



390 L. O. Nelfia et al.

Table 3. Mixture proportion of geopolymer concrete compared with normal concrete

Materials OPC Geopolymer concrete

concrete

OPC 100% 50% 100% 50%

BFNSP BFNSP + 50% BFNSP BENSP + 50%
6M FA 6M 12M FA 12M

OPC (kg/m®) | 388.5 - - - -
BFNSP - 388.5 194.25 388.5 194.25
(kg/m’)
Class F FA - - 194.25 - 194.25
(kg/m?)
Coarse 1072.80 | 1072.80 1072.80 1072.80 1072.80
aggregates
(kg/m?)
Fine 707.58 667.69 679.16 667.69 679.16
aggregates
(kg/m?)
Water 170.94 - - - -
(kg/m3)
NaOH - 48.84 48.84 48.84 48.84
Solution
(kg/m?)
NaOH Flakes |- 11.72 11.72 23.44 23.44
(kg/m’)
Na,SiO; - 122.10 122.10 122.10 122.10
solution
(kg/m?)
Na,SiOs/ - 2.5 2.5 2.5 2.5
NaOH ratio

(@) (b) (© (d)

Fig. 4. (a) Homogenous wet mix in mixer (b) slump test (c) Specimens wrapped in plastic to
avoid the excessive evaporation (d) steam curing process in 60 °C
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were carried out several times to ensure that fresh GP concrete performed well
according to the mix design. As stated by Hardjito and Rangan [5] the smaller the
molarity of NaOH, the smaller the value of the slump from the designed GP concrete.
That applies to both variations in the composition of geopolymer concrete. An increase
in slump value in the 100% BFNSP12M mixture, indicated a large amount of slag and
alkali content inside. More slag and alkali content would increase the value of concrete
workability [18]. It is interesting to find that the slump value for S0%BFNSP + 50%FA
6M is almost equal to 100% BFNSP 6M. The spherical shape of the fly ash particles
affects the ease of working. Slump values found in overall GP concrete are lower than
OPC concrete due to GP concrete more cohesive and sticky properties.

200
180
160
140
120
100
80
60
40
20
0

Slump (mm)

50% BENSP 50% BFNSP
% BEN! % BEN
OPC 100/"6MF SP |7y 00 FA 100”1‘2151 SP |7 S0% Fa
6M 12M

[Slump Value (mm) 180 40 41 135 70

Fig. 5. Graph of slump test results for geopolymer concrete

3.2 Compressive Strength Geopolymer Concrete

The compressive strength results showed in Fig. 6 that the 50%BFNSP + 50%FA 12M
geopolymer concrete had the highest compressive strength value. The compressive
strength of geopolymer concrete with 100%BFNSP had a smaller value than
geopolymer concrete with S0%BFNSP + 50%FA. This was due to the low Alumina
content in nickel slag powder so that the Si-O-Al bond did not occur much even though
the composition of the activating alkaline solution was the same as that of a 50% fly ash
geopolymer concrete mixture. According to Yang et al. [7] the more slag used into the
mixture, the smaller the compressive strength produced due to the lack of Al and Ca. It
influenced the Silica geopolymerization reaction to form aluminosilicate (Al,SiOs) gel
and calcium silicate hydrate (CSH), which were the two main contributors to strength
development. A mixture of Nickel Slag Powder and Fly Ash produced high strength at
a later age. This could be seen from the results of S0%BFNSP + 50%FA 6M and 50%
BFNSP + 50%FA 12M which respectively reached 49.97 MPa and 55.97 MPa at 28
days but had compressive strength were 32.12 MPa and 42.38 MPa at 7 days. The
results of the compressive strength of geopolymer concrete at 28 days with a molarity
level of 12M categorized high-quality concrete, this showed that the results were
promising for future concrete technology that produces high compressive strength
without using any cement.
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Fig. 6. The compressive strength of BFNSP-FA based GP concrete mixture with different
molarity

3.3 Scanning Electron Microscope Test

The global image of 100% geopolymer concrete Blast furnace nickel slag powder with
molarity level 12M (100% BFNSP 12M) was magnified 150 times (Fig. 7a). Obser-
vations at several selected areas were carried out because there were differences in the
morphology, color of the particles and neutrality in the images. The small black section
at the top of the global image shows voids. Some of the areas reviewed were enlarged
up to 2000 times.

In the SEM/EDX test results above, the first selected area showed a smooth surface
without aggregate. This was confirmed by the results of the EDS graph which showed
dominant elements are Silicon, Aluminum, Calcium, Magnesium and a small amount
of Na (sodium) from an alkaline solution illustrated in Table 4. The second selected
area is concrete with elements of K and Ca that have been formed. This is in accor-
dance with research [19] which says that a high magnesium nickel slag content indi-
cates the onset of the K-A-S-H reaction at an early age of concrete and (Ca, K)-A-S-H
in later age. Moreover, the value of Na was quite high due to the alkali solution
activating the bond. Na raised due to a condensation process caused by geopoly-
merisation [11].

The polymerization in geopolymer concrete is improved by the source of Mg**
cations from BFNSP. The Mg** cations formed a strong intermolecular bonding with
other cations such as Si** and AI** thanks to the chemical nature of magnesium as
schematized [15, 20].
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(c) SEM/EDX of 2" selected area from 100%BFNSP 12M

Fig. 7. (a) SEM/EDX of 100%BFNSP 12M with 1% selected area has been observed (b) 2™
selected area has been observed

Table 4. Elements percentage of the two different areas from Fig. 7

Element (wt%) | 1% selected area | 2™ selected area
Si 33.79 29.36
Ca 11.65 14.81
Mg 6.76 461
Al 6.94 8.23
Na 3.73 4.28

4 Conclusion

The Slump test and compressive strength of concrete were influenced by the molarity
of the alkaline solution used. The result of the compressive strength of geopolymer
concrete with 12M molarity content was higher than 6M, due to the influence of
alkalinity to trigger the activation of Si and Al reactions. SEM/EDX 100%BFNSP 12M
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showed the main different minerals were Al, Si, Mg, Ca and Na. The BFNSP and FA
can be alternative construction materials reusing the industrial waste and therefore
decreasing significantly environmental pollution. For extension of the research, more
studies should be related on durability concrete in permeability and carbonation.
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