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Highlights:
What are the main findings?

• Copper slag can be upcycled in alkali-activated carbon fabric-based composites;
• A 20 wt.% metakaolinite substitution of copper slag increases reaction heat and mechanical properties;

What is the implication of the main finding?

• Low reactivity at 20 ◦C, but instantaneous at 80 ◦C with K-solution SiO2/K2O of 2.25;
• Composites with an elastic modulus of 19 GPa and flexural strength of 88 MPa.

Abstract: Copper slag is an industrial residue with a large unutilized fraction. This study presents
the development of alkali-activated composites from a copper slag named Koranel®. The effects of
metakaolinite, ordinary Portland cement (OPC) and surfactants were investigated. The reactivity
of Koranel with potassium silicate solutions with molar ratio R = SiO2/K2O varying from 1 to 2.75,
with 0.25 intervals, was investigated using isothermal calorimetry. The reactivity was relatively
low at 20 ◦C; the reaction started after a few hours with a low silica modulus, to several weeks
with the highest silica modulus. The substitution of Koranel by OPC (5 wt.%) or by metakaoli-
nite (10–20 wt.%), both led to higher reaction heat and rate; meanwhile, the addition of 2 wt.%
polyethylene glycol/2-methyl 2,4 pentanediol delayed the reaction time in the system containing
metakaolinite. Raising the curing temperature from 20 ◦C to 80 ◦C shortened the setting time of
the low reactive systems, from several days to almost instantaneous, opening perspectives for their
application in the production of prepreg composite materials. The use of carbon fabric as reinforce-
ment in the alkali-activated matrix led to composite materials with flexural strength reaching 88 MPa
and elastic modulus of about 19 GPa—interesting for engineering applications such as high-strength
lightweight panels.

Keywords: copper slag; alkali-activated materials; laminate composite; elastic modulus; flexural strength

1. Introduction

Steel-reinforced concrete is the most important composite material used for structural
applications in civil engineering [1,2]. However, textile-reinforced concretes (TRCs) have
attracted interest for many civil engineering applications, owing their advantages over
steel reinforcement, including more design freedom, limited use of cementitious matrices,
and improved resistance to corrosion [1,3–5]. The TRC is a kind of concrete composite
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mainly made of a woven fabric embedded as reinforcement in a finely grained cementitious
matrix [1,3,6,7]. The fabric (“a manufactured planar textile structure made of fibers and/or
yarns assembled by various means such as weaving, knitting, tufting, felting, braiding, or
bonding of webs to give the structure sufficient strength and other properties required for
its intended use”) [1] could be made of different type of materials including carbon, basalt,
aramid, polyethylene (PE), polypropylene (PP), poly-vinyl-alcohol (PVA), glass and also
cellulose-based natural fiber [4,8,9].

Ordinary Portland cement (OPC) has been commonly used as binder for cementitious
matrices for TRC [2,3,10]. Research activities on other binder types, including alkali-
activated materials (AAMs), have been performed to address sustainability issues or
improve specific TRC properties [3,11–13]. AAMs are materials enclosing binder systems
resulting from the reaction of a solid or dissolved alkali metal source with a solid silicate
powder, and they have the potential to reduce up to 70–80% CO2 emissions compared with
the cement industry if optimally formulated [13–15].

It is worth noting that the development of AAMs could also offer the possibility for
upcycling industrial residues [16,17]. For instance, about 2.2 tons of copper slag (such as Ko-
ranel slag) are generated per ton of copper produced [18,19]. Hence, the production of TRC
from a cementitious matrix containing Koranel slag will contribute to waste management.

Potential applications of TRC include facing and sandwich panels; thin-walled lightweight
elements; lightweight constructions and complex civil engineering structures; repair of existing
buildings and constructions; fire resistance; and high temperature performance materials [5,20–22].
However, at variance to textile/organic resin-based composites, no prepreg with mineral matrix
exists. Prepreg can be prepared and stored for a long period at low temperature and sold before
the final shaping. Mineral-based matrices such as AAMs are generally subjected to relatively
rapid setting time at ambient temperatures, limiting their flexibility. The development of a mineral-
based matrix for TRC with storage flexibility comparable to that of organic resin will widen their
potential applications.

The aim of this study is the development of an alkali-activated matrix based on
Koranel slag for laminated TRC composites with woven carbon fiber reinforcement. The
reactivity of Koranel with potassium silicate solutions having a silica-to-potassium molar
ratio (R = SiO2/K2O) varying from 1 to 2.75, with 0.25 intervals, was investigated to select
the modulus, giving a reasonable open pot life of several hours at room temperature. This
will allow the use of such a matrix in an impregnation bath for several hours without
the need to refresh the mixture. The impregnated textile will also be stable for some
hours allowing the handling, for instance, to drape in a mold. Isothermal calorimetry
at 20 ◦C was used to select a suitable alkaline solution with low reactivity at ambient
temperature. If such a matrix has high reactivity above ambient temperature (50–100 ◦C),
the composite could be hardened in the mold in one hour, for instance, as is the case for
organic resin textile composites. Differential scanning calorimetry was used to investigate
the temperature at which the selected matrix started to react with a reasonable rate. The
effect of 10–20 wt.% metakaolinite, 5 wt.% OPC and surfactant was also investigated on the
reaction heat and rheology. Indeed, metakaolinite is a finer precursor which could facilitate
fiber impregnation by the matrix. Some surfactants were already proposed in the literature
about alkali activation, although for different reasons than making composites [23]. Finally,
the bending strength and elastic modulus of the composites prepared with carbon fabric
and formulated compositions were assessed, as well as the elastic modulus of both matrix
and composite upon heating until 700 ◦C.

2. Materials and Methods
2.1. Materials

The copper slag used in this study was Koranel® from Aurubis Beerse nv in Beerse,
Belgium, with 2600 cm2/g Blaine surface. The Blaine was measured with an air permeability
apparatus as described in EN 196-6:2018 [24]. The particle size distributions of the Koranel
slag, metakaolinite and OPC were determined by a laser particle size analyzer (Beckman
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Coulter LS 13320, Pasadena, CA, USA) (Figure 1a). X-ray powder diffraction (XRD) spectra
of the slag were taken by a Bruker D2 Phaser, Karlsruhe, Germany, in the 6–70◦ 2θ range
using Cu Kα radiation (voltage 40 kV and current 40 mA), a step size of 0.02◦ and scan
speed of 0.5 s/step. The XRD pattern shows that the material is mainly amorphous
(Figure 1b), with few crystalline features ascribed to Fayalite, Fe2SiO4 (PDF 34-0178),
Ankerite, Ca (Fe, Mg)(CO3)2 (PDF 33-0282), and Fe-rich spinel, (Al,Fe)2O4 (PDF 21-0540)
(see also [25]).
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Figure 1. (a) Particle size distribution of Koranel® with Blaine 2600 cm2/g, adapted from [25];
(b) XRD diffraction pattern of Koranel® with Blaine 2600 cm2/g.

The metakaolinite (MK) used in this study is Argical™-M 1000 from IMERYS Fused
Minerals, Paris, France. The ordinary Portland cement used was of CEM I 52.5 R from CBS
Heidelberg cement group, Heidelberg, Germany. The chemical composition of Koranel,
OPC and metakaolinite, as determined by X-ray fluorescence (PW 2400 Philips) on powder,
is presented in Table 1. The d10, d50 and d90 of Koranel were respectively 2.51 µm, 13.22 µm
and 27.87 µm. These values were, respectively, 0.87 µm, 7.88 µm and 30.40 µm for OPC and
1.31 µm, 16.01 µm and 80.57 µm for the metakaolinite. The 2-Methyl 2,4-Pentanediol and
the Polyethylene Glycol 600 (PEG 600) used as surfactant were from Sigma Aldrich, Overijse,
Belgium. The potassium hydroxide (Sigma Aldrich; 85 wt.% purity) and potassium silicate
solution (Silmaco, Lanaken, Belgium) were used for the preparation of the activating
solution. The potassium silicate solution was made of 27.22 wt.% SiO2, 15.01 wt.% K2O
and 57.3 wt.% H2O, with a molar ratio (R = SiO2/K2O) of 2.84 and density of 1.424 g/cm3

at 20 ◦C. The potassium hydroxide was used to adjust the ratio in the solution. For instance,
for 100 g of the potassium silicate solution, the amounts of KOH added to achieve the
SiO2/K2O molar ratios of 1, 1.5, 2 and 2.25 were, respectively, about 38.7 g, 18.8 g, 8.9 g
and 5.5 g. This corresponded to an addition of 32.9 g of pure KOH for the solution with
R = 1, 15.9 g for R = 1.5, 7.5g for R = 2 and 4.7 g for R = 2.25; one hundred (100) g of these
solutions contained a total mass of water (including water from dissolved KOH) of 44.4 g,
50.2 g, 53.9 g and 55.3 g, respectively. The properties of the 200 g/m2 carbon fabric used
(Fibermax Composite, London, UK) are presented in Table 2. Carbon fiber was chosen
due to its high specific strength and its relatively chemical and thermal stability [26]. This
allows the composite properties to be relatively stable over time, since no fiber degradation
is expected due to the alkaline nature of the alkali-activated matrix.

Table 1. Normalized chemical composition in wt.% by XRF analyses for Koranel (K), metakaolinite
(MK) and OPC. * Includes small amounts that are <0.1 wt.%. ** Loss on ignition at 950 ◦C.

Samples SiO2 Al2O3 Fe2O3 CaO MgO Cr2O3 K2O TiO2 P2O5 SO3 Others * LOI **

K 26.6 9.5 57.4 2.8 0.9 0.7 0.2 0.2 0.8 0.9 0.0 -

MK 51.9 40.9 1.7 0.1 0.1 0 1 2.1 0 0 0.3 1.9

OPC 19.7 5.2 3.0 64.2 1.7 0 0 0.3 0 2.7 1.6 1.6
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Table 2. Properties of individual carbon fiber from Fibermax Composite.

Area Density
(g/m2)

Tensile Strength
(MPa)

Tensile
Modulus/E-Modulus

(GPa)

Elongation at
Break (%)

Carbon
(Plain woven) 200 4410 235 1.9

2.2. Sample Preparation

To select the appropriate activating solution with low reactivity at ambient temperature
and relatively high reactivity at 50–100 ◦C, a series of experiments with different potassium
silicate solutions were performed. Different silica to potassium moduli (R = SiO2/K2O
molar ratio), ranging from 1 to 2.75, with 0.25 intervals, were investigated with an L/S
of 0.55, with L being the silicate solution. The prepared solutions were stored for 1 day
in the laboratory environment for further equilibration. The dry components (Koranel
(K) + metakaolinite (MK) + Portland cement (OPC)) and liquid components (prepared
potassium silicate solution and 2-methyl 2,4-pentanediol (“m”) or polyethylene glycol (“p”)
were first mixed separately; then, both liquid and solid components were mixed using an
electric laboratory stirrer at a speed of 1000 rpm for 5 min to obtain a homogeneous slurry.
The details on the formulated matrices for the preparation of the composite materials are
presented in Table 3.

Table 3. Composition of the different matrices used for the preparation of the laminates with Koranel
(K), metakaolinite (MK), Portland cement (OPC), 2-methyl 2,4-pentanediol (m) or polyethylene glycol
(p). Sample names are composed of the letters mentioned between brackets and corresponding
number of wt.% of the solid. * Discarded due to short setting time.

Sample
Codes Koranel (g) Potassium Silicate

Solution R = 2.25 (g) Metakao-Linite (g) OPC (g) 2-Methyl
2,4-Pentanediol (g) PEG 600 (g)

K 100 55 - - - -

Kp 100 55 - - - 2

Km 100 55 - - 2 -

90K10MK 90 55 10 - - -

80K20MK 80 55 20 - - -

80K20MKm 80 55 20 - 2 -

80K20MKp 80 55 20 - - 2

95K5OPC 95 55 - 5 - -

90K10OPC * 90 55 - 10 - -

For the composite preparation, a thin layer of about 0.5 mm of alkali-activated matrix
was spread on a plastic PET film placed on a wooden mold in a pre-drawn square of
15 × 15 cm2. The first layer of carbon-woven fabric (15 × 15 cm2) was placed on top of
the matrix layer. Thereafter, the carbon fabric was manually wet out (impregnated) with
alkali-activated matrix using a roller (1; Figure 2). The process was repeated for 4 layers of
the woven fabric and finally, a layer of geopolymer matrix was added; hence, we obtained
a composite made of 5 matrix layers and 4 fiber layers (2; Figure 2). Caution was taken to
use a minimum amount of matrix to ensure sufficient fiber impregnation with a high fiber
volume fraction. Four weights of 5 kg each (3; Figure 2), equivalent of a total force of 196 N,
were equally distributed on top of the laminate composites, and cured at 80 ◦C for 24 h in a
conventional oven (4; Figure 2). After the curing period, the samples were cut in composite
beams of 2.5 cm width and 14 cm length, then kept for 3 days in a laboratory environment
before testing.
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For comparative purposes, selected matrices were cast as paste in 4 × 4 × 16 cm3

molds at once without vibrating and cured at 80 ◦C for 24 h.

2.3. Characterization Methods
2.3.1. Differential and Isothermal Calorimetry

Isothermal (20 ◦C) calorimetry (TAM Air, TA instruments, New Castle, DE, USA) was
performed on 10 g of the solid part mixed with 7 g liquid. Mixing for 2 min at 1600 rpm
occurred outside the calorimeter in the ampoule, which was placed within the calorimeter
immediately after mixing. The data collection started 45 min after the start of mixing.

Non-Isothermal differential scanning calorimetry (DSC) was performed with a Mettler
Toledo DSC822e, USA, using nitrogen (N2, 100 mL/min) as a purge gas. Freshly mixed
sample, 25 mg as seen in Table 3, was placed into a platinum crucible and heated from
0 to 250 ◦C at 5 ◦C/min to assess the temperature at which the matrix starts to react.

2.3.2. Scanning Electron Microscopy

Scanning electron microscopy was performed on an SEM device (Phenom Benelux
Scientific X pro, Nazareth, Belgium) using an acceleration voltage of 5 kV and backscatter
electron (BSE) for imaging. The samples were cut and put in the SEM sample holder; no
conductive coating was applied. Possible remaining dust on the specimen was removed by
compressed air before inserting it into the device.

2.3.3. Rheology

Viscosity analyses were performed at 25 ◦C with an AR-G2 rotational Rheometer from
TA instruments, New Castle, DE, USA, using a cone plate and stainless steel geometry set
up with a diameter of 15 cm.

2.3.4. Mechanical Properties

The mechanical testing included compressive strength and elastic modulus. The
compressive tests were performed with an Instron 5885H test bench, Darmstadt, Germany.
The instrument was equipped with a loadcell of 250 kN, and the tests were executed
with a displacement rate of 1 mm/min. The elastic modulus was performed with a
Resonalyser device [27], Bytec company, Merksplas, Belgium. This nondestructive method
was performed on the samples prior to the flexural and compressive tests. The flexural
strength was obtained with three-point bending tests performed with a Tinius Olsen 5ST,
Surrey, UK.
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2.3.5. Fiber Volume Fraction Estimation

The fiber volume fraction influences the mechanical properties and is determined as
reported by Messiry [28] as:

Vf = ρf × Wf/(ρf × Wf + ρm× Wm)

with Vf as the volume fraction of the fibers, Wf as the weight of the fibers, Wm as the weight
of the matrix, ρf as the density of the fibers, and ρm as the density of the matrix.

The sketch of the experimental plan is presented in Figure 3.
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3. Results and Discussion
3.1. Reactivity of Matrices
3.1.1. Influence of Solution Silica Modulus on Reactivity at Room Temperature

The effect of the silica modulus of the potassium silicate solution on the reaction time
was studied with isothermal calorimetry on Koranel (Figure 4). For potassium silicate
solutions having a silica-to-potassium molar ratio (R) below 1.75, the reaction started earlier
than the measurement (i.e., <45 min after mixing) and with a high rate. For R = 2.00, an
induction period of 2 h was observed, and while increasing R, the induction time becomes
60 h (2.5 days) for R = 2.25 and 350 h (about 2 weeks) for R = 2.5 (Figure 4a). The peak of
reaction also becomes broader and lower while increasing R from 2 to 2.5.

For R = 2.25, even a double exothermic peak is observed, i.e., one main peak at 3 days
and the second smaller bump with maximum at 5.5 days. Such a smaller bump is not
observed for R = 2, likely due to the fast reaction and overlap, and is neither observed
for R = 2.5, likely because it is small and could occur at an even later time than the measure-
ment of 24 days. R = 2.25 thus gives the unique insight into the complex reaction mechanism
of potassium silicate-activated Koranel. Two exotherms for certain non-ferrous slags were
also observed by others [17] who performed sodium silicate activation. The main peak
observed is corresponding to the polymerization reactions [29,30], while the second, smaller
and broader exotherm, seems to be depending on the silica content of the activator and is
due to a secondary reaction or reorganization of the polymer network [17]. For none of the
samples a split in decomposition, polymerization and stabilization was observed, as was
described for metakaolinite [31]. The decomposition and polymerization seem to occur in
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the same exotherm. More recently, R. Caron [32] defined the steps in alkali activation more
precisely as being first a nucleation and growth process, followed by volume contraction
due to the polymerization, an induction period, a second nucleation and growth process
corresponding to the second exotherm, new volume contraction process, and finally, slow
diffusion controls further curing. According to our own insight, the first nucleation has
not to be seen as a nucleation for crystals, but occurs as a result of polymerization and
densification, comparable to the polymerization of an organic thermoset. An important
difference is that no phase boundary, as between crystal and liquid, needs to be formed. The
diffusion control occurs because of the formation of a dense layer around and in between
the remaining slag particles, rendering the diffusion of ions more difficult than in the initial
liquid activator. Although Koranel is an iron silicate (containing a high proportion of iron
and silica), and thus chemically different from the slags and metakaolinite for which the
mechanisms were described, one can assume that the general steps remain the same but
that the products formed are different.
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For a matrix to be used for textile, sufficient time before setting is needed if we
consider a continuous production of several hours from prepared batches of matrix; the
low reactivity will then prevent unwanted matrix setting during the production.

The normalized cumulative heat released from the different compositions (Figure 4b)
shows that the reaction heat increases with the reduction of R due to the higher concentra-
tion of OH− in the alkaline solution; this favors Koranel dissolution and polymerization
reactions. However, a higher degree of dissolution is also associated with a faster reaction
at room temperature. The matrix with R = 2.25 has therefore an ideal setting time (i.e., 60 h)
for the purpose of laminate composite preparation in a production with batches of paste
and is used in the following experiments. Its reactivity is low at room temperature but can
be increased by increasing the curing temperature, as will be studied further on.

3.1.2. Influence of Additives and Koranel Replacement on Reactivity

With the selected activator solution, the influence of surfactants and small amounts of
other precursors was investigated. The isothermal calorimetry at 20 ◦C (Figure 5) of the
different compositions (Table 3) shows that the start of the reaction at room temperature
differs depending on the composition of the solid phase. The addition of 5 wt.% OPC
(brown curve; Figure 5a) decreased the open pot life with a factor of about 3; a sharp
exotherm is observed. Meanwhile, the addition of metakaolinite (gray curves; Figure 5a)
induced a delay in the appearance of the first exotherm. For the Koranel-based system (black
curves; Figure 5a), the addition of surfactants slightly speeds up (2,4 methyl pentanediol) or
delays (polyethylene glycol) the reaction; however, with the addition of metakaolinite, the
effect of the surfactant was less obvious, a slight broadening of the peak might be observed.

The cumulative heat released (Figure 5b) of the different compositions clearly shows
that the addition of OPC and metakaolinite leads to higher reaction heat, the latter being
higher for the sample made of 20 wt.% metakaolinite in comparison to those made of
10 wt.% metakaolinite. The cumulative heat released per g of matrix varied from about
85 J/g for the composition made of Koranel to 140 J/g for the composition containing
20 wt.% metakaolinite. The increase from 85 J/g for Koranel to 115 J/g for 90K10MK is
rather large, and the replacement of 10 wt.% more of Koranel by MK does not give rise to
the same step in heat released, but only to an extra amount of 15 J/g. The cumulative heat
released lowers upon the addition of both surfactants to the Koranel system. This was not
expected but it shows that they interact chemically during the reaction and this interaction
has a more important effect than being pure catalytic. Two evident ways the surfactants
can play a role in the reaction rate are: (i) interaction with the surface of the precursor
which could lead to a reduced reaction rate due to a reduced effective surface area; and
(ii) interaction with the ions in solution, comparable to a chelating effect, although none of
the surfactants are ionic, as is usually the case for chelating agents. This effect could also
explain a reduction in reaction rate. No explanation was found for the shorter induction
period observed for 2,4 methyl pentanediol. The maximum heat flow, thus maximum
reaction rate, is for both pastes with surfactants substantially lower, as expected, according
to the explanation given. These mechanisms can however not explain the slightly earlier
start of the reaction and no other explanation could be found so far. Upon replacement of
Koranel with metakaolinite, both surfactants have a different effect. While “p” does not
influence the reaction too much, “m” decreases the total heat released substantially, though
both had a slightly accelerating effect on the start of the reaction.

For an optimum dosage of alkali in alkali-activated materials from known precursors
such as metakaolinite, the added alkali, M, should be enough to compensate the charge
balancing of Al; hence, the M/Al molar ratio should be 1 [33]. Considering the chemical
composition of Koranel and metakaolinite and the use of potassium silicate solution of
R = 2.25 and a liquid-to-solid ratio of 0.7, the molar ratio K/Al in the alkali-activated
mixture was 0.88 for matrix 80K20MK (Table 3) made of 20 wt.% metakaolinite and 80 wt.%
Koranel. This means the alkaline reagent in matrix 80K20MK is theoretically not in excess
for the alkali-activated reaction. Furthermore, for iron-rich slags, iron or iron-bearing
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phases in the slag also participate in the formation of the binding phase [14,34]. However,
the degree of reaction of most of non-synthetic aluminosilicates is usually not 100% and
some relics of the precursors are often evidenced by SEM [35]. Thus, for Fe silicates and
Ca silicates, it is not only the K/Al ratio that is important, but other parameters also play
a role as other reaction products such as calcium aluminosilicate hydrate (C-A-S-H) are
formed. The exact stoichiometry is still not well known and the fact that reaching a 100%
conversion with such systems is almost impossible hampers a more in-depth study.

Appl. Sci. 2024, 14, x FOR PEER REVIEW 10 of 23 
 

 

Figure 5. (a) Normalized heat flow and (b) cumulative heat released per gram of solid of alkali-
activated materials with silicate modulus 2.25 and compositions defined in Table 3. Surfactant p is 
polyethylene glycol and m is 2-methyl 2,4-pentanediol. 

The cumulative heat released (Figure 5b) of the different compositions clearly shows 
that the addition of OPC and metakaolinite leads to higher reaction heat, the latter being 
higher for the sample made of 20 wt.% metakaolinite in comparison to those made of 10 
wt.% metakaolinite. The cumulative heat released per g of matrix varied from about 85 J/g 
for the composition made of Koranel to 140 J/g for the composition containing 20 wt.% 
metakaolinite. The increase from 85 J/g for Koranel to 115 J/g for 90K10MK is rather large, 
and the replacement of 10 wt.% more of Koranel by MK does not give rise to the same step 
in heat released, but only to an extra amount of 15 J/g. The cumulative heat released lowers 
upon the addition of both surfactants to the Koranel system. This was not expected but it 
shows that they interact chemically during the reaction and this interaction has a more 
important effect than being pure catalytic. Two evident ways the surfactants can play a 
role in the reaction rate are: (i) interaction with the surface of the precursor which could 
lead to a reduced reaction rate due to a reduced effective surface area; and (ii) interaction 
with the ions in solution, comparable to a chelating effect, although none of the surfactants 
are ionic, as is usually the case for chelating agents. This effect could also explain a 

10 MK 
20 MK 

Figure 5. (a) Normalized heat flow and (b) cumulative heat released per gram of solid of alkali-
activated materials with silicate modulus 2.25 and compositions defined in Table 3. Surfactant p is
polyethylene glycol and m is 2-methyl 2,4-pentanediol.

In conclusion, one can state that the replacement of Koranel by OPC speeds up
the reaction drastically, thus, the open pot life becomes too short for the application in
mind. Replacement of Koranel with metakaolinite enhances the reaction. The addition of
surfactants influences the reaction but the effect is limited. In the rest of this paper, the
mixture of Koranel and metakaolinite as precursor will be further studied.

3.1.3. Reactivity with Increasing Temperature

The next step is to check if the reaction mixtures can set/harden within a time of
about one hour at elevated temperature. Here again we have in mind a production method
whereby the composite will be shaped and pressed at a higher temperature, as is normally



Appl. Sci. 2024, 14, 2081 10 of 20

performed for thermoset-based composites. The DSC trace of composition K with 100 wt.%
Koranel as solid (reference composition) and matrix 80K20MK that presented the highest
reaction heat due to metakaolinite addition is presented in Figure 6.
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Figure 6. DSC curves of matrices K and 80K20MK (See Table 3). K shows two exothermic peaks at
100 ◦C and 150 ◦C with total enthalpy of ∆H = −60 J/g; 80K20MK shows one exothermic peak at
120 ◦C with two shoulders at 95 ◦C and 140 ◦C with ∆H = −87 J/g.

The reaction of Koranel with the alkaline solution is complex and occurs in two steps
as indicated by two successively occurring exothermic peaks in the DSC pattern. The main
exothermic reaction starts around 80–85 ◦C. The addition of 20 wt.% metakaolinite shifts
the reaction start to a slightly lower temperature, 75 ◦C. This shift could be ascribed to
the fineness and difference in activation energy of the added metakaolinite. The effect is
however opposite to what was observed at 20 ◦C, where MK slowed down the reaction.

This observation from DSC indicates that 80 ◦C is a reasonable curing temperature
for this matrix based on Koranel. The reaction enthalpies were −87 and −60 J/g for the
80K20MK and K compositions, respectively, or about −150 and −103 J/g of solid for the
80K20MK and K compositions, respectively; this is more or less comparable to the heat
released after 2 weeks curing, measured using isothermal calorimetry at 20 ◦C (Figure 5).

3.2. Effect of Surfactants on the Properties of Matrices
3.2.1. Rheology of Fresh Matrices

Surfactants are often used to reduce the amount of water, thus the L/S ratio, given
that they reduce the viscosity. They might also have an influence on the wetting of fibers
in composites. The effect of two surfactants is discussed here. The effect of 2-methyl
2,4 pentanediol (“m”) and PEG (“p”) on the rheology of the fresh matrices K, 80K20MKm
and 80K20MKp was compared each time with the selected matrix 80K20MK (Figure 7; see
Table 3 for matrices).

The substitution of 20 wt.% copper slag by metakaolinite has a special effect on the
viscosity (Figure 7a). At low shear rates, a decrease in the thixotropy is observed due to
the addition of metakaolinite. This is interesting for the flow of the paste at almost steady
conditions, for instance, when a textile is pulled through a bath of matrix. Under those
conditions, the thixotropy of the pure Koranel-based matrix hinders a uniform deposition
of the matrix on the textile. However, at intermediate shear rates there is no substantial
difference between both pastes up to a rate of about 2/s, when the viscosity of the mixture
with MK becomes slightly higher than the one without MK. The shear thinning observed
at intermediate shear stresses can be related to the alignment of particles. The addition of
2 wt.% 2-methyl 2,4 pentanediol to 80K20MK reduced the viscosity and shear stress slightly
up to 1/s (Figure 7b), opposite to polyethylene glycol, for which there is a slight increase in
almost the complete studied range of shear rates (Figure 7c).
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In our system, MK thus lowers the thixotropy; the surfactants did not change the
rheology to a large extent. Only 2 wt.% 2-methyl 2,4 pentanediol lowered the viscosity in
the intermediate range, with maximum a factor of 10. PEG slightly increased the viscosity
in the studied composition range.

3.2.2. Mechanical Properties of Hardened Matrix Pastes

The effect of 2-methyl 2,4 pentanediol and polyethylene glycol on compressive strength,
flexural strength and elastic modulus of 80K20MK is presented in Figure 8. Matrices 100K,
80K20MK, 80K20MKm and 80K20MKp were cured at 80 ◦C for 24 h with additional post-
curing at room temperature for 3 days. Matrix 80K20MK resulted in a compressive strength
of 30 MPa, somewhat better than the pure Koranel with the same activator. The addition of
2-methyl 2,4 pentanediol had no effect on the compressive strength; meanwhile, polyethy-
lene glycol contributed to an increase of 35 MPa. The flexural strength for 80K20MK was
0.8 MPa, comparable to the one for pure Koranel. The addition of 2-methyl 2,4 pentanediol
tripled the flexural strength to 2.5 MPa and that of polyethylene glycol helped even to reach
4 MPa. This positive effect is also noticeable in the elastic modulus, for which 80K20MK
reaches 3 GPa, and 80K20MKm and 80K20MKp reach, respectively, 5.3 and 6.3 GPa in
bending, whereas for axial, it reaches 2.5, 4.6 and 6.2. This large effect of surfactants is likely
due to their influence on reducing microcrack formation [23], thus posing these surfactants
forward as valuable additions for producing high strength lightweight panels. The fact
that the compressive strength increases only slightly is because defects are closed upon
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compression, while for flexion, a crack means concentration of the force on the edges. Thus,
the structure will become stronger if less cracks are formed.
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Figure 8. (a) Compressive strength, (b) flexural strength and (c) elastic modulus of matrices 100K,
80K20MK, 80K20MKm and 80K20MKp after curing for 1 day at 80 ◦C and 3 days post-curing at room
temperature to compare the effect of 2-methyl 2,4 pentanediol (“m”) and polyethylene glycol (“p”)
on these mechanical properties. Both surfactants increased the compressive strength, but the effect is
most pronounced on the flexural strength that increases with a factor of about 4.

Compared to some of the literature data [17], a compressive strength of 35 MPa is
rather low. The most likely reason is the lower OH- concentration or higher modulus of the
chosen activating solution, which was beneficial for the lower reaction rate but also leads
to a higher fraction of undissolved slag in the hardened alkali-activated slag. The flexural
strength of concrete is usually a factor of 8–10 lower than the compressive strength [36].
The flexural strength for the samples without surfactants is thus rather low, but the use of
surfactants increases it to an average value.

3.3. Mechanical Properties of Composites

After matrix characterization, this section is presenting the mechanical properties
of the prepared composites with the aforementioned matrices (Table 3) and plain woven
carbon fabric (Table 2). Five samples per composite configuration were prepared according
to Figure 2.

There is a rather large spread on the results of the stress–strain curves of samples
with same composition (Figure 9). This is in part due to the manual production method
that limits reproducibility. It is also worth pointing out that some ductile behavior was
observed on the failure curves of the composites, as is the aim of making composites. In
the first almost linear part, the textile and matrix work together. In the second part, the
composite becomes damaged, and delamination or fiber failure can occur. This can be seen,
for instance, from the sudden drop in stress. Hence, the prepared composites could be used
for engineering applications where some ductility is required, including thin elements and
lightweight panels.
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Figure 9. Sample of failure curves of composites made of four layers of carbon fiber 200 g/m2 and
five layers of matrix 80K20MK. Measurement on four different samples with the same composition
are shown.

The volume fraction of fibers of the composites ranged between 25 to 40 vol% (Figure 10).
This wide range is caused by the manual production and the differences in workability of
the matrix. Due to the nature of the matrix, it was difficult to achieve composites with more
than 40% fiber volume fraction. Considering the fact that flexural strength mainly depends
on the fiber properties, because the matrix will crack long before the fibers, the higher the
fiber volume fraction, the higher the flexural strength. It is somewhat unfortunate that the
addition of MK renders the production of high volume fraction composites more difficult.
As a result, these composites have the lowest fiber volume fractions of the series. The fiber
volume fraction for the series 80K20MK increased only a bit with surfactants, but remained
between 25–30 vol%.
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Depending on the matrix composition, the flexural strength varied from about 19 to 83 MPa,
while the Elastic modulus varied between 13 and 20 GPa (Figure 10). Both the addition of
2-methyl-2,4 pentanediol (Km) and polyethylene glycol (Kp) to Koranel-based matrices had
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no or little effect on the flexural strength, and even showed a decrease in the elastic modulus
with respect to K (Figure 10). This is in contrast to the increase in the flexural strength and
elastic modulus with the surfactant observed in the pure matrices (Figure 8b). The fact that the
surfactants do not increase the strength in composites as they do for the pure matrix shows that
carbon fiber reinforcement is dominant on the flexural strength and that the difference in matrix
properties resulting from surfactant addition did not prevail.

The addition of 10 wt.% of metakaolinite (90K10MK) shows an increase to 40 MPa
in flexural strength, but no increase in elastic modulus (5 GPa) with respect to K. Higher
performance was observed for samples with 20 wt.% metakaolinite (80K20MK) in the
matrix, up to 88 MPa in flexural strength and 20 GPa in elastic modulus. Samples prepared
with metakaolinite presented lower fiber volume fraction (25 vol%), but higher mechanical
properties than the reference (cf. green dashed line in Figure 10). Hence, the presence of
metakaolinite was beneficial for strength development, in consistency with calorimetry
results on cumulative heat released (Figure 5). Another reason might be the small particle
size of metakaolinite that allows for better contact and maybe even penetration in the textile.
The substitution of copper slag by 5 wt.% OPC (95K5OPC) only had a negligeable effect on
the flexural strength and a decrease in elastic modulus despite the positive effect of OPC
on reaction heat.

The flexural strength results are in some cases higher or comparable to the litera-
ture values of 40–45 MPa obtained with geopolymer laminate composites prepared with
metakaolinite and basalt fabric [12]. These authors also observed that fiber reinforcement
favored water evaporation from the composites at room temperature and improved the
thermal stability in comparison to the pure matrix when thermally treated at 300–800 ◦C.

In another study, a bending strength of 18 MPa was observed with blast furnace slag
composite reinforced with 1 wt.% of 6 mm long carbon fiber, representing an increase
of 19% compared to the pure matrix [37]. Meanwhile, an elastic modulus of 37 GPa and
flexural strength of 133 MPa were achieved on potassium-based metakaolin geopolymers
with 20–25% volume of unidirectional carbon fiber [38]. The analysis of these results shows
some divergences in the bending strength depending on the matrix, fiber type, size and
weaving, but in all the cases, the use of fiber was beneficial for the bending strength.

In summary, for the mechanical properties, in comparison to composition K, the surfac-
tant and OPC addition had no or little effect in the studied range of the prepared composites.
However, metakaolinite addition had a beneficial effect on the mechanical properties, with
about 100% increase in the composite made of matrix containing 20 wt.% MK (Figure 10).

3.4. Microstructural Observations

The microstructure of the surface of the composites from compositions K, 80K20MK,
80K20MKm and 80K20MKp is presented in Figure 11. While keeping the same liquid-to-solid
ratio, the substitution of Koranel by metakaolinite led to a significant reduction in cracks
and composites with smoother surfaces. The addition of both 2-methyl-2,4 pentanediol and
polyethylene glycol, however, seemed to increase the void proportion at the surface. This is
consistent with a previous study on the use of 2-methyl-2,4 pentanediol, which was observed
to lead to an increased porosity by acting as air entrainer with drying shrinkage reduction [23],
and may explain why the surfactants do not have a significant effect on the flexural strength
and elastic modulus (Figure 10) of the composites. However, the appearance of voids in the
samples with surfactants did not significantly influence the density, which was always in the
range of (2.00 ± 0.05) g/cm3.

The microstructure of the cross section of composite 80K20MK shows alternating
layers of matrix and carbon fiber (Figure 12). The matrix is not perfectly adhering to the
carbon fiber and is not really penetrating in the fiber bundles. This is ascribed to the fiber’s
hydrophobic properties, which makes them incompatible with water-based systems [39].
However, methods including plasma treatment, silica or calcite deposition on carbon fiber,
were suggested to improve the wettability and enhance the adhesion between the fiber and
cementitious matrices [39–42]. Fiber surface chemistry modification and nanomaterials’
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incorporation in the binder were also observed to enhance the fiber/matrix interface in
alkali-activated composites [43–46]. For instance, the addition of 2 wt.% nano titanium
dioxide in alkali-activated fly ash reinforced by micro carbon fiber was observed to increase
the fracture toughness by 29% in comparison to the control sample, due to possible filling
behavior and enhancement of the carbon fiber–matrix interfacial zone, which induced a
hindrance to crack formation [46]. However, actions to improve fiber–matrix interactions
are also costly, so need to be analyzed considering the possible improvement in properties
and the composite application. Since in this paper the focus is on proving that the matrix can
be used for textile-reinforced composites, no effort was exerted to improve the fiber–matrix
interaction. Anyway, it is worth reminding that the durability of textile-reinforced alkali-
activated composites do not only depend on their resistance to the external environment,
but also on the chemical interaction between the fibers and binder within the composite.
For instance, due to the alkaline environment of the binder, alkali-activated composites
reinforced with glass and basalt fibers were found to have significant reductions in tensile
strength their over time, while the strengths of those reinforced with carbon fibers were
sufficiently stable [26,47].

Appl. Sci. 2024, 14, x FOR PEER REVIEW 17 of 23 
 

 
Figure 11. Microstructural surface of indicated composites (K), (80K20MK), (80K20MKm) and 
(80K20MKp) (cf. Table 3). 

The microstructure of the cross section of composite 80K20MK shows alternating 
layers of matrix and carbon fiber (Figure 12). The matrix is not perfectly adhering to the 
carbon fiber and is not really penetrating in the fiber bundles. This is ascribed to the fiber’s 
hydrophobic properties, which makes them incompatible with water-based systems [39]. 
However, methods including plasma treatment, silica or calcite deposition on carbon 
fiber, were suggested to improve the wettability and enhance the adhesion between the 
fiber and cementitious matrices [39–42]. Fiber surface chemistry modification and 
nanomaterials’ incorporation in the binder were also observed to enhance the fiber/matrix 
interface in alkali-activated composites [43–46]. For instance, the addition of 2 wt.% nano 
titanium dioxide in alkali-activated fly ash reinforced by micro carbon fiber was observed 
to increase the fracture toughness by 29% in comparison to the control sample, due to 
possible filling behavior and enhancement of the carbon fiber–matrix interfacial zone, 
which induced a hindrance to crack formation [46]. However, actions to improve fiber–
matrix interactions are also costly, so need to be analyzed considering the possible 
improvement in properties and the composite application. Since in this paper the focus is 
on proving that the matrix can be used for textile-reinforced composites, no effort was 
exerted to improve the fiber–matrix interaction. Anyway, it is worth reminding that the 
durability of textile-reinforced alkali-activated composites do not only depend on their 

Figure 11. Microstructural surface of indicated composites (K), (80K20MK), (80K20MKm) and
(80K20MKp) (cf. Table 3).



Appl. Sci. 2024, 14, 2081 16 of 20

Appl. Sci. 2024, 14, x FOR PEER REVIEW 18 of 23 
 

resistance to the external environment, but also on the chemical interaction between the 
fibers and binder within the composite. For instance, due to the alkaline environment of 
the binder, alkali-activated composites reinforced with glass and basalt fibers were found 
to have significant reductions in tensile strength their over time, while the strengths of 
those reinforced with carbon fibers were sufficiently stable [26,47]. 

 
Figure 12. (a) photo of the composite; (b) microstructural cross section of laminate composite made 
of woven carbon fiber and matrix 80K20MK. 

3.5. Thermal Stability of the Composites 
The elastic modulus of the composite and matrix when heating until 700 °C, moni-

tored via impulse excitation, is presented in Figure 13. The elastic modulus of the matrix 
first decreased from about 5 to 2 GPa, and from about 20 to 250 °C. Then, an increase was 
observed until around 620 °C, where it reached a value of 9.5 GPa before starting to de-
crease until it reached 7 GPa at 700 °C. The modulus continued to decrease during the 
dwell time to 5 GPa and remained almost constant on cooling. The decrease in the elastic 
modulus of the matrix from 20 to 300 °C occurs in two steps and may be ascribed to mi-
crocrack formation due to residual water loss on heating. The first step, around 100 °C, is 
broad while the second step is more pronounced. The E modulus of the composite has a 
comparable profile of reduction until about 200 °C. However, for the pure matrix, the de-
crease is more than 50% up to 250 °C, while for the composite, it is only about 25%. In 
part, it is due to the reduced amount of matrix because of the fibers in the composite. 
However, there is only about 25–30 vol% of fibers; thus, this cannot explain the large dif-
ference. The effect must thus be linked to reduced cracking, because fibers stop the crack 
propagation and the interaction between fibers and matrix, reducing the importance of 
the matrix. Before 300 °C, the elastic moduli of the matrix and composite start to increase, 
but above 300 °C, the one for the composite decreases again. The most probable explana-
tion for the increase is that the system starts to heal as a result of mobility increase with 
temperature, although a glass transition could not be observed with calorimetry in this 
temperature range. The modulus keeps on increasing up to about 630 °C after which it 

Figure 12. (a) photo of the composite; (b) microstructural cross section of laminate composite made
of woven carbon fiber and matrix 80K20MK.

3.5. Thermal Stability of the Composites

The elastic modulus of the composite and matrix when heating until 700 ◦C, monitored
via impulse excitation, is presented in Figure 13. The elastic modulus of the matrix first
decreased from about 5 to 2 GPa, and from about 20 to 250 ◦C. Then, an increase was
observed until around 620 ◦C, where it reached a value of 9.5 GPa before starting to
decrease until it reached 7 GPa at 700 ◦C. The modulus continued to decrease during
the dwell time to 5 GPa and remained almost constant on cooling. The decrease in the
elastic modulus of the matrix from 20 to 300 ◦C occurs in two steps and may be ascribed to
microcrack formation due to residual water loss on heating. The first step, around 100 ◦C,
is broad while the second step is more pronounced. The E modulus of the composite has
a comparable profile of reduction until about 200 ◦C. However, for the pure matrix, the
decrease is more than 50% up to 250 ◦C, while for the composite, it is only about 25%.
In part, it is due to the reduced amount of matrix because of the fibers in the composite.
However, there is only about 25–30 vol% of fibers; thus, this cannot explain the large
difference. The effect must thus be linked to reduced cracking, because fibers stop the crack
propagation and the interaction between fibers and matrix, reducing the importance of the
matrix. Before 300 ◦C, the elastic moduli of the matrix and composite start to increase, but
above 300 ◦C, the one for the composite decreases again. The most probable explanation for
the increase is that the system starts to heal as a result of mobility increase with temperature,
although a glass transition could not be observed with calorimetry in this temperature
range. The modulus keeps on increasing up to about 630 ◦C after which it decreases
again. A similar behavior was observed in laterite-based alkali-activated materials, where
a strength increase was observed on heating between 250 and 450 ◦C [48]. One should
however be aware that the strength does not necessarily follow the same trend as the
modulus, because the elongation at failure can be different. The composite, however,
shows a reduction in modulus in two steps above 300 ◦C. The first is probably due to the
thermal incompatibility between the matrix and the fiber that led to deterioration upon
heating [49]. The second one is at least in part related to the decomposition of the carbon
fibers in air. The elastic modulus signal could not be recorded above 640 ◦C due to sample
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deterioration upon heating. The reduction in the mechanical properties upon heating is
in line with some reported studies on alkali-activated fiber-reinforced composites [12].
However, some studies also reported an increase in strength when metakaolin geopolymer
with carbon fiber reinforcement was heated at 1100–1300 ◦C, due to matrix crystallization
and densification that led to an enhancement of the fiber/matrix-bonding interface [38].
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4. Conclusions

Copper slag is an industrial residue with a large unutilized fraction. The present
study investigated the development of alkali-activated composites from copper slag named
Koranel and carbon textile-woven fabric. In the first step, the matrix for the composites was
developed. The reactivity of Koranel with potassium silicate solutions, with molar ratio
R = SiO2/K2O varying from 1 to 2.75 at 0.25 intervals, was investigated using isothermal
calorimetry. The results showed that the solution with R = 2.0 has an open pot life of only
a few hours at room temperature, while the solution with R = 2.25 has an open pot life
of several days at room temperature, but reacts quickly at 80 ◦C. Hence, the potassium
silicate solution with the silica modulus of 2.25 is more suitable for a process in which
the composite is impregnated, and in the following hours, would be used for making
a laminated composite. The substitution of 5% and 10–20 wt.% Koranel, respectively,
by OPC and metakaolinite, led to higher reaction heat. However, higher mechanical
strength, especially in flexion, was only observed when 20 wt.% Koranel was substituted by
metakaolinite. Meanwhile, OPC addition of only 5 wt.% induced a fast setting of the matrix,
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which was not deemed suitable for composite preparation. The effect of the 2 surfactants,
2-methyl 2,4 pentanediol and polyethylene glycol on the workability is limited, but PEG
further increased the flexural strength.

Composites were made of four layers of carbon fabric and five layers of inorganic
polymer matrix. Pure Koranel-based matrix presented a compressive and flexural strength
of about 30–35 MPa and 1–5 MPa, respectively. An improvement in the bending strength
was observed with a fiber addition in the prepared composites, with flexural strength values
reaching 83 MPa. The addition of 2 wt.% polyethylene glycol/2-methyl 2,4 pentanediol
was beneficial for the flexural strength of pure matrix, but the same was not observed in
the mechanical properties of the composites.

The microstructure of the cross section showed alternating layers of matrix and carbon
fiber, even though the matrix was not perfectly adhering on the carbon fiber and little to no
impregnation of the fiber bundles was observed. The E modulus of pure matrix dropped
by 50% above 200 ◦C. The pure matrix healed from 300 ◦C onwards, and its E modulus
reached a maximum at 630 ◦C, after which it decreases again. At 700 ◦C, the modulus
was about 5 GPa, and remained almost constant upon cooling. The composites have a
modulus about 3 times higher at room temperature and lose only 25% of it up to 250 ◦C.
Above 300 ◦C however, the modulus of the composite gradually decreases. The composite
prepared with 20 wt.% metakaolinite still retained 50% of its elastic modulus on heating
until 400 ◦C. However, upon further heating, the modulus decreases to almost 0 at 640 ◦C.

The results are interesting for the repurposing of Koranel copper slag in the develop-
ment of alkali-activated composites for various engineering applications, including high
strength lightweight panels and laminates. There are several aspects that need further inves-
tigation, such as the fiber–matrix interaction, the better impregnation of the fiber bundles,
the thermal behavior of the matrix and composites, and the different processes responsible
for deterioration and healing. All these aspects will be dealt with in future research.
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