Results in Engineering 30 (2026) 110166

Contents lists available at ScienceDirect

Results in

Engine

Results in Engineering

journal homepage: www.sciencedirect.com/journal/results-in-engineering

ELSEVIER

Slate-like alkali-activated roofing tiles produced using copper slag and
ground granulated blast furnace slag

Vilma Ducman “®, Wolfgang Wisniewski “©, Afsar Muhammad >®, Davor Kvocka @,
Efthymios Tatsis ", Lubica Kriskova ", Yiannis Pontikes """

& Slovenian National Building and Civil Engineering Institute (ZAG), Dimiceva 12, 1000 Ljubljana, Slovenia
b Department of Materials Engineering, KU Leuven, Kasteelpark Arenberg 44, 3001 Leuven, Belgium

ARTICLE INFO ABSTRACT

Keywords: A new type of slate-mimicking roofing tile based on the alkali-activation of an Fe-rich slag has been developed.
Alkali-activated materials The main scientific contribution lies in the targeted valorisation of Fe-rich slag for thin, slate-like roofing ele-
D““_‘bﬂity ments that must satisfy strict roofing-specific requirements, including a limited thickness, low permeability,
Eec:dl slag freeze-thaw resistance, dimensional stability, and high surface quality. Achieving the required properties and
Microstructure optical appearance necessitated a double-layer setup, where a fibre layer primarily provided the required me-

chanical properties, while a surface layer ensured the desired optical appearance. The microstructure of the
produced roofing tiles was analysed using scanning electron microscopy (SEM), energy dispersive X-ray spec-
troscopy (EDXS) and Hg-porosimetry (MIP), and was compared to reference products on the market. A life cycle
assessment (LCA) indicates that the current laboratory-scale production cannot yet compete with established
market solutions; however, projected improvements in curing energy efficiency at industrial scale suggest strong
potential for environmental competitiveness. Hence these roofing tiles could become an environmentally friendly
alternative to current roofing materials. Additionally, a demonstration roof was installed to monitor the long-

Roofing tiles

term performance of the roofing tiles over several years under real seasonal exposure.

1. Introduction

Natural slate has been used as a roofing material since antiquity [1,
2], appreciated for its aesthetic qualities and exceptional durability,
which can exceed 100 years [3]. Slate tiles also offer several technical
advantages; for example, they exhibit greater resistance to acid rain
compared to zinc roofing [4]. Their production is relatively straight-
forward, provided that suitable deposits and an experienced workforce
are available locally. On the contrary, the manufacture of ceramic or
concrete tiles requires more advanced technological infrastructure.

Slate stone tiles are typically referred to as “roofing slate”, an um-
brella term used for multiple rock types of similar chemical and
mineralogical composition, for which a variety of standards have been
established [3]. Roofing slate is associated with a comparatively low
embodied carbon footprint, reported to range between 0.15 and 1.62 kg
CO2/m?, substantially lower than that of most alternative roofing ma-
terials [3].

While some slate quarries are still operational, many have ceased
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operations due to resource depletion or a decline in market competi-
tiveness. In fact, slate tiles are currently among the most expensive
roofing materials, and their installation requires specialized skills.
Concrete tiles provide a lower-cost alternative to clay or slate tiles. They
may lack the natural appeal of their counterparts, but they can mimic
the look of clay, slate, or shingles. Concrete tiles can outperform clay
tiles in colder environments [5], although their intrinsic porosity can be
a concern in certain applications. Despite these challenges, slate roofing
remains an important part of the regional heritage and architecture of
villages and towns throughout Europe [6-8].

One strategy to preserve the traditional slate aesthetic is to develop a
sustainable substitute with comparable appearance. Thin, black,
cement-based formulations are industrially produced; however, their
visual characteristics differ noticeably from natural slate, and the use of
cement compromises their sustainability. An alternative approach is the
use of alkali-activated materials (AAMs). AAMs—including “geo-
polymers” when aluminosilicate precursors are employed—are inor-
ganic binders formed through the reaction of solid, typically partially
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amorphous precursors with an alkaline activator, most commonly in
liquid form. This reaction yields a hardened binder [9], enabling the
production of mortar and concrete through the established industrial
processing. AAMs have demonstrated potential as substitutes for Port-
land cement-based products or ceramics, while also offering a means to
valorise various industrial by-products. In doing so, they provide envi-
ronmental benefits to the metallurgical and construction sectors [10]
and support circular economy objectives.

The properties of AAMs can be tailored, to some extent at least, to
meet the requirements of diverse applications [11]. A major motivation
for their development is the substitution of cement-based binders to
support decarbonisation targets while reducing the landfilling of in-
dustrial by-products [12]. However, conventional AAM precursors such
as ground granulated blast furnace slag (GGBFS) and fly ash are
becoming scarce, necessitating the identification of alternative sources.
Non-ferrous metallurgy (NFM) slags, including those generated during
Pb or Cu production, have emerged as promising candidates. Van De
Sande et al. [13] conducted a comprehensive investigation of slag
chemistry and mineralogy to identify optimal precursors for inorganic
polymers, demonstrating that controlled adjustments to melt composi-
tion and cooling rates can enhance slag reactivity while simultaneously
reducing both cost and environmental impact. In another work, Ade-
diran et al. [14] investigated the development of alkali-activated mor-
tars using Fe-rich fayalitic slag as both the aggregate and the binder,
achieving compressive strengths up to 40 MPa for a controlled particle
size distribution. There are a number of recent review papers summa-
rising the work on such slags, e.g., Ref. [15].

This work on NFM slags has stimulated broader research on other Fe-
rich, pyrometallurgy-derived residues containing amorphous phases
[16,17], with encouraging results also reported for blended cements. For
instance, Fe-Si—Ca-based residues have been evaluated as unconven-
tional AAM precursors, yielding inorganic polymers with compressive
strengths up to 119 MPa [18]. These insights have stimulated work on
the vitrification of tailings, trying to mimic pyrometallurgical slags. The
recent publication by Giels et al. [19] is a characteristic example.

Primary and secondary copper slags—materials closely related to
those examined in the present study—have already been used success-
fully to produce cast paving tiles with performance comparable to, or
exceeding, that of commercial concrete pavers [20]. Similar Fe-rich
precursors have also been incorporated into mortars suitable for 3D
printing; in one study, formulations containing more than 55 wt%
Fe-rich slag achieved compressive strengths of 68 MPa [21] while
exhibiting only one-third of the CO: footprint of a comparable
commercially available cement-based mortar. Still, the research herein
is substantially different. For the first time, effort is now placed on
fabricating roofing tiles with a textured surface, appearing similar to
natural slate tiles. The primary scientific innovation of this study lies in
the targeted synergy between Fe-rich copper slag and GGBFS. This
combination was selected to exploit the latent hydraulic reactivity of
GGBFS together with the alkali-activation potential of the iron-silicate
glass present in Fe-rich copper slag. The addition of GGBFS substantially
enhances the performance of copper-slag-based inorganic polymers [22,
23].This blend enables the development of high-strength, sustainable
binders while successfully valorizing industrial by-products that would
otherwise be destined for landfills. Unlike previous research, which has
predominantly focused on thicker pavement or facade elements, this
work addresses the challenges associated with the development of thin,
slate-like roofing tiles. In such thin-profile elements, stringent functional
requirements—including impermeability and freeze-thaw resis-
tance—must be met while also mitigating dimensional instability issues
such as warpage, which can occur during curing and drying. To address
these challenges, the study introduces a double-layer lamination
concept specifically engineered to ensure both surface quality and
structural integrity in thin-profile applications while reducing the risk of
warping. The prepared tiles are composed of a fibre layer, enhancing the
mechanical properties [24], covered by a surface layer creating the
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optical effect. The aesthetics and technical performance were assessed
by the relevant standard testing methods, whereas life cycle assessment
(LCA) was employed for the sustainability aspects. The microstructure
was analysed using scanning electron microscopy (SEM) and mercury
intrusion porosimetry (MIP), aiming to provide insights relevant to the
tiles’ performance.

2. Materials and methods

The two-step casting procedure illustrated in Fig. 1 was employed to
manufacture the final tiles for the pilot production: a more liquid surface
layer to achieve the desired optical appearance, and a fibre layer of
higher viscosity to achieve the required mechanical performance. The
surface layer was cast into a mould of 250 x 400 x 5 mm®>, where it set
for ca. 3-5 min, while the fibre layer was spread into a matching frame
of 250 x 400 x 1 mm® using a rolling bar. The frame containing the fibre
layer was then flipped onto the mould containing the surface layer and
rolled again while being vibrated for 30 s to 1 min max (Knauer Engi-
neering Vibration Table, frequency 50 Hz) to enhance the layer adhe-
sion. The combined layers were subsequently wrapped in plastic to
prevent water evaporation (to better control the shrinkage), and cured
for 24 h at room temperature (RT) before de-moulding. The de-moulded
tiles with a thickness of ca. 6 mm were re-wrapped in plastic, cured for
72 h at 50°C in an oven and unwrapped after cooling to RT and waiting
for another 24 h. This curing regime which increases kinetics was
selected based on the previous study of Cesnovar et al. [25], who re-
ported that the mechanical properties of slags achieved after 3 days of
curing at elevated temperature are comparable to those obtained after
28 days under ambient conditions.

Koranel® (Aurubis Beerse) and GGBFS (Ecocem) of the compositions
stated in Table 1 were the main precursors used for tile preparation. The
chemical compositions were determined using dry-pressed pellets in a
WD-XRF Bruker S8 TIGER 4 K spectrometer supported by the Spectra-
plus software v3.

Further mixture components were disk-milled Koranel®, M800 —
quartz sand (Sibelco), “1.7KNSi65”, which is potassium silicate with a
molar SiO3/K30 ratio of 3.3, and a solid content of 35 wt% (Silmaco),
mixed with NaOH and water to reach the SiO,/(K>0+Nay0) molar ratio
of 1.7 and a water content of 65 wt%, as well as the shrinkage reducing
agent (SRA) 2-Methyl-2,4-pentanediol 98% (Alfa Aesar). Polypropylene
(PP) fibres (6 mm long, 31-35 um in diameter, Master Builders) and a
black pigment were added to the mixture for the fibre layer. These
components were used to prepare mixtures according to Table 2 in 31
Hobart mixers.

The viscosity of the fibre layer mixture was analysed in an MCR 52
rheometer (Anton Paar MCR 52) using a flow sweep test, during which
the rotation speed was gradually increased from 0.01 rpm to 100 rpm
before decreasing it back to 0.01 rpm. The setting time of the fibre layer
mixture was determined using a Vicat EO44N, in which a needle (300 g,
1 mm diameter) is dropped into the paste. Penetration depths were
measured at a 5-minute interval.

Samples of both mixtures were prepared using 4 x 4 x 16 cm®
moulds to measure the flexural and compressive strengths with respec-
tive ramp rates of 0.5 mm/min or 2.0 mm/min. The sample dimensions
were measured using a Vernier Calliper (Mitutoyo, Neuss, Germany)
with a precision of +0.01 mm. The mechanical properties were
measured after reaction times of 7 and 28 days using an Instron 5985
with a 250 kN load cell and a crosshead speed of 2.0 mm/min. Addi-
tionally, AAM roof tiles were tested in accordance with the provisions of
the standard for roofing products, EN 491 [26]. The flexural strength
was determined using the 250 kN load cell and a crosshead speed of 2.0
mm/min (Instron 5985). The water absorption and freeze-thaw resis-
tance were determined in a Kambi¢ climatic chamber executing 25
cooling cycles with a reduction of the air temperature to -20°C within 2
h + 30 min, a freezing phase where the air temperature is maintained at
-20°C for 1 h 15 min + 15 min and a thawing phase where the samples
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Fig. 1. Schematic illustration of the two-step casting procedure used to manufacture the tiles for pilot production.

Table 1

Precursor compositions in wt% measured using XRF.
Oxide FeO SiOy Al,O03 CaO ZnO MgO P,0s SO3 others
Koranel® 50.7 24.6 7.6 3.0 6.1 1.2 1.5 - 5.3
GGBFS - 33.0 11.2 44.8 - 6.8 - 1.7 2.5

Table 2

Mixtures prepared using the respective components.
Components [g]: Koranel GGBFS milled Koranel M800 1.7KSi 65 2 SRA PP fibres pigment
fFibre layer 212.0 37.4 514.0 36.3 112.0 5.3 5.0 -
surface layer 159.0 28.0 386.0 54.5 84.0 4.0 0.0 1.0

are immersed in water with the final temperature of 20°C for 1-2 h. The
water permeability was evaluated by sealing the tile into a frame with a
silicone sealant and adding a water column of 51 mm to the upper side,
which is maintained for 24 h . The bottom side of the tile is monitored for
falling water drops, and the tile is considered “impermeable” if no drops
fall within 24 h.

The microstructure of sample cross-sections embedded in epoxy resin
was analysed using a scanning electron microscope (SEM, JSM-IT500LV,
Jeol, Tokyo, Japan). Energy dispersive X-ray spectroscopy (EDXS) was
performed using an Ultim Max 65 detector (Oxford Instruments,
Abingdon, UK) and the software Aztec 5.0 (Oxford Instruments,
Abingdon, UK). The porosity and pore distribution were analysed using
a Micromeritics® Autopore IV 9500 (Micromeritics, Norcross, GA, USA).

3. Results and discussion
3.1. Mixture optimization

The main issues to address for the intended tiles are the flow of the
prepared mixtures and the porosity and efflorescence of the final prod-
uct. Initial experiments showed that the most suitable preliminary
mixture was too viscous for casting. A first approach to decrease the
viscosity by increasing the amount of activating liquid caused warping
and would also significantly increase the product costs. Replacing the
initially used aggregate river sand with ground Koranel® and decreasing
the amount of M800 led to acceptable results without incurring signif-
icant costs. Efflorescence was initially addressed by adding silica fume
and fly ash to the prepared mixtures, but in the end, the optimizations
applied to improve the flow properties also prevented the formation of
notable efflorescence.

After 28 days, the surface layer mixtures' compressive strength
reached about 100 MPa, whereas their flexural strength reached about

11 MPa. The fibre layer mixture reached a compressive strength > 60
MPa and a flexural strength > 10 MPa after only 7 days.

The stress and viscosity of the fibre layer mixture measured during
the flow sweep test were used to measure the yield stress, while the
viscosity evolution was used to measure the shear-thinning behaviour.
The storage modulus and loss modulus determined based on these
measurements are presented in Fig. 2. The storage modulus is dominant
and independent from the strain amplitude at a low strain amplitude,
indicating the fibre layer mixture to be a viscoelastic gel. The correlating
suspension likely contains flocs and is stretched linearly. The critical
strain disrupting the suspension network is reached when the storage
modulus deviates more than 10% from linearity. It is reached at a strain
amplitude of 0.04% in Fig. 2 after which the storage modulus decreases
significantly due to network disruption. The flow point refers to the
strain amplitude where the loss modulus becomes dominant and is
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Fig. 2. The evolution in storage and loss modulus of the fibre layer mixture
with increasing strain amplitude.
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reached at 26% in Fig. 2, i.e., when the mixture begins to flow.

The tested fibre layer mixture exhibited thixotropic behaviour, as its
viscosity decreased at 20 rpm and reached equilibrium after 10 s, as
shown in Fig. 3. A sudden increase in viscosity was measured when the
rotation speed decreased from 20 to 0.5 rpm, indicating that the mixture
structure recovers at slow speeds. The recovery was not instantaneous:
the equilibrium of a new shear condition, i.e. an almost fully recovered
mixture, was approached during the period from 60 to ca. 90 s, i.e. over
a time of ca. 30 s.

Fig. 4 illustrates that the fibre layer mixture showed shear-thinning,
i.e., a high viscosity up to 31,367 Paes at low rotation speeds but a low
viscosity down to 171 Paes. This is related to flocculation/colloidal
breakdown of colloidal particles, as well as the breaking of early bonds
formed amongst them. The trend towards plateaus at high rotation
speeds indicates all flocs/structure in the mixture was broken, and a
Newtonian behaviour was almost reached. The hysteresis loop presented
in Fig. 4 is closed, indicating that the viscosity rapidly adapted to the
new shear conditions. The fibre layer mixture exhibited a yield stress of
370 Pa when a rotational speed of about 0.25 rpm was reached, after
which the stress increased with increasing rotational speed as is
discernible in Fig. 4, due to the friction between the particles in the
mixture. Due to shear thinning behaviour, the mixture flows easily, and
fibres and aggregates become aligned while defects are removed. This
results in better internal cohesion and the removal of air pockets,
leading to increased strength. The thixotropic behaviour helps lock the
internal structure once the external load (via vibration or rolling pin) is
stopped, so the alignment of the fibres is maintained. This thixotropic
behaviour also helps retain water and prevents its migration to the top
surface, which would otherwise create pores that can act as crack
initiation sites.

The Vicat test of the fibre layer mixture showed that setting starts
about 30 min after pouring, where a penetration depth of ca. 41 mm was
measured. It reached 0 after about 45 min, meaning the mixture was
fully set at this time, and the working time is rather short. This can be an
advantage as these tiles can be safely demoulded 1 h after casting as a
sufficient early strength is reached.

3.2. Pilot production of AAM roof tiles

Fig. 5 a) compares the visual appearance of tiles from an initial trial
to the final trials. The mixtures of the initial trials and samples produced
using only the fibre layer mixture showed a significant porosity
discernible in Fig. 5 b) which is undesirable for roofing tiles because it
usually decreases the frost resistance. On the other hand, such pores can
attract plants and mosses to create green roofs, e.g., in warm climates
where freezing is not a relevant issue. Treating samples cast into glass
moulds by vibration to remove air bubbles before curing them for 24 h at
50°C led to comparably undesirable results. Switching the mould ma-
terial to polyurethane and coating it with silicone oil before casting the
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Fig. 3. Viscosity and stress measured at shear rates of 20 rpm or 0.5 rpm in the
fibre layer mixture, each for 1 min.
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mortar led to a sufficiently low porosity of the roofing tiles of the final
production, visualized in Fig. 5 b).

Upon completing and optimizing the trial stage at the lab scale with a
satisfactory reproducibility, the process was upscaled to a pilot pro-
duction. The mobile upscaling unit at SREMat featured in Fig. 6 a) was
used to produce AAM roofing tiles at larger scale and provide the proof
of concept. Fig. 6 b) presents a fibre layer produced at this line, whereas
Fig. 6 c) shows the surface layer being rolled onto the fibre layer. Up-
scaling is important because it can reveal potential barriers in AAM
technology applications [27,28]. These include technical parameters,
such as rheological properties in the fresh state, but also cracks caused
by high shrinkage or insufficient drying/curing [29-31]. Special atten-
tion should be paid to occupational safety as highly alkaline solutions
are used in the alkali activation of these materials.

3.3. Testing the AAM roofing tiles

A plan for testing relevant properties was based on surveying the
standards for roofing products EN 491 [26]. Results of the mechanical
resistance, water impermeability, water absorption, and freeze-thaw
resistance were also compared to selected commercially available
products.

Selected performance parameters of competitive products, i.e., tiles
made of slate stone or concrete, were determined and compared to the
AAM roofing tiles. The maximum load during a transverse strength test,
respectively, reached 677 N, 185 N, or 143 N before 25 cycles of freezing
and thawing and 495 N, 197 N, or 89 N after it, meaning the AAM
roofing tiles show a lower transverse strength than the compared
products. A reduction in strength due to freezing is often observed when
water in the pores freezes and expands, causing cracking [5,8]. Although
the investigated tiles did not show a visible degradation comparable to
slate stone, internal degradation still occurred, as shown by the me-
chanical strength decrease after freezing, discernible in Table 3.
Conversely, a slight increase in the strength of concrete tiles observed
after 25 freeze-thaw cycles may be attributed to an ongoing late hy-
dration and/or carbonation processes. Long term carbonation could also
lead to pore refinement and a partial densification of the microstructure
in AAM tiles which may enhance the mechanical performance [32-34]
which will be tested after several years of exposure.

Testing the water permeability showed that the permeability coef-
ficient was always 0, and water drops failed to form on the underside of
all tiles, both before and after 25 cycles of freezing and thawing. Sample
damage was only observed in the form of delamination for one stone tile
(out of six) but not for slate tiles during the test series.

The porosity in the final AAM roofing tiles was analysed using MIP,
and the results are compared to commercially available products in
Fig. 7; selected values are presented in Table 4. The lowest porosity of
4.04 % was measured for the concrete tiles which do not contain gel
pores according to Fig. 7, whereas larger pores from ca. 9 to over 100 um
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initial trials
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final trials

Fig. 5. Digital photographs a) comparing the too porous AAM tiles of the initial trials with the sufficiently porous AAM tiles of the final production. The framed area

is presented in greater detail in b) to visualize the pore size and surface texture.

Fig. 6. Upscaling the pilot production: a) Production line used at SREMat KU Leuven, b) complete fibre layer and c) rolling on the cover layer in the mould.

Table 3
Properties of products from pilot production compared to the reference commercial products.
Test method AAM tiles concrete stone
mechanical resistance max. load transverse strength (production) [N] 143 (+24) 185 (+11) 699 (£197)
max. load transverse strength (25 freeze-thaw cycles) [N] 89 (+34) 197 (+26) 495 (£181)
water impermeability water drops on the tile underside [yes/no] no no no
impermeability coefficient (production) [/]: 0 0 0
impermeability coefficient 0 0 0
(25 freeze-thaw cycles) [/]:
freeze-thaw resistance occurrence of damage [yes/no] no no stratification of sample no. 6

were also present. The slate stone and AAM tiles exhibited a higher
porosity and larger pore size than concrete tiles throughout most of the
measured range. Both contained gel pores; most of the pores in the AAM
tile have diameters below 0.01 pm, which is typical for AAM [35-38].
The porosity is crucial concerning the freeze- thaw resistance where the
pore structure combined with the gel type play a significant role in the
degradation mechanism. A stable N-A-S-H gel network typically

maintains its mechanical properties during freezing despite considerable
pore expansion. In contrast, C-A-S-H gel networks in partially
Ca-activated alkali-activated cementitious materials are susceptible to
stronger freeze-thaw deterioration [39]. Besides the gel type, many
other factors influence the freeze-thaw resistance of concrete or
alkali-activated materials. For example, insufficient hydration at early
ages results in a porous and discontinuous microstructure, which
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Fig. 7. Pore size distribution measured for AAM roofing tiles and commercially available roofing tiles.

Table 4

Parameters related to the porosity obtained by MIP.
Property AAM concrete  stone

tiles
porosity [%] 10.92 16.12 4.04
density [g/cm®] 2.78 1.92 2.69
average pore size [um] 0.01 0.03 1.98
median pore size -based on calculation from 0.01 0.01 0.14
surface [um]

median pore size -based on calculation from 0.02 1.48 103.16

volume [um]

significantly reduces frost resistance because ice formation in capillaries
and larger pores generates internal stresses that exceed the tensile ca-
pacity of the immature matrix [40]. Freeze-thaw resistance depends not
only on mixture parameters and curing conditions, but also to a great

extent on the pore size distribution and the volume of different pore
types within the hardened cement, which are consequences of the first
two factors. Studies have shown that a higher proportion of finer pores,
particularly innocuous gel pores (approximately 1-10 nm), contributes
little to frost damage because they do not fill with water and thus do not
generate significant freezing pressures, while larger capillaries and
mesopores (on the order of tens to hundreds of nanometers) are most
critical for freeze-thaw deterioration due to water ingress and ice
expansion [41].

The microstructure of the produced AAM roofing tiles was analysed
using SEM and compared to that of competitive products, i.e. natural
slate stone tiles and concrete tiles with a similar visual appearance. The
microstructure of the natural slate stone tiles is visualized in Fig. 8: the
overview in Fig. 8 a) shows major cracks parallel to the surface. The area
in frame 8.1 is presented in greater detail in Fig. 8 b) and illustrates the
highly inhomogeneous microstructure of the latter: all components form

Fig. 8. SEM micrographs of a) a slate stone tile cut perpendicular to its application surface. The area in frame 8.1 is presented in greater detail in b) to visualize the
anisotropic microstructure of slate. The area in frame 8.2 is presented in greater detail in c) and element maps of selected elements in this area are presented.
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elongated regions parallel to the surface. Frame 8.2 marks the area
presented in greater detail in Fig. 8 ¢) and analysed using EDXS. As slate
for roofing tiles is mainly composed of quartz, mica, feldspars and
chlorite [3,42], the Si-rich areas free of Al and K should represent quartz.
The Ca-rich areas could represent calcite inclusions, while other phases
rich in K, Fe and Al could be clay and feldspar minerals. The cracks and
heterogeneous microstructure elongated parallel to the tile surface
match the expectation as such stone tiles are produced by cleaving the
natural stone parallel to its weak cleavage planes. Their mechanical
stability parallel to the surface is hence relatively low and can allow
water to enter possible cracks which degrades the tiles, especially if the
water freezes.

The microstructure of the concrete tile is illustrated by Fig. 9 a)
which shows the components (particles but also pores) to be generally
larger than those in the natural stone tile. The black areas in the SEM
micrographs are pores filled with the embedding resin which also pen-
etrates into some concrete components, see the element map of C. The Si
and Ca-enriched areas should represent CSH gel, whereas the only Ca-
enriched areas should correspond to Ca(OH), or CaCO3 aggregates.

The microstructure of the AAM roofing tile in Fig. 10 a) shows large
particles reaching diameters above 1 mm. EDXS element maps of the
area in frame 10.1 are presented below and show particles enriched in
Fe, Si, Al, and Mg, as well as spherical porosity. K is detected throughout
the matrix but does not seem to penetrate the large grains, which
matches the expectation as it is part of the binder/activator. Fig. 10 b)
presents a segment of frame 10.1 at a higher magnification to show that
the large particles (slag) appear to be partially amorphous as they
contain microstructures resembling coarse (black arrows) and fine (or-
ange arrows) dendritic growth also known from Fe-rich glass-ceramics
[43]. Dendrites grow coarse at high growth velocities but become
increasingly fine if the growth velocity is lowered amongst otherwise
constant conditions. Assuming the dendrites in Fig. 10 are formed of the
same phase, this means the coarse dendrites grew first and at high
temperatures whereas the finer dendrites grew later at lower tempera-
tures while the slag was cooled during production [44].

The area in frame 10.2 is presented in greater detail in Fig. 10 ¢) to
highlight fine, band-like structures amongst the grains; the EDXS-map of
Ca presented below shows them to be enriched in Ca. Ca enrichment in
such morphologies is associated with the formation of C-A-S-H gels in
AAMs [45-47], hence these structures imply a successful AAM process.
These gels have been stated to be comparable to Portland cement paste
and a prolonged exposure to CO5 can lower their water permeability
[48].
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3.4. Life cycle assessment for the AAM roofing tiles

3.4.1. Scope of the LCA

LCA analysis was used to evaluate the environmental performance of
the produced AAM roofing tiles. Its main objective was to compare their
environmental impact with commercial stone or concrete tiles. The
“cradle-to-gate” approach commonly used for the environmental eval-
uation of different building materials [49] was adopted. The LCA anal-
ysis considered the impacts related to the extraction and processing of
raw materials, auxiliary materials, waste treatment, processing, and the
supply of energy and water. The declared unit was specified as the
production of 1 kg of material for roofing tiles. The “LCA for Experts”
(formerly GaBi) software was used for modelling [50].

As Koranel® is a Fe-rich side-product from Cu production, the
consequential modelling principle (i.e. system expansion) is applicable
to the LCA. Hence any potential upstream environmental burden of
residue materials (i.e. Cu-slag) is not transferred into the model [51].
Avoided environmental impacts of slag landfilling are, however,
included. The avoided disposal of slag in a landfill is considered as an
environmental credit, because it leads to the reduction in the amount of
the material that needs to be landfilled and the associated negative
environmental impact. Therefore, the impact of Koranel® is thus ob-
tained by first calculating the impact related to the Cu-slag and then
subtracting the impact of landfilling it (avoided process).

3.4.2. Life cycle inventory (LCI)

The production and processing of raw, secondary and ancillary ma-
terials, waste treatment and processing, as well as the production and
supply of electricity and water were evaluated based on the background
LCI data provided in the Sphera Managed LCA Content (formerly GaBi
Professional) and Ecoinvent 3.8 databases. The main material inputs for
the production of AAM roofing tile are presented in Table 2. They were
cured in a laboratory-scale oven with an electricity consumption of 2
kWh per 1 kg of material. The production of stone and concrete roofing
tiles was modelled based on the generic dataset in the database, which
represents industrial average values.

A conventional LCA study is usually an ex-post analysis of an exist-
ing, well-defined and generally well-documented system [52]. Applying
this to emerging technologies can be problematic due to the lack of
real-world data. Hence the comparability of LCAs of emerging and
established systems highly depends on the development stage and
technological maturity of the analysed system [53]. The projected
decrease in energy demand is based on analogous industrial processes
and is identified as a target for validation at the pilot scale.
Industrial-scale production can achieve even lower electricity

Fig. 9. SEM micrographs presenting a) an overview of the microstructure in a concrete tile and b) the area in frame 9.1 in greater detail. Selected element maps of the

area in frame 9.2 are presented.
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Fig. 10. a) SEM micrograph presenting an overview of the microstructure in a AAM roofing tile, selected element maps of the area in frame 10.1 are presented. b)
SEM micrograph featuring the microstructure in greater detail. Substructures in some larger components are visualized by arrows. The area in frame 10.2 is presented
in ¢) and enables to discern that these substructures are dendrites, i.e. most likely crystals in an amorphous matrix.

consumption, as indicated above: for example, the electricity con-
sumption of industrial-scale produced concrete roofing panels can be as
low as 0.002 kWh per panel [54,55]. The assumed value of 0.2 kWh per
kg for curing of AAM roofing panels was therefore selected as a con-
servative estimate to remain on the safe side, while still reflecting the
expected efficiency improvements at a larger production scale.

3.4.3. Life cycle impact assessment (LCIA)

The environmental impacts were evaluated with the CML 2001
(version Aug. 2016) LCIA method [56], which is one of the most
commonly used LCIA methods in the field of LCA for AAMs [57]. LCA
results are expressed via different impact categories, which cannot be
directly compared amongst each other due to their different physical
units unless an optional normalization step is performed. Normalization
uses external information to express the results in a common scale [58].
The characterized results of each impact category are divided by a
selected reference value, which brings all the results to the same scale
[59]. The normalized LCA results are calculated by:

EI
N= 3 @
where N is the normalised result, EI is the characterized impact of the
impact category of the studied system, and R is the characterised impact
of the impact category of the reference system. The considered impact
categories and corresponding normalization factors are summarized in
Table 5.

3.4.4. LCA evaluation

Fig. 11 shows the contribution analysis results for AAM roofing tiles.
The electricity for the curing process is the largest contributor to the
total environmental impact. 1.7KSi65 and the SRA also have a

Table 5
Impact categories and normalization factors for the CML 2001 LCIA.
Indicator Abbreviation  Unit Normalization
factor
Abiotic Depletion Potential, ADP el. kg Sb 1.62E+08
non-fossil resources equiv.
Abiotic depletion potential, ADP fos. MJ 3.51E+13
fossil resources
Acidification Potential AP kg SO, 1.68E+10
equiv.
Eutrophication Potential EP kg POZ3 1.85E+10
equiv.
Freshwater Aquatic FAETP kg DCB 2.09E+11
Ecotoxicity Potential equiv.
Global Warming Potential GWP kg CO, 5.22E+12
equiv.
Human Toxicity Potential HTP kg DCB 5.00E+11
(HTP, unit equiv.
Ozone Depletion Potential ODP kg R11 1.02E+07
equiv.
Photochemical Ozone POCP kg Ethene 1.73E+09
Creation Potential equiv.
Terrestrial Ecotoxicity TETP kg DCB 1.16E+11
Potential equiv.

noticeable contribution to the total environmental impact, while the
impact of GGBFS, M800, polypropylene fibres and electricity for milling
of Koranel® is smaller. Using Koranel® has a slightly positive impact on
the environmental performance (i.e., negative values in the figure)
because the benefits of avoiding landfilling outweigh the impacts related
to treating and processing Cu-slag.

Fig. 12 compares the normalised environmental impact of AAM,
stone slab and concrete roofing tiles to that of AAM tiles produced at an
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Fig. 11. Relative contributions for AAM roofing tiles (abbreviations detailed in Table 5).
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Fig. 12. Comparison of the environmental impact of AAM, stone and concrete roofing tiles. The results are for the production of 1 kg of material (abbreviations

detailed in Table 5).

industrial scale (i.e., 0.2 kWh/kg for curing). It shows that the AAM
roofing tile has a higher environmental impact than the commercial
products. Keeping in mind that these calculations show trends and
highlight major contributing factors, the respective values should not be
overemphasized. The environmental impact can be notably reduced by
improving the energy efficiency at the industrial-scale production,
particularly with respect to the use of fossil fuels (i.e., ADP fos.) and
carbon emissions (i.e., GWP).

The environmental impact of AAMs can be reduced by using by-
products as activators, locally available materials, and efficient pro-
duction and curing methods [27,57]. The AAM roofing tiles were pro-
duced with local industrial residue, reducing landfill volumes and
transportation distances and thus improving their environmental

performance.

3.5. Demonstration roof

The demonstration roof featured in Fig. 13 was installed to monitor
the long-term performance of the roofing tiles over several years (four at
the time of photography) of exposure to various seasons. The tiles still
appear to be in good condition at the time of manuscript submission and
will be further assessed in detail in the future.

In summary, this study presents a case study featuring the develop-
ment of a residue-based industrial product suited to replace a natural
building material of dwindling availability. In contrast to natural slate
stone, the prepared product can be modified to ease the attraction of
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Fig. 13. AAM roofing tiles installed on a demonstration roof. The seven tiles in
the top line (arrow) were treated with an additional coating not discussed in
this manuscript.

plants and mosses, should a “green roof” be desired, by manufacturing
single-layer tiles composed of only the fibre layer. The main issues of
mixture flow, porosity, and efflorescence were optimized by adapting
the raw materials, mould material, and curing procedure. The prepared
fibre layer mixture is thixotropic, allowing for easy mixing under high
shear stress, while a full recovery of the high viscosity required for
rolling is achieved less than one minute after the critical shear stress is
removed. This is important given the comparatively short working time
of approximately 45 min.

While the mechanical properties of the AAM roofing tiles fulfil the
technical requirements of the relevant standards, they do fall short of
comparable stone or concrete products. Further performance improve-
ments can be achieved by e.g., optimizing the curing regime [60,61].
However, the most relevant properties, such as water impermeability
and freeze-thaw resistance, are comparable, and the porosity is lower
than that of slate stone. The highly anisotropic microstructure of slate
stone, defining its cleavability, makes it rather sensitive to specific
forces. This is not an issue in the industrial concrete or AAM roofing tiles.

4. Conclusions

The present work demonstrated the feasibility of producing slate-like
roofing tiles through the alkali activation of an Fe-rich copper slag
blended with GGBFS, establishing a residue-based alternative to natural
slate. The double-layer design—comprising a fibre-reinforced structural
layer and a visually optimized surface layer—proved essential for
achieving the required mechanical performance and the targeted slate-
like appearance. Optimising the mixture design, mould selection, and
curing regime successfully mitigated key challenges such as excessive
viscosity, porosity, and efflorescence.

The rheological investigations confirmed that the fibre layer exhibits
thixotropic behaviour, enabling appropriate workability during mixing
and placement, while rapidly recovering its high viscosity to allow
efficient rolling and shaping. The mechanical performance of the tiles
met the requirements of the relevant roofing standards, although the
transverse strength remained lower than that of commercial concrete
and natural slate tiles. Nevertheless, the tiles displayed excellent water
impermeability and sufficient freeze-thaw resistance. MIP indicated
that the pore structure of the AAM tiles is distinctive compared to that of
slate and concrete tiles, with gel-pore-dominated porosity typical of
AAM systems.

The microstructural analysis revealed a heterogeneous matrix
composed of partially amorphous Fe-rich particles embedded in a
potassium-rich alkali-activated binder. The identification of Ca-enriched
areas amongst the aggregates implies the successful formation of an
AAM network, consistent with the properties measured at the macro-
scopic scale.

The LCA results showed that the environmental performance of the
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laboratory-scale tiles is compromised by the high energy demand of the
curing step. However, scenarios mimicking industrial-scale pro-
duction—where curing can be achieved at far lower energy
inputs—indicate a substantial reduction in environmental impact. The
use of copper slag offers an intrinsic environmental advantage, as it
avoids landfilling and reduces the consumption of primary raw
materials.

Finally, the installation of a demonstration roof confirmed the
practical applicability of the product and its stability under outdoor
exposure over several years. With further optimization with respect to
the open time, precise timing control for casting the layers and syn-
chronizing it with vibration, such tiles could represent a promising,
market-realistic, circular alternative to natural slate and concrete
roofing products.
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