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Carbon black (CB) is the most widely used reinforcing filler for rubber. Nowadays there are several concerns
regarding this traditional petroleum-based filler: on one side its environmental footprint is enormous and its
production process is no more sustainable and on the other side its price increases annually. For these reasons,
sustainable alternative fillers are being studied. In the present research the main waste of the steel industry,
namely the steel slag from electric arc furnace (EAF), is investigated as non-conventional filler for a nitrile
butadiene rubber matrix (NBR). The slag has been characterized to ensure its safe reuse as filler according to the
heavy metals leaching. The slag filled compounds have been characterized and compared to CB filled com-
pounds, in terms of processability by rheometric parameters, mechanical properties, Payne effect, and physi-
cochemical properties to investigate the filler-matrix interaction. From the obtained results, it was shown that
EAF slag-filled NBRs are comparable to CB filled NBRs in terms of crosslink kinetics and, when compared at the
same hardness level, are comparable in terms of viscosity, stiffness, and elongation at break, while when
compared at the same filler volume fraction are similar in terms of compression set and stress relaxation.

1. Introduction interact with the polymer matrix creating a layer named bound rubber of

(partially) immobilized polymer chains on the filler surface [1]. With the

Rubber is a polymer-based material characterized by high elongation
and nearly complete recovery of deformation. It is nearly irreplaceable
in many applications such as tires, seals, conveyor belts, dumpers, and
hoses, just to mention the main important ones. However, in most
practical applications, it is essential to use a filler to improve the me-
chanical properties of these polymeric matrices. CB is the most widely
used reinforcing filler for rubber as it can increase more than tenfold the
strength of an amorphous elastomer [1].

The first studies of the reinforcement mechanism of CB can be dated
back to the 1960s. However, the knowledge of its mechanism still re-
mains fragmentary today [2]. While normally the addition of particle
fillers in polymeric matrices increases the elastic modulus but reduces
elongation, in elastomeric matrices the addition of CB increases both
modulus and elongation at break. The main reasons for this exceptional
effect are the very low particle size of CB (<1 pm and with surface area
>100 m2/g), the irregular shape of filler aggregates (filler structure),
and the functional groups on the surface (surface activity), which
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presence of CB, the physical properties of rubber compounds, such as
tear and tensile strength and elastic modulus, can be improved. CB in-
creases the hardness and viscosity of rubber-based compounds and it is
considered the most efficient additive among all filler materials [3]. CB
is made up of over 90 % pure form of elemental carbon, which is made
up of tiny, mostly spherical carbon particles that fuse together into
groups called aggregates. Several aggregates then form clusters that
break down during the mixing period of the rubber. Normally, the
diameter of the CB particle ranges from 10 nm to 500 nm [2].

Since CB production is based on the partial combustion of heavy
hydrocarbons such as coal tar derivate, its carbon footprint is enormous
[2]. It has been estimated that the production of 1 ton of CB implies the
emission of 2.4 tons of carbon dioxide, compared to 0.8 tons of carbon
dioxide per ton of cement during production [4]. Moreover, given the
increased demand for rubber quality and the rising price of raw rubber
and other component ingredients, the rubber industry has made great
efforts to limit costs and increase competitiveness. There are several
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concerns regarding the traditional petroleum-based CB filler. On the one
hand, the price of hydrocarbons sees a gradual increase every year, and
it is subject to fluctuations related to the socio-economical context. The
cost of the raw material represents 30-35 % of the total selling price of
CB. On the other hand, due to the non-degradability of petroleum-based
CB filler, it can cause serious environmental problems. The conservation
of the environment and the promotion of recycling [5-7] is a permanent
issue, much research is undertaken to reduce the dependence of the CB
raw material on fossil fuels and transform it into a sustainable material
base. For these reasons, sustainable alternative CB sources such as the
pyrolysis of waste tires [8,9] are being studied, as well as reinforcing
fillers alternative to CB, such as rice husk ash, peanut shell powder,
waste wood, etc. [10-14].

In this study, an industrial waste such as the black electric arc
furnace (EAF) slag is proposed as a sustainable filler for the NBR matrix,
and its mechanical reinforcing potentialities are compared to those of
the most used reinforcing filler, CB. Steel slag features vary according to
the type of steel being produced (EAF-C slag from carbon steel pro-
duction and EAF-S slag from stainless/high-alloy steel production) and
its chemical composition may present differences related to the type of
scrap used and to the process parameters. In general, the slag can still be
assimilated to natural effusive rocks of volcanic origin and consists
mainly of a ternary mixture of calcium oxide (CaO), silicon dioxide
(Si0y) and iron oxides (FeO), to which are added, in smaller percent-
ages, other components [15]. The exploitation of steel slag originates
from its assimilation to natural hard rocks and therefore from the pos-
sibility of replacing inert material in construction sector [16-19].
Although a large part of the black slag is used in the building sector (in
2019 in Europe about 15 % [20]), the reuse of this material as a sub-
stitute for a conventional polluting filler for rubber implies a double
environmental and economic advantage: on one hand the use of EAF
slag as filler reduces the waste landfill disposal promoting a circular
economy, and on the other hand it reduces the use of CB, whose pro-
duction process is not only energy-consuming contributing to global CO4
emissions significantly, but also utilizes non-renewable feedstock,
making it unsustainable [2]. The main issue related to the EAF slag reuse
is the leaching of heavy metals, but it was found in previous studies that
the incorporation of slag particles into polymeric matrix prevents them
from leaching [21-25].

The study aims to compare the effects on the mechanical properties
of slag as a total or partial substitute of CB in a rubber matrix. The
properties of three standard NBRs (CB filled) have been compared with
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an NBR filled with only EAF slag (total substitution of CB) and with an
NBR filled with equal volume amounts of both EAF slag and CB (partial
substitution of CB). EAF slag has been characterized in terms of
morphology, chemical composition and particles size distribution.
Leaching tests have been performed to check the possibility of a safe
reuse of the slag. The comparison between the compounds has been
carried out in terms of processability (rtheometric parameters), me-
chanical properties (by hardness test, tensile test, compression test,
stress relaxation, permanent compression set and dynamic mechanical
analysis), swelling behavior and ageing behaviour. The filler-rubber
interaction has been investigated by the measurement of bound rub-
ber, and of non-linear dynamic behavior.

2. Materials and methods
2.1. Materials

Rubber compounds were kindly provided by the industrial
compounder Ligom Spa (Grumello del Monte, BG, Italy). All the com-
pounds are based on Nitrile Butadiene Rubber (NBR), are sulfur cured,
and reinforced with either CB, EAF slag, or both. Table 1 provides the
the compounds’ formulation.

CB is a semi-reinforcing furnace carbon black, N772 type, with a
density of 1.8 g/cm® (reported in the literature [26]) and with a primary
particle diameter between 61 and 100 nm, according to ASTM
classification.

The slag used as filler is derived from carbon steel production and it
is provided by ASONEXT SPA (Ospitaletto BS, Italy) steelmaking plant.
The slag has been ground sieved in a grain size <100 pm (3 orders of
magnitude larger than CB particle size) and has an average density of 4.1
+ 0.2 g/cm? (twice as that of CB) measured on 5 massive slag samples
according to the Archimedes principle.

Three main compounds were prepared, all with the same total vol-
ume fraction of filler: one with only CB, labeled NBR60 (0 % slag), one
where the conventional CB filler has been fully replaced by the same
volume of EAF slag as non-conventional filler, labeled NBR45 (100 %
slag), and the third one where half of the CB has been replaced by EAF
slag, labeled NBR50 (50 % slag) as reported in Table 2. The compounds
were prepared using an equal volume fraction of filler, as micro-
mechanical models within the framework of continuum micromechanics
suggest that the reinforcement of the composite arises from substituting
a portion of the soft matrix with stiffer particles [27]. Consequently,

Table 1

NBR compounds formulation.
Components NBR45 (100 % Slag) NBRS0 NBR60 NBRS5S0 NBR45
[phr] (50 % Slag) (0 % Slag) (0 % Slag) (0 % Slag)
NBR 100 100 100 100 100
ZnO 5.00 5.00 5.00 5.00 5.00
Stearic acid 0.50 0.50 0.50 0.50 0.50
Antioxidants 2.00 2.00 2.00 2.00 2.00
Plasticizers 16.30 16.30 16.30 16.30 16.30
Sulphur 0.40 0.40 0.40 0.40 0.40
Filler 132 96 60 38 32

Table 2

NBR composites filler type and content, density and hardness.
Materials Filler [%v/v] Filler [%wt] Density Hardness

CB EAF slag CB EAF slag [g/cm®] [ShA]

NBR45 (100 % slag) - 21.0% - 50.2 % 1.63 45
NBR50 (50 %slag) 10.5% 10.5 % 13.5% 29.0 % 1.43 50
NBR60 (0 % slag) 21.0 % - 31.9% - 1.20 60
NBR50 (0 % slag) 16.0 % - 231 % - 1.15 50
NBR45 (0 % slag) 14.0 % - 20.4 % - 1.14 45
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these models predict that the reinforcement will be directly proportional
to the filler volume fraction.

Moreover, given the large difference in density between CB and slag
(EAF slag density is twice CB density), the formulation with the same
weight percentage would introduce further variables. It is important to
note that in the labels of compounds, the figure following “NBR” refers
to the nominal hardness of the vulcanized rubber in Shore A points, as
rubber compounds are usually classified based on their Shore A hardness
with a tolerance of +5 points mostly used in the rubber industry.

Additionally, in order to compare the effects of EAF slag with those of
CB in compounds at the same hardness level, other two rubbers filled
with only CB were prepared with hardness 45 and 50 ShA: NBR45 (0 %
slag) and NBR50 (0 % slag), respectively (see Table 2). It should be
noted that the standard NBR (0 % slag) with a hardness of 45 and 50 SHA
have been formulated to achieve a comparable hardness to slag-filled
compounds. Therefore, the content of other ingredients, such as plasti-
cizers, may not be identical to that of the three compounds formulated
with the same volume fraction of filler (NBR45 (100 % slag), NBR50 (50
% slag), NBR60 (0 % slag)). Table 2 reports the NBR composites, the
filler content in weight and volume percentage, the rubber density
measured according to ASTM D297 [28], and the Shore A hardness
measured according to the standard ASTM D2240-3 [29].

The compounds were produced by means of a closed mixer rotating
at 30 rpm. Firstly, polymers and additives were introduced and mixed
for 30 s. Subsequently, the fillers were added, and the material was
discharged at a temperature of 135 °C. The mixture underwent cooling
cooled in an open mixer, where pre-dispersed accelerators and pre-
dispersed sulfur were incorporated. The plates used to obtain and test
the vulcanized samples were compression vulcanized at 160 °C for 20
min.

The production process for the compound, featuring the addition of
EAF slag as an unconventional filler to a standard formulation, remains
unchanged compared to the conventional process. This approach aligns
with the goal of providing an environmentally friendly alternative
without introducing complexity to industrial processes.

2.2. EAF slag characterization

X-ray fluorescence (XRF) spectroscopy. The chemical composition of
the used EAF slag was determined by X-ray fluorescence spectroscopy by
the Thermo Scientific PERFORM’X provided by Thermo Fisher Scientific
(Waltham, Massachusetts, United States).

SEM-EDXS analysis. The mineralogical phases of the slag have been
identified by Scanning Electron Microscopy (SEM) integrated with En-
ergy Dispersive X-ray Spectrometry (EDXS) (SEM Leo Evo 40, Carl Zeiss,
Oberkochen, Germany; EDXS microprobe Link Pentafet Oxford mod.
7060; Oxford Instruments, Oxfordshire, U.K.) after metallographic
preparation. The metallographic preparation consists in embedding a
bulk sample of slag in resin and subsequently polishing it to achieve a
microscope-observable surface The chemical analysis was conducted on
the various phases (represented by different shades of grey) enabling the
identification of distinct mineralogical phases.

The morphology and the chemical composition of EAF slag particles
were analyzed by coating the powders with gold and examining them
under a scanning electron microscope.

The chemical composition of the filler particles was investigated
using SEM-EDXS [30]. This measurement was performed on small areas
of some filler particles using back-scattered electron (BSE) mode. In
addition, the elemental distribution of Mg, Al, Si, Ca, Cr, Mn, and Fe was
measured.

Additionally, SEM analysis was conducted to determine the slag
dispersion in the matrix and particle size distribution by observing the
cryogenic surface fracture of slag-filled NBRs. Three samples were
analyzed for each composite, and at least three images were taken at
magnifications of 200x, 1000x, and 2000x. The particle area of the EAF
slag used as filler in the characterized composites was measured using
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ImageJ image processing software to provide a representative granulo-
metric curve. A total of 5071 particles were analysed.

Leaching behavior. The leaching test was conducted both on the free
slag in a grain size lower than 100 um (as in the composites) and in a
grain size lower than 4 mm (according to the standard CEN — EN 12457-
2 [31]) and on the final composite materials. In particular, the rubber
composite material plate was cut to a particle size of less than 4 mm and
the slag dust lost from the cutting surface was removed to evaluate only
the inertizing effect of the polymer matrix. As for the characterization of
free slag, the amount of tested composite was calculated to maintain the
90 g of slag in a ratio of 1:10 with the liquid (H2O) for an agitation time
of 24 h, according to the standard CEN EN 12457-2 [31]. Then the so-
lution was filtered by a 45 um filter and analyzed by the ICP Optical
Emission Spectrometer to measure the concentration in the solution Cr,
Mo, and V (3 measurements).

2.3. Compound characterization

2.3.1. Processability

Rheometric curve. The rheometric parameters of uncured compounds
were obtained by the rheometric/vulcanization curves, determined by
the oscillating disc rheometer (ODR) machine provided by Gibitre In-
struments (Bergamo, Italy) (177 °C, 0.5°, 3 min) according to the stan-
dard ASTM D5289 [32]. One sample for each compound was tested.

2.3.2. Physicochemical characterization

Swelling test. Swelling tests were performed on cured samples to
evaluate the crosslink density. Rectangular samples of about 500 mg
were cut and immersed either in toluene or in tetrahydrofuran (THF) in
sealed glass tubes for 48 h at room temperature. The sample was then
wiped to remove the solvent on its surfaces and quickly weighed to
measure the swollen weight (m;). This step was followed by drying in an
oven at 80 °C to remove small molecular weight substances until
reaching stable dried weight (my).

The equilibrium swelling index is determined by crosslink density
and the attractive forces between solvent and polymer. The theoretical
extent of swelling is predicted by the Flory-Rehner equation [33-35]
(Eq. (1)).

In(1 — vge) + vee + 23
D:_"( Viy) + vy + Vi )

Vi (ka% - Z;R/ )

where:

v is the crosslink density in mol/cm?;

V; is the solvent molar volume (106.52 m3/mol for toluene and
81.11 m*/mol for THF);

f = 4 for tetra functional network junctions;

y is the Flory-Huggins solvent-polymer interaction parameter
(0.362 for toluene and 0.346 for THF) determined by the Bristow and
Watson semi-empirical equation [36-38];

vgs is the volume fraction of elastomer in the swollen mass, deter-
mined according to Ellis and Welding equation [39,40] reported in
Equation (2).

Md 1y
VRF = (2)
o
where:

m, is the weight of the filler provided in the material recipe;

m; is the swollen sample;

o is the polymer density (equal to 1.04 g/cm®);

0, is the solvent density (toluene 0.866 g/cm® and THF 0.889 g/cm®).

Three samples were tested for each material; the crosslink density is
calculated by Eq. (1).

Bound rubber content. The bound rubber content of the unvulcanized
compounds was determined after extraction of the unbound materials,



A. Gobetti et al.

such as the compounding ingredients and free rubber, by soaking
compound samples of about 0.3 g in toluene for 7 days (the solvent was
renovated after 4 days) at room temperature, followed by drying under
suction for 24 h at 40 °C.

The uncured samples of about 250 mg were wrapped in filter paper
of known weight. The samples were weighed before immersion and after
drying. Known the filler and rubber fraction (determined by thermog-
ravimetric analyses) the bound rubber content (BRC %) was determined
according to Eq. (3) [41]:

mg — mo(mflymr)

BRC|%] = 3

Mo (mfttm,)

where my is the initial sample mass, my is the mass of the dry sample
after extraction, my is the mass of the filler and m, is the mass of the
rubber provided in the materials recipes.

2.3.3. Mechanical characterization

Tensile test. Mechanical tensile tests were performed by an Instron
(Pianezza, TO, Italy) test machine (mod. 3366) at room temperature and
a cross-head rate of 100 mm/min according to the standard ISO 37:2017
type 2 [42]. The measurement was performed three times for each
compound. Elastic modulus was determined as the slope of the stress—
strain curve at a small strain (0-5 % strain).

Ageing behavior. The compounds’ ageing behavior was evaluated
through tensile testing after 18 months of natural ageing and additional
accelerated ageing at 100 °C for 48 h. The method for deriving the
percentage change in properties P[%] is shown in Eq. (4).

Puged - PO

Pl =7t

(€3]
where Py is the property measured on fresh rubber compound (not aged)
and P,geq is the property measured on aged materials (18 months of
natural ageing and 18 months of natural ageing followed by accelerated
ageing at 100 °C for 48 h).

Compression test. Compression tests were performed by Instron 3366
test machine at room temperature and a crosshead rate of 10 mm/min
on cylindrical specimens with a nominal diameter of 12 mm and a height
of 6 mm. Three loading and unloading cycles up to 25 % deformation
were performed before the compression stress strain curve was recor-
ded, according to the standard ISO 7743 [43]. The test was completed at
45 % engineering strain. Three compression tests were performed for
each compound.

Stress relaxation. Stress relaxation was characterized in compression
by Instron 3366 test machine at room temperature on cylindrical spec-
imens with a nominal diameter of 12 mm and a height of 6 mm. An
indicative value of the level of stress relaxation is obtained in this work
as the stress loss [%] after 600 s at 25 % imposed strain.

Permanent set. The permanent set was determined in compression
(compression set) according to the standard ISO 815 (type B and test
method A). It was determined by imposing a compression deformation
of 25 % on cylindrical samples (nominal diameter 12 mm and a height of
6 mm) for 24 h at 100 °C. The measure was repeated three times for each
material.

The Mullins effect was evaluated in a cyclic uniaxial tensile config-
uration using a rectangular specimen with nominal dimension 50 x 5 x
2 mm. The testing was conducted on an Instron dynamometer (mod.
3366).

The material underwent 3 loading and unloading cycles, with a
maximum deformation of 25 %, followed by an additional 3 cycles at 50
%, maintaining a fixed strain rate of 80 mm/min (the maximum speed
without the inertial effect of the crosshead). At the end of the test, the
dissipation of the material strained at 25 % and 50 % was calculated as
the percentage change in the area under the stress-strain curve (hys-
teresis area) between the first and third loading cycles. Dynamic
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mechanical analysis. Dynamic mechanical analysis was performed by a
Dynamic Mechanical Thermal Analyser Q800 by TA Instruments (New
Castle, United States) in tensile mode at room temperature and a fre-
quency of 1 Hz by varying the applied strain amplitude between 0.01 %
and 100 %, to observe the Payne effect and the low and high amplitude
plateau of the storage modulus (E). This test was performed twice on
specimens of nominal dimension 2 x 5 x 30 mm.

3. Results
3.1. EAF slag characterization

Chemical composition by X-ray fluorescence spectroscopy (XRF). From
existing literature, it is well- documented that the chemical composition
and microstructure of slag are influenced by the cooling system adopted
during slagging process and the composition of the smelted ferrous
scraps [44-46].

Consequently, the intricate interplay between the chemical compo-
sition and mineralogical phases of slag exerts a profound influence on its
leaching behavior, thereby governing its environmental impact.

Table 3 shows the chemical composition of the EAF slag used as filler
in this experimental study, determined by XRF spectroscopy. The main
components of slag are iron oxide (Fe3O3) and calcium oxide (CaO),
followed by silicon oxide (SiO5), alumina (Aly0O3), and chromium oxide
(Cry03) in minor quantity. According to Mombelli et al. [47] the per-
centage by weight of CaO, SiO, Al;03 and MgO affects the leaching of V
and Cr. In particular, the higher the CaO and MgO fractions, the lower
the V concentration in the leachate. The correlation between Ca and V
leaching is related to brownmillerite phase (Ca(Al Fe)>0s) which is
characterized by hydraulic properties and in contact with water hy-
drates leading higher V leaching in poor Al,Og3 slag [47].

In Table 3, the basicity indexes were also calculated and are reported
due to the important role of basicity which is correlated to the avail-
ability of chromium in slags [48].

In steelmaking practice, there are various methods to calculate the
basicity index, among the most commonly used are BI2 and BI4 ac-
cording different formulas explicated in Table 3. The simplest formula
BI2 is expressed as the ratio CaO/SiO3 and by many authors [49-51] it
has been associated to the Cr leaching: when BI2 is above 2, as in this
analysis, Cr is present as calcium chromite (CaO-Cry03), and the slag is
prone to Cr leachability.

However, according to Mombelli et al. [47,52,53] the use of a simple
binary basicity index (BI2) could not address the leaching behavior of
Cr-spinels when formed in low Aly03-MgO, while the more complete
formula BI4 takes into account also other elements frequently present in
steelmaking slag, and it is expressed as (CaO + MgO0)/(SiO» + Al;03).

Generally, the formation of spinels is influenced by the basicity of the
slag. An increase in slag basicity leads to an increase in Cr concentration,
which promotes the formation of unstable spinels due to the presence of
Ca and Si, which are non-spinel-forming elements. It was identified in
literature studies [50-52] a BI4 range of 2-3, within which the coexis-
tence of Cr-spinel and Ca-chromate (CaCrOg4) is observed.

In the present analysis, the basicity index BI4 is determined to be 2.3.
This value suggests that the Cr leachability from the coarse slag, as
detected by the leaching test (Fig. 6) can be attributed to the presence of
an unstable spinel phase and calcium-ferrite known as brownmillerite,
which was identified through SEM-EDS analysis (Fig. 3). Furthermore,
the low content of spinel forming species such as MgO and Al;O3 can
promote V leaching [47].

In relation to the leachability of Cr, it has been observed that it ap-
pears to be correlated with the spinel formation which is influenced by
the cooling rate more than by the chromium oxide content. Indeed,
according to Roberti et al. [54], the cooling rate significantly affects the
leaching of Cr, thereby modifying the phases in the slags and their sol-
ubility, despite the original CryO3 content.

SEM-EDXS morphology and chemical composition. The characteristics
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Table 3
EAF slag chemical composition determined by XRF spectroscopy and basicity indexes. All amounts are reported in [%owt].
Si0, Al,O3 Fe,03 MnO CaO MgO P,05 TiOy Cry03 S Na,0 K,O0 F
9.4 6.4 33.8 6.9 30.2 5.9 0.5 0.4 6.1 0.1 0.4 0.0 0.1
Ca0/Al;05 [-] Al,03/8i0, [-] BI2 Ca0/SiO, [-] BI4 (CaO + Mg0)/(SiO; + Al,03) [-]
4.8 0.7 3.2 2.3

20 pm 10 um

Spectrum O Mg Al Si Ca Cr Mn Fe Spectrum O Mg Al Si Ca Cr Mn Fe Spectrum O Mg Al Si Ca Cr Mn Fe
4

1 31 7 2 6 2 12 41 1 36 3 9 7 29 2 11 1 17 4 1 9 3 11 55
2 49 1 12 34 1 3 2 29 1 2 10 47 2 10 2 24 1 1 6 58 2 2 7
3 41 3 3 3 18 1 4 27 3 20 3 2 2 6 67 3 35 3 4 5 20 2 6 26
4 55 5 23 17 4 24 2 2 1 7 3 6 55
5 38 2 3 4 22 4 5 23

Cr

! 10pm 1

I 10pm 1 I 10pm 1

Fig. 2. SEM image of EAF slag particles and map of chemical elements (Mg, Al, Si, Ca, Cr, Mn, Fe) determined through EDXS analysis.

of a filler extend beyond its chemical composition to include its accompanied by a substantial oxygen content, indicating the prevalence
morphology and size. Fig. 1 presents SEM images of EAF slag used as a of oxides, primarily those of Fe and Ca.
filler to observe its morphology. The particles exhibit irregular and To comprehensively identify chemical elements across the entire
angular geometry, with smaller particles (in the micron range) tending analysed area, mapping of Mg, Al, Si, Ca, Cr, Mn and Fe was conducted
to deposit onto larger ones. EDXS was used to identify the chemical el- on the same region depicted in Fig. 1c. The results are reported in Fig. 2.
ements present in small areas of individual particles and aggregates of It is noteworthy that spectra 1 and 2 (Fig. 1c) are enriched in Ca and Fe
multiple particles. respectively, with lower concentration of other elements. This pattern is
The chemical analysis reveals that the predominant chemical ele- evident in the elemental mapping of Fig. 2, where the two areas appear
ments correspond to those identified through XRF analysis (Table 3). to complement each other. The comprehensive elemental mapping fa-
The prominently present elements are Mg, Al, Si, Ca, Cr, Mn, and Fe, cilitates the identification of zones rich in individual elements, thus
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3 AR R
Electron Image 1

Spectrum o Mg Al Si Ca
1 35,9 7,5 72 34,5
2 21,7 3,1 9,9 0,8 79
3 35,5 0,7 14,3 2,6 279
4 24,5 7,6 3,6 0,7
5 33,1 16,7 40,7
6 20,2 45 0,8 2,3
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e,

Electron Image 1

\% Cr Mn Fe Phase
0,7 0,6 7,5 Brownmillerite
2,2 6,9 47,5 Iron Oxide (MgWiistite)
0,6 1,1 1,2 10,9 Brownmillerite
459 4,1 13,7 Chromite
1,3 8,2 Larnite

32 9,8 59,3 Iron Oxide (MgWuestite)

Fig. 3. SEM back-scattered electron (BSE) image of metallographically polished slag sample microstructure at different enlargements. a) EAF slag microstructure at
low magnification. b) EAF slag microstructure at high magnification. The table reports EDXS analysis in [%wt] and the corrispective EAF slag microstructure.

validating the EDS spectral analysis towards specific zones.

Mineralogic phases identification by scanning electron microscope (SEM)
analysis. The mineralogic phases have been identified by SEM-EDXS
analysis. Fig. 3 shows the polished surface of a slag sample at different
magnifications with the chemical analysis of the different areas associ-
ated to the various phases. In Fig. 3a it is possible to identify some bright
steel drops of rounded shape, circumvented by two main phases iden-
tified as larnite and magnesio-wiistite and some areas of chromite (in
Fig. 3b). At higher magnification, an additional phase has been identi-
fied in the form of needle-like structures, which corresponds to the
presence of brownmillerite.

Regarding larnite, literature sources [25,54,55] indicate that it un-
dergoes dissolution upon contact with water due to hydration, thereby
controlling a significant portion of the Ca concentration in the leachate.
This dissolution process, in turn, influences the final pH of the water
[53].

Consistent with the findings of Geipler et al. [38], a correlation be-
tween the leaching of Ca and V has been established. Specifically, as the
leaching of Ca increases, there is a corresponding decrease in the con-
centration of V observed in the leachate. As regard chromite, in its stable
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Fig. 4. EAF slag particles size distribution expressed as frequency and cumu-
lative frequency function of slag particles area embedded in the NBR matrix.

spinel form, it does not react with water and does not participate in any
substantial reactions. Although chromite contains chromium (Cr), it is
not directly linked to Cr leaching [54,56].

In accordance with numerous literature studies [53,54,56] brown-
millerite is identified as the primary phase associated with Cr leaching.
Although its stoichiometric formula does not explicitly include chro-
mium it is possible for chromium to substitute another atom or serve as
an interstitial addition, thereby leading to the formation of an unstable
phase.

Considering magnesio-wiistite, its dissolution has been found to be
influenced by the FeO/MgO ratio [56]. It was observed that no Cr
leaching occurred when the FeO content exceeded 70 wt% and no
dissolution higher than 60 wt%. According to Mombelli et al. [52] the Cr
presence in magnesio-wiistite is unrelated to the Cr leaching. Further-
more, it appears to contribute the reduction of the overall leached Cr.

EAF slag grain size distribution. The size of the filler is a crucial
characteristic that significantly influences the performance of the final
compound. Fig. 4 illustrates the particle size distribution expressed as
both frequency and cumulative distribution based on the surface area of
particles measured on the cryogenic fracture surfaces of slag-filled
compounds. The analysis revealed that, even though the filler was
sieved to a nominal particle size of less than 100 um, approximately 35
9% of the particles have a surface area of around 25 pm?. Additionally, 95
% of the particles have a surface area less than 625 um?2. Due to the
irregular geometry of the particles, expressing particle size in a linear
measurement unit is difficult. Assuming a conservative square geometry,
the particles have an average size of less than 30 pm.

SEM micrograph of composites fractur surface. A crucial aspect of the
filler in relation to the polymer matrix is its distribution and dispersion
within it. Fig. 5 shows the cryogenic fracture surface observed under
SEM at different magnifications for NBR60 SHA (0 % slag), NBR50 SHA
(50 % slag), and NBR45 SHA (100 % slag). The noticeable difference in
dimensions between the carbon black (not visible in Fig. 5a) and the
clearly identifiable slag particles present in the NBR 50 (50 % slag) and
NBR 50 (100 % slag) compounds (Fig. 5b and c) is immediately
apparent. Additionally, the figure shows that the slag particles are well-
distributed and dispersed within the polymer matrix. The enhances
adhesion of the matrix, is particularly notable as the particle size de-
creases. This is evident in well-incorporated particles that do not detach,
as observed in coarser particles.
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a) NBR60 (0% slag)

NBR50 (50% slag)

¢) NBR45 (100% slag
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Fig. 5. SEM micrograph (left side of the image) and backscattering (right side of the image) of cross sections of specimens broken in liquid nitrogen. a) Micrograph of
NBR60 (0% slag); b) micrograph of NBR50 (50% slag); ¢) micrograph of NBR45 (100% slag).
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Fig. 6. Leaching test CEN EN 12457-2 results of free EAF slag (grain size < 4 mm), free EAF slag (grain size < 0.1 mm), NBR filled with EAF slag at 30 %v/v (grain
size < 0.1 mm), EAF slag block incorporated into NBR and standard NBR.

Leaching test. The leaching behavior of EAF slag, both free and correlation between the slag grain size and its leaching behavior
incorporated into the NBR matrix, is shown in Fig. 3. As aforementioned, [21,54,57]. In fact, a higher surface/volume ratio of slag particles leads
free slag leaching test has been conducted both according to the stan- to increased leaching of elements due to a larger contact area between
dard CEN-EN 12457-2 [31] (slag grain size lower than 4 mm) and on the solid and liquid phases. Nevertheless, while this was observed for Mo
slag grain size lower than 100 um. Several studies demonstrated a leaching, it was found that EAF slag with a coarse grain size leaches
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higher amounts of Cr and V compared to fine grained slag (with a grain
size lower than 100 pm). This behavior can be related to the influence of
basicity as detailed in XRF analysis. A higher dissolution of larnite im-
plies a higher Ca concentration in the leachate and in turn reduces the V
leaching [58]; analogously also other elements move into the leachate
varying pH and more evidently the electrical conductivity. This is
evident as high larnite fraction increases the ion concentration (Al, Ca
and Ba) in the leachate; since electrical conductivity is a non-selective
ions measurement method, it is highly sensitive to the slag grain size.

Concerning the leaching test results of EAF slag incorporated into
NBR it is noticeable that it is well below the threshold limits imposed by
the Italian legislation both as for material reuse (Ministerial Decree 5/4/
06 [59]) and for disposal as inert material (Ministerial Decree 30/8/05
[60D).

The different V leaching between free fine slag and fine slag incor-
porated in the polymeric matrix could be attributable to the high het-
erogeneity of the slag and its sampling, nevertheless the inertizing effect
of the polymer matrix is still appreciable.

3.2. Composites characterization

3.2.1. Processability

Rheometric curves and parameters. In order for rubber to show its well-
known elastic behavior, raw rubber compounds must be vulcanized, i.e.
the molecular chains must be weakly crosslinked. In particular, vulca-
nization or curing is a technical term used when the crosslinking agent is
sulfur. The study of vulcanization kinetics is very important to deter-
mine the operating window, the production process parameters setup,
and very useful information can be acquired by the parameters collected
from the curing rheometric curves.

Fig. 7 shows a comparison of measured rheometric curves (Fig. 7a)
and parameters (Fig. 7b) for rubber compounds filled with CB, specif-
ically standard compounds known as NBR60 (0 % slag), NBR50 (0 %
slag), NBR45 (0 % slag), as well as NBR compounds filled with EAF slag
NBR50 (50 % slag), NBR45 (100 % slag). The rheometric parameters
under consideration include the minimum measured torque (M) which
is roughly related to the rubber compound viscosity, the highest torque
(My) which relates to the physical properties of the cured material
(cured state), and the time related to scorch (ts2) and the curing kinetics
(tgp). The parameter tsy represents the time required to increase My, of 2
dN while tq indicates the time needed to achieve the 90 % complete
state of cure (from My, to My). These parameters hold significance in
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assessing industrial operating window. On one hand, the material
should vulcanize rapidly to reduce cycle time, increase productivity and
lower costs. On the other hand, if vulcanization occurs while the ma-
terial is still flowing in the channels, it may result in the production of
defective parts.

The comparison reported in Fig. 7 allows the following consider-
ations: (i) My, and My of CB filled rubber compounds decrease with
decreasing the filler content due to a higher volume fraction of polymer;
(ii) My, of EAF slag filled NBRs is significantly lower than that of NBR 60
(0 % slag) although the equal filler volume fraction, and it is slightly
lower than that of CB filled NBRs at equal hardness. This discrepancy
can be attributable to the different fillers surface area, to which the
polymer can adhere and be adsorbed, leading to a mobility reduction.
Regarding the curing kinetics: (iii) both at an equal filler volumetric
fraction and at equal hardness (especially hardness 50 ShA), the scorch
time (tg2) of slag filled compounds shows a slight extension; (iv) the cure
time, associated to tgg, remains unaltered.

The findings related to the rheometric curve parameters reveal a
good processability of the slag filled compounds thanks to a lower vis-
cosity and extended scorch time without affecting the global production
cycle time without manifest reversion in rheometric curves.

3.2.2. Physicochemical characterization

Swelling test. Fig. 8shows the crosslink density of vulcanized CB filled
NBRs (0 % slag), and slag filled NBR45 (100 % Slag) and NBR50 (50 %
slag) determined by swelling test performed both in toluene and THF.

The investigation revealed that the crosslink density, determined
using toluene as the solvent, was slightly higher compared to the
crosslink density determined using THF. However, despite this small
difference, the results obtained from both solvents were in good agree-
ment, indicating a high level of test reliability.

When comparing compounds with equal filler volume fraction, it was
observed that the crosslink density is higher in compounds containing
CB (i.e., NBR60 (0 % slag) and NBR50 (50 % slag)) compared to NBR45
(100 % slag). This can be attributed to the well-known CB surface ac-
tivity [61], as well as the coarser size and unstructured geometry of slag
particles. The latter characteristics lead to reduced interaction between
the polymer and the filler, resulting in a lower crosslink density and
diminished macromolecular mobility. This effect is evident both in
terms of hydrodynamic effects and the bound rubber. As expected, in CB
filled NBRs with increasing the filler content (from NBR45 (0 % slag) to
NBR 60 (0 % slag)) the crosslink density increases due to greater surface
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Fig. 7. Rheometric curves and parameters of CB filled NBR60 (60 ShA), NBR50 (50 ShA), NBR45 (45 ShA), 100% EAF slag filled NBR and 50% EAF slag filled NBR.
a) Rheometric curves; b) Rheometric parameters: ML and MH are the lowest and highest torque, respectively, measured by the rheometer; ts2 is the time required to
increase ML of 2 dN and t90 is the time required to reach the 90% of complete cure.
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Fig. 8. Crosslink density of CB filled NBR60 (60 ShA), NBR50 (50 ShA), NBR45 (45 ShA), 100 % EAF slag filled NBR and 50 % EAF slag filled NBR. Swelling test 48 h,

Toluene and THF at room temperature.
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Fig. 9. Bound rubber content of CB filled NBR60 (60 ShA), NBR50 (50 ShA),
NBR45 (45 ShA), 100 % EAF slag filled NBR and 50 % EAF slag filled NBR.
Immersion in toluene for 7 days.

of interaction promoting the bound rubber formation [62,63]. It is
interesting to notice that at equal compounds hardness the slag filled
NBRs present a higher crosslink density downstream to lower swelling.
As the crosslink density determined by the Flory Rehner equation [64] is
based on the experimental results of the swelling behavior, the afore-
mentioned behavior of the materials at equal hardness can be related to
a higher swelling of the CB filled elastomers due to the lower filler
volume fraction.

Bound rubber content. To investigate deeply the filler-matrix inter-
action the bound rubber content is determined (Fig. 9). The bound
rubber content serves as a measure of the uncured polymer fraction
whose macromolecules are constrained to the filler surface and cannot
be detached even by a good solvent. The experimental results revealed

no significant differences between the different fillers at equal volume
fraction. However, it is important to highlight that the slag surface area
is significantly lower than that of CB, indicating a potential interaction
between the NBR and slag. The EAF slag has an ionic chemical nature
due to presence of metal oxides, therefore an ionic interaction with the
acrylonitrile monomer of the NBR elastomer can be hypothesized. For
example, the hydrophilic surface of silica may create an interaction with
acrylonitrile groups in NBR. Regarding the CB filled NBRs, consistently
with the swelling test results (Fig. 8), it was observed that a decrease in
the CB content, corresponded to a reduction in the surface area of
interaction between the filler and the matrix. Consequently, this led to a
decrease in the measured bound rubber content.

3.3. Mechanical characterization

Tensile test. Fig. 10 shows the stress strain curves of NBR compounds at
equal filler volume fraction, namely NBR60 (0 % slag), NBR45 (100 %
slag) and NBR50 (50 % slag) as solid lines. The NBR compounds with
hardness equal to that of slag filled NBRs, are represented as dotted lines.

As expected, NBR60 (0 % slag) shows the highest tensile strength,
which is proportionally reduced by increasing the slag content. Analo-
gously, it decreases with decreasing the standard NBRs hardness. It is
interesting to note that the substitution of CB with slag does not
significantly reduce the elongation at break. Conversely, in the case of
NBR 50 % Slag, it is slightly increased. As regards the comparison be-
tween the slag filled NBRs and the standard ones at equal hardness,
NBR50 (50 % slag) exhibits a higher elongation at break (approximately
+ 25 %) but a lower stress at break (approximately —15 %). NBR45 (100
% slag) exhibits a similar elongation at break, but markedly lower stress
at break (approximately —65 %). Nevertheless, it is possible to affirm
that NBR50 (50 % slag) shows superior tensile behavior compared to the
standard NBR45 (0 % slag).

Fig. 10b shows the tensile elastic moduli of the tested materials: the
modulus (E) was determined as the slope of the tangent to the first linear
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Fig. 10. a) Engineering stress optical strain tensile curves of CB filled NBR (60 ShA), NBR50 (50 ShA), NBR45 (45 ShA), 100 % EAF slag filled NBR and 50 % EAF slag
filled NBR. Displacement rate 100 mm/min, room temperature, ISO 37 type 2; b) Initial elastic modulus and secant elastic modulus at 100 % strain of CB filled NBR
(60 ShA), NBR50 (50 ShA), NBR45 (45 ShA), 100 % EAF slag filled NBR and 50 % EAF slag filled NBR.

section of the stress strain curve (up to 5 % strain), while E(100 %) was
determined as the slope of the secant at 100 % strain. It was observed, as
expected, that NBR60 (0 % slag) exhibits the highest moduli. Further-
more, it was found that the EAF slag filled NBR displays a modulus
slightly higher than that of the standard NBR at equal hardness level.

However, when considering E(100 %), the modulus of the slag-filled
NBRs is slightly lower than that of the standard CB filled NBRs at equal
hardness.

Based on the results obtained from the tensile test, it can be
concluded that the partial CB replacement with EAF slag does not lead a
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significant drop in tensile properties when comparing materials of equal
hardness. Moreover, it is possible to state that the NBR 50 % slag pre-
sents improved tensile properties with respect to standard NBR hardness
45 ShA.

Ageing behaviour. The study evaluated the tensile behavior of com-
pounds containing chemical elements not found in conventional fillers,
such as Fe, Mn and Cr. The evaluation was based on the percentage
change in tangent modulus, secant modulus at 100 % strain and strain at
break after natural ageing in air for 18 months and further accelerated
ageing at 100 °C for 48 h. The results are shown in Fig. 11.
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Fig. 11. Percentage change in tensile properties of CB filled NBR (60 ShA), NBR50 (50 ShA), NBR45 (45 ShA), 100 % EAF slag filled NBR and 50 % EAF slag filled
NBR after natural ageing in air for 18 months and further ageing at 100 °C for 48 h; a) tensile modulus; b) secant modulus at 100 % strain; c) stress at break; d) strain
at break.
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In general, it can be seen that the materials stiffen (increase in E and
E(100 %)). This behavior is well known and is due to various factors
such as oxidative cross-linking, migration of additive particles on the
surface and changes in the mechanical properties of the rubber. Thermal
oxidative ageing causes heterogeneous oxidation of NBR, resulting in
cross-linking and an increase in tensile modulus, while tensile elonga-
tion tends to decrease [65]. This trend can be attributed to further cross-
linking of the polymer chains, resulting in a tighter and denser molec-
ular network. This limits chain movement and reduces the flexibility and
elongation capacity of the NBR without breaking. In addition, any
plasticizing additives mixed into the compound can leach out over time.
Their loss leaves a stiffer and more fragile rubber network with lower
ultimate elongation.

For NBR standards (0 % slag), there is no significant difference in
stiffness for different degrees of hardness. However, NBRs containing
slightly more plasticizer (NBR50 and NBR45) show a significant increase
in stress at break and a slight reduction in elongation at break. This can
be attributed to a lower loss of plasticizer with an increase in cross-
linking density.

For NBRs filled with slag, the percentage increase in E(100 %) after
ageing is inversely proportional to the slag content. Similarly, the tensile
modulus (E) of the NBRs filled with slag, especially NBR50 (50 % slag)
shows a smaller percentage increase after aging compared to NBR60 (0
% slag). After ageing, the percentage change in stress and strain at break
was not significantly different between NBR60 (0 % slag), NBR50 (50 %
slag), and NBR45 (100 % slag). The only exception was that NBR45
(100 % slag) showed a slightly greater reduction in strain at break
compared to the others.

These results suggest that the chemical elements present in the slag
do not significantly accelerate compound ageing. In fact, they may even
slow it down, especially in the NBR50 material (50 % slag), where the
percentage variation of the observed properties is always lower or at
least equal to that of CB filled NBR (0 % slag).

Compression test. Among the main applications of NBR compounds
are seals and gaskets, where the main stress state is compression.
Therefore, the compressive behavior of these rubber compounds has
been investigated through various testing methods, including short term
evaluations such as the static compression test, as well as long term
assessments such as stress relaxation and permanent set tests.

Fig. 12a illustrates the compression stress strain curves of NBR60 (0
% slag), NBR45 (100 % slag) and NBR50 (50 % slag) represented by
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solid lines. In order to assess the mechanical behavior of EAF slag filled
NBRs in comparison to standard NBRs (0 % slag) and explore the po-
tential for producing more sustainable materials, the compression stress
strain curves of standard NBR compounds (NBR45 (0 % slag) and NBR50
(0 % slag)) with hardness 45 ShA and 50 Sha respectively are also re-
ported in Fig. 7a, represented by dotted lines.

The investigation revealed that NBR60 (0 % slag) shows the highest
stress strain curve in compression. However, it is interesting to note that
NBR45 (100 % slag) exhibits a similar compressive behavior of standard
NBR50 (0 % slag) and displays superior compressive performance with
respect to standard NBR45 (0 % slag). Fig. 12b shows the compression
elastic modulus of the materials under investigation. The compression
elastic modulus was determined by calculating the slope of the tangent
to the first section of the stress strain curve (up to 3 % strain). The results
indicated, as expected, that NBR60 (0 % slag) exhibited the highest
compressive modulus. However, it is noteworthy that the EAF slag filled
NBR displayed a slightly higher compressive modulus compared to
standard NBR at the same hardness level.

Based on the results obtained from the compression test, it is possible
to state that the EAF slag filled NBRs present comparable or potentially
enhanced compression properties compared to standard NBRs at
equivalent hardness. This outcome offers significant economic and
environmental advantages.

Stress relaxation. Fig. 13a shows the stress relaxation curves as a
function of time at a 25 % strain of CB filled NBRs (0 % slag), and slag
filled NBR45 (100 % Slag) and NBR50 (50 % slag). The compression test
results revealed that with increasing the compounds hardness the stress
reached at 25 % strain increases, according to the compression test re-
sults. However, it is interesting to notice that the stress relaxation curves
of slag filled NBRs and CB filled NBRs at equal hardness levels are almost
perfectly overlapped. Fig. 8b presents the stress relaxation expressed as
the percentage of stress reduction at 300 s of the tested materials. It was
observed that the stress relaxation of EAF slag filled rubber compounds
was comparable to that of standard NBR60 (0 % slag). Moreover, it is
slightly higher compared to that of standard NBRs equal hardness levels
(NBR45 (0 % slag) and NBR50 (0 % slag)). This behavior can be
attributed to the lower rubber fraction present in NBR60 due to higher
CB content. At a 25 % strain, the higher hardness of NBR60 (0 % slag)
results in localized higher stress on the lower rubber fraction compared
to NBR45 (0 % slag) and NBR50 (0 % slag). In the same way, the
comparison at equal hardness highlights a lower stress relaxation in
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Fig. 12. a) Engineering stress strain compressive curves of CB filled NBR (60 ShA), NBR50 (50 ShA), NBR45 (45 ShA), 100 % EAF slag filled NBR and 50 % EAF slag
filled NBR. Displacement rate 10 mm/min; b) Initial elastic modulus of CB filled NBR (60 ShA), NBR50 (50 ShA), NBR45 (45 ShA), 100 % EAF slag filled NBR and 50
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Fig. 14. Compression set of CB filled NBR60 (60 ShA), NBR50 (50 ShA), NBR45
(45 ShA), 100% EAF slag filled NBR and 50% EAF slag filled NBR.

standard NBRs (CB content 14 %v/v and 16 % v/v) due to the lower
filler volume fraction with respect to the slag filled NBRs (21 %v/v).

Permanent set. Permanent set is an additional method employed to
assess the stress relaxation characteristics of a rubber material. It eval-
uates the material ability to recover an imposed deformation maintained
for a fixed time at a designated temperature.

The permanent set in compression, i.e. the compression set as the
permanent deformation of CB filled NBRs (0 % slag), and slag filled
NBR45 (100 % Slag) and NBR50 (50 % slag) is illustrated in Fig. 14.

It was observed that, at an equal filler volume fraction, the rubber’s
ability to recover its original dimensions is only minimally reduced with
increasing slag content. This reduction is reflected by an increase in
compression set.

As regards the comparison at equal hardness, it is possible to notice
that the slag filled NBRs exhibit higher compression set values. Moreover,
the results obtained for NBR45 (0 % slag) and NBR50 (0 % slag) appear in
agreement with the stress relaxation results. Nevertheless, it is important
to highlight that a compression set (at 100 °C, for 24 h, at 25 % strain)
lower than 15 % is considered indicative of good elastic behavior.

The experimental results regarding the viscoelastic behavior of the
compounds, specifically stress relaxation and permanent set, were found
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to be mutually consistent. In particular it was observed that at equal
filler fraction, despite the notable difference in filler particle size
affecting the surface area of interaction with the matrix, no significant
differences have been detected. On the contrary, at equal hardness, it
was found that the slag-filled compounds are more prone to rearrange
their internal material structure when subjected to an enforced
deformation.

Mullins effect. Rubber compounds exhibit a viscoelastic effect char-
acterized by stress softening and recovery hysteresis during cyclic de-
formations. When subjected to cyclic strain-controlled loadings,
elastomers reinforced with fillers demonstrate significant softening.
While extensively investigated, the underlying mechanism remains un-
clear [66]. The physical explanation of the Mullins effect involves factors,
including bound rupture, molecules slipping on the filler surface (due to
weak filler-matrix interaction resulting from low adsorption), filler
aggregate rupture, and disentanglements, as well as the double layer
model describing the double-layer structure of bound rubber embedded in
a crosslinked rubbery matrix, according to the literature [66].

Fig. 15 shows the experimental results of the stress-strain curves
under cyclic loading and the percentage variation of the relative hys-
teresis area between the first and third cycles.

It is observed that compounds with the same volume fraction of filler
exhibit a larger hysteresis area at the first cycle than the two standard
compounds with the same hardness (NBR50 (0 % slag) and NBR45 (0 %
slag)). The results suggest higher material dissipation, likely due to a
different interaction between the polymer and filler. This could be
attributed to differences in surface area and interaction strength. The
coarser particle size of the slag, compared to carbon black, may be
responsible for the observed behaviour, possibly due to the sliding of
macromolecules on the surface of the slag particles.

From the third loading cycle onwards, the behaviour becomes stable.
The percentage variation of the hysteresis area shown in Fig. 15b has
been evaluated. It can be observed that, especially at 50 % strain, the
NBR compounds at equal filler volume fraction show a dissipation
decrease, while in carbon black-filled compounds it decreases slightly as
the CB content decreases. It is important to note that the analysis of the
hysteresis area at 50 % strain was conducted after a preliminary series of
loading cycles at 25 %. As a result, the material has partially settled,
resulting in a smaller percentage change.

Dynamic mechanical analysis. The dynamic-mechanical behavior is
investigated by analyzing the tensile storage modulus (E’) as a function
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Fig. 15. a) Uniaxial tension stress strain curve during the first and the third cycles of cyclic loading at different strain levels (25% and 50%) of CB filled NBR60 (60
ShA), NBR50 (50 ShA), NBR45 (45 ShA), 100% EAF slag filled NBR and 50% EAF slag filled NBR; b) dissipation at different strain levels (25%, 50%) calculated as the
percentage change in the area subtended by the stress—strain curve between the first and third load cycles.
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Fig. 16. a) storage modulus (¢) as a function of strain amplitude and b) payne effect [%] as the percentage reduction of the storage modulus from the low
deformation amplitude plateau to the high deformation amplitude plateau of CB filled NBR (60 ShA), nbr50 (50 ShA), nbr45 (45 ShA), 100 % EAF slag filled NBR and

50 % EAF slag filled NBR (1 Hz, room temperature).

of the strain amplitude, as shown in Fig. 16a. In the range between 0.01
and 50 % of strain amplitude it is possible to observe the low strain
amplitude storage modulus plateau, a sharp reduction and a high strain
amplitude storage modulus plateau for all tested materials. When this
last plateau is not steadily reached, the value of E’ at 100 % strain is
considered indicative of the plateau level. Fig. 16 illustrates the storage
modulus as function of strain amplitude as well as the storage modulus
percentage reduction from the low deformation amplitude plateau to the
high deformation amplitude plateau, commonly referred to as the Payne
effect. It is possible to observe that the storage modulus, measured at low
strain amplitude, decreases with increasing the slag content. This
observation is supported by viscosity measurements and the tensile
elastic modulus. When comparing NBR with different levels of slag
content to standard NBRs of equal hardness, it is evident that standard
NBR exhibits lower storage and loss moduli.
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Notably, the storage modulus curve of NBR60 (0 % slag) exhibits the
highest dynamic storage modulus across the entire range of strain am-
plitudes investigated, in comparison to NBR45 (100 % slag) and NBR50
(50 % slag). On the other hand, NBR50 (0 % slag) and NBR45 (0 % slag)
show a less pronounced non-linear behavior. This non-linear effect or
else Payne effect, is shown in Fig. 16b.

The Payne effect is believed to be associated with the filler-filler
interaction and the rubber-filler interactions. Consequently, it is ex-
pected to increase with the CB content in standard NBRs due to the
formation of a filler network and the larger surface area available for
rubber-filler interactions (known as bound rubber) [61]. Consequently it
is expected a Payne effect increase with increasing the CB content in
standard NBRs due to the formation of a filler-filler network and the
larger filler surface area [67]. It is interesting to note that NBR45 (100 %
slag) shows a non-linear effect almost equivalent to that of NBR60 (0 %
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slag), and higher than that of NBR50 (0 % slag) and NBR45 (0 % slag).

This behavior is assumed to be related to the interaction between
slag and NBR, which appears to be effective despite the significant dif-
ference in grain size between CB and slag, resulting in a much smaller
surface area for the slag.

4. Conclusion

CB is the most widely used as a reinforcing filler in rubber, but its
production from the partial combustion of heavy hydrocarbons con-
tributes to an enormous carbon footprint. Given the growing demand for
rubber quality and the escalating cost of raw materials, there are several
concerns regarding the traditional petroleum-based CB filler. Factors
such as rising hydrocarbon prices and the non-degradability of
petroleum-based CB pose significant environmental challenges. Conse-
quently, the pursuit of sustainable alternatives to CB is crucial.

e For these reasons, sustainable alternatives to CB are being studied.
The present study proposed the EAF slag, the main by-product of the
steel industry, as a promising filler for NBR. The effect of slag as a
substitute for CB both at equal filler volume fraction and equal
hardness was investigated. The key findings can be summarized as
follows: The slag mineralogical composition primarily consists of
larnite, iron oxide, chromite in smaller quantities and minimal areas
of brownmillerite.

Incorporating EAF slag particles as filler in NBR matrix reduces the
leaching of Cr, V, and Mo, as well as eluate pH and electrical con-
ductivity. Consequently, the resulting compounds meet the criteria
for reuse (Italian Ministerial Decree 5/4/06 [59]) and for disposal as
inert material (Italian Ministerial Decree 30/8/05 [60]);

The presence of slag as a CB replacement does not significantly affect
the crosslinking kinetics, indicating comparable processability
characteristics;

e The mechanical properties of slag filled compounds demonstrate
their potential as alternatives to standard compounds in terms of
both short and long term mechanical performance (viscoelastic and
ageing behavior);

Extensive investigations into the filler-matrix interaction, including
crosslink density, bound rubber content of uncured compound and
Payne effect, provide compelling evidence of interaction between
slag and NBR.

In conclusion, the study established that EAF slag-filled NBRs can
effectively be used as an alternative to standard compounds. Further
research can focus on tailoring formulations to meet specific application
requirements. Moreover, among the evident environmental benefits,
also economic advantages may be drawn by the actors involved in this
new application of EAF black slag: on one side the steel mills avoid the
slag disposal cost and on the other side the rubber compounders incur a
lower raw material cost.
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