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A B S T R A C T   

Reinforcement of polymers by the addition of particles filler is a complex phenomenon that depends mainly on 
the hydrodynamic effect and a complex interplay between polymer, filler, and interfacial region. Mineral fillers 
are usually adopted as low-cost extenders due to their lower cost. 

In this study, the influence of a waste material such as electric arc furnace steel slag is assessed as filler for 
Nitrile-Butadiene Rubber following experimental procedures and analytical calculations adopted for traditional 
fillers. It was found that the slag content affects the static and the dynamic properties by increasing the material’s 
capability to storage and dissipate energy. In addition to an important contribution of the hydrodynamic effect, 
the presence of an increasing immobilized rubber fraction around the slag particles (quantified by a differential 
scanning calorimetry analysis) plays a central role. The slag stiffens the NBR composite; the increase of static 
tensile and dynamic shear storage moduli was found to be consistent with the Halpin-Tsai and Guth-Gold pre-
vision models respectively. Moreover, the non-linear dynamic behavior was found to be well-fitted by the Kraus 
equation models. The reinforcing ability of the slag particles as filler was confirmed by the negative slope of the 
Kraus plot on swelling data.   

1. Introduction 

Elastomers are important polymeric materials due to their excep-
tional elastic properties. However, for the many different practical ap-
plications, the addition of a reinforcement is essential to enhance the 
mechanical properties of these polymeric matrices [1–4]. Fillers are 
widely used in the rubber industry, as reinforcing, to facilitate the 
rubber production process or, to lower the final material cost [1]. Due to 
this, in rubber science and technology, the topic of rubber reinforcement 
can be considered one of the most important. 

Reinforcement of polymers, by the addition of particles filler, is a 
complex phenomenon depending on numerous aspects including the 
hydrodynamic effect and an intricate interplay between the properties of 
the individual constituent phases: the polymer, the filler, and the 
interfacial region [5–8]. The actual reinforcement is deeply influenced 
by the arrangement of the particles which in the case of carbon black are 

dispersed as fractal aggregates because of the surface activity of the 
particles that results in a filler-filler interaction. The filler-polymer 
interface is another significant factor affecting the macroscopic prop-
erties of filled polymers [9–11]. The existence of a rigid layer at the 
polymer-filler interface has been established by several authors [12–14]. 
Assuming a glass transition temperature gradient away from the particle 
interface, a mesoscale model to explain the reinforcement of elastomers 
in both linear and non-linear regimes (Payne effect) has been developed 
by Merabia et al. [15–17]. According to this model, the glassy layer 
formed around the filler particles is responsible for the reinforcement as 
it acts as a bounding agent between the particles, making its effect 
stronger when combined with the percolation of the filling network 
[15]. The fillers often used to modify the properties of NBR are mainly 
carbon black, silica, and fibers [16–19]. According to the reinforcing 
performance, the rubber fillers can be divided into reinforcing fillers and 
non-reinforcing fillers. 

* Corresponding author. 
E-mail addresses: a.gobetti@unibs.it (A. Gobetti), giovanna.cornacchia@unibs.it (G. Cornacchia), marco.lamonica@enea.it (M. La Monica), annalisa.zacco@ 

unibs.it (A. Zacco), laura.depero@unibs.it (L.E. Depero), giorgio.ramorino@unibs.it (G. Ramorino).  

Contents lists available at ScienceDirect 

Results in Engineering 

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

https://doi.org/10.1016/j.rineng.2023.100987 
Received 13 January 2023; Received in revised form 16 February 2023; Accepted 24 February 2023   

mailto:a.gobetti@unibs.it
mailto:giovanna.cornacchia@unibs.it
mailto:marco.lamonica@enea.it
mailto:annalisa.zacco@unibs.it
mailto:annalisa.zacco@unibs.it
mailto:laura.depero@unibs.it
mailto:giorgio.ramorino@unibs.it
www.sciencedirect.com/science/journal/25901230
https://www.sciencedirect.com/journal/results-in-engineering
https://doi.org/10.1016/j.rineng.2023.100987
https://doi.org/10.1016/j.rineng.2023.100987
https://doi.org/10.1016/j.rineng.2023.100987
http://crossmark.crossref.org/dialog/?doi=10.1016/j.rineng.2023.100987&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Results in Engineering 17 (2023) 100987

2

In this context, the present research evaluates the influence of a 
waste material such as an electric arc furnace (EAF) steel slag as a filler 
in a Nitrile-Butadiene Rubber (NBR). Steel slag is the main scrap of the 
steel industry and consists of about 10–15% by weight of the produced 
steel [20–22]. Europe produces annually about 60 million tons of EAF 
slag so that it is needed to investigate new applications in order to 
promote the use rate of waste, conserve natural resources, and reduce 
landfilling. Since, according to Pisciotta [23], the chemical composition 
of EAF slag consists mainly of calcium oxide (CaO), silicon dioxide 
(SiO2), and iron oxides (FeO), it can be assimilated to natural effusive 
rocks of volcanic origin. This composition makes the EAF slag compliant 
to be reused as artificial aggregate in the building sector [24–26]. 
Nevertheless, unfortunately still a huge quantity is disposed of in land-
fills so the investigation of new applications is of fundamental relevance. 

The EAF slag has been investigated for the first time as a filler in 
polymer matrices by Cornacchia et al., in 2015 [27]. Recently the EAF 
slag has been proposed as an alternative filler for epoxy screeds [28] and 
its influence was assessed also in elastomeric matrixes [29–31]. 

In this study, a commercial NBR has been filled with an increasing 
volume fraction of EAF slag in order to propose an alternative use of the 
main steel industry scrap as a low-cost filler for vulcanized rubber. The 
reinforcing effect of this new filler was evaluated following the same 
experimental procedures and analytical calculations adopted in evalu-
ating the reinforcing effect of traditional fillers. 

In particular, static and dynamic tests have been performed with the 
aim to assess the influence of the EAF slag as filler on tensile properties 
and dynamic behavior. The results showed that with increasing the filler 
presence the NBR composite stiffens; the increase of static tensile and 
dynamic shear storage moduli was found to be consistent with the 
Halpin-Tsai and Guth-Gold prevision models respectively. Moreover, the 
non-linear dynamic behavior was found to be well-fitted by the Kraus 
equation models [32,33]. The reinforcing ability of the slag particles as 
filler was evaluated by the swelling test, in particular, the crosslink 
density determined by the Flory-Rehner equation increased with the 
filler volume fraction and the Kraus equation [32,34] showed a rein-
forcing effect of EAF slag as filler. 

The immobilized rubber fraction around the filler particles (bound 
rubber), has been quantified by differential scanning calorimetry (DSC) 
analysis [10]. 

In summary, the experimental results highlighted how an industrial 
waste such as the EAF slag can be valorized as secondary raw material 
for a dissimilar sector such as that of polymers with consistent envi-
ronmental and economic benefits given by the avoided landfilling 
disposal and by the saving of virgin raw material. From a technical point 
of view, it was found that this non-conventional filler can be studied 
experimentally and via analytical modeling in the same way as other 
conventional fillers. 

2. Experimental 

2.1. Materials 

The effect of EAF slag as filler for NBR has been evaluated on 4 
different compounds added with different amounts of filler and the re-
sults have been compared to that of standard NBR. The vulcanized 
rubber used as matrix is a Nitrile Butadiene Rubber (NBR), nominal 
hardness 70 Shore A (carbon black 40 phr, sulfur vulcanized) provided 
by Novotema Spa (Villongo, Bergamo, Italy). 

In summary, the tested compounds are:  

• Standard NBR: the material is processed as supplied by the 
compounder only by compression molding. A certain amount of 
uncured rubber is placed as such between the two half-molds, which, 
when closed and heated, form and vulcanize it;  

• EAF slag filled NBR at 0, 5, 10, 20, and 30% v/v is processed by 
calendering followed by compression molding. A certain amount of 

uncured rubber is calendered with EAF slag (from 0 to 30% v/v) in 
order to distribute and disperse the filler particles in the rubber 
matrix, then the obtained compound is placed as such between the 
two half-molds which, when closed and heated, form and vulcanize 
it. For safe of clarities, the calendering would not be required for NBR 
0% as it does not contain the slag as filler. 

The slag was supplied by the company ASONEXT Spa (Ospitaletto 
BS, Italy) steelmaking plant. The slag in use in this research has been 
produced by a specific system named Slag-Rec [35,36] for dry granu-
lating EAF molten slag. This technique allows to keep the slag phase 
transformations and final mineralogical constitution under control. The 
slag employed as filler in the elastomeric matrix has been ground by 
manual pulverizing mill for a grinding time of 25 s for each 100 g of slag. 

The pulverized EAF slag has been sieved to exclude particles larger 
than 106 μm (sieve mesh 140). 

2.2. Methods 

2.2.1. EAF slag characterization 

2.2.1.1. X-ray fluorescence spectroscopy (XRF). The X-ray fluorescence 
was used to determine the chemical composition of the EAF slag which is 
reported in Table 1. 

2.2.1.2. X-ray diffraction (XRD). Crystalline phases identification of the 
slag was carried out by XRD analysis performed by a diffractometer 
equipped with an X’Celerator detector and Cu anode (CuKα = 0.15406 
nm), operating at 40 kV and 40 mA, on pulverized and sifted slag. In 
Fig. 1 the X-ray diffraction pattern of the slag sample [37] is shown. 

2.2.1.3. Scanning electron microscope (SEM-EDXS) analysis. Another 
useful technique useful for the morphological and elemental analysis of 
the phases is the analysis performed by Scanning Electron Microscopy 
(SEM) integrated with Energy Dispersive X-ray Spectrometry (EDXS) 
[38]. The EAF slag sample was analyzed after being polished. In Fig. 2 
the SEM-EDXS analysis carried out on a metallographically polished 
sample utilizing back-scattered electron (BSE) mode is reported. 

2.2.1.4. Leaching behavior. The leaching of Molybdenum, Chromium, 
and Vanadium has been determined in accordance with the standard 
CEN - EN 12457–2 [39]. For this analysis the slag has been ground by a 
mortar and successively sieved to obtain a grain size <4 mm. The 
leachates have been analyzed by an Avio 200 ICP Optical Emission 
Spectrometer to measure the concentration in the solution Cr, Mo, and 
V. 

Since it was found that the slag grain size affects its leaching 
behavior [40], the leaching test was performed also on free EAF slag of a 
grain size lower than 106 μm in order to evaluate the shielding capa-
bility of the rubber matrix that incorporates the filler. The leaching of 
standard NBR and an EAF slag block completely incorporated in NBR 
were also performed. The results of the leaching test are given in Fig. 3. 

2.2.2. EAF slag filled NBR characterization 

2.2.2.1. Tensile test. Mechanical tensile tests were performed at room 
temperature and a cross-head rate of 100 mm/min on test pieces of 50 
mm length (distance between the grips of about 30 mm) and 4 mm width 
according to the standard ISO 37:2017 type 2 [41]. 

2.2.2.2. Scanning electron microscope (SEM) analysis. The morphology 
and distribution of slag particles in the NBR composites were assessed by 
SEM observations of cross-sections of specimens broken in liquid ni-
trogen after coating the surface with sputtered gold. 
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2.2.2.3. Dynamic mechanical analysis (DMA). Rectangular specimens 
(nominal dimension 8 × 4x2mm) were cut from the rubber sheets. 

Dynamic mechanical tests were performed in the shear sandwich 
configuration and frequency of 1 Hz with increasing shear strain 
amplitude (between 0.02 up to the maximum applicable strain, ac-
cording to the machine bearing capabilities of 18 N). For each test, at 
least three repetitions were performed. 

2.2.2.4. Swelling. For the swelling test rectangular samples of about 
500 mg (m0) were cut and immersed in toluene in sealed glass tubes for 
48 h at room temperature. The samples were then weighed (ms) and 
dried in an oven with a suction system at 80 ◦C for 48 h before being 
weight again (md). The swelling coefficient is determined as shown in 
Equation (1): 

Swelling coefficient [%] =
ms − m0

m0

1
ϱS

(1) 

Where ρs is the density of the swelling agent, i.e. toluene 0.867[g/ 
cm3]. 

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 [42–44] 
(Equation (2)): 

ν= −
ln
(
1 − vRf

)
+ vRf + χv2

Rf

vRf
1/3 −

2vRf
f

1
Vs

(2)  

where: 
ν is the crosslink density [mol/cm3]. 
Vs = 106.52 (m3/mol) is the toluene molar volume; 
f = 4 for tetra functional network junctions; 
χ is the Flory–Huggins solvent–polymer interaction parameter; 
vRf is the volume fraction of elastomer in the swollen mass, deter-

mined according to Ellis and Welding equation [4] Equation (3). 

vRf =

w2
ϱc

w2
ϱc
− w1

ϱS

(3)  

where: 
w2 is the weight fraction of the compound in the swollen specimen; 
w1 is the weight fraction of the solvent in the swollen specimen; 
ρs is the density of the swelling agent; 

Table 1 
First line: EAF slag chemical composition determined by X-ray fluorescence spectroscopy; all amounts are reported in wt%. Second line: different basicity indexes.  

SiO2 Al2O3 Fe2O3 MnO CaO MgO P2O5 TiO2 Cr2O3 S Na2O K2O F 

9.5 7.6 40.2 5.6 29.8 3.6 0.5 0.4 2.3 0.1 0.4 [/] [/] 

Basicity CaO/Al2O3 Al2O3/SiO2 IB2 CaO/SiO2 IB4 (CaOþMgO)/(SiO2þAl2O3) 

0.6 3.9 0.8 3.2 2.0  

Fig. 1. X-ray diffraction pattern collected from EAF slag sample and crystalline 
phases identification. (ICDD reference numbers: 00-033-0302 Larnite; 00-030- 
0226 Brownmillerite; 01-084-0308 Hematite; 01-079-0418 Magnetite; 01- 
077-2355 Wustite). 

Fig. 2. SEM back-scattered electron (BSE) image of slag microstructure [%wt] with its EDXS analysis on a metallographically polished sample.  

Fig. 3. Leaching test CEN EN 12457–2 results of EAF slag (grain size <4 mm), 
free EAF slag, NBR filled with EAF slag at 30%v/v (grain size <106 μm), EAF 
slag block incorporated into NBR and standard NBR. 
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ρc is the compound density. 
The Flory–Huggins solvent–polymer interaction parameter is equal 

to 0.36 and it has been determined from the Bristow and Watson semi- 
empirical equation [45–47]. 

The properties of filled elastomers are linked to the interaction be-
tween filler and matrix which can be theoretically estimated by the 
Kraus equation [34,48] (Equation (4)): 

vR0

vRf
= 1 − K

( φ
1 − φ

)
(4)  

where: 
φ is the filler volume fraction; 
K is the polymer-filler interaction parameter; 
vRf is the elastomer volume fraction; 
vR0 is the rubber gum vulcanizate volume fraction, assumed to be 

equal to vRf of Standard NBR (no added EAF Slag). 

2.2.2.5. Differential scanning calorimetry. The calorimetric glass transi-
tion was determined by differential scanning calorimetry (DSC). The 
sample is cooled from room temperature to − 90◦C at 10 ◦C/min and 
maintained for 60 min. The measurement is then carried out during 
subsequent heating at 10 ◦C/min. DSC analysis is performed twice. 

The heat flow [mW] is converted to heat capacity (Cp [J/(g*◦C)]). 
NBR composites samples consist of a weight fraction of filler and a 
weight fraction of polymer; since only the latter is responsible for the 
variations associated with the glass transition, the heat capacity has 
been normalized to the polymer fraction as shown in Equation (5): 

Cp∗ =
Cp

1 − filler (%wt)
(5) 

Where Cp is the heat capacity associated with the composite, Cp* is 
that associated with the polymer fraction. The filler weight fraction is 
determined by thermogravimetric analysis (TGA) (10 ◦C/min, 25–550◦C 
in Nitrogen atmosphere and 550–800 ◦C in Oxygen atmosphere). 

The heat capacity increment, ΔCp* as a measure of the amount of 
polymer which participates in the glass transition is dependent on the 
intermolecular rigidity, that is, the polymer–filler interaction in the fil-
led rubber [10]. ΔCp* is determined in a temperature range of ±2.5◦C 
with respect to the glass transition temperature (Tg). The dependency 
ΔCp on intermolecular rigidity is often evaluated in terms of immobi-
lized polymer chains in the composites. The fraction of immobilized 
polymer is calculated by Equation (6) [49]: 

Immobilized rubber fraction [%] = 1 −
ΔCp∗

ΔCp0 (6)  

where ΔCp0 is assumed to be the heat capacity variation of standard 
NBR. 

3. Results and discussion 

3.1. EAF slag characterization 

3.1.1. X-ray fluorescence spectroscopy results 
The chemical composition of the EAF slag determined by X-ray 

fluorescence spectroscopy is reported in Table 1. 
The ratio between the percentage of basic and acidic components 

(basicity index IB) allows to express and to interpret important metal- 
slag balances, such as oxidizing power of slag, the balance of desul-
phurization, and dephosphorization, metal-slag distribution of manga-
nese. The simplest expression of the basicity index, by means of the ratio 
between the weight percentages of CaO and SiO2, is IB2, here equal to 
3.2.IB2 does not consider the presence of other components with acidic 
or basic behavior, so it is possible to define the complete basicity factor 
with IB4 parameter, calculated as ratio between principal basic oxides 
(CaO+MgO) and main acid oxides (SiO2+Al2O3). The basicity of the 

slag is required in the steelmaking process in order to preserve the 
integrity of the refractories, which are also basic, for as long as possible. 
Moreover, the slag chemical composition is related also to the leaching 
of heavy metals; in turn, it is affected by the cooling conditions adopted 
in the slagging phase. A rapidly cooled slag is prone to form a glassy 
phase which shields the heavy metals and prevents them from leaching 
[50,51]. It was observed by Tossavainen et al. [51] that if the basicity 
factor IB4 is greater than 1, as in the EAF slag object of this study (see 
Table 1), it is possible to affirm that the glassy phase formation occurred 
leading a heavy metal leaching prevention. 

3.1.2. X-ray diffraction results 
Fig. 1 shows the X-ray diffraction (XRD) pattern and the crystalline 

phases identification of the slag sample. From these results, it was 
possible to notice that the main detected crystalline phases are Larnite 
(Ca2SiO4), Brownmillerite (Ca2(Al, Fe)2O5), and iron oxides in the 
mineralogical forms of Hematite (Fe2O3), Magnetite (Fe3O4) and Wus-
tite (FeO). These results are in accordance with the chemical composi-
tion reported in Table 1 which shows a massive presence of iron and 
calcium. 

3.1.3. SEM/EDS analyses 
Fig. 2 shows the SEM-EDXS analysis of a metallographically polished 

sample using back-scattered electron (BSE) mode. The exact mineralogy 
identification is difficult because some slag phases have varying con-
tents of substituted ions. Moreover, the slag studied in the present work 
was obtained by a rapid cooling process, that allows to obtain a very fine 
phase distribution to reduce the intrinsic heterogeneity of the slag but on 
the other side makes the identification of the phases more difficult by 
SEM/EDXS analysis due to the fine available areas. Nevertheless, thanks 
to the comparison with the two analytical techniques used, it was 
possible to classify the main phases present, namely Iron Oxides iden-
tified by the XRD as Wustite (FeO), Hematite (Fe2O3), and Magnetite 
(Fe3O4) containing a small quantity of Cr, Ca, Si, Mg, Mn, and Al. Both 
analyses detected the presence of Larnite (Ca2SiO4) and Brownmillerite 
(Ca2(Al Fe)2O5) with the presence of other elements in small quantities. 

3.1.4. Leaching test 
Fig. 3 shows the concentration of Molybdenum, Chromium, and 

Vanadium in the leachates detected by ICP of EAF slag (grain size <4 
mm in accordance with the standard CEN EN 12457–2 [39]) and EAF 
slag (grain size <106 μm) both free and incorporated into the NBR 
matrix at 30%v/v. 

From the comparison between slag and composite at equal grain size, 
it can be noted that the concentration of Mo, Cr, and V in the eluate is 
lower when the slag particles are incorporated into the rubber matrix 
(especially Mo and Cr). The shielding effect of the rubber is evident in 
the leaching of the monolithic slag completely embedded in the rubber 
which shows virtually no release just like NBR alone. 

For the sake of clarity, it is important to underline that the slag 
incorporated in the rubber is not the same tested as the free slag, how-
ever, the inertizing effect of the polymer matrix is attributable to the 
hydrophobicity of NBR. As last, it was found that the leaching behavior 
is affected by the slag grain size, especially for Mo leaching which for 
fine slag is almost twice than for coarse slag. The correlation between 
the slag grain size and its leaching behavior was confirmed by several 
literature studies [40,52–54]. 

3.2. EAF slag filled NBR characterization 

3.2.1. Tensile properties 
Fig. 4 shows a representative tensile test stress-strain curve for each 

compound. From these curves the main tensile properties such as stress 
at break, strain at break, and Young’s modulus are determined. 

Tensile test results show a reduction of the stress at break of about 
65% between standard NBR and NBR filled with EAF slag 30%v/v, while 
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the reduction of the strain at break is about 30%. It is possible to state 
that the elongation at break and the stress at break are significantly 
reduced for filler quantities exceeding 10% v/v. The calendering process 
has the effect of increasing both elongation at break (by about 15%) and 
stress at break (by about 5%). This is due to better dispersion and dis-
tribution of the carbon black in the compound as evidenced by SEM 
observations (see 3.2.2 Morphology and distribution filler particles) that 
likely reduce the fraction of occluded rubber. Similar results were found 
in Refs. [55,56]. Furthermore, it is possible to note that standard NBR at 
large deformations (>100%) and up to failure presents greater stress 
than the same compound subjected to the calendering process (named 
0%[v/v] EAF slag) at the same deformation. This results in a higher 
secant elastic modulus at large strain. The calendering process implies a 
double effect on the material: on one side it improves the ultimate 
tensile properties by a better dispersion and distribution of the carbon 
black, on the other hand, it softens the compound as it dissolves the 
macromolecular structure. The compound stiffening due to the presence 
of EAF slag as filler is clearly appreciable in Young’s modulus value as 
shown in Fig. 5. Compared to the influence of other fillers on a com-
parable NBR matrix, it was found that the influence of a presence of 20% 
[v/v] of EAF slag (equal to 14%wt) results in a stress at 300% strain 
equal to 10 MPa and in stress at break of about 15 MPa. These values are 
higher than that found by Wang et al. for a presence of 14%wt of 
nano-Fe3O4 where the stress at 300% strain and the stress at break are 

about 4.5 and 22 respectively [57]. On the other side, the strain at break 
reduction is lower for nano-Fe3O4 (5%) compared to that of slag (18%). 

The effect of particle reinforcement was also evaluated using 
analytical models. Guth-Gold and Halpin-Tsai equations have been used 
to predict the tensile modulus of NBR composites (see Fig. 5) under the 
approximation of spherical particles. In the following calculation, the 
considered filler is only the EAF due to its greater size and content with 
respect to fillers present in standard NBR. Guth and Gold [50,58] pro-
posed a quadratic term to explain the reinforcement effect of spherical 
fillers on elastomers, as shown in Equation (7): 

E=Em
(
1+ 2.5φ+ 14φ2) (7) 

Where E and Em are the Young’s moduli of NBR filled with different 
EAF slag volume fractions (φ) and calendered NBR with no EAF slag 
added respectively. 

Halpin-Tsai equation has been also used to investigate the rein-
forcement effects of filler in composite materials. Normally this model is 
used to predict the modulus for aligned fiber composites, but it has been 
used before to predict the modulus of nanocomposites [59]. The studied 
NBR composites filled with EAF slag are not nanocomposites due to the 
greater size of filler particles, nevertheless, it was found a good experi-
mental data prevision. Halpin-Tsai equation is reported in Equation 8 

E=
Em(1 + ζηφ)

1 − ηφ
(8) 

Where ζ is a filler shape factor which is 2 for spherical particles and η 
is taken as unity. 

In Fig. 5 the experimental and the theoretical Young’s modulus is 
reported as a function of EAF slag volume fraction. Experimental data 
show that the modulus increases with slag volume fraction up to double 
for a filler presence of 30% v/v. The NBR composites stiffening could be 
attributed to two factors: the bound rubber content and the hydrody-
namic effect. The bound rubber may be defined as the polymer layer 
adherent to the filler particles which is stiffer than the bulk polymer. 
With increasing the filler volume fraction the immobilized rubber frac-
tion around the filler particles (bound rubber) increases (see 3.2.5 Dif-
ferential scanning calorimetry analysis) causing also an increment of the 
crosslink density [2,60] (see 3.2.4 Crosslink density). 

It was found that for EAF slag volume fraction up to 20%, both 
theoretical models well predict the experimental data, while for NBR 
filled with 30%v/v the Halpin-Tsai model reveals to better fit experi-
mental data. 

In the tensile test, it emerged an increase in the elastic modulus and 
at the same time a reduction in the stress and strain at break. This 
behavior is well-known for mineral fillers, and it is related to reduced 
polymer network mobility due to the presence of an increasing amount 
of rigid particles. On one side, the mobility reduction results in a ma-
terial stiffening at low strain but, on the other side, with increasing the 
applied strain the slag filled materials show lower mechanical proper-
ties. This is a consequence of the limited mobility of the macromolecular 
network, which when is free to orient itself in the direction of the 
maximum applied stress manages to distribute the load homogeneously 
results, at macroscopic level, in higher mechanical properties. When the 
rigid particles hinder the orientation, the load is no longer distributed 
homogeneously but localized overstresses are created. At a macroscopic 
level this results in a reduction of the global stress and strain at failure. In 
this context, the filler-matrix interaction is very important as a strong 
adhesion between filler and matrix, allows the elastomeric matrix to 
transfer the load to the filler increasing the global mechanical properties 
(as occurs for the reinforcing fillers). 

The stress at break reduction with increasing the amount of filler 
above a small filler percentage by weight (less than 5%) was found also 
by Kumarjyoti et al. [61] and Wang et al. in their study on mechanical 
properties of nano-Fe3O4 or nano-SrO⋅6Fe2O3 reinforced NBR [57,62]. 

The practical advantages related to the stiffening effect of the EAF 

Fig. 4. Stress-optical strain curves of a representative sample for standard NBR 
and compound filled with 0,5,10, 20, 30% of EAF slag. 

Fig. 5. Experimental and theoretical Young’s modulus as a function of EAF slag 
as filler [%v/v]. 
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slag as a low-cost non-conventional filler are detailed in a previous study 
[31]. In particular, NBR is a rubber compound extensively used for 
gaskets production that mainly works in compressive configuration 
(typically in sealing systems) where a stiffer compound results in 
improved sealing system performances thanks to higher contact pressure 
(sealing in displacement control) or lower deformation (sealing in load 
control) that implies lower stress relaxation. Beyond the technical as-
pects, the obtained results showed that the influence of slag as filler is 
comparable to that of conventional non-reinforcing fillers so that an 
industrial waste such as slag can be used instead, with consequent 
economic and environmental benefits. 

3.2.2. Morphology and distribution of filler particles 
Fig. 6 shows SEM images of the fracture surface of all material 

investigated broken in nitrogen. Fig. 6 a) and b) show the micrograph of 
standard NBR and calendered NBR without EAF slag (0%[v/v] EAF slag) 
in order to assess the influence of the calendering process on the dis-
tribution and dispersion of carbon black in NBR. It is possible to note 
that some carbon black agglomerates are observable in standard NBR 
(Fig. 6 a)), while the filler dispersion is noticeably improved in calen-
dered NBR. Regarding the EAF slag filled NBR composites (Fig. 6 b-f)) in 
the backscattering SEM images, a good filler distribution and dispersion 
are evident. In particular, it is possible to observe a better filler particles 

incorporation for slag particles of size lower than 50 μm. In fact, in the 
micrographs, at the edges of the larger particles, there seems to be a 
small gap given by a lower cohesion between the filler and the matrix. 
This means that a smaller particle size of the filler leads to better 
incorporation into the matrix, but on the other hand in the case of the 
slag, it also involves high grinding costs, so it is necessary to find a 
compromise. Among the size of EAF slag particles, another important 
aspect is the particle shape: generally, the larger particles show acute 
angles which in an elastomeric matrix lead more easily to the initiation 
of a crack by decohesion due to a triaxiality of the stresses The rein-
forcing effect of EAF slag particles smaller than 106 μm was evaluated by 
the Kraus plot (see 3.1.5 Crosslink density) and it was found to be good 
due to the negative slope of the obtained curve. 

3.2.3. Dynamic properties 
In real applications rubber products often work in cyclic conditions 

so that dynamic properties allow to assess the correlation between the 
rubber’s viscoelastic behavior to its performance in service life. Under 
dynamic conditions, a rubber assimilates energy which is in part stored, 
as in an ideal solid (usually modeled as a spring associated with the 
elastic (or storage) modulus G’); and in part, it is dissipated by internal 
friction, as in an ideal fluid (usually modeled as a dashpot associated to 
is the viscous (or loss) Modulus G′′) [60,63]. The ratio of the energy 

Fig. 6. SEM micrograph and backscattering images of 
cross sections of specimens broken in liquid nitrogen. 
a) micrograph of standard NBR; b) micrograph of 
calendered NBR filled with 0% EAF slag; c) micro-
graph and backscattering images of calendered NBR 
filled with EAF slag at 5%v/v; d) micrograph and 
backscattering images of calendered NBR filled with 
EAF slag at 10%v/v; e) micrograph and backscat-
tering images of calendered NBR filled with EAF slag 
at 20%v/v; e) micrograph and backscattering images 
of calandered NBR filled with EAF slag at 30%v/v.   
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dissipated to the energy stored is a function of the viscoelastic proper-
ties, the temperature, the strain amplitude, and the strain rate. 

The addition of reinforcing fillers to elastomeric materials increases, 
stiffness as well as tensile and tearing resistance which, on the other side, 
is often associated with a strain at break reduction [64]. The presence of 
filler strongly influences also the low amplitude dynamic properties 
[64–73]. The dynamic moduli behavior of unfilled rubber follows the 
classical theory of linear viscoelasticity [72,73] and the classical 
time/temperature superposition principle can be used [63]. The filled 
rubber dynamic modulus dependence on the strain amplitude is known 
as the “Payne effect” [74–77]. The storage modulus shows a plateau at a 
low strain amplitude and then it decreases with increasing the strain 
amplitude up to a high strain plateau value. 

The Payne effect has been the subject matter of several theories 
which can be classed into two main types: filler structure models and 
matrix–filler bonding and debonding models [2]. However, there are 
two other factors that govern the conservative modulus but unlike the 
previous ones, they are independent of the amplitude of the shear stress: 
the hydrodynamic effect and the rubber network [78]. 

Payne [17,79] stated that the strain amplitude influence on dynamic 
moduli is related to the agglomeration and de-agglomeration of the filler 
network, and for carbon black filled elastomers, the rigidity of the 
structure depends on the rigidity of the filler–filler bonds. Under these 
assumptions, both the storage and loss moduli dependencies on the 
strain amplitude, have been modeled by Kraus [33] (Equation (9) and 
Equation (10)). 

G’ (γ)=G′

∞ +
G′

0 − G′

∞

1 +
(

γ
γc

)2m (9)  

G’′ (γ)=G′′
∞ +

2(G′′

m − G′′
∞

)(
γ
γc

)m

1 +
(

γ
γc

)2m (10)  

where γC is the strain amplitude in correspondence with which the loss 
modulus achieves its maximum G′′m. G′

0 is the storage modulus at low 
strain amplitudes (lower than 0.01%); G′

∞ and G′ ′
∞ are the asymptotic 

plateau values of the storage and loss modulus at high strain amplitudes, 
respectively; m is a non-negative phenomenological exponent to fit the 
experimental data [48,71]. Within the filler aggregation models, the 
concept of occluded rubber is often introduced [80,81]. Under increased 
applied strain, the trapped matrix is less and less shielded so that the 
dynamic properties are affected by the immobilized rubber fraction. 

The second theory states that the Payne effect is related to the 
matrix–filler interaction [82]. This theory is based on the idea of bound 
rubber that presents reduced molecular mobility and acts as supple-
mentary crosslinks. With the strain amplitude increasing, a mechanism 
of adhesion and de-adhesion of polymer chains at the filler interface is 
proposed. 

From the swelling experiment, Gauthier et al. [2] established that 
fillers immobilize nonvulcanized rubber since they avoid the migration 
of the bound rubber into the solvent. However, it is worth pointing out 
that although the models of the first type (infill structure models) can 
explain several aspects of the non-linear behavior of the filled rubber, 
they can barely explain the Payne effect. Meanwhile, it would reason-
ably not be correct to neglect the filler-filler interaction or the 
filler-polymer interaction. 

The dynamic shear storage and loss moduli of all tested materials are 
reported in Figs. 7 and 10 respectively. Experimental data are repre-
sented by the curves in the shear strain amplitude range of about 
0.02–10%, and they are interpolated by Kraus’s model (Equation 14 and 
Equation 15) in order to figure out the high strain amplitude plateau. As 
found by several authors [83–85], at strain amplitudes lower than 0.1% 
the storage modulus of filled rubbers reaches a plateau level named G′

0, 
while at high strain amplitudes (higher than 20%) it reaches a lower 

plateau value G’∞ [64]. Kraus’s model storage and loss moduli curves 
are reported in Figs. 7 and 11 respectively up to a shear strain amplitude 
of 100%. It was found that Kraus’s model well represents the experi-
mental data for the phenomenological exponent m fixed at 0.55. 

It was found that the EAF slag as filler promotes a nonlinear dynamic 
behavior involving a storage modulus (G’) reduction, by increasing the 
shear strain amplitude. This result was found to be in accordance with 
Ramorino et al. [64]. In particular, this behavior is more marked for a 
slag content higher than 20%v/v, while Standard NBR dynamic 
behavior was found to be very similar to that of NBR filled with EAF slag 
at 10%v/v. This is probably because in Standard NBR carbon black is 
more agglomerate and the calendering process reduces the occluded 
rubber improving the distribution and the dispersion of carbon black. 
The better carbon black distribution for calendered NBR is observed by 
SEM images (Fig. 6). 

It was found that by increasing the amount of EAF slag incorporated 
within the NBR matrix the Payne effect becomes more pronounced as 
shown in Fig. 8. The drop of the storage modulus with shear strain 
amplitude (Fig. 7) can be considered a measure of the Payne effect and it 
was found an increase of this effect with filler volume fraction according 
to many literature works [64,71,84–87]. Fig. 8 shows the influence of 
EAF slag volume fraction on the percentage change of the storage 
modulus from the low amplitude strain G′(γ0) to the high amplitude 
strain plateaus G’∞. 

It was found that the storage modulus of EAF slag filled NBR at 30% 

Fig. 7. Dynamic storage modulus in shear mode at 1 Hz, 23◦C plotted against 
strain amplitude (0.02–10%) for Standard NBR and NBR filled with 0, 5 10 20 
and 30% with EAF slag and application of Kraus model (G′(γ)). 

Fig. 8. Payne effect as Storage modulus variation [%] from low amplitude to 
high amplitude plateaus (G′(γ0) and G’͚) function of EAF slag volume fraction. 
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v/v is about the same as measured by Ramorino et al. [76] for natural 
rubber (SMR-GP) filled with organoclay at 20%wt. 

Regarding the theoretical factors governing the storage modulus G,’ 
it is possible to assume that at low strain amplitude, the predominant 
mechanism is filler-filler interaction, and with increasing the strain 
amplitude it turns out to be the rubber-filler interaction (bound rubber). 

Nevertheless, at sufficient high strain (about 10%), where the filler 
network is believed to be fully destroyed, G’ is proportional to the filler 
content showing the highest value for the highest EAF slag volume 
fraction. To explain this behavior, it is necessary to consider the hy-
drodynamic effect and the occluded rubber [88,89]. According to 
Medalia [89] the principal line of theoretical development has involved 
the treatment of the elastic modulus on a hydrodynamic basis, modified 
by the occluded rubber concept according to the Guth-Gold prevision 
model [58] that finds a good agreement with the experimental storage 
modulus at low strain amplitude as shown in Fig. 9. The rubber network 
contribution can be neglected for the purpose of evaluating the influence 
of filler particles in the NBR matrix because it can be assumed constant 
for all tested materials. 

The loss modulus (Fig. 10) shows a loss peak at approximately the 
same dynamic amplitude range where the storage modulus is most 
rapidly decreasing. It is noteworthy that the peak of the loss modulus is 
much higher and occurs at lower strains as the filler volume fraction 
increases especially for NBR filled with EAF slag at 20 and 30%v/v. This 
could be explained by the presence of a layer of rigid rubber adherent to 
the filler particles that makes the compound stiffer and leads to an in-
crease in the dissipation because the compound behavior will be more 
viscous. On the other hand, the dissipative phenomenon at the origin of 
the loss modulus peak is assumed to be the agglomeration and de- 
agglomeration of the filler network which is consequently more 
marked and occurs at lower strain amplitude for higher filler volume 
fraction. 

3.2.4. Crosslink density 
Fig. 11 shows the swelling coefficient [%] and the crosslink density 

(ν [mol/cm3]) determined by the Flory-Rehner equation (Equation (1) 
and Equation (2) respectively) for standard NBR and NBR composites 
filled with EAF slag in different amounts. It is observable that with 
increasing the EAF slag content in the NBR matrix the swelling coeffi-
cient decreases because the average molecular weight of the rubber 
segment between crosslinks Mc is reduced and consequently the cross-
link density increases. This trend is in line with what is expected because 
it is reasonable to state that the immobilized rubber fraction around the 
slag particles is subjected to lower swelling, and by increasing this 
immobilized rubber fraction the average rubber crosslink density 

increases [3]. No differences are detected in the crosslink density of 
standard NBR and calendered NBR without EAF slag. This means the 
calendering process does not affect the polymer’s capability to vulca-
nize. This is probably due to two opposite phenomena: the better filler 
dispersion increases the carbon black surface area for the bound rubber 
formation, but on the other side the occluded rubber is reduced. The 
increase of crosslink density with EAF slag volume fraction due to the 
increase of bound rubber fraction [3] could be related to the general 
stiffening and strain at break reduction of NBR composites filled with 
slag. The increase in crosslink density as a function of slag content can be 
explained by contemplating the bound rubber around the filler surface 
[3,90–92]. 

Fig. 12 shows the plot of (Vr0/Vrf) against (φ/1-φ) gives the extent of 
reinforcement (K) versus the filler volume fraction. The slope of the 
Kraus plot (K) is a measure of the polymer-filler interaction: the higher 
the negative slope value, the greater the reinforcement effect. Vrf is 
assumed equal to Vr0 in order to evaluate the EAF slag influence 
neglecting that of carbon black which is constant for all the compounds. 
The ratio Vr0/ Vrf is less than unity and the magnitude of the ratio de-
creases with filler loading, from a value of 1 for NBR without EAF slag to 
a value of 0.92 for EAF slag volume fraction of 30%, showing a rein-
forcement effect. Fig. 9. Experimental and theoretical storage modulus at low strain amplitude 

G′(γ0) function of EAF slag volume fraction. 

Fig. 10. Dynamic loss modulus in shear mode at 1 Hz, 23◦C plotted against 
strain amplitude (0.02–10%) for Standard NBR and NBR filled with 0, 5 10 20 
and 30% with EAF slag and application of Kraus model (G’‘(γ)). 

Fig. 11. Crosslink density determined by Flory-Rehner equation and swelling 
coefficient of Standard NBR and calendered NBR filled with 5, 10, 20, 30%v/v 
of EAF slag. 
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3.2.5. Differential scanning calorimetry analysis 
The heat capacity increment, ΔCp* as a measure of the amount of 

polymer which participates in the glass transition is dependent on the 
intermolecular rigidity, that is, the polymer–filler interaction in the fil-
led rubber composites. The dependency ΔCp* on intermolecular rigidity 
is estimated as immobilized polymer chains in the material. The 
immobilized rubber fraction was calculated according to Equation (6), 
the results are shown in Fig. 13. It is observable that with increasing the 
EAF slag content the heat capacity increment required by the rubber 
fraction in correspondence with the glass transition temperature de-
creases due to the presence of a rigid rubber fraction which remains in a 
glassy phase also above Tg. 

4. Conclusion 

In this research, the influence of EAF slag as filler for NBR matrix has 
been assessed according to experimental procedures and analytical 
calculations commonly adopted in evaluating the reinforcing effect of 
traditional fillers. 

At first, the EAF slag employed as filler was characterized in terms of 
chemical composition by XRF, and phases by XRD and SEM/EDXS. One 
of the main critical issues in the safe reuse of the slag is the heavy metals 
leaching; in this study, it was found that thanks to the NBR’s hydro-
phobicity, the leaching of Mo, Cr, and V is reduced by incorporating the 
slag particles into the rubber matrix. 

As regards the compound characterization, it was found that the 
static and the dynamic properties of EAF slag filled NBR composites are 
affected by the slag content, in particular, in addition to an important 
contribution of the hydrodynamic effect, by the presence of a layer of 
rigid rubber around the filler particles (bound rubber) related to the 
filler-rubber interaction. With increasing the filler content, the immo-
bilized rubber fraction quantified by DSC analysis increases as well as 
the crosslink density determined by the Flory-Rehner equation. 

The hydrodynamic effect was evaluated on Young’s modulus (E) 
determined by the tensile test and on the shear storage modulus (G′) by 
DMA. It was found that the experimental data of E are well predicted by 
the Halpin-Tsai prevision model, while G’ (γ0) by that proposed by Guth 
and Gold. 

The presence of the EAF slag on the dynamic properties of NBR 
composites can be summarized as follow:  

• The ability of NBR composites to storage and dissipate energy is 
evidenced by the storage and loss moduli curves shifted at higher 
modulus values proportionally to the amount of slag content.  

• EAF slag increases the non-linear behavior (Payne effect): the 
immobilized rubber fraction increases so that the filler-matrix 
interaction contribute rises. The loss modulus peak occurs at 
approximately the same dynamic amplitude value where the storage 
modulus is most rapidly decreasing. The loss modulus peak is more 
marked and shifts towards smaller deformation amplitudes for high 
slag contents because the immobilized rubber fraction is greater, and 
the rigid layers of different particles come into contact with each 
other at lower strain amplitude.  

• A good incorporation of the particles into the matrix was evident 
from the SEM observations.  

• The glass transition temperature is not affected by the EAF slag 
content, this suggests the rubber-filler interaction force is not 
modified. 

The present results show that the EAF slag could find a new field of 
applications promoting the circular economy in particular with the 
implementation of the industrial symbiosis where the industrial waste 
became input material for another industrial sector. 
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