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Steel slag as a low-impact filler in rubber compounds for environmental 
sustainability
Anna Gobettia, Giovanna Cornacchiaa, Giuseppe Tomasonia, Kamol Deyb, and Giorgio Ramorinoa

aDepartment of Mechanical and Industrial Engineering, University of Brescia, Brescia, Italy; bDepartment of Applied Chemistry and Chemical 
Engineering, University of Chittagong, Bangladesh

ABSTRACT
This study investigates the use of electric arc furnace (EAF) slag, as a substitute for conventional filler, such 
as calcium carbonate, in nitrile-butadiene rubber (NBR) composites in different volume fraction. The 
results demonstrate that slag exhibits morphological traits comparable to calcium carbonate when used 
as a filler, moreover their processability and mechanical properties are similar. Specifically, at 20% v/v, 
slag-flled NBR exhibits slightly longer scorch times but unchanged vulcanization times. Both fillers at 20% 
v/v show comparable hardness, compression strength, and elastic modulus. Tensile properties are also 
comparable, except for the strain at break, where slag-filled NBR shows a 40% higher tensile strain at 
break. The environmental impact of this innovative slag application has been evaluated through 
a comparative life cycle assessment. All assessed impact categories demonstrate a reduction of at least 
89%. The study suggests that the use of EAF slag has the potential to promote sustainable waste 
management.
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Introduction

Resource conservation and materials recycling play a crucial role 
in ensuring the sustainable use of natural resources, maintaining 
their availability for future generations, and reducing environ-
mental impact.[1,2] The present study aims to prevent the land-
filling of the main steel waste, i.e., the electric arc furnace (EAF) 
slag assessing its potential as a substitute of a conventional low- 
cost filler, i.e. calcium carbonate, in nitrile-butadiene rubber 
(NBR) applications. Exploring innovative reuse applications for 
this industrial waste aligns with circular economy goals of mate-
rial efficiency and sustainability. By investigating EAF slag as 
a substitute for conventional fillers in rubber composites, this 
study provides both a quantitative life cycle assessment highlight-
ing significant environmental benefits of this alternative and 
experimental results on the new compounds’ performances. The 
comprehensively analyzed approach exemplifies industrial sym-
biosis that tackles the problem of slag landfilling while reducing 
reliance on virgin mineral extraction. Thereby this work filled the 
knowledge gap around slag’s feasibility and footprint reduction 
potential as an alternative filler, guiding future materials selection 
and management decisions toward more sustainable practices.

In 2022, Italy has produced almost 20 Mt of steel through the 
EAF process,[3] and since the majority of producers are in located 
in Lombardy. It is estimated that in this region alone, the produc-
tion of EAF slag reached about 1.3 Mt in the same year.[4] Over 
the last decades, an increasing number of studies have deepened 
the slag characterization to promote its reuse and mitigate the 
escalating costs and environmental impacts associated with 
landfilling.[5–8] Literature studies highlight the successful integra-
tion of also other steel industry wastes, particularly Linz – 
Donawitz (LD) sludge and slag, into polymeric matrices.[9–13] 

These studies reveal substantial improvements in the physical, 
mechanical, and erosion wear properties of resulting composites. 
For instance, incorporation of LD sludge enhances compressive 
strength and hardness in polypropylene matrices, while LD slag 
contributes to increased density, hardness, and compressive 
strength in epoxy composites. These findings underscore the 
promising potential of steel industry waste as a valuable and 
effective filler material, offering enhanced properties for poly-
meric composites in various applications. As regards EAF slag, 
due to its chemical-physical similarities to volcanic rock,[14] it is 
widely used both as a by-product and as an end-of-waste in the 
construction industry as an artificial aggregate.[5,15,16] However, it 
is estimated that about 8%, equivalent to 100.000 tons of EAF slag, 
is still disposed of in landfills in Lombardy,[4] hence exploring 
new applications to further reduce landfill disposal is mandatory.

In this context, EAF slag has been evaluated as a non- 
traditional filler material in various polymeric matrices.[17–23] 

The EAF slag has been compared to a low-cost, conventional 
filler, such as calcium carbonate, under identical conditions 
(including the same NBR matrix, filler volume fraction, and 
granulometry). Calcium carbonate, commonly employed as 
a cost-saving extender in rubber composites, provides eco-
nomic benefits by reducing the requirement for more expen-
sive polymers.[24] The production of EAF slag entails an 
environmental footprint, including CO2 emissions and 
resource utilization. Therefore, it is advisable to promote 
sustainable practices to minimize these impacts. The environ-
mental impact of using EAF slag as filler in rubber compo-
sites provides a quantitative sustainability comparison with 
calcium carbonate. The outcomes of this analysis will guide 
material selection considering factors such as performance, 
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cost, and environmental considerations. In this study 
a comparative analysis was carried out between EAF slag 
and calcium carbonate as fillers, assessing their chemical- 
physical and morphological characteristics. Afterward, the 
influence of both fillers on the NBR matrix was evaluated at 
equal percentages by volume (0, 5, 10, and 20% v/v) in terms 
of processability and mechanical properties. To provide 
a more thorough analysis of this application, an environmen-
tal impact assessment of the material filled at 20% v/v was 
also performed through a comparative life cycle assessment 
(LCA). This assessment aim to provide insights into the 
sustainability benefits and tradeoffs associated with using 
EAF slag as an alternative to conventional calcium carbonate 
filler in NBR composites at equal performance.

Materials and methods

Materials

A Nitrile Butadiene Rubber (NBR) with a nominal hard-
ness of 70 Shore A (carbon black 40 phr, vulcanized with 
sulfur) supplied by Novotema Spa (Italy) was used as 
a matrix. An EAF slag obtained from carbon steel produc-
tion has undergone grinding and sieving (<100 µm) for 
investigating its potential as filler. A commercially avail-
able calcium carbonate (CaCO3) with an equivalent parti-
cle size was used as a conventional inert filler reference.

The study aims to compare the impact of using slag as 
a replacement for calcium carbonate, at an equal volume per-
centage. This decision was based on the fact that the evaluation 
of the effect of fillers on composites is usually evaluated in terms 
of volume percent, as they have a significant influence on the 
properties of the composite. The utilization of identical weight 
percentages was avoided due to the inherent density disparity 
between calcium carbonate and slag (2.7 g/cm3 and 3.7 g/cm3 

respectively), which could introduce extraneous variables. The 
density of calcium carbonate was provided in the material 
datasheet, while the density of EAF slag was determined through 
Archimedes’ method according to the standard ASTM D792[25] 

on unpulverized slag samples (approximately 0.5–1 g). The spe-
cific tested compounds are listed in Table 1.

The composites were fabricated via calendering process to 
disperse the filler particles within the uncured NBR matrix. 
Subsequently, test sheets with thickness of 2 mm and 6 mm 
were obtained through compression molding. The vulcaniza-
tion process was carried out for 5 and 10 minutes, respectively, 
at a temperature of 170°C. The samples for the mechanical 
tests are obtained by mechanical punching.

Methods

Filler characterization

EAF slag chemical composition was determined by X-ray 
fluorescence spectroscopy and its leaching behavior was 
assessed following the standard CEN EN 12,457–2.[26] 

Standard test parameters were followed, except for the slag 
grain size, which was tested at <100 µm instead of the typical 
4 mm size. The granulometric curve was used to investigate 

the grain size distribution. Stacked sieves with progressively 
smaller mesh sizes (100, 90, 63, 45, 32 µm) were used in the 
test to pass the filler through the stacked sieve tower. The 
particles were retained in different sieves, resulting in the 
distribution of filler particles. This deviation was made con-
sidering the influence of granulometry on leaching 
behavior.[19,21,23] The eluates obtained were then analyzed 
using an Optical Emission Spectrometer to measure the con-
centrations of Cr, Mo, and V, with three measurements taken 
for each. Additionally, the morphology of the particles was 
investigated through SEM observation of gold-coated pow-
ders. Furthermore, the chemical composition of the filler 
particles in EAF slag and CaCO3 was determined using 
SEM with EDXS.[27] The analysis focused on small filler 
areas in BSE mode to provide detailed insights into the 
composition of the filler materials.

Compound characterization

Rheometric parameters were obtained under specific condi-
tions, including a plate temperature of 177°C, 0.5 degrees 
oscillating force, and a 5-minute testing period according to 
the ASTM D5289 standard.[28]

The compounds’ hardness was measured according to 
Shore A (SHA) hardness and micro International Rubber 
Hardness Grade (mIRHD) following the ASTM D2240[29] 

and ASTM D1415[30]standard on rectangular test plates of 
thickness 6 mm and 2 mm, respectively. The compression 
test was performed according to the ASTM D575[31] stan-
dard, employing a strain rate of 10 mm/min on cylindrical 
specimens measuring 12 × 6 mm. The compression set was 
determined according to theASTM 395 (method b) 
standard[32] on cylindrical specimens measuring 12 × 6  
mm. Tensile tests were performed according to the ASTM 
D412 standard[33] on dumb-bell with length if gauge section 
of 25 mm and section 4 × 2 mm. It is noteworthy that all 
mechanical tests were performed on a minimum of 3 sam-
ples for each compound to ensure reliability and consistency 
of results.

Life cycle assessment (LCA)

Goal and scope. The primary objective of this study is to assess 
and compare the environmental impact associated with the 
production of NBR filled with EAF slag and NBR filled with 
CaCO3 at an equal filler volume fraction.

The investigation is particularly relevant due to the sub-
stantial quantity of EAF slag generated in northern Italy, 
prompting exploration into innovative applications of this 

Table 1. EAF slag and CaCO3 percentage by weight with the 
equivalent percentage by volume.

Filler EAF Slag CaCO3

[%v/v] [%wt.] [%wt.]
0 0 0
5 13,6 10,3
10 24,9 19,5
20 42,7 35,3
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waste material and its corresponding environmental 
implications.

Employing LCA methodology to evaluate the environmen-
tal performance of NBR compounds can assist rubber com-
pounders in minimizing the environmental footprint of fillers, 
thereby contributing to the development of more sustainable 
product. On the other side the valorization of the EAF slag, the 
main steelmakers waste, could potentially result in cost savings 
associated with waste disposal, leading to economic benefits.

The study considers system boundaries from cradle to gate 
level for the manufacture of 1 dm3 of NBR compound filled at 
20%v/v, which is the functional unit adopted. Two distinct 
scenarios are examined (see Fig. 1):

Scenario1: production of 1 dm3 of CaCO3 filled NBR, 
following the phases reported in the red box, while simulta-
neously landfilling EAF slag.

Scenario 2: production of 1 dm3 of EAF slag filled NBR, 
following the phases outlined in the red box (Fig. 1), with the 
concurrent avoidance of CaCO3 production.

Both scenarios are further subdivided into components pro-
duction, transport, and manufacturing stages. The study adopts 
a comparative approach, assuming an equal quantity of NBR (as 
matrix) for both scenarios, thereby excluding its production from 
the boundaries of the system analyzed. Similarly, environmental 

loads associated with the slag production process have not been 
considered, as it represents an inevitable waste of steel production. 
These neglected process units are denoted in gray in Fig. 1. The 
study aims to provide insights into the environmental implica-
tions of these scenarios, guiding decisions toward more sustain-
able and economically beneficial practices.

Inventory analysis
The inventory analysis utilized primary data from laboratory 
experiments on the recipes of NBR with fillers, and secondary 
data mainly from the Ecoinvent 3.9 database on CaCO3 pro-
duction, transport, slag disposal, and electricity production. 
The allocation rules used in the “Ecoinvent 3 - allocation, 
cutoff by classification” database were maintained for second-
ary inventory data.

The weight of each filler in the functional unit varies, 
and the details are provided in Table 2. In scenario stan-
dard S1, which represents the standard case, the production 
of one functional unit requires the use of 542 g of CaCO3. 
Simultaneously, 740 g of EAF slag is generated and subse-
quently landfilled. In the innovative scenario 2 (S2), the 
production of one functional unit also requires 740 g of 
EAF slag. However, in this scenario, the EAF slag serves as 
a filler, eliminating the need for CaCO3. This innovative 

Figure 1. Diagram flow and boundaries of the production of 1 dm3 of CaCO3 filled NBR at 20%v/v (scenario 1) and EAF slag filled NBR (scenario 2). The process units 
written in gray have not been quantified as they are common to the two scenarios.

Table 2. Quantity of materials needed for producing 1 dm3 of NBR filled at 20%v/v. *in S1 scenario standard 740 g of EAF slag is 
landfilled.

Scenario

Filler 20% [v/v] Matrix 80% [v/v] Composite
CaCO3 

(Density 2,7 g/cm3)
EAF Slag 

(Density 3, 7 g/cm3) NBR

[g] [g] [g] [kg]
S1 Standard 542 740* 992 1,534
S2 Innovative 0 740 992 1,732
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approach contributes to the recycling of waste material, 
aligning with sustainable practices and reducing depen-
dency on virgin resources. The comparison between the 
two scenarios highlights the shift from conventional prac-
tices in Scenario 1 to an innovative and more environmen-
tally friendly approach in Scenario 2. The use of EAF slag 
as a filler not only addresses waste management concerns 
but also reduces reliance on traditional fillers like CaCO3, 
thereby showcasing potential environmental benefits.

In scenario standard S1 the environmental impact asso-
ciated with the components production, namely calcium car-
bonate and the management of EAF slag for disposal, is 
assessed. The inventory data for calcium carbonate production 
is sourced from the Ecoinvent database, specifically under the 
entry Calcium carbonate, precipitated {RER}| market for cal-
cium carbonate, precipitated | Cut-off, U.[34] The environmen-
tal load related to EAF slag management for disposal is also 
obtained from the Ecoinvent database, utilizing the entry 
Electric arc furnace secondary metallurgy slag, for recovery 
{GLO}| electric arc furnace secondary metallurgy slag, for recov-
ery, Recycled Content cut-off | Cut-off, U).[34]

The database entry for chemical compounds production 
integrates data on the production of various chemicals 
involved in the process. The information is sourced from 
industry and literature. This entry also includes details on 
resource consumption such as heat, electricity, water, nitrogen, 
and other relevant resources.[34]

In scenario Innovative S2, where EAF slag is used as filler, 
a grinding process is employed to reduce the slag to a size 
suitable for this application, i.e., less than 0.1 mm. This grinding 
process necessitates additional energy consumption, estimated 
at around 25–35 watt-hours based on data provided by a steel 
mill. For the purpose of a worst-case scenario analysis, the 
energy consumption attributed to the slag processing is assumed 
to be 35 kilowatt-hours. This approach of utilizing EAF slag as 
a filler in Scenario 2 reflects an innovative and sustainable 
practice, although it introduces an additional energy cost for 
the grinding process. This comprehensive assessment aims to 
provide a holistic understanding of the overall environmental 
implications of the new approach. Furthermore, the study con-
siders the transport of both filler from the production site to the 
treatment site and, as last, to the building site for application. 
The transport distance is assumed to be 100 km, and the mode 
of transport is a Euro 5 lorry with a capacity of 16–32 metric 
tons. The inventory data for transport is sourced from the 
Ecoinvent database under the entry ”Transport, freight, lorry 
16–32 metric ton, EURO5 {RER}| transport, freight, lorry 16–32 
metric ton, EURO5 | Cut-off, U”.[34]

By accounting for the transportation impact, the study 
enhances its environmental assessment, recognizing the sig-
nificance of logistics in the life cycle of the materials. This 
approach ensures that the overall environmental footprint of 
the innovative practice, from filler production to application, is 
comprehensively addressed and considered in the decision- 
making process.

In scenario standard S1, the disposal of EAF slag involves 
landfill, as per the Ecoinvent entry ”Ecoinvent Electric arc 
furnace slag {RoW}| treatment of electric arc furnace slag, 
residual material landfill | Cut-off, U. Historically, by- 

products of steel production, such as slag, dust, and sludge, 
were commonly disposed of in landfills. However, due to 
evolving regulations and landfill taxes, this practice is declin-
ing. Efforts are underway to reuse or sell these byproducts. 
The steel industry is increasingly focusing on finding alter-
native uses, recycling, or selling these by-products. While the 
proportion of these by-products sent to landfills has 
decreased, residual material landfills may still receive some 
of them. The landfilling process involves waste reception, 
leading to emissions, including leachate and groundwater 
contamination. Specifically, in the case of Electric arc furnace 
slag landfilling, there is a solidification stage that requires the 
use of 0.4 kg of cement per 1 kg of slag. This solidification 
process aims to render the material inert, reducing its poten-
tial environmental impact.

It’s worth noting that the disposal of industrial by-products 
in landfills is associated with environmental challenges and 
efforts to minimize such practices align with sustainability 
goals, emphasizing the need for innovative and environmentally 
friendly solutions, as explored in Scenario 2.

Impact assessment
The environmental impact assessment in this study was con-
ducted using the Environmental Footprint 3.0 methodology, 
while the calculations were performed with SimaPro V7.3 
software.

The Life Cycle Impact Assessment (LCIA) process involves 
several steps, including the characterization of the data collected 
in the life cycle inventory (LCI) phase. In the LCIA process, 
collected LCI data is transformed within each impact category 
using “characterization factors” to generate “impact category 
indicators”. These indicators quantify the contribution of each 
outcome to specific impact categories, enabling a standardized 
comparison of different environmental impacts.

The purpose of this step is to convert all streams classified for 
an impact into common units facilitating a meaningful compar-
ison. The analysis focused on evaluating the innovative scenario 
S2 in a “conservative” manner. This means that the analysis 
always preferred the least favorable conditions in terms of envir-
onmental impacts. This conservative approach ensures that the 
assessment considers the worst-case scenario for the innovative 
approach. The results obtained from this comprehensive analysis 
depict two distinct scenarios, with Scenario 2 (S2) demonstrating 
significantly lower environmental impact compared to Scenario 1 
(S1). The considerable difference in impacts indicates that, even 
under conservative assumptions and considering the least favor-
able conditions, the innovative approach (S2) is likely to have 
a much lower environmental footprint than the standard 
approach (S1). This suggests that uncertainties related to assump-
tions, inventory data and impact assessment methodology used in 
the study are unlikely to significantly impact the comparison 
between the two scenarios.

Results and discussion

Filler characterization

Filler grain size is a crucial factor in filled elastomers as it 
affects the mechanical behavior of composite materials. In 
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order to perform an accurate comparison of different fillers, 
the range of particles size is reported in Fig. 2. It is evident that 
calcium carbonate has a narrower particle size distribution in 
the 32–45 µm range, with almost 60% of the particles falling 
within this range. On the other hand, the particle size distribu-
tion of EAF slag is broader, with approximately 15% of the 
particles being smaller than 32 µm, 30% in the 32–45 µm 

range, 25% in the 45–63 mm range, and another 25% in the 
63–90 µm range.

The chemical composition of the EAF slag, as reported in 
Table 3, reveals that it is predominantly composed of iron 
oxide (Fe2O3) and calcium oxide (CaO), accounting for 
40.6% and 26.4% of the slag, respectively. Silicon dioxide 
(SiO2) and aluminum oxide (Al2O3) contribute 14.3% and 

Figure 2. EAF slag and CaCO3 particle size frequency and cumulative frequency.

Figure 3. SEM images of CaCO3 and EAF slag particles at different enlargements and EDXS analysis. All amounts are reported in weight%.
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5.4%, respectively, while other elements such as manganese 
oxide (MnO), magnesium oxide (MgO) and various trace 
elements are present in smaller quantities. The chemical com-
position of slag is intricately linked to the parameters of the 
steel production and the composition of smelted ferrous 
scraps. As reported in the literature,[35,36] the slag chemical 
composition plays a crucial role in influencing its leaching 
behavior. The leaching behavior, in turn, has implications for 
environmental impact of slag. Given this, the basicity index is 
a crucial parameter used to summarize the chemical composi-
tion of slag, providing insights into its leaching stability. In 
steelmaking, various methods are employed to determine the 
basicity indexes, with BI2 and BI4 are widely utilized. BI2 is 
a simpler formula defined as the CaO/SiO2 ratio. This index, 
widely employed in steelmaking assessments, has been corre-
lated with Cr leaching by several authors.[37,38] When BI2 is 
lower than 2 and there is sufficient MgO to form insoluble 
picrochromite (MgO·Cr2O3), the slag tends to be less suscep-
tible to Cr leaching.[39] However, it is also important to con-
sider the contributions of Al2O3 and MgO that if present in 
low concentration (1–3%wt.) promotes the formation of 
unstable Cr-spinels and Brownmillerite (calcium-ferrite 4CaO· 
Al2O3·Fe2O3), main responsible to Cr and V leaching due to Al 
substitution.[40,41] Due to this, the more complete formula BI4 
has been defined as (CaO+MgO)/(SiO2+Al2O3). Mombelli et -
al.[39] found that BI4 lower than 2 is associated with the for-
mation of stable spinels, leading to low Cr leaching. 
Tossavainen et al. suggested that a slag with BI4 higher than 
1 May form a glassy phase if rapidly cooled, preventing the 
heavy metals leaching.[35] Table 4 shows the leaching test 
results. According to the forecasts defined by the basicity 
indices, the leaching of Cr and V is lower than the legal limits. 
This is noteworthy for both potential reuse and disposal as 
inert material. As regards Mo leaching, while literature did not 
define a correlation with other properties, it is acknowledged 
that Mo leaching is influenced by factors such as basicity and 
chemical composition.[40] The results indicate that Mo leach-
ing may be reduced by rapid cooling, aligning with findings in 
the literature.[35]

The chemical composition of selected areas of calcium car-
bonate and slag particles was determined by SEM-EDS analysis. 
This analysis served to validate and confirm the XRF results 
obtained for the slag particles, as depicted in Fig. 3. Moreover, 
the SEM-EDS analysis facilitated a morphological comparison 

between the two fillers, calcium carbonate, and slag particles. 
The results revealed a strong resemblance between these fillers, 
both in terms of particle size and geometry.

Compound characterization

Rheometric parameters
The characterization of rheometric parameters is essential for 
a preliminary evaluation of the rubber compound processa-
bility. Dividing the rheometric curve into three phases, namely 
scorch time, vulcanization, and mechanical properties, pro-
vides a comprehensive understanding of the compound’s 
behavior during processing and curing. Phase 1 provides infor-
mation on the viscosity of the uncured compound, which 
refers to how easily it fills the mold cavities before vulcaniza-
tion starts. Phase 2 focuses on the vulcanization kinetics, which 
refers to the speed at which the material completes the cross- 
linking process. In terms of the production process, it is desir-
able for the viscosity to be low and the scorch time to be long to 
ensure optimal mold filling. Once in position, a high cross- 
linking speed is necessary to shorten the cycle time and achieve 
cost savings. Transitioning into phase 3, the emphasis shifts 
toward assessing the mechanical properties of the cured 
compound.

Table 5 presents these rheometric parameters for NBR filled 
with EAF slag and CaCO3. Increasing filler content results in 
initial and minimum torque due to increased viscosity; scorch 
times decrease, indicating a shorter curing time due to lower 
polymer fraction. Those findings are consistent with existing 
literature.[42–44] The experimental results highlight that the 
processability of slag filled NBR is comparable to that of 
CaCO3 filled NBR at equal filler volume fraction. In particular, 
at 20%v/v slag filled NBR exhibits lower viscosity (related to 
MinT), slightly longer scorch times (Ts1 and Ts2) and curing 
kinetic (t50) accompanied by unchanged global curing time 
(t90). As last, form the maximum torque it is possible to 
predict a stiffer behavior of EAF slag filled NBR with respect 
to the CaCO3 filled one.

Mechanical properties
Figure 4. shows the hardness of EAF slag filled NBR and 
CaCO3 filled NBR at equal volume fraction, measured in 
SHA and mIRHD. As expected, an increase in filler content 
results in an increase in approximately 10% in SHA and 15% in 
mIRHD as an increasing content of rigid particles in a soft 
matrix increases the overall compound’s hardness. This beha-
vior aligns with well-known observations detailed in.[21] As 
regards the influence of different type of filler on the rubber 
compounds’ hardness, no evident differences in the NBR 

Table 3. EAF slag chemical composition determined by X-ray fluorescence spec-
troscopy (XRF) and basicity indexes. All amounts are reported in [%wt.].

SiO2 Al2O3 Fe2O3 MnO CaO MgO P2O5 TiO2 Cr2O3

14,3 5,4 40,6 3,3 26,4 7,3 0,6 0,4 1,7
IB2 1,8 IB4 1,7

Table 4. Leaching test results.

Italian limits for landfilling  
as inert waste[34]

Italian limits for  
material reuse[35]

pH [-] 11,58 ± 0,1 - 5,5 < > 12,0
Electric conductivity [μs] 1107 ± 10 - -
Mo [mg/l] 0,073 ± 0,003 <0,05 -
Cr [mg/l] 0,043 ± 0,0007 <0,05 <0,05
V [mg/l] 0,006 ± 0,0004 - <0,25
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Table 5. Rheometric parameters of standard NBR and CaCO3 filled NBR and EAF slag filled NBR at 5, 10, 20% v/v. Initial torque (IT), minimum 
torque (MinT), time to reach torque 1 dN*m (Ts1) and 2 dN*m (Ts2), time to reach 50% and 90% of complete vulcanization (T50 and t90 
respectively), and maximum torque (MaxT).

Phase 1 Phase 2 Phase 3

IT MinT Ts1 Ts2 t50 t90 MaxT
[dN*m] [dN*m] [sec] [sec] [sec] [sec] [dN*m]

NBR Standard 4,20 1,48 32 39 63 106 18,04
NBR 5%CaCO3 4,84 1,99 30 37 61 104 19,88
NBR 10%CaCO3 5,47 2,3 28 34 58 97 22,27
NBR 20%CaCO3 8,94 6,45 24 30 51 89 24,03
NBR 5% EAF slag 7,41 2 30 36 59 95 20,07
NBR 10% EAF slag 6,03 2,33 29 35 58 92 21,92
NBR 20% EAF slag 6,71 3,19 26 31 56 89 27,11

Figure 4. Hardness results in shore a (solid) and mIRHD (dotted) of standard NBR and CaCO3 filled NBR and EAF slag filled NBR at 5, 10, 20% v/v.

Figure 5. (a) Compression stress–strain curve of a representative sample of standard NBR and CaCO3 filled NBR (solid lines) and EAF slag filled NBR (dotted lines) at 5, 
10, 20% v/v. (b) Compressive elastic modulus.
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composite’s hardness can be appreciated considering that the 
hardness tolerance of a rubber compound in the rubber indus-
try is ± 5 hardness point.

Figure 5. shows the compression stress–strain curve for 
NBR filled with EAF slag and CaCO3 at an equal volume 
fraction. It is evident that the amount of stress needed to 
achieve a particular level of strain increases in proportion to 
the amount of filler present. The increase in compression 
strength from approximately 4,5 MPa to 7,4 MPa with a filler 
content of 20 [% v/v] demonstrates the effectiveness of fillers 
in reinforcing the NBR compound. The increase in compres-
sion strength is essential for applications where the material is 
exposed to compressive loads, such as seals, gaskets, and vibra-
tion damping components. This trend aligns with the general 
behavior observed when rigid filler particles are introduced, 
leading to increased stiffness of the rubber compound, as 
evidenced also in the rheometric parameter (MaxT in 
Table 5) and in hardness measurements (Fig. 4). The elastic 
modulus increases by 45% with filler content 20% v/v. Notably, 
no significant differences are appreciable between EAF slag 
and CaCO3 regarding their impact on compression stress- 
strain behavior, suggesting that, in terms of compression prop-
erties, the choice of filler may not significantly influence the 
material’s response within the studied volume fraction.

The rubber compound’s ability to return to its original 
shape after being deformed has been assessed using permanent 
set measurements under compression conditions. This evalua-
tion process is crucial for understanding the material’s perfor-
mance and durability in practical applications. Increasing the 
volume fraction of fillers does not lead to a decrease in perma-
nent set, which consistently remains below 15%, a value widely 
regarded as excellent (see Fig. 6). This exception is observed in 
EAF slag filled NBR at 20% v/v, where the permanent set 
reaches 17%. This effect on the long-term performance of the 
rubber compound could be attributed to the metal oxides 
present in the EAF slag, which, according to existing literature, 
can serve as crosslinking agents.[45,46] In particular, with a slag 
content exceeding 10% [v/v], the metal oxides in EAF slag can 
act as aging components. Investigating this effect further could 
provide insights into the possibility of reducing the amount of 

crosslink agent and/or activators in the standard rubber 
compounds.

In Fig. 7a, the tensile stress–strain curve reveals that the 
presence of filler reduces both stress and the strain at break, 
attributed to the increasing amount of rigid particles restrict-
ing the polymer’s deformability along the direction of max-
imum stress. This phenomenon generates local over-stresses, 
contributing to premature break of the compound.[21]

The tensile curves of EAF slag filled NBR and CaCO3 filled 
NBR at 5% exhibit significant overlap, diverging more with 
higher filler amounts. Notably, at 10% filler content, NBR filled 
with slag demonstrates a higher strain at break compared to 
CaCO3filled NBR an equal stress at break. At 20% filler con-
tent, NBR filled with slag shows a slightly lower stress at break 
(9,2 MPa EAF slag, 11 MPa CaCO3) but a substantially higher 
strain at break (+40%). In Fig. 7b, the elastic modulus of 
CaCO3 filled NBR and EAF slag filled NBR at 0, 5, 10, and 
20% v/v is shown. As expected, the rubber compound’s mod-
ulus increases with rising filler content. Up to a filler content of 
10%v/v, both fillers demonstrate an identical elastic modulus. 
However, at 20%v/v filler content, NBR compound filled with 
CaCO3 shows a slightly higher elastic modulus than that filled 
with EAF slag, corresponding to a notable reduction in strain 
at break.

Environmental impact
A life cycle impact assessment (LCIA) analysis was conducted 
based on inventory data to quantify the environmental impact 
associated with producing 1 dm3 of a CaCO3-filled NBR in the 
Standard Scenario (S1) compared to using EAF slag as filler in 
the Innovative Scenario (S2). The latter scenario involves the 
avoidance of slag landfilling and CaCO3 production. Table 6 
shows the environmental impact in terms of characterization 
results for each impact category in both scenarios, while Fig. 8 
provides a comparative representation, expressing the impact 
percentage-wise, with the most impactful scenario assumed as 
100% and the other one proportionally scaled.

The LCA outcomes underscore a discernible environmental 
superiority of EAF slag over CaCO3 across a spectrum of 

Figure 6. Compression set of CaCO3 filled NBR and EAF slag filled NBR at 0, 5, 10, 20% v/v.
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impact categories. Particularly noteworthy are the profound 
reductions in “Human toxicity” impacts, encompassing both 
carcinogenic and non-carcinogenic facets, as well as in 
“Ecotoxicity, freshwater”, “Eutrophication, freshwater”, and 
“Resource use, minerals and metals The attainment of over 
99% lower impacts when using EAF slag as a filler is indicative 
of its pronounced mitigating effect on chemical emissions, 
thereby averting deleterious consequences for human health 
and freshwater ecosystems, notably through the circumvention 
of slag landfilling. Furthermore, compelling advantages, sur-
passing the 90% reduction threshold, are conspicuous in fun-
damental categories like “Climate change”, “Particulate 
matter” formation, and “Land use”. Transitioning from 
CaCO3 to EAF slag would substantially decrease greenhouse 
gas emissions, mitigating air pollutant generation, and 

diminishing fossil fuel utilization associated with filler material 
extraction and production processes.

While a reduction of nearly 90% is observed in the category 
of “Water use”, EAF slag consistently outperforms CaCO3 
across diverse impact categories related to air quality, marine 
habitats, radiation exposure, soil quality, and water scarcity. At 
equal compounds performance, EAF slag reduces environ-
mental impacts across all investigated indicators, with espe-
cially sizable reductions in the critical categories of human 
health, ecosystem quality, climate change, and resource use. 
These findings underscore the comprehensive environmental 
advantages of EAF slag throughout the life cycle, stemming 
from its role in obviating the need for virgin mineral extraction 
and to reducing chemical emissions during both processing 
and end-of-life phases. In essence, the LCA findings 

Figure 7. (a) Tensile stress strain curve of a representative sample of standard NBR and CaCO3 filled NBR (dotted lines) and EAF slag filled NBR (solid lines) at 5, 10, 20% 
v/v; (b) tensile elastic modulus.

Figure 8. Contribution analysis related to the characterization results for impact categories of CaCO3-filled NBR (S1 standard scenario) and EAF slag-filled NBR at 20%v/v 
(S2 innovative scenario).
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unequivocally support the strategic transition from CaCO3 to 
metallurgical slag waste as a sustainable alternative filler mate-
rial, underlining profound reductions in environmental 
impacts, especially in critical domains such as human health, 
ecosystem quality, climate change, and resource utilization.

Conclusion

This study provides substantial evidence supporting the viabi-
lity and sustainability of EAF slag as an alternative to conven-
tional calcium carbonate filler in NBR composites. The 
findings demonstrate that EAF slag, predominantly composed 
of 40,6% of iron oxide and 26,4% calcium oxide, exhibits 
morphological characteristics similar to calcium carbonate 
when used as a filler.

Rheometric analysis demonstrates comparable processability 
for NBR filled with EAF slag and NBR filled with calcium 
carbonate at equivalent filler volume fractions. Additionally, 
assessments of mechanical properties, including hardness, com-
pression stress-strain, and tensile stress-strain, indicate no sig-
nificant divergence between the two types of fillers. Notably, 
NBR filled with EAF slag at 20% v/v exhibits a higher strain at 
break (40% increase) compared to its calcium carbonate-filled 
counterpart (280% and 200%, respectively), suggesting potential 
performance advantages. Increasing the filler content results in 
an increase in hardness and elastic modulus of the compounds. 
Specifically, hardness measured in Shore A increases by 
approximately 10% from 65 SHA at 0% filler to 75 SHA at 
20% filler volume fraction. Similarly, the mIRHD increases by 

around 15% from 63 mIRHD to 73 mIRHD across the same 
filler range. The rubber compound’s elastic modulus, related to 
its stiffness, also rises incrementally with higher volumes of 
filler. The compressive elastic modulus grows from 11 MPa to 
15 MPa at 20% filler content, representing a 36% increase. 
Likewise, the tensile elastic modulus escalates from 1,1 MPa to 
3,6 MPa at 20 [% v/v] filler, corresponding to a 227% increase. 
These quantitative augmentations in hardness and elastic stiff-
ness are aligned with expected behavior when rigid filler parti-
cles are embedded within the polymer matrix.

The environmental impact assessment conducted in this 
study quantifies the environmental benefits associated with 
incorporating EAF slag as a filler in NBR composites. This 
assessment considers both the avoidance of slag landfilling 
and the reduced need for calcium carbonate production. 
The results demonstrate a minimum reduction of 89% 
across all impact categories, with human toxicity, ecotoxi-
city, eutrophication, and resource use specifically witnes-
sing a remarkable reduction of 99%. These findings 
substantiate that the utilization of EAF slag as a filler 
contributes to sustainable materials management, leading 
to reduced CO2 emissions and enhanced resource 
efficiency.

The study demonstrates the feasibility and environmen-
tal benefits of reusing electric arc furnace slag as a filler 
material, promoting industrial symbiosis approaches that 
manage steel industry waste and reduce dependence on 
virgin resources. The results provide compelling evidence 
for rubber product manufacturers to incorporate this by- 

Table 6. Characterization results for impact categories of CaCO3-filled NBR (S1 standard scenario) and EAF slag-filled NBR at 20%v/v (S2 innovative scenario).

Category of impact Definition S1 S2

Acidification 
[mol H+ eq]

Indicator of the potential acidification of soils and water due to the release 
of gases such as nitrogen oxides and sulfur oxides

2,01E–03 8,25E–05

Climate change 
[kg CO2 eq]

Indicator of potential global warming due to emissions of greenhouse 
gases to the air.

0,5 0,02

Ecotoxicity, freshwater 
[CTUe]

Impact of the potential harm or damage caused to freshwater ecosystems 
due to the release of chemical substances into the environment. It 
quantifies the ecological impact of these substances on aquatic life and 
the overall health and balance of freshwater ecosystems.

17,32 0,11

Particulate matter 
[disease inc.]

Indicator of the potential incidence of disease due to particulate matter 
emissions.

1,89E–08 1,28E–09

Eutrophication, marine 
[kg N eq]

Indicator of the enrichment of the marine ecosystem with nutritional 
elements, due to the emission of nitrogen-containing compounds.

4,91E–04 2,20E–05

Eutrophication, freshwater 
[kg P eq]

Indicator of the enrichment of the freshwater ecosystem with nutritional 
elements, due to the emission of nitrogen or phosphor-containing 
compounds.

2,64E–04 2,61E–06

Eutrophication, terrestrial 
[mol N eq]

Indicator of the enrichment of the terrestrial ecosystem with nutritional 
elements, due to the emission of nitrogen-containing compounds.

0,01 2,37E–04

Human toxicity, cancer [CTUh] Impact on humans of cancer toxic substances emitted to the environment. 1,25E–07 9,06E–12
Human toxicity, non-cancer [CTUh] Impact on humans of non-cancer toxic substances emitted to the 

environment.
1,48E–08 1,89E–10

Ionising radiation 
[kBq U-235 eq]

Damage to human health and ecosystems linked to the emissions of 
radionuclides.

0,02 1,60E–03

Land use [Pt] Measure of the changes in soil quality (Biotic production, Erosion 
resistance, Mechanical filtration).

2,79 0,14

Ozone depletion [kg CFC11 eq] Indicator of emissions to air that causes the destruction of the 
stratospheric ozone layer.

8,85E–09 5,33E–10

Photochemical ozone formation 
[kg NMVOC eq]

Indicator of emissions of gases that affect the creation of photochemical 
ozone in the lower atmosphere (smog) catalyzed by sunlight.

1,87E–03 9,88E–05

Resource use, fossils 
[MJ]

Indicator of the depletion of natural fossil fuel resources. 4,86 0,36

Resource use, minerals and metals 
[kg Sb eq]

Indicator of the depletion of natural non-fossil resources. 5,08E–06 6,30E–08

Water use 
[m3 depriv.]

Indicator of the relative amount of water used, based on regionalized 
water scarcity factors.

0,09 0,01
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product into their formulations instead of standard fillers 
such as calcium carbonate. The environmental benefits can 
incentivize industries to reexamine their material flows for 
circular integration opportunities. This research sets the 
foundation and impetus for institutes, corporations, and 
policy bodies to transform sustainable intentions into prac-
tical reality.

Acknowledgments

The authors thank Novotema S.p.A for providing materials and test 
equipment for the composites’ characterization.

Disclosure statement

No potential conflict of interest was reported by the author(s).

References

[1] Hummen, T.; Sudheshwar, A. Fitness of Product and Service 
Design for Closed-Loop Material Recycling: A Framework and 
Indicator. Resour. Conserv. Recycl. 2023, 190, 190. DOI: 10.1016/ 
j.resconrec.2022.106661  .

[2] Gobetti, A.; Ramorino, G. Application of Short ‑ Term Methods to 
Estimate the Environmental Stress Cracking Resistance of 
Recycled HDPE. J. Polym. Res. 2020, 27(11), 353. DOI: 10.1007/ 
s10965-020-02332-w  .

[3] Federacciai. Relazione Annuale 2023; 2023.
[4] Federacciai. Risultati Del Questionario Sulla Scoria Siderurgica in 

Lombardia 2020 – 2022; 2022.
[5] Aliyah, F.; Kambali, I.; Setiawan, A. F.; Radzi, Y. M.; Rahman, A. A. 

Utilization of Steel Slag from Industrial Waste for Ionizing 
Radiation Shielding Concrete: A Systematic Review. Constr. 
Build. Mater. 2023, 382, 382. DOI: 10.1016/j.conbuildmat.2023. 
131360  .

[6] Yu, Y.-H.; Du, C.-M. A Review on the P Enrichment and Recovery 
from Steelmaking Slag: Towards a Sustainable P Supply and 
Comprehensive Utilization of Industrial Solid Wastes. Sci. Total 
Environ. 2023, 891, 891. DOI: 10.1016/j.scitotenv.2023.164578  .

[7] Kurniati, E. O.; Pederson, F.; Kim, H.-J. Application of Steel Slags, 
Ferronickel Slags, and Copper Mining Waste As Construction 
Materials: A Review. Resour. Conserv. Recycl. 2023, 198, 107175. 
DOI: 10.1016/j.resconrec.2023.107175  .

[8] Mica, N. G.; Rios, S.; Da Fonseca, A. V.; Fortunato, E. The Use of 
Steel Slags in Transport Infrastructures: A Critical Review. 
Geotech. Test. J. 2024, 47(1), 1. DOI: 10.1520/GTJ20230297  .

[9] Purohit, A.; Satapathy, A. A Study on Erosion Wear Performance 
of Linz-Donawitz Sludge Filled Polypropylene Matrix Composites. 
In IOP Conference Series: Materials Science and Engineering; 2018; 
Vol. 377. DOI: 10.1088/1757-899X/377/1/012045  .

[10] Purohit, A.; Satapathy, A. Erosion Wear Response of Epoxy 
Composites Filled with Steel Industry Slag and Sludge Particles: 
A Comparative Study. In IOP Conference Series: Materials Science 
and Engineering; 2018; Vol. 338. DOI: 10.1088/1757-899X/338/1/ 
012059  .

[11] Purohit, A.; Satapathy, A.; Swain, P. T. R.; Patnaik, P. K. Analysis 
of Sliding Wear Behavior of LD Sludge Filled Epoxy Composites 
Using Response Surface Methodology. In Materials Today: 
Proceedings; 2020; Vol. 33. DOI: 10.1016/j.matpr.2020.02.845  .

[12] Lohiya, P.; Agrawal, A. B.; Agrawal, A.; Purohit, A. Physical, 
Mechanical, and Sliding Wear Behavior of Micro-Sized 
Linz-Donawintz Slag Filled Epoxy Composites. J. Appl. Polym. 
Sci. 2022, 139(31), 31. DOI: 10.1002/app.52714  .

[13] Purohit, A.; Gupta, G.; Pradhan, P.; Agrawal, A. Development and 
Erosion Wear Analysis of Polypropylene/linz-Donawitz Sludge 

Composites. Polym. Compos. 2023, 44(10), 6556–6565. DOI: 10. 
1002/pc.27579  .

[14] Pisciotta, M. The Volume Expansion of Artificial Road 
Aggregates Derived from Steelmaking Slags. Eur. Transp. - 
Trasp. Eur. 2020, (75). https://www.scopus.com/inward/record. 
u r i ? e i d = 2 - s 2 . 0 - 8 5 0 8 7 3 3 9 5 2 8 & p a r t n e r I D = 4 0 & m d 5 =  
47e1f6d0470a20a1b54b954cf721ab91 .

[15] Manso, J. M.; Gonzalez, J. J.; Polanco, J. A. Electric Arc Furnace 
Slag in Concrete. J. Mater. Civ. Eng. 2004, 16(6), 639. DOI: 10. 
1061/(ASCE)0899-1561(2004)16:6(639)  .

[16] Netinger Grubeša, I.; Barišic, I.; Fucic, A.; Bansode, S. S. 
Characteristics and Uses of Steel Slag in Building Construction. 
2016. DOI: 10.1016/c2014-0-03994-9  .

[17] Gobetti, A.; Cornacchia, G.; Agnelli, S.; Ramini, M.; 
Ramorino, G. A Novel and Sustainable Rubber Composite 
Prepared from Electric Arc Furnace Slag As Carbon Black 
Replacement Carbon Resour. Convers. 2024, 100230. DOI: 10. 
1016/j.crcon.2024.100230  .

[18] Gobetti, A.; Cornacchia, G.; Gelfi, M.; Ramorino, G. White Steel 
Slag from Ladle Furnace as Calcium Carbonate Replacement for 
Nitrile Butadiene Rubber : A Possible Industrial Symbiosis. Results 
Eng. 2023, 18(May), 101229. DOI: 10.1016/j.rineng.2023.101229  .

[19] Gobetti, A.; Cornacchia, G.; La Monica, M.; Zacco, A.; 
Depero, L. E.; Ramorino, G. Assessment of the Influence of 
Electric Arc Furnace Slag As a Non-Conventional Filler for 
Nitrile Butadiene Rubber. Results Eng. 2023, 17(January), 100987. 
DOI: 10.1016/j.rineng.2023.100987  .

[20] Gobetti, A.; Cornacchia, G.; Petrogalli, C.; Kerschbaumer, R. C.; La 
Monica, M.; Ramorino, G. Characterization of Recycled End-Of- 
Life Rubber Tire Filled with Black Slag. J. Reinf. Plast. Compos. 
2023, 43(1–2), 54–71. DOI: 10.1177/07316844231155398  .

[21] Gobetti, A.; Cornacchia, G.; Ramorino, G. Reuse of Electric Arc 
Furnace Slag as Filler for Nitrile Butadiene Rubber. JOM. 2022, 74 
(4), 1329–1339. DOI: 10.1007/s11837-021-05135-6  .

[22] Gobetti, A.; Cornacchia, G.; Ramorino, G. Innovative Reuse of 
Electric Arc Furnace Slag As Filler for Different Polymer 
Matrixes. Minerals. 2021, 11(8), 832. DOI: 10.3390/min11080832  .

[23] Gobetti, A.; Cornacchia, G.; Ramorino, G.; Riboldi, A.; 
Depero, L. E. EAF Slag As Alternative Filler for Epoxy Screeds, 
an Example of Green Reuse. Sustain. Mater. Technol. 2021, 29 
(March), e00324. DOI: 10.1016/j.susmat.2021.e00324  .

[24] Roland, C. M. Reinforcement of Elastomers. Ref. Modul. Mater. 
Sci. Mater. Eng. 2016, (June 2015). DOI: 10.1016/b978-0-12- 
803581-8.02163-9  .

[25] ASTM D792. ASTM D792 - 07: Standard Test Methods for 
Density and Specific Gravity (Relative Density) of Plastics. Am. 
Soc. Test. Mater. 2007, 14.

[26] CEN EN 12457-2. Characterisation of Waste - Leaching - 
Compliance Test for Leaching of Granular Waste Materials and 
Sludges - Part 2: One Stage Batch Test at a Liquid to Solid Ratio of 
10 L/Kg for Materials with Particle Size Below 4 mm (Without or 
with Size Reduction). Int. Standard. 2002, p. 9. DOI: 10.1520/ 
D5289-19A  .

[27] Navarro, C.; Díaz, M.; Villa-García, M. A. Physico-Chemical 
Characterization of Steel Slag. Study of Its Behavior Under 
Simulated Environmental Conditions. Environ. Sci. Technol. 
2010, 44(14), 5383–5388. DOI: 10.1021/es100690b  .

[28] Characteristics and Uses of Steel Slag in Building Construction; 
Grubeša I. N., Barišić I., Fucic A., Bansode S. S., Eds. Woodhead 
Publishing, 2016; p. iii. https://doi.org/10.1016/B978-0-08-100368- 
8.01001-0 

[29] D2240-05. Standard Test Method for Rubber Property — 
Durometer Hardness 1; 2005; Vol. 5.

[30] ASTM D1415-18. Standard Test Method for Rubber Property — 
International Hardness 1; 2012; Vol. 6.

[31] ASTM D575-91. Standard Test Methods for Rubber Properties in 
Compression; 2014; Vol. 91.

[32] ASTM D395-14. Standard Test Methods for Rubber Property — 
Compression Set; 2003; Vol. 9, pp 1–6. DOI: 10.1520/D0395-14.2  .

MATERIALS AND MANUFACTURING PROCESSES 11

https://doi.org/10.1016/j.resconrec.2022.106661
https://doi.org/10.1016/j.resconrec.2022.106661
https://doi.org/10.1007/s10965-020-02332-w
https://doi.org/10.1007/s10965-020-02332-w
https://doi.org/10.1016/j.conbuildmat.2023.131360
https://doi.org/10.1016/j.conbuildmat.2023.131360
https://doi.org/10.1016/j.scitotenv.2023.164578
https://doi.org/10.1016/j.resconrec.2023.107175
https://doi.org/10.1520/GTJ20230297
https://doi.org/10.1088/1757-899X/377/1/012045
https://doi.org/10.1088/1757-899X/338/1/012059
https://doi.org/10.1088/1757-899X/338/1/012059
https://doi.org/10.1016/j.matpr.2020.02.845
https://doi.org/10.1002/app.52714
https://doi.org/10.1002/pc.27579
https://doi.org/10.1002/pc.27579
https://www.scopus.com/inward/record.uri?eid=2-s2.0-85087339528%26partnerID=40%26md5=47e1f6d0470a20a1b54b954cf721ab91
https://www.scopus.com/inward/record.uri?eid=2-s2.0-85087339528%26partnerID=40%26md5=47e1f6d0470a20a1b54b954cf721ab91
https://www.scopus.com/inward/record.uri?eid=2-s2.0-85087339528%26partnerID=40%26md5=47e1f6d0470a20a1b54b954cf721ab91
https://doi.org/10.1061/(ASCE)0899-1561(2004)16:6(639)
https://doi.org/10.1061/(ASCE)0899-1561(2004)16:6(639)
https://doi.org/10.1016/c2014-0-03994-9
https://doi.org/10.1016/j.crcon.2024.100230
https://doi.org/10.1016/j.crcon.2024.100230
https://doi.org/10.1016/j.rineng.2023.101229
https://doi.org/10.1016/j.rineng.2023.100987
https://doi.org/10.1177/07316844231155398
https://doi.org/10.1007/s11837-021-05135-6
https://doi.org/10.3390/min11080832
https://doi.org/10.1016/j.susmat.2021.e00324
https://doi.org/10.1016/b978-0-12-803581-8.02163-9
https://doi.org/10.1016/b978-0-12-803581-8.02163-9
https://doi.org/10.1520/D5289-19A
https://doi.org/10.1520/D5289-19A
https://doi.org/10.1021/es100690b
https://doi.org/10.1016/B978-0-08-100368-8.01001-0
https://doi.org/10.1016/B978-0-08-100368-8.01001-0
https://doi.org/10.1520/D0395-14.2


[33] ASTM D412-06. Standard Test Methods for Vulcanized Rubber 
and Thermoplastic Elastomers–Tension, ASTM Int. West 
Conshohoken, PA, USA, 2006.

[34] Hischier, R.; Hellweg, S.; Capello, C.; Primas, A. Establishing Life 
Cycle Inventories of Chemicals Based on Differing Data 
Availability. Int. J. Life Cycle Assess. 2005, 10(1), 59–67. DOI: 10. 
1065/lca2004.10.181.7  .

[35] Tossavainen, M.; Engstrom, F.; Yang, Q.; Menad, N.; Lidstrom 
Larsson, M.; Bjorkman, B. Characteristics of Steel Slag Under 
Different Cooling Conditions. Waste Manag. 2007, 27(10), 
1335–1344. DOI: 10.1016/j.wasman.2006.08.002  .

[36] Mombelli, D.; Gruttadauria, A.; Barella, S.; Mapelli, C. The Influence 
of Slag Tapping Method on the Efficiency of Stabilization Treatment 
of Electric Arc Furnace Carbon Steel Slag (EAF-C). Minerals. 2019, 
9(11), 706. DOI: 10.3390/min9110706  .

[37] Kilau, H. W.; Shah, I. D. Preventing Chromium Leaching from 
Waste Slag Exposed to Simulated Acid Precipitation: 
A Laboratory Study. Rep. Investig. - United States, Bur. 
Mines, 1984.

[38] Cabrera-Real, H.; Romero-Serrano, A.; Zeifert, B.; Hernandez- 
Ramirez, A.; Hallen-Lopez, M.; Cruz-Ramirez, A. Effect of MgO 
and CaO/SiO on the Immobilization of Chromium in Synthetic 
Slags. J. Mater. Cycles Waste Manag. 2012, 14(4), 317–324. DOI:  
10.1007/s10163-012-0072-y  .

[39] Mombelli, D.; Barella, S.; Gruttadauria, A.; Mapelli, C.; Le 
Saout, G.; Garcia-Diaz, E. Effects of Basicity and Mesh on Cr 
Leaching of EAF Carbon Steel Slag. App. Sci. 2018, 9(1), 1. DOI:  
10.3390/app9010121  .

[40] Mombelli, D.; Mapelli, C.; Barella, S.; Di Cecca, C.; Le Saout, G.; 
Garcia-Diaz, E. The Effect of Chemical Composition on the 

Leaching Behaviour of Electric Arc Furnace (EAF) Carbon Steel 
Slag During a Standard Leaching Test. J. Environ. Chem. Eng. 2016, 
4(1), 1050–1060. DOI: 10.1016/j.jece.2015.09.018  .

[41] Strandkvist, I.; Pålsson, K.; Andersson, A.; Olofsson, J.; 
Lennartsson, A.; Samuelsson, C.; Engström, F. Minimizing 
Chromium Leaching from Low-Alloy Electric Arc Furnace 
(EAF) Slag by Adjusting the Basicity and Cooling Rate to 
Control Brownmillerite Formation. Appl. Sci. 2020, 10(1), 35. 
DOI: 10.3390/app10010035  .

[42] Salehi, M. M.; Khalkhali, T.; Davoodi, A. A. The Physical and 
Mechanical Properties and Cure Characteristics of NBR/Silica/ 
MWCNT Hybrid Composites. Polym. Sci. Ser. A. 2016, 58(4), 
567–577. DOI: 10.1134/S0965545X16040131  .

[43] El-Tantawy, F.; Deghaidy, F. S. Effect of Iron Oxide on 
Vulcanization Kinetics and Electrical Conductance of Butyl 
Rubber Composites. Polym. Int. 2000, 49(11), 1371–1376. DOI:  
10.1002/1097-0126(200011)49:11<1371:AID-PI496>3.0.CO;2-0  .

[44] Roy, K.; Alam, M. N.; Mandal, S. K.; Debnath, S. C. Effect of Sol– 
Gel Modified Nano Calcium Carbonate (CaCo3) on the Cure, 
Mechanical and Thermal Properties of Acrylonitrile Butadiene 
Rubber (NBR) Nanocomposites. J. Sol-Gel Sci. Technol. 2015, 73 
(2), 306–313. DOI: 10.1007/s10971-014-3530-2  .

[45] Smejda-Krzewicka, A.; Olejnik, A.; Strzelec, K. The Effect of Metal 
Oxide on the Cure, Morphology, Thermal and Mechanical 
Characteristics of Chloroprene and Butadiene Rubber Blends. 
Polym. Bull. 2020, 77(8), 4131–4146. DOI: 10.1007/s00289-019- 
02964-z  .

[46] Alam, M. N.; Kumar, V.; Park, S. S. Advances in Rubber 
Compounds Using ZnO and MgO As Co-Cure Activators. 
Polymers. 2022, 14(23). DOI: 10.3390/polym14235289.

12 A. GOBETTI ET AL.

https://doi.org/10.1065/lca2004.10.181.7
https://doi.org/10.1065/lca2004.10.181.7
https://doi.org/10.1016/j.wasman.2006.08.002
https://doi.org/10.3390/min9110706
https://doi.org/10.1007/s10163-012-0072-y
https://doi.org/10.1007/s10163-012-0072-y
https://doi.org/10.3390/app9010121
https://doi.org/10.3390/app9010121
https://doi.org/10.1016/j.jece.2015.09.018
https://doi.org/10.3390/app10010035
https://doi.org/10.1134/S0965545X16040131
https://doi.org/10.1002/1097-0126(200011)49:11%3C1371:AID-PI496%3E3.0.CO;2-0
https://doi.org/10.1002/1097-0126(200011)49:11%3C1371:AID-PI496%3E3.0.CO;2-0
https://doi.org/10.1007/s10971-014-3530-2
https://doi.org/10.1007/s00289-019-02964-z
https://doi.org/10.1007/s00289-019-02964-z
https://doi.org/10.3390/polym14235289

	Abstract
	Introduction
	Materials and methods
	Materials

	Methods
	Filler characterization
	Compound characterization
	Life cycle assessment (LCA)
	Inventory analysis
	Impact assessment


	Results and discussion
	Filler characterization
	Compound characterization
	Rheometric parameters
	Mechanical properties
	Environmental impact


	Conclusion
	Acknowledgments
	Disclosure statement
	References

