UNIVERSITADEGLISTUDI DI BRESCIA
DIPARTIMENTO DI INGEGNERIAMECCANICAE
INDUSTRIALE

UNIVERSITA
DEGLI STUDI
DI BRESCIA

DOTTORATO DI RICERCA IN INGEGNERIAMECCANICAE
INDUSTRIALE

ING/IND 22 and ING/IND 21
Cycle XXXV

TECNOLOGIE E RELAZIONI DI FILIERA PER UN NUOVO
$".2(23%, w(-#4231( +Sow+z [/ +("
SIMBIOSI INDUSTRIALE NEL SETTORE DEI METALLI

TECHNOLOGIES AND SUPPLY CHAIN RELATIONSHIPS FOR A
NEW INDUSTRIAL ECOSYSTEM: THE APPLICATION OF THE
INDUSTRIAL SYMBIOSIS IN THE METAL SSECTOR

Advisor:
Ing. Giorgio Ramorino

Co-Advisor:
Dr. Marco La Monica (ENEA)

Tutor:
Prof. Giovanna Cornacchia
PhD Candidate
Anna Gobetti

DRIMI Coordinator:
Prof. Laura E. Depero






Acknowledgements

Acknowledgements

| would like to thank R egione Lombardia and ENEA for funding this project, and the Department of
Mechanical and Industrial Engineering of University of Brescia, especially the group of Materials Science and
Technology and the group of Metallurgy for the support provided in thed evelopment of this project.

In particular, a special thanks to Prof. Giorgio Ramorino and Prof. Giovanna Cornacchia for all the teachings
transmitted in these 3 years, for the competences, professionalism and availability in guiding me thought this

challenging issue.

| wish to acknowledge the help provided by Dr Marco La Monica to deal with completely new topics outside
the purely technical aspects.

| am grateful to the reviewers of this PhD thesis, Prof. Roberto Roberti and Prof. Katrin Reincke for taking the
time to review the work and for constructive criticism .

A thanks goes to the DIMI members who helped me in deepen different aspects of the project: Prof. Laura
Depero and Dr. Annalisa Zacco for the support in the improved slag characterization and treatment, Prof.
Edoardo Pianafor carryingout acoustic tests, Prof. David Vetturi for performingthe vibration study and Prof.
Giuseppe Tomasonifor the help in the Life Cycle Assessment.

Lastly, | would like to thank all the companies that have made their skills available, especiallyAsonext SPA
and Novotema SPA for providing much of the material characterized during th is project and for making their
internal laboratories available to conduct specific tests.




Index

Index
Yol 4]0 =T o T PSPPSR PSRN 6
Y 013 1 = o SRR 10
GENERAL LITERATURE BACKGROUND ....ouiiiiiiiiiiiiie e eceer e s ettt e e e s seteeee s emmm e e e e s snnsaeee e e s s mmmmre s e e e e ansneees 14
I.  Circular economy, industrial ecology, and industrial SYMDIOSIS .........ccccviviriiiiiiiieme s 14
1. INAUSEHAl SYMDIOSIS ..ot ettt ettt h et bttt e e ae e ebe e s b e et s ee e e 18
L@ T 1L TR USSR 19
(3= 11 71 o0 OSSP 20
Industrial SYMDIOSIS MOUEIS ......ccueiiiiiiiie et sttt e st e et e s semm e ssteesaeeesbeeeseeessamm s 20
Advantages and criticalities of industrial SYMDIOSIS ........cccviiiiiiiriiis e 26
2. Industrial symbiosis as a circular economy perspective and industrial ecology perspectives ............. 27
2.1 Industrial Ecology perspective on Industrial SYmbIOSIS ........coccvviviiieiiiiiiimmee e e 29
Circular Economy perspective on Industrial SYMDIOSIS ......ccccveeiiiireiiiier s vmemre et e seee s vemme e see e sneee s 30
I, Steel Sector waste: metallurgiCal SIAQS.........uuviiiiiee i vcemre e veee e e e sreee e e e e e nrnee s 32
1. BIlaSt FUMNACE (BF) SIAG.. ... iiiiiiiiiie it eieime ettt emmmt sttt ettt et s mmmt e s he bt et e e ae e sae e se s e b e nr e 33
S (=1 IS = Vo USSP UPT 34
Basic OXygen RIrNACE (BOF) SIAQ.......ui ot stiimee ettt sttt iemmee ettt e et et ememe e sne e beenbesneeseeeem 34
= o | S e T g Tt (TS - Vo OSSP 34
Electric Arc FUINACE (EAF) SIAQ........ocii it ememe ettt smmer e st ssae et e et ammnr e s be e e nbe e enbe e ente e s v 35
EAF slag characterization MELNOUS............ooiiiiiiiiiisimem et emmer et smmer e s eebe e enbeeenes 39
Production proCeSS Of EAF SEEEL......ccciiiei e ctrmm ettt s emmmre e et e e st ee e e e s e e s vmemr e e s see e e enneeeennrene s 41
3. Industrial Symbiosis in the StEel SECION........c..iviiiiie et veemr et snee e eeenneee e D
Traditional slag appliCALIONS .........eeiiiieie s ceem e e s e e e s e e snee e e e nsee e e s sssmmmsseeeennseeessnseeessssnssmmmreeeen B4
Slag reuse in cement and CONCrete PrOUCTION............oiiiieiieeiiimmm ettt siee st remmee e b b sbe et e asememe 44
Slag reuse iN r0ad CONSITUCTION. ...ttt imee ettt emmme e be ettt ae e sb e semms e b e e mbeeneesbeesbeenean 45
(@4 gT=Tar=To]o] (o= 1 o] g K53 a) B Vo TP 45
Case studies of implemented Industrial symbiosis in the Steel Sector worldwide ............cccooeveriiivccnnnee 46
. (0] LT o= o o P TR b1
O o1}V (=] | SO PRR 51
1.1 Mechanical CharaCteIiZATION .............ouiieeii et imee ettt emme ettt semm e b e e beennesne e 52
111 HAIANESS TOSL....viiiiiiiiee et immr ettt ettt see s s et esn e e nne e nn e e ommmn e e 52
1.1.2 FIEXUIAI TEST....eeieeieeiteete et emmme et mmmr e s r e e emmm e e s R e n e e n e e nn e e smmme e sr e nne e 53
1.1.3 (7o) a1 0] (= TS1S o] o 1 1= 54
P {01 o) 1T o] o o] T 18 [ T LS SO PR 54
21 Nitr ile Butadiene RUDDEr (NBR)........ccuiiiiiieii ettt sttt s emms e s sre e e en 54




Index

2.1.1 MOUIING PrOCESSES. ....eeiviieitiee it e steeesimmte e st esiteesateestee e simmte e e sbeeabeesabeesabee s e te e ssee e sbeeenbeeenbe s emn 56
2.1.2 INAUSEHAI FUDDEE SCIAPS ..eviiieiieieiie ittt ettt st e et s remm e snte e snteesnee e K7
b =g o ol N1 {3 (W] o] o T=T g ] (= TSR R 58
221 Management and regulation OF ELT ........cooiiiiiioim e emmee e e s 59
2.3, RUDDEr CharaCteriZatiON..........cccueieerieeireesmmmre e s et vmmm et re e re e s emmme e e e ne e re e neesnenee s vemes 68
P2 N R VAU | (o= T 4= 11 (o] RO OO U SR U RSP OORPR 68
2.3.2. RNEOMELIC CUINVE ...ttt ettt bemmet et a et e e be e b e et s emms e b e e s bt e st e e nbeenbeensamam s 68
2.33. (@] L0131 1 0] ([ o [PPSR 69
2.3.4.  Static MechaniCal PropPeItieS........coivieiiieiiiiiiiimee e sseesiee st emmmree st sbeesnteesnte e sssmmmsaeesseeessee e el O
2.3.5.  ViSCOEIASEC BENAVIOU.........coiiiiiiiiiiiestimmee e semmi e et nne e O
2.3.6. Dynamic MechaniCal ProPEITIES ......cccuueiiieiiie it semiee ettt ettt s e 82
2.3.7. 2010 TaTo I (1T o] o= PRSP 85
2.2.3.  TribologiCal DENAVIOUL ........cccuiiiiiiiiii e emmer et emmr et sane s 36
EXPERIMENTAL METHODOLOGIES AND RESULTS .....ooiiiiiiiieieie st 88
1. Epoxy screed filled with EAF slag as alternative filler to Sand ..ot e 88
O R |V -1 = 7= 1T USSP 88
1.1.1. IVBITEX ettt ettt et b et et emmt b e b ekt ekt h e b€ et £ £ e R e e b e SRt e e R e e bt e et e bt e nn e ennesbeennd a8
1.1.2. 11T PSS 88
1.1.3.  COMMEICIAI PrOUUCE ....ooitiiiiieeitie et ctemmie ettt et emmr e st ssbe e sste e s ste e s ammms e e s bee e beeenbeeenreeenem 89

S F= o] o[ o (=] oY= U= L1 o] o ISR 89
O |V =1 1 T o T TSP PO PP R TUPOPRPN 89
1.2.1. EAF Slag CharaCteriZation ............ccoiieeeiiiiesimemre e eeeeessteee e seee e s svemme s ee s ssteeessseee e s s ammm s e e e enseeeeanes 89
1.2.2. ComMpPOSItES CharaCleriZAtION ........ccuieeeeieeeeiteescmmere e et ee e st e e st ee s s vmemr e e e e e e sanee e e snsee e e mmme e snneeesnes 90
1.3, RESUIS N0 AISCUSSION......cceiiriiieiiieeireesimmmre et smmm e s re e re e re s s e r e e r e neesrennnenne e e 91
1.3.1. EAF SIag CharaCterization............cocuiiueiiiieit ettt imme et b e et st smem e b b e 91
1.3.2. COMPOSItES ChAraClerIZALION........coiuiiiiiii et imeme sttt ettt emmt ettt be e s be e be et saeesaee 93
R S O o Tod 1111 o o SRR 100
2. Influence of EAF slag as filler for Standard NBR............cccoouiiiiiiiiiee e 101
0 O Y/ = 10 7= YL TP U PRSP 102
N Y/ 1< 1 To o LT TSRS P PR TR PO 103
2.2.1. EAF Slag CharaCterization............cueiiiueeeioiiimmree e seee e stte e e s tessmmmre e e sseeeessteeess e e s smmmr e e snneeesenneees 103
2.2.2. EAF slag filled NBR CharacCterization ............cccceicuueeiivimmieeessiee e ssiiee e s s emmmre e s s sneee e ennteeeesnseeevmm 104
2.3, RESUILS QN QiSCUSSION.......veirieriiiieiiesieimmme et re e mmmr e e e e ssnesse e s n e emmmer e e sn e e e e smnesneenre e s 107
2.3.1. EAF Slag CharaCteriZation...........cocui it mme ettt smem e st e s 107
2.3.2. EAF slag filled NBR CharacCterization ...........cc.cooeiieeiie et simmmee s st vem 110
S TR ©7o o T 1121 T ] o PSSRSO 132




Index

3. EAF Slag Filled reCyCled NBR SCIAP.......cuiiiiiiieeiieeetimmreesteesiteesieeesieesssemmmsessbeesstesssteesssessssmmmssesssesssessnne 134
0 IO Y/ = 1 7= YL PP P PO UR PSP 135
3.1.1. INAUSEIIAL NBR SCIAP ..veeuvieiiiiiieiiee sttt vmeme ettt semmmee s e sbeesbe et sneesse e semms e e sbeebeeneesneesteens 135
3.1.2. EAF Slag filled recyCled NBR SCIap.........ccoouiiiiiiiiiiiiemiee sttt sttt veeme et vmemes 136

G T /1= 1 o T LT PSPPI 137
3.2.1. Recycled NBR scrap CharaCterization.............coeeieeueiicsmee ettt semmi e 137
3.2.2. EAF Slag filled reCyCled NBR SCIaP.......coouireiieariieitsiemeee e st ste et smeme e ee s sseesae e 139

3.3, RESUILS QNG QISCUSSION.......eeetiiieiiieiie it imeme sttt bbb see e s mmmt e be e beeseesaeesae e sbeameme s be e aseeasesanesaeesbe e e 140
3.3.1. Recycled NBR SCrap CharacCterization..........c..oiueeieeeiieimee e esiee s semmmsee e e sseeessee s 140
3.3.2. EAF slag filled recycled NBR charaCterization............ccoceevueeiieecmiee e 150

I ©7o o] (12T ] TP T U OURURR PSPPI 156
4. EAF slag as carbon black replacement for NBR..........ccoooiiiiiiiiiiene e ammmee et vem 158
I Y/ - = = SR 158
4.2, MEENOGS. .....citeiiicee e smrm e R Rt et Rt R e ne e nre e 160
4.2.1. EAF Slag CharaCterization...........oocuiiueiiiieiii ettt emme et st smmms e saeesbeenne s 160
4.2.2. Compound CharaCteriZAtiON ..........cccueeueiueeiuieiemee ettt ee st beemem e aeesbeesbeesbeesbesssmmeesbeesbeen 161

4.3, RESUILS AN QISCUSSION......c.uiiiiiiiiiitieiteetimee ettt ettt iems e et e saeesbe e besseesbeameme b e e beembeemnesaeesbe e e 164
4.3.1. EAF Slag CharaCterization............cocuiieiiieeie ettt emme ettt et smmmse e saeesee e e 164
4.3.2. EAF slag and carbon black filled NBR characterization.............cccccuvvevivemcmeeseeesiee e 166
(0] o Tod [0 1S3 To] o OO O PP PSR PR PP 183

5 Influence of EAF slag as filler for recycled end of life tyre (ELT). ....ccoeiueeiiee e cmeme e 184
5.1 IVIBEEITAUS ...t rmme et r e et et R R Rt e r s 134

] I 00 1o = RS 184
A ] Vo SR, 184
Compound ELT filled With EAF SIAQ ....cccuoiiiiiiieiee et mmt e et e e 185

5.2 /1= oo LSRR 185
5.2.1 EAF Slag CharaCterization............eeieeieeieeiicee e siee sttt seemeee s ee et s see s e sseessemmer et e snee e 185
5.2.2. Compound CharaCteriZatiONn .............ceeiuieiieeiiemeeesieee st esieeesteesiemme e sseesnteessseesssessmmmessseessees 186

5.3, RESUILS QN QISCUSSION.......ueeitiiiiiiiiiii it imeme sttt ettt sse e s mmms e beebeeeesaeesheesbeememe st e sseeasesaneseeesee e bmmmes 188
S T N =7\ =] - WO 188
5.3.2. (700 aToToXU{To [ed 0P Y 7= Tt (=14 Lo o S 191

LS TRC FO O o T 11251 (o] o PP PR P 209
6. Potential industrial Symbiosis between Steel and Rubber sector in Lombardy...........ccccceeveivieviceeennee. 211
6.1, WaSLE ANd DY-PIrOUUCTS ......oiiiiiiiie ettt et b e s b et s emmne e s h e s b e e sb e e be et s se s ramn 211
6.1.1 BY-Products 1€QISIAtIONS ..........coiiiiiiiiiii et ememe e bbb st b be e sre e 212
6.1.2 LTSt L= [Ta L] = LA ) o PP 213




Index

6.2 Case of black slag: management MEthOUS..........ccoiuiiiiiiiiimee e emmmee e senm 214
6.2.1 oY S P= o T Tl o)V o] o Lo (0T 72 1 1 SR 214
6.2.2 EAF SIQ0 @S WASLE [B4L]: . eiiiiieieiieeie et cemiee ettt et s ememe st be et sseesbeesmmmseesbeentesneeseee s 216
6.2.3 EAF slag as ENd Of WaASIE [B4L] ..ot semit ettt ettt vmeme s 218

6.3 EYEOUET I UwEUDUDPOT wi UOOWUT 1 wERBDOEBEDEEUDO0ADI WE Ow

6.4 Identification of the subjects that can be involved for the use of black slag asfiller in polimer matrix

[ ) V2 o] oo L1 o1 ) U SOTORPPTRPOR 220

6.5  Scenarios and economic evaluation of EAF slag management through industrial symbiosis........ 232
6.5.1 Management cost of EAF black slag as Waste..........ccccoviiiiiiieemcc e 233
6.5.2 Profit and loss of the management of EAF black slag as byproduct: artificial aggregates.....233
6.5.3 Profit and loss of the management of EAF black slag as byproduct: filler for polymeric matrix

235
6.6 1070] 1 o] (0151 To ] o AT TP PRSP PR 243
L0 ] 0 To] 0151 T o I PP PPN 244
UL U =0 (V7= (o] o] 0= £ SRR 245
L] (=] =T 0T0] 1 PP PP 246




Sommario

Sommario
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maggiormente verso un modello di economia circolare. Spesso questo concetto viene associato alla gestione e

alla valorizzazione dei rifiuti, ma esso comprende tutto il ciclo di vita di un prodotto, dalla progettazione al

fine vita, con lo scopoidealmente, di generare zero rifiuti. Nella realta produttiva purtroppo difficilmente

questo & realizzabile, percid prendendo a modello la biosfera, OE wUD OED OUP wPb OEUUUUPE OI wd wU
industriale che coinvolge industrie tradizionalmente dissimili in un approccio collettivo che implica lo
scambiofisico di materiali, energia, acquae sottoprodotti per ottenere vantaggi economici oltre che ambientali.

Le chiavi della simbiosi industriale sono la collaborazione e le possibilita sinergiche offerte dalla vicinanza

geografica. Esistono diversi modelli di simbiosi industriale, quello proposto in questo progetto € il modello

sviluppato EEOOz w$-$ OwWEOUDPEEI UUOWRPEwWUT U1l »wET T wOUEODUIT wlO;
produttivi individua possibili flussi simbio tici e fa in modo di mettere in contatto tra loro anche aziende del

tutto dissimili.

E in tale contesto che questo progetto di dottorato si colloca. Lo scopodel lavoro & stato quello di eseguire una
caratterizzazione ingegneristica relativa ad una nuova applicazione della scoria da forno elettrico ad arco,

come filler in matrici polimeriche , con particolare focus sulla gomma vulcanizzata; parallelamente €& stato
eseguitouno studio di questi due settori, tradizionalmente molto lontanitraloro O1 O O ziriplgtedtEréuna

simbiosi industriale basata appunto sullo scambio della scoria. Questa attivita di € stata condotta con il

supporto e laguidaEl 00z.$- $

Il motivo per cui sono stati scelti questi settori & che da unapartelz ( UE OD E woé wh Ottore BuBdfeBEd x E O1 w
acciaiodafornoelettrico, e piu del 50% delle grandi imprese italiane ditrovain Lombardia; conseguentemente

in questo territorio viene prodotta una ingente quantita di scoria. Nonostante la scoria venga gia riutilizzata

nel settore delle costruzioni come aggregato artificiale, & stato stimato che purtroppo ancora un 30% venga

smaltito in discarica (Federacciai, Rapporto Sostenibilita 2021). Per questo motivo & necessario studiare nuove

scoria come filler in matrici di polipropilene e resina epossidica (Cornacchia et al., JOM2015). Nella presente

ricerca ci si & focalizzati su matrici elastomeriche data ladistribuzione ge ografica delle imprese operanti nel

settore delle guarnizioni: si € stimato che, anche in questo casopiu del 50% delle grandi imprese € situata in

Lombardia. . OUUTl wEwW @UI UUEWEOOEDPADOOI WEI UUEOI OUI wi EYOUI YOC
della gomma, a sviluppare lo studio di materiali elastomerici additivati con scoria nera da forno elettrico dati

i potenziali vantaggi non solo ambienta li ma anche economici che se ne potrebbero trarre.

Il tema della valorizzazione dei rifiuti non € un tema sensibile unicamente per i produttori di acciaio per
guantoriguarda la scoria, ma anche peri produttoridi articoliingomma in quantodiversamente daimateriali
termoplastici essa non eriprocessa bile con il solo apporto del calorea causa dei legami chimici che vengono

formati nel processo di vulcanizzazione. La produzione di pezzi in gomma porta con sé una considerevole
percentuale di scarto, nondovuto a difettosita maintrinseco nel processo. Ad oggi esistono dei processi di de-
vulcanizzazione ma non sono comunemente attuati principalmente per i costi ancora troppo elevati. A tale
proposito, in questo progetto di dottorato gli scarti industriali da articoli tecnici e anche il polverino di
pneumatico fuori uso (data la sua grande rilevanza ambientale) sono stati riciclati tramite un processo
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Ul OxOPEIl WEPWEEOEOEUEUUUEWUI OAEwWOZET T PUOUE WED wEaBcBeP UD Y D €
in questi ultimi.
Il lavoro svolto € strutturato in una prima parte di revisione della letteratura, articolato come segue:
1) Analisi dei concetti di economia circolare, ecologia industriale e simbiosi industriale al fine di
definirne caratteristiche e mutue relazioni. Particolare attenzione € stata prestata al concetto di
simbiosi industriale POwW Ul UOPOPWEDPwWOUDT POPOWET I DOPaADOOIT wi wl
EEOO0z%$-9% WUEUAwW@BUI OOOWEEOUUEUOWO! QWEE x ebadaO WE 1 EE
UUOwWUOUEUI T UDPOI OUOWET OOEWUEOUPEWUUEWPOWUI UOOUIT wEl
) OEOPUPWET OwUI UUOUT wEl OOzZEEEPEPOOWPOwWXxEUUDPEOOEU
panoramica delle varie tipologie di scorie derivanti dai diversi processi e/o fasi di processo con le
relative caratteristiche. In particolar modo ci si & fo calizzati sulla scoria nera da forno elettrico ad
arco, oggetto di questo studio per cui € stata riportato pit nel dettaglio il processo produttivo e le
metodologie di caratterizzazione. Potenzialmente la scoria nera rilascia metalli pesanti pericolosi
perOz EOEDI OUIT wl wxI Uwoz Undeiiéadumarsdnt) rip@ttlti matodichedéhdapoY O w
la scoria piu stabile da un punto di vista della lisciviazione per un riutilizzo sicuro della stessa.
1)} Analisi dei metodi di caratterizzazione delle matrici polimer iche caratterizzate. Dopo una breve
panoramica sulla caratterizzazione della resina epossidica (matrice polimerica termoindurente) &
stata analizzata piu nel dettaglio la matrice elastomerica. La gomma nitrilica utilizzata, NBR
(Nitrile -butadiene rubber) e stata descritta in termini di proprieta e applicazioni prima di passare
ai processi produttivi di articoli tecnici che comportano lo scarto sopra menzionato. La seconda
matrice elastomerica caratterizzata é statoil polverino di pneumatico fuoriuso (PFU) riciclato, per
cui & stata fatta una revisione della letteratura circa la gestione ei possibili utilizzi .
Infine, un paragrafo é stato dedicato alla caratterizzazione della gomma vulcanizzatain termini
di:
1 cinetica di vulcanizzazione tramite curvareom etrica;
9 densita di reticolazione;
1 proprieta meccaniche statiche, ovvero la durezza (con focus sulle diverse scale utilizzate
Ol 00z DOE UUU U bdil edinpabr@ientd adrériorie £a compressione;
1 valutazione del comportamento viscoelastico (rilassamento degli sforzi, creep,
deformazione permanente e effetto Mullins);
1 comportamento dinamico meccanico al variare di temperatura e frequenza, e ampiezza
di deformazione. Le gomme additivate con carbon black presentano un andamento non
linearedel moduloconUl UYEUDYOWEDOEOPEOOWET I WEOOZEUOI OUE
cala in modo significativo.
i interazione tra carica e matrice tramite diverse procedure sperimentali sia sulla gomma
vulcanizzata che non;
1 comportamento tribologico.
Una seconda parteUl OEUDYEWEOOZzZEUUDPYDPUAwWUx1T UDPOI OUEOI wUYOOUEO
caratterizzate:
1) Confronto del comportamento meccanico di una resina epossidica additivata con scoria e con
sabbia di fiume al fine di proporre un materiale di scarto com e alternativa a un materiale naturale




1)

11

V)
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nelle cosiddette malte epossidiche. La scoria utilizzata & stata caratterizzata in termini di
composizione chimica e fasi mineralogiche, inoltre € stato valutato il comportamento a
lisciviazione della scoria inglobata EO Oz POUT UOOWET OOEWOEUUDPET wxOODPOI |
scoria rappresenti una valida alternativa alla sabbia da un punto di vista di performance

meccaniche del composito e @me la lisciviazione della scoria inglobata venga ridotta al di sotto

dei limiti imposti per il riutilizzo sicuro della scoria.

Caratterizzazione di una NBR standard additivata con una crescente percentuale di scoria. La

scoria utilizzata anche in questo caso € stata caratterizzata in termini di composizione chimica,

fasimineral ogiche e comportamento a lisciviazione. Come per la resina epossidicala lisciviazione

degli elementi pesanti & ridotta nel momento in cui la scoria viene inglobata nella gomma (al di

sotto delle soglie imposte per lo smaltimento in discarica come inerte). Da un punto di vista del

composito, € stata condotta una caratterizzazione a tutto tondo evidenziando un irrigidimento

globale che in applicazioni di tenuta pud comportare un vantaggio. E stata inoltre valutata

0zDOUI UE&aDOOI wl U E atishediroentslipdrténa -ad affednoale e tald ibterdzione

esista.

Caratterizzazione di sfrido industriale NBR, e influenza della scoria in diverse granulometrie. E

stato riscontrato che nonostante lo sfrido riprocessato tramite un processo semplice come &
calandratura e il successivo stampaggio a compressione non consenta di creare geometrie
complesse le sue proprieta meccaniche si mantengon@lobalmente buone senzaalterazioni nella

struttura chimica dovute a ossidazione o degradazione del materiale (spettro ATR-FTIR). Per

guanto riguarda la scoria, anche in questo caso e stato evidenziato un irrigidimento e da un punto

di vista di interazione carica -matrice sembra che questa aumenti per granulometrie piu fini grazie

a una maggiore superficie di adesione.

( OWEEUEOOWEOEEOWS wbOwi POOI UwxDk wlUUDPOPAAEUOWOI OO0z
EPwUDOI OUAa OB W3UUUEYPEOwWOZDOXEUUOWEOED]I OUEOI woOI T E
negli utili anni si stanno studiando filler alterna tivi. In questo capitolo la scoria € stata utilizzata

in matrice NBR come filler sostituivo e parzialmente sostitutivo del carbon black al fine poter
UPEUUUI WEOET T wUOOOwWXxEUADPEOOI 001 wohgsltatizgedmedad WE D w@ C
hanno evidenziato come per alcune proprieta meccaniche la gomma additivata con scoria possa
rappresentare una alternativa a gomme standard. Sono state inoltre condotte delle prove di

stampaggio a iniezione sulla base di dati di laboratorio che non evidenziavano d ifferenzatra la

cinetica di reticolazione della gomma additivata con carbon black e con scoria. Tuttavia, &€ emersa

gualche problematica nella processabilita della gomma additivata scoria, percid saranno

necessarie ulteriori prove di processo.

Caratterizzazione di polverino PFU riciclato e additivato con scoria da forno elettrico. Il processo
diriciclotramite calandratura afreddo e senza additiviha permesso di ottenere un materiale coeso

e compatto. La scoria, il cui tasso di lisciviazione di metalli pesanti € ridotto nella matrice PFU,

permette variare alcune proprieta come la durezza, la conducibilita termica, e il coefficiente di
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materiale di scarto.
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motivo € stata analizzata la normativa riguardante i sottoprodotti (con le relative criticita), quella
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Regione Lombardia relativa alla cessazione della qualifica di rifiuto. In questo contesto, sono stati
individuati possibili percorsi simbiotici tra il settore acciaio e il settore gomma tramite banca dati
AIDA e codici ATECO 2007. La Lombardia € risultata essere la regione piu densa sia di imprese
operanti nei suddetti settori, percio, la suddivisione & stata approfondita anche a livello
provinciale. Questa suddivisione geografica € stata poi affiancata dalla classificazione per
tipologia di impresa (micro, piccola, media e grande) in accordo con Raccomandazione
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filler in matrici ela stomeriche.

polimeriche sono incoraggianti in quanto da una parte la problematica principale del riutilizzo della scoria,
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formulare gomme, riciclate e non, con diverse quantita e dimensioni della scoria come filler in funzione
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Abstract
In recent years, global attention has increasingly focused on more sustainable development, moving towards
a circular economy model. Often this concept is associated to the waste management and valorisation, but it
includes the entire life cycle of a product, from design to end of | ife, aiming to the zero-waste goal.
Unfortunately, in real production processed this is hardly achievable, therefore taking the biosphere as a
model, industrial symbiosis is a branch of industrial ecology that involves traditionally dissimilar industries
in a collective approach that involves the physical exchange of materials, energy, water and by-products to
obtain economic as well as environmental benefits. The keys to industrial symbiosis are collaboration and the
synergistic possibilities offered by ge ographical proximity. There are different models of industrial symbiosis,
the one proposed in this project is the model developed by ENEA, the so-called "network” model which,
through an analysis of the territorial context and production sectors, identifie s possible symbiotic flows and
promote sthe communication between completely dissimilar companies.
This PhD project develops in this context. The aim of the work was to perform an engineering characterization
related to a new application of electric arc fu rnace slag, as a filler in polymeric matrices, with particular focus
on vulcanizedrubber. Atthe sametime, a study was carried out on these two sectors, traditionally very distant
from each other in order to implement an industrial symbiosis based on the exchange of slag. This activitywas
conducted with the support and guidance of ENEA.
The reason why these sectors were chosen is that on the one hand Italy is the leading European producer of
electric furnace steel, and more than 50% of largesize enterprises are located in Lombardy; consequently, a
large quantity of slag is produced in this area. Although the slag is already reused in the construction sector
as an artificial aggregate, it has been estimated that unfortunately still 30% is disposed of in landfills
(Federacciai, Sustainability Report 2021). For this reasonit is necessary to study new applications for this co-
product. In 2015, the innovative application of slag as a filler in polypropylene and epoxy resin matrices was
proposed for the first time (Cornacchia et al., JOM, 2015). In this research we focused on elastomeric matrices
given the geographical distribution of the companies operating in the gasket sector: it is estimated that, also
in this case, more than 50% of the largesize enterprises are located in Lombardy. In addition to this certainly
favorable condition for the implementation of industrial symbiosis, a high interest has been found on the part
of both sectors, steel and rubber, to develop the study of elastomeric materials filled with black slag from
electric furnaces given the potential benefits not only environmental but also economic that could be derived.
The issue of waste valorization is not a sensitive issue only for steel producers as regards slag, but also for
producers of rubber articles as, unlike thermoplastics, rubber compounds cannot be reprocessed ly heating
due to the chemical bonds formed in the vulcanization process. The production of rubber parts implies a
considerable percentage of waste, not due to defects butintrinsic in the process. To date, there are de-
vulcanization processesput they are not commonly implemented mainly due to the still too high costs. In this
regard, in this PhD project the industrial waste from technical articles and also the end -of-lif e tire powder
(given its great environmental relevance) were recycled through a simple calendering process without the
addition of additives. The influence of slag as a filler was also evaluated in the latter.
This thesis is structured in a first part of a review of the literature, divided as follows:
1) Analysis of the concepts of circular economy, industrial ecology and industrial symbiosis in order
to define their characteristics and mutual relationships. Particular attention was paid to the
concept of industrial symbiosis in terms of origins, definition and models. The "network" model
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proposed by ENEA will be the one adopted in the chapter dedicated to potential industrial

symbiosis based on the transfer of slag between the steel and rubber sectors in Lombady.

Analysis of the steel sector, in particular of steel slag. An overview of the various types of slag

deriving from the different processes and /or process phases with the relative characteristics has

been reported. In particular, the black slag from electric arc furnaces,the subject of this study, was
detailed regarding the production process and characterization methodologies. Potentially, the
black slag leaches heavy metals that are dangerous to the environment and to humans, for this
reason, literatu re reports several stabilization methods for its safe reuse.

Analysis of the characterization methods of the assessed polymeric matrices. After a brief

overview of the characterization of the epoxy resin (thermosetting polymer matrix), the

elastomeric matrix was analyzed in more detail. The nitrile butadiene rubber was described in
terms of properties and applications before moving on to the manufacturing processes of technical
articles that involve the aforementioned waste. The second elastomeric matrix characterized was
the recycled end-of-life tire powder (ELT), for which a review of the literature on the management
and possible uses was made.

Finally, a paragraph was dedicated to the characterization of vulcanized rubber in terms of:

3 kinetics of vulcaniz ation through rheometric curve;

3 crosslink density;

3 static mechanical properties, namely hardness (with a focus on the different scales used in the
rubber industry), the tensile and compressive behavior;

3 assessment of viscoelastic behavior ( stress relaxation, creep, permanent set and Mullins
effect);

3 dynamic mechanical behavior as function of temperature and frequency, and strain
amplitude. The carbon blackfilled rubber compounds show a non-linear trend of the dynamic
conservative modulus, which decreases significantly with the increase in th e imposed
deformation.

J interaction between filler and matrix through different experimental procedures both on
vulcanized and uncured rubber;

3 tribological behavior.

A second part about to the performed experimental activity, divided into the different poly meric matrices

characterized:

1)

1)

Comparison of the mechanical behavior of an epoxy resin added with slag andriver sand in order
to propose a waste material as an alternative to a natural material in the so-called epoxy mortars.
The slag used was characterizel in terms of chemical composition and mineralogical phases, and
the leaching behavior of the slag incorporated within the polymer matrix was also evaluated. It
was highlighted that slag represents a valid alternative to sand from the point of view of
mechanical performance of the composite and that the leaching of the slag incorporated into the
polymer matrix is reduced below the limits imposed for the safe reuse of the slag.
Characterization of a standard NBR added with an increasing percentage of slag. The slag was
characterized in terms of chemical composition, mineralogical phases and leaching behavior. As
for the epoxy resin, the leaching of heavy elements is reduced when the slag is incorporated into

11



Abstract

the rubber (below the thresholds imposed for landfi Il disposal as inert). From a composite point
of view, a complete characterization was carried out highlighting a global stiffening which in
sealing applications can lead to an advantage. The interaction between slag and NBR was also
evaluated, and the experimental results lead to the assertion that this interaction exists.

1) Characterization of NBR industrial scraps, and influence of the slag in different grain sizes. It has
been found that, although the scrap was reprocessed through a simple process such agalendering
and subsequent compression molding does not allow the creation of complex geometries, its
mechanical properties remain generally good without alterations in the chemical structure due to
oxidation or degradation of the material (ATR -FTIR spedrum). As far as the slag is concerned,
also in this case a stiffening has been highlighted and regarding the filler -matrix interaction, it
seems that this increases for finer granulometries due to a greater adhesion surface.

V) Carbon black is the most used filler in the rubber industry thanks to its unique reinforcing
properties. However, the environmental impact associated with its production is enormous. For
this reason, alternative fillers have been studied over the years. In this chapter, the slag was ued
in the NBR matrix as a substitutefiller (and partially substitute) for carbon blackin order to reduce
the use of this polluting product. The experimental results have shown that for some mechanical
properties the slag filled rubber can represent an alternative to standard rubber compounds.
Injection molding tests were also conducted on the basis of laboratory data which did not show
any difference between the crosslinking kinetics of the rubber with carbon black and slag.
However, some problems have emerged in the processability of the rubber with slag additives, so
further process tests will be required

V) Characterization of recycled ELT powder and ELT filled with electric furnace slag. The recycling
process by means of calendering at room tenperature and without additives has made it possible
to obtain a cohesive and compact material. The slag, whose leaching rate of heavy metals is
reducedin the PFU matrix, allows to vary some properties such as hardness, thermal conductivity,
and the coefficient of friction, broadening the spectrum of possible applications of the ELT by
adding another material. waste.

VI) Analysis of a potential industrial symbiosis between the steel and rubber sectors. The
implementation of industrial symbiosis from a regulatory pointof ~ viewrequiresthatthe materials
exchanged are not classified as "waste" but rather as "byproducts"”. For this reason, the legislation
concerning by-products (with the related criticalities), that of waste and, within the context of slag
also the recent proposal of the Lombardy Region related to the "end of waste" were analyzed. In
this context, possible symbiotic paths between the steel sector and the rubber sector have been
identified through the AIDA database and ATECO 2007 codes, in-depth also at the provincial
level. This geographical subdivision was then flanked by the classification by type of enterprise
(micro, small, medium and large) in accordance with the European Union Recommendation no.
2003/361 / EC. Based on the information collected, considestions were also made at an economic
level on the potential benefits of using slag as a filler in elastomeric matrices.

The results obtained in these 3 years of PhD in the application of slag as filler in polymeric matrices are
encouraging as on the one hand the main problem of slag reuse, that is the leaching of heavy metals, can be
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overcome in this application, and on the other hand, it is possible to formulate rubber compounds, recycled
or not, with different quantities and sizes of the slag as filler de pending on the final application.
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GENERAL LITERATURE BACKGROUND

l. Circular economy, industrial ecology, and industrial symbiosis

Inthe last 15 years there has been a worldwide focus on the new concept and development model of Circular
Economy to promote an alternative to the dominant economic development model, the so -called Linear
$EOCOOCaAawWwp? UEOI OWEOWEOEWEDPUXxOUI 2 AKGw3T 1 wOI TEUDYIT wiiilEU
the stability of economies and the integrity of natural ecosystems essential for the survival of humanity [1].
The circular economy is seen as a new production and consumption model for a more sustainable
development model and a harmonious society. A sustainable development requires a balanced and
simultaneous assessment of the eonomic, environmental, technological and social aspects of an economy,
sector (or single industrial process), as well as the interaction between all these aspects.

The circular economy promotes a more appropriate and respectful use of resources to implement a greener
economy, characterized by a new business model and innovative job opportunities [2], as well as an
improvement in well -being and equity within and between generations in terms of both resource use and
access because as stated in the Brundtland Repor?A world where poverty is endemic will alw  ays be subject
to ecological and other catastropheq3].

The circular economy is often associated with the most appropriate approach to waste management. Such a
poor definition can leadto the failure of the circul areconomy, as some final treatment options (recycling, reuse
or recovery) may not be appropriate in a given context but prevention may be the best option. The circular
economy has the potential to implement radically new models and help society achieve gr eater sustainability
and well -being at little or no cost to materials, energy and the environment. Finally, it should be emphasized
that sustainability models (such as the circular economy) require both new models of innovative economies
and innovative act ors. Indeed, due to the complexity of sustainable development, the implementation of the
circular economy must be supported by innovation planners and intermediaries who drive radical changes in
circular economies, policies and decision-making tools. [4]. The application of the circular economy must not
only focus on the production process of a product but must include the environmental, social and economic
impacts of the product during its entire life cycle. This can be done through life cycle thinking. Life Cycle
Thinking involves all three pillars of sustainability: environmental, economic and social whose impacts can be
assessed respectively by Life Cycle AssessmefjLife Cycle Costing and Social Life Cycle Assessment. Through
the life cycle thinking approach, it is possible to test the impacts of circular business models, validate their
hypotheses and obtain feedback for improvement. Additionally, it can help defin e objectives and indicators
to measure and promote circularity over time. To assess the impacts of the circular economy, applying a life
cycle approach is extremely beneficial [5].

The circular economy as an alternative economic model offers an ?approach to achieving local, national and
global sustainability ? [6]. Implementing an economic model to achieve a better and more sustainable future
for allby 2030[7] can be pursued through the 17 Sustainable Development Goals. Although the overall circular
economy goal and the sustainable development goals appear more or less the same (social and economic
prosperity withinthe natural capacity of our planet), the links between these two agendas are not immediately

Development, where the Sustainable Development Goals are set
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Waste legislation and policy of the EU Member States shall apply as a priority order the waste management
hierarchy given in [8]. The framework Directive on waste 2008/98EC, constitutes the intervention of the
European legislator in the field of waste management, expressing the intention to bring the national laws of
the Member States closer to the objectives identified within the Directive, guaranteeing the acceptance ofthe
principles within national legal systems. The Waste Framework Directive pursues the objectives of
environmental protection and human health by identifying first of all the need to develop a society devoted
to the principle of recycling, in order to fir st of all avoid the excessive and superabundant production of waste
(and therefore potentially polluting matrices potentially impacting on the environment) and subsequently
provide for the necessary management of waste produced for recovery. Precisely with regard to these
purposes, the European Directive establishes a hierarchical scale of preferential interventions in the field of
waste [8]. As shown Figure 1 at the top of the scale is the aim of prevention. In order to reduce as much as
possible the potentially negative impact that waste can have on the environmentalgood and human healt h,
the directive pursues the fundamental preventive objective, to be understood as an attempt to avoid the
production of waste materials from the outset, in such a way as to exclude the problematic issues inevitably
connected to the subsequent treatment ofthe materials produced. At an immediately lower hierarchical step
is the European purpose of reusing waste. In fact, the European legislator establishes the need, in case of
impossibility to implement what has been said on prevention, to organize waste ma nagementin such a way
that their reuse is pursued, in order to restore, at least as far as possible, utility, avoiding at the same time that
these must be subjected to storage operations and definitive disposal, operations which, however, lead to
possible harmful consequences for the two assets of constitutional rank protected by the Directive itself. The
heart of the directive is the third step of the ladder, dedicated specifically to recycling. In this sense, in fact, in
accordance with the purpose of developing homogeneous legislation from the point of view of pursuing the
goal of developing a company dedicated and oriented to the recycling of waste materials produced, Directive
98/2008EC expressly expresses the interest European Union for the recoveryof the usefulness of waste,
determining, through the processes that guarantee the realization of this purpose, the cessation of these from
this qualification. This part of the Waste Framework Directive coincides perfectly with the development of a
circular economy, in which the final point of the production process, consisting of waste, can at the same time
constitute the origin of a new and fully functional process, in which the waste itself recovers its usefulness of
use and exploitation, without posingt he problems of no small importance concerning disposal. In the logic of
the Directive, disposal constitutes the last resort of the waste management system. In fact, the European
legislator intends to minimize (if not, as far as possible, eliminate) the use of waste disposal systems and
operations, activities that have always posed the greatest doubts and the greatest criticalities in terms of
environmental protection and human health.

Waste legislation and policy of the EU Member States shall apply as a priority order the waste management
hierarchy givenin Figure 1[8].
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A study published in the Journal of Industrial Ecology [6] sheds light on the possible interconnections between

the circular economy and the sustainable development goals. The study asserts that?circular economy

practices can be applied as a goolboxzand specific implementation approaches to achieve a considerable

number of sustainable development goals? [6] and therefore underlines the importan ce of the transition to the

circular economy to successfully achieve the sustainable development goals[9]. Below 5 key relationships

between circular economy practices and sustainable development goals are listed based on the study cited6].

1

Sustainable Development Goal 64 Clean water and sanitation: circular economy practices such as
small-scale water purification, sustainable sanitation, wastewater treatment, water reuse and
recycling, recovery nutrients, biogas systems etc. ey can help increase access to safe drinking water
and equitable sanitation, reduce pollution and improve water quality.

Sustainable Development Goal 7¢ Clean and Affordable Energy: Renewable energy systems, energy
recovery (heat) and better use in industrial systems (e.g. industrial symbiosis) all contribute to this
goal.

Sustainable Development Goal 84 Decent work and economic growth: the new circular business
models are an important potential source of greater resource effectiveness and efficiency, waste
enhancement and green jobs. The implementation of the circular economy represents an opportunity
for several trillion euros globally, with an annual net benefit of 1.8 trillion euros in the EU alone by
2030 [4].

Sustainable Development Goal 12¢ Sustainable Consumption and Production: Circular economy
practices concern the decoupling of economic activity from the use of resources and associated
environmental and social impacts. It is important to underline that this goal is an important enabling
factor for the achievement of most of the other sustainable development goals [5], making the indirect
impact of circular economy practices even deeper.

Sustainable Development Goal 15¢ Life on Land: at the heart of circular economy practices is the goal
of restoring natural capital. This involves the adoption of sustainable and regenerative agricultural
and agro-forestry practices that embrace and protect biodiversity and the return of biological material
to the soil as a nutrient, fundamental practices for the restoration of terrestrial ecosystems.




Circular economy, i ndustrial ecology, and industrial symbiosis

The circular economy currently represents a viable option to transform linear flows of materials and energy
into circular flows, obtaining benefits in terms of sustainability. In this sense, industrial ecology withi tstools
canhelpin the transitionto the circular economy. The evolution of the circular economy would not be possible
without the existence of concepts and tools of industrial ecology, especially with the implementation of the
Industrial Symbiosis. Thre e levels of contribution of industrial ecology to the circular economy have been
identified, such as: conceptual aspects, technicians and politicians[10].

Industrial ecology is a discipline aimed at understanding the circulation of material and energy flows [10].
Therefore industrial ecology must first understand how the industrial ecosystem works, how it is regulated
and its interactions with the biosphere in order to determine how the industrial ecosystem can be restructured
to resemble how natural ecosystems function [11]. The origin of industrial ecology can be traced to the work
of systems ecologists in the 1950s who perceived the industrial system as part of biogeochemical cycles,
although, the concept of industrial ecology was first in troduced in the late 1950s[11]. The landmark article
was published by Frosch and Gallopoulos in 1989, at which time it became increasingly clear that traditional
and reactive approaches, such a®end-of-pipe?, were insufficient to treat industrial waste during the product
manufacturing processeq12]. The concept of industrial metabolism, introduced by Robert U. Ayres in 1988
[13],is akey corceptin industrial ecology, as it focuses on improving knowledge and understandingthe social
uses of natural resources and their total impact on the environment [14]. In addition to industrial metabolism,
the concept of industrial symbiosis is funda mental for industrial ecology. This concept originates from biology
and symbiotic biological relationships existing in nature, in which two or more unrelated species exchange
materials, energy or information in a mutually beneficial way [15]. Therefore, the principle of industrial
symbiosis is to create physical links between independent societies by exchanging energy, materials, water
and by-products. Considering this, industrial symbiosis is to be considered a key strategy to close the flows of
material [16]. Despite advances in sustainable development and the growing progress of industrial ecology,
the evolution of the global economy has been dominated by a linear model of production, in which consumer
goods are manufactured from raw materials, sold, used and then discarded as waste. The circular economy
concept is based on the study of the real world and non-linear systems, in order to optimize effective flows of
materials, energy, work and information (Ellen MacArthur Foundation, 2015

JotIndustrial ecology can be useful for the
transition to a circular economy by promoting alternatives to landfill disposal such as reuse, repair, recycling
and remanufacturing of products [17]. With these alternatives, it is possible to increase component recovery
with their materials and in some cases extend their life cycle.

The Conceptual contribution of industrial ecology to circular economy concerns networks of synergies, such
as material energy flows to implement the circular economy through the implementation of symbiosis in
industrial and/or urban environments. According to Gregson et al. [18], the integration of industrial symbiosis
in the circular economy involves the exchange of by-products and waste in co-located production plants,
intensifying the use of localized resources, and enhancing the initial inputs.

Its technical contribution concerns the use of industrial ecology tools to support the implementation of the
circular economy. In this case, the tods most used to support the circular economy (Eco-design and Cleaner
Production) are linked to the application of industrial symbiosis and implementation in eco -industrial parks.
In most cases, when these tools are applied, different energy and material flows, and common infrastructure
and services are shared. The study conducted by Li[19] on eco-industrial parks illustrates the feasibility and
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rationality of this approach for implementing the circular economy. It can be argued that the implementation
of eco-industrial parksis a n important practice at an intermediate (meso) level of circular economy asit allows
clusters of companies to cooperatively manage flows of materials and by-products [20]. Furthermore, the
circular economy can be implemented through methods and strategies such as Cleaner Production and Eco
design. Cleaner production is important to reduce emissio ns, waste and risks to humans and the environment,
however, when the goal is to achieve and maintain industrial symbiosis, a trade -off could occur as cleaner
production canreduce or change basically the generation of waste and symbiotic exchangeq21]. Furthermore,
the application of cleaner production practi ces mainly focuses on the efficiency of the production process,
while industrial symbiosis and the circular economy are related to systemic thinking and its effectiveness
(Ellen  Macarthur Foundation, 2014

)JEco-design, on the other hand, is an effective strategy to promote the ece
efficiency of businesses and can be a useful ecénnovation practice for the circular economy as it integrates
costs, performance, quality and environmental attributes of a product by integrating the aspects
environmental aspects in the product engineering design process.
The political and standard contribution concerns the application of industrial ecology to support the
development of policies, laws and standards to implement the circular economy in local, regional and global
environments. To achieve this systematic transition to a circular economy at the macro level, the collaboration
of the business community, policy makers and institut ionsis essential. Some policy tools can be appliedin this
broader context of circular economy, such as regulatory tools (including laws and directives), research and
education tools, technology transfer and information tools. Circular economy is often co nsidered a broader
discipline than industrial ecology due to the inclusion of economic and political issues. Despite this, the
evolution of the circular economy would not have been possible without the existence of concepts and tools
of industrial ecology.

1. Industrial symbiosis
The concept of industrial symbiosis is based on the law of conservation of mass and on the law of conservation

of energy, based on which it is possible to deduce that, at least in theory, the quantity of materials and energy

not used by an industrial process can be used by another industrial process. At a concrete level, industrial

symbiosis involves traditionally dissimilar industries with an integrated approach aimed at promoting

competitive advantages through the exchange of materials, energy, water and by-products [22]. Among the

key aspects that allow the realization of industrial symbiosis are the collaboration between companies and the
opportunities for synergy available in an appropriate geographical and economic environment. The main

means by which symbiosis between companies is achieved arg23]:

JwUOT T wOUT woOi wOEUIT UPE OUwU U E-prédice (@ @dplare commeicialp@dadtstourd) wp E U U
materials;

JwUT EUPOT wlUUPOPUDI UWEOE WP OI U Btwiveddurgds, SudH as stdar®, Bnergyl wateld U1 wE «
and wastewater;

JwUOT 1 wNOPOUwxUOYDPUDOOWO! wUI UYPET UwUOOwOI 1 DWEOEDPOOEUA w
transport and waste management.

From a technical point of view, Industrial Symbiosis ca n take place in different ways:

1 processoriented industrial symbiosis: refers to a cooperative network around an industrial process;
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1 residue-oriented industrial symbiosis: refers to a cooperative network around a residual flow;

1 place-oriented industrial symbiosis: refers to a cooperative network linked to a specific place [24].
Even from an organizational point of view, industrial symbiosis can occur in differentw ays, namely anchor
manufacturer, eco-cluster development, government planning and business incubator [15], [24]¢[26] defined
as follow:

1 anchor manufacturer means that there are one or two industries with large volumes of production,
resources and byproducts, seeking economic, strategic and environmental benefits through the
exchange of resourceq26]. These large industries provide the critical mass for the development of
industrial symbiosis within an eco -industrial cluster [15];

1 development of Eco cluster means that industrial symbiosis is initiated by government and /or
industrial actors who elaborate a common strategic plan to create the network [27];

1 government planning means that industrial symbiosis is initiated by a public /government institution
with the aim of increasing the productivity and resilience of the economy by reducing the
environmental i mpact[27];

1 business incubator means that industrial symbiosis is initiated by a priva te project implementer who
is economically interested in attracting or growing industrial or commercial tenants capable of
engaging in symbiosis [25].

These are the ways in which an industrial symbiosis system is generated and structured from a technicaland
organizational point of view.

Origins

In 1947, George Renner used an ecological scienebased approach to describe the organic relationships
between industries, describing ways in which a company can deliver its waste to another industry that can
use it as raw materials. Renner has describedhese relationships as the industrial equivalent of the symbiosis
occurring in ecosystems [28], but did not use the term ?industrial symbiosis 7. Ayres (1988) subsequently
proposed the term ?industrial metabolism 7, and subsequently expanded the concept to descibe the entire
integrated collection of physical processes that convert raw materials, energy and labour into finished
products and waste. The development of the theory of industrial symbiosis has involved both the discussion
and refinement of the underlyi ng theory, and the development of practical applications. Frosch and
Gallopoulos in 1989 proposed the concept of ?industrial ecosystem+ and observed that the traditional model
of industrial activity should be transformed into a more integrated model which is the industrial equivalent
of a natural ecosystem [12]. Lowe and Evans in 1995[29] described several ways in which an industrial
ecosystem is analogous to a natural closedloop system. In summary, these contributions provided a
theoretical basis for the development of research on industrial symbiosis. However, this approach has been
recognized previously, albeit without an underlying theoretical framework. Inthe 1970s, a group of companies
from differentin dustrial sectorsin the city of Kalundborg (Denmark) began to work closely together to reduce
costs, strengthen waste management and use fresh water more efficiently. During the late 1980s, some local
students recognized many links between Kalundborg s industries. Basing their description on Valdemar
Christensenz Danish terminology, researchers have begun to use the phras@industrial symbiosis 2 to describe
the Kalundborg system [30]i [32]. Kalundborg subsequently began to formally develop relations between the

parkz industries and its success attracted worldwide attention and stimulated many s ubsequent studies[33].
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Definitions

The term ?symbiosis? was introduced into biology from the Greek language ( ?living together ?) by Anton de

Baryin 1879[34]. Symbiosisis a biological term that refersto?a close and prolonged coexistence of two species

or types of organisms?. The prerequisite for an industrial symbiosis complex is cooperation between

companies, and these companies form a network as a result of that cooperation[15], [35], [36]. The most
cO00000awEDPUI EwWETl i POPUDPOOWOI wbOEUUUUPEOWUAaOEDPOUDUWPE Uw>
ecology known as industrial symbiosis engages traditionally separate industries in a collective approach to

competitive advantage involving physica | exchange of materials, energy, water and by-products. The keys to
DOEUUUUPEOWUAOEDOUPUWEUTI WEOOOEEOUEUDPOOWEOSEWUT T[wsfla Ol UT
This definition has been accepted by many later researcherqd37], [38]. Cooperation to exploit the synergistic

possibilities offered by the geographical proximity of companies has been identified as a key point for the
implementation of industrial symbiosis. This is because relationships between companies involve physical

exchanges of materials (including water), energy, and by-products, and these exchanges occur more efficiently

over short distances. Subsequently, it was noted that the reports could also include exchanges of knowledge

and use of shared infrastructures[39].

In Chertow zs definition all the terms refer to the ecological metaphor which is considered the foundation of

industrial symbiosis, and more generally of indus trial ecology. Many have a strong (not singular) association

PPUT WEWXEUUPEUOEUWEEEE]I OPEWEDPUED*xODPOI OWUUET wEUwW?I1 RET |
EUUDPOI UUOWEOQEwW? xT AUPEEOQwWUI UOUUET U? wbpbUT wi Ohitkdwas UDOT w
proposed based on the knowledge of industrial symbiosis at the time, well before the establishment of the

National Industrial Symbiosis Programme in the United Kingdom, the only national, facilitated industrial

symbiosis program free and opento EOOWE OO1 UUB w" T 1 U0 OPzZ UwWET I DPOPUDPOOWPE Uw
of industrial symbiosis at the time, well before the establishment of the National Industrial Symbiosis

Programme in the United Kingdom, the only national, facilitated industrial symbios is program free and open
UDOWEOOWEOOI UUBwWw2HOET wUOT 1 OOwPOEUUUUPEOWUAOEDPOUDUWIT EVUwW
definition has served to promote discussion and debate amongst the research community, in part due to

varying interpretations of itsterms. In 2012 Lombardi and Laybourn proposed an alternative definition that

classifies industrial symbiosis as a business opportunity and tool for eco-innovation; Eco-efficiency gains are

not a driver of industrial symbiosis but are generally the res ult of it, and geographic proximity is not

mentioned because it is neither necessary nor sufficient for industrial symbiosis. This definition also carries

i OUPEUEWYEUDPOUUWEOOEI xUUwDOUUOEUETI EwEaw"T1TUUOPWEODEW
organizations in a network to foster eco-innovation and long -term culture change. Creating and sharing

knowledge through the network yields mutually profitable transactions for novel sourcing of required inputs,

value-added destinations for non -product outputs OWE OE wb Ox UOY 1 EwWEUUDOI UMALE OEwUI E|

Industrial symbiosis models
From an organizational point of view, industrial symbiosis can be achieved accordingto different approaches:

development experiences of industrial symbiosis districts (bottom -up approach), eco-industrial parks (top -
down approach) and networks for industrial symbiosis [22].
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Bottom -up approach: the Kalundborg case

Kalundborg is a small town in Denmark for which the symbiosis process began spontaneously in the 1960s,
due to the need for companies to find alternative solutions for water supply. Different but complementary
companies have been pushed to cooperate, obtaining mutual economic benefits, with an open management
style and in a climate of mutual trust. What has been generated, in fact, is an industrial, or even territorial
system, which operates according to the principles of industrial symbiosis: a network of exchanges of
secondary materials, production waste and residual forms of energy has been created which increase
efficiency of individual production processes and which significantly reduce th e environmental impact and
the production costs. The entities are all connected in the same territorial area thanks to physical links with
the aim of recycling and reusing waste materials/waste from some production processes. [22]. The first
network consisted of cooperation between six companies: an electric power plant, an oil refinery, a biotech
company, a construction products company, a waste management company and the local administration.
What pushed them to cooperation were mutual economic benefits, the presence of different but
complementary industries (different types of production and needs, in the absence of direct competition), an
open management style in a climate of mutual trust. Over the years, the network has continued to grow,
including new members and adapting industrial processes and exchanges to technological innovations and
new regulations. Despite the spontaneous and autonomous initial organization, in 1996 the Kalundborg
Symbiosis Center was born, a sSeEEOOI Ew? OEUET OEOI U QwUOw Ul UxOOEwWwUOwLC
coordination and expansion of the symbiosis network by including new participants. The Symbiosis Center
Denmark w as born in 2015, also in Kalundborg, demonstrating the political will to encourage such circular
economy practices on an everwider scale. This center has in fact the task of identifying and facilitating
symbiosis projects between potential partners. It searches for potential cooperation between plants, organizes
meetings between the various companies and finally acts as a mediator to implement the agreements. This set
of methods therefore supports the transformation of pre -existing industrial processes towards circular and
sustainable business models. In 40 years this circular production approach has continued to expand, involving
12 different partners. The interactions are based on energy exchanges (steam and district heating), water
recycling (sewage, coding water, deionized water and sea water) and material recovery (e.g. gypsum, fly ash,
sewage, bioethanol, sand, biomass and lignin). For example, the thermoelectric plant exchanges steam with a
high enthalpy contribution with the refinery, fulfilling40%  of its requirements and receiving in exchange the
exhaust gases from the refining process used by the plant to sustain the furnaces. The excess thermal energy
from the electricity production processes is also redistributed between the domestic heating systems of the
nearby city, greenhouses and the nearby fish farms. This has enabled the municipality of Kalundborg to do
without 3,500 oil -fired domestic heating systems. The plant has also installed a fume purifier through which

it obtains 85 tons of calcium sulphate a year, which it subsequently sells to Gyproc (a gypsum manufacturer).
For its part, the latter installed a butane tank useful for Statoil in case of maintenance of its plants. Novonordik,
a world leader in the production of insulin and enzymes, at the same time distributes sludge and other waste
resulting from the production of two -component high -nutrient content to farms and agricultural enterprises
as fertilizer thus avoiding having to provide for disposal costs. Finally, most of the companies share the water
supply and treatment system. The ashes and combustion residues always generated by the plant in the
combustion process are instead transferred to a cement factory for the production of roads and cement. The
transformation of this waste into resources, the reduction of pollution and the consumption of materials
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together constitute a value of 80 million euros per year, about 275,000 tons of CQ less per year, saving about
three million cubic meters of water, the recovery of 150,000 tons of gypsum which replaced natural gypsum,
and the production of biogas which replaced the extraction of fossil materials.

This type of approach takes the name of ?bottom -up? as the system of relations between companies arises
independently of a specific urban and industrial planning and has developed over the years in a
?physiological ? way starting from the initiative of individuals who have been able to understand the economic
advantages deriving from this synergy.

Top-down approach: Eco-industrial parks

The Ecolndustrial Parks belong to US-style initiatives, initially and mainly implemented in the United
StategCanada and in Asia. In this case, thisis a?top-down ? approach, as the eceindustrial parkis planned,
designed and managed on the basis of the principles of ecology and industrial symbiosis. The goal is mainly
to manage the environmental services associated with industrial activities in a unique and integrated way,
also in order to simplify the administrative requirements for the management of environmen tal aspects, rather
than the actual closure of resource cycles.

One example is the Burnside Industrial Park, formally known as Dartmouth Industrial Park, one of the largest
industrial parks in Canada. The park has a surface extension of about 1400 hectaresThere are approximately
1,300 companies in which 17,000 people are employed. 90% of companies are small or mediunsized, and the
number of employees per company generally does not exceed 20 employees. The companies present belong
to different production sectors (manufacturing, electronics, transport, services): 10% of the companies belong
to the manufacturing sector, 48% to trade and services, 11% to the construction industry, 9% to logistics, 8%
distribution and 14% other services (professional, financial and other business). The flow of matter, energy
and information in the district is complex. The park is well connected through road and railway
infrastructures.

The park was initially born as an industrial park and was later gradually transformed into an  ect industrial
park. The transformation process began in 1990 when the University of Dalhousie began to investigate the
concept of an industrial park as an ecosystem. The aspects taken into consideration in this survey were:
practices and technologies for waste reduction, symbiotic relationships, support mechanisms for the
functioning of an industrial park as an ecosystem (exchange of programs, information and infrastructures). A
training and technical assistance centre was thus created to serve small and nedium -sized enterprises. The
park has its focus on multidisciplinary research and program development. The objectives of the program
concern the development of strategies and tools for the exchange of materials and energy between companies
with the consequent reduction of waste and improvement of the environment and economic performance and
an overall reduction of the Park's environmental impacts. The park is owned by the Halifax Regional
Municipality, and the City z Burnside Park office is responsible for the management and development of the
park. The eco-efficiency centre, a non-profit company, involves Dalhousie University, the school for research
and environmental studies, the main electricity company (Nova Scotia Power), the Ministry of the
Environment , the Regional Municipality of Eastern Canada Halifax [41].

As regards infrastructure services, the networks for water supply and sewage (white and black water) are
managed by the public, while private companies provide services for energy and technological networks. An
industrial network is promoted within the Park; the main initiatives and activities carried out are:

- the eco-efficiency center;
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- an eco-business program that concerns the adoption of a code of environmental excellence, target for the
differentiation of solid waste, the reduction of water consumption, energy efficiency, reduction of liquid waste
and a reward mechanism for the best initi atives;

- the exchange of products, especially in the field of packaging materials;

- promotion of the benefits and needs of functions such as: reuse, recycling and reprocessing in companies
recently established in the park. About 15% of the Parkz businesses offer rental, repair, recovery, rework or
recycling services;

- other networking mechanisms, including: a municipal silver recovery network, training activities on
environmental aspects for employees and a recovery center for small quantities of differ ent materials to be
supplied to education centers for manual activities.

The Eco efficiency center offers the following services:

1. networking;

2. assistance to companies to improve their efficiency, reducing the consumption of energy, water, raw
material s, and consequently reduce pollution;

3. training and promotion of education programs;

4. information (magazines, reports, etc.);

5. commercial assistance program that supports eco efficiency and eco design, the management of the life cycle
in atimely and competent manner;

6. availability of quick information to facilitate business networks and material exchanges.

An example of technical assistance provided to companies is the?Sustainable Prosperity Program for SMES»,
aimed at reducing the use of energy, water, chemicals and waste production, with a view to rationalizing
operations and reducing costs; the program, at no cost to the companies that experience it, is structured in 4
steps that accompany the development of a personalized strategy:

1. the company compiles a framework of basic information (the activities carried out, current consumption,
the objectives to be achieved)

2. the ecoefficiency center, based on the information provided, plans and carries out an inspection of the
company (assessment ofthe major problems, opportunities, main sources of financing); on the occasion of the
visit, a toolkit ( ?Greening Your Business?) is delivered to start the eco-efficiency initiatives

3. the ecaefficiency center, on the basis of the results of theinspection, reviews the general picture together
with the company: a list of possible interventions is drawn up, from which the company selects the most
feasible and on the basis of these taxes (or updates) its environmental policy

4. Six months after theinitial framework, the center conducts a follow -up visit to monitor consumption and
waste production, establishing which strategies were most effective, the greatest obstacles and how the center
can provide further support to strengthen long -term strategies.

At the end of the course, the center is also involvedin promoting the results obtained by individual companies
[42].

Networks for industrial symbiosis

Networ ks for industrial symbiosis, on the other hand, are cognitive /relational tools aimed at allowing the
meeting between supply and demand of resources (in the broad sense understood by industrial symbiosis)
between interlocutors who, due to economic and social activity, otherwise have no opportunity to meeting.

Unlike eco-industrial parks, networks for industrial symbiosis do not have the objective of planning and
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managingthe flows of material and energy between the various companies, but rather provide indus tries with
an interconnection tool between different companies that otherwise would not they would have the
opportunity to interface with each other.

An example of a network for industrial symbiosis is the ENEA methodology.

ENEA Methodology for IndustriaBymbiosis

The ENEA methodology was created to support companies in the implementation of industrial symbiosis

paths and consists of three phase§43][44]:

1) Cognitive phase:

1 analysis of the territorial context and of its productive sectors;

1 creation of a company database also geereferenced;

1 networking and promotion activities through more moments of contact with the selected companies
located in the area and other stakeholders (e.g. public authorities, decision makers, institutions and
associations of category) to illustrate the project and invite them to the workshops organizedin order to
get information on company inputs -outputs;

1 sending emails to the companies taking in part in the workshops where are asked to fill in ENEA input ¢
outp ut table before the meeting to carry out a data collection on resources that they want to put in sharing
within the project (those resources could be eventually updated and improved both during and after the
workshops);

1 organization of workshops in which E NEA identifies together with the companies the possible symbiotic
synergies using input ¢ output tables.

In the first phase it is interesting to underline that the ENEA input -output table is a data sheet to obtain

information on resources that companies want to voluntarily share with others. That one foresees a taxonomy

for the inventory of inputs or requested resources and of outputs or generated resources by companies[45],

UEOPOT wbOUOWEEEOUOUWEUWUI UOUUET Uw? OEUIT UPEOUOwWI O UT aouwl

Italy (according EU regulation) for different kind of inventories (e.g. Nace codes, ATECO codes, ProdCom,

EWC) with which companies normally deal with. Information asked in the input  -output tables for collecting

data are, in fact, the more simplified available in order to allow companies to fill the tables with the less

possible effort, because information asked are those already used by the companies for their normal
management.

2) Operational phase:
carry out workshops with companies;

a first moment of ?data processing during the workshops, i.e. the analysis of all the input -output data
and identification of synergies with the companies;

1 aftertheworkshops, ENEA sends back an email to the companieswith the list of shared resources by each
company for their fi nal control so that after information shared by companiesthroughinput -outputtables
are loaded on the ENEA platform;

1 asecond moment of ?data processingr in which through the ENEA platform to identify further synergies
compared to these ones found during the workshops;

1 selection of the paths of IS to be proposed to companies;

1 in-depth study of all issues to implement the pathway;

1 first drafting of operating handbooks reporting selected industrial symbiosis paths.
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Data elaboration and searching for synergies has also been realised with the help of the industrial symbiosis
platform (www.industrialsymbiosis.it) developed by ENEA and used, with the same metrics and taxonomy
in similar projects in Italy and abroad. The platform is based on the concept of indust rial symbiosis which
engages traditionally separate industries and other stakeholders in a network to foster eco-innovation
strategies and a more sustainable use of resourceq15], [40]. It works through: the interconnection
(networking) among traditionally separated stakeholders (users) through matching between demand and
supply of resources shared by companies; existing databases and/or created by users that can be geo
referenced through Geographic Information System; a central manager, that is ENEA.
3) Stakeholders consultation:

1 discussion about the feasibility of implementing the identified industri  al symbiosis paths;

1 meeting between representatives of trade associations, local authorities and other institutional

stakeholders who discuss the problems identified in the manuals and eventually revise their contents.
1 enrichment of the handbook accordin g to the feedback obtained during the consultation tables and
drawn up in their final draft to be delivered to the companies.

In this last phase it is important to underline that the handbook offers a systemic approach and knowledge
base to support companies in the implementation of industrial symbiosis patterns found during or after the
workshops, providing specific and tailored information for regulations, standards, logistical aspects, technical
aspects, etc related to the specific synergy analysed. Thehandbook is organised in a first synthetic part
(summary scheme) and a second containing all the useful documentation (technical dossier), citied in the first
part. This useful tool aims to verify the feasibility of the synergies identified from a technic al, logistics,
economic and regulatory point of view through a holistic approach that analyses every single step of the path.
The handbook allows identifying the issues to deepen/solve or barriers to overcome in order to implement
synergies such as characerization and qualification of materials or administrative requirements. Moreover,
this document can be a solid starting point for the setting up of an handbook, validin an average way, and
that allows the replication of the described IS pathways at simil ar cases.
In Figure 2a summary diagram of the ENEA methodology for the implementation of an industrial symbiosis
network is shown.
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Figure2 Summary diagram of the ENEA methodology for the implementation of an industrial symbiosis ré@tsyork

Advantages and criticalities of industrial sy mbiosis
A circular production system is created in which, basically, the traditional concept of waste disappears, since

the resources being exchanged are never waste at any moment of their existence, but always economic goods.
In this way, industrial symbi osis allows a set of companies to jointly achieve profit maximization through the
internalization of their externalities, so as to create important advantages for the business system and the
community, both in economic and environmentalterms. If, on the o ne hand, the costs of waste disposal are
reduced, which can even turn into sources of income, on the other hand, the consumption of natural raw
materials is reduced with related extraction costs and emissions harmful to the environment. Up to now the
envir onmental and economic advantages linked to industrial symbiosis have been emphasized, but there are
also positive implications from a social point of view. The different companies find themselves collaborating

to achieve a common goal by bringing a cultura | change within the so-called sharing economy. Therefore, the
advantages of industrial symbiosis can be summarizedin environmental, economic and also social advantages

as schematized inFigure 3.

26



Circular economy, industrial ecology, and industrial symbiosis

JCost reduction for the procurement of raw materials and
energy

JReduction of disposal costs
JCreation of a business network
JNew market opportunities

JOptimization of the use of resources
JPrevention of waste production

JRelief of environmental pressure and emissions
JFailure to landfill

JReduction of social costs related to waste disposal
ocial Advantage JNew professional figures (eg Resource Manager)
J Cultural Change (Economics of Sharing)

Figure3 Advantages linked to the implementation of industrial symbidsi$

However, the implementation of industrial symbiosis presents some critical issues and can represent an
obstacle to the maximum performance of this resource optimization strategy. The main criticaliti es are of a
regulatory, technical-economic and social nature.

At a regulatorylevel, taking Italian legislation as an example, despite the D.M. 264/16 (by -product decree[48]),
the transfer of waste from one company to another is very complex. For this reason, companies that often find
themselves faced with procedural and interpretative uncertainties as a precaution prefer to implement a more
restrictive interpretation of the legislation, applying the management conditions provided for waste to other
industrial residues that could be exploit ed. In this regard, it would be desirable to clarify the legislation,
harmonize it at national and European level, and streamline the procedural process.

The technical-economic criticalities are linked to various aspects. Firstly, to transport costs in dif ferent
geographical areas, it goes without saying that the greater the added value of the resource, the greater the
distance that makesthe synergy advantageous. Secondly, productivity, volumes and quality of the waste must
be continuous and give guarantees as a new raw material entering a new process. Finally, since often the waste
to assume the character of raw material must be treated in special plants, the initial investment is also an
important aspect.

Finally, the social criticalities are linked to th e relationships of trust between the collaborating companies, since
the role of supplier and customer is declined in a new way in a climate of profitable cooperation for all in a
broader sense.

2. Industrial symbiosis as a circular economy perspective and in dustrial ecology perspectives
Industrial symbiosis is a collective approach that brings competitive advantages in which separate industries
create a cooperative network for the exchange of materials, energy, water andor by-product, playing an
important ro le in the transition towards sustainable development [15], [31]. Regarding issues related to
resource depletion, waste management and pollution, industrial symbiosis plays an important role in the
transition to sustainable developmen t. Two conceptual perspectives on industrial symbiosis can be identified
in the literature: the industrial ecology perspective and the circular economy perspective. Despite the
recognition of these two perspectives, their relationship remains unclear and n o explicit attempts have yet
been made to develop an integrated perspective.
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The concept of industrial symbiosis hasits originin the field of industrial ecology, with the prominent example

of the Kalundborg eco-industrial park [30], [31]. Within the social science-oriented industrial ecology
literature, industrial symbiosis is typically studied as a dynamic collaborative process that evolves over time
[49]. In line with the system perspective of industrial ecology, industrial symbiosis is defined as a process of
interaction between companies bringing benefits to those who are part of it. More recently, industrial
symbiosis has been studied as an example of a business model for the circular economy50]. The circular
economy is a concept hat has recently gained traction in politics, business and academia to support a
transition from a linear model to a circular model. The advantage of implementing a circular economy model
is to reconcile environmental and economic objectives by reducing the use of resources and at the same time
stimulating economic growth. Since industrial ecology can be considered as one of the main roots of the
circular economy [51], a great commonality between the strands of the circular economy and industrial
ecology literature is inevitable. Both industrial ecology and the circular economy are based on the idea of
closing the energy and material loops in order to make a reducti on in the environmental impact of industries
economically attractive. The perspective of the industrial ecology process and the perspective of the circular
economy business model focus on different but equally relevant aspects of industrial symbiosis. The industrial
ecology perspective provides a good understanding of how industrial symbiosis is implemented but pays
limited attention to the role of economic logic in symbiotic exchange; the circular economy perspective
provides a good understanding of econom ic logic but pays no attention to the systemic behaviour of industrial
ecology. Figure 4 locates visually the industrial symbiosis concept within the industrial ecology and circular
economy research streams. It isimmediately visible that while the field of circular economy frames industrial
symbiosis as a specific type of business model archetype within a much larger context, the field of industrial
ecology frames industrial symbiosis as a prominent example of how industrial ecology principles are applied,
and therefore the concept has been studied significantly more in depth. . Figure 4locates visually the industrial
symbiosis concept within the industrial ecology and circular economy research streams. It is immediately
visible that while the field of circular economy frames industrial symbiosis as a specific type of business model
archetype within a much larger context, the field of industrial ecology frames industrial symbiosis as a
prominent example of how industrial ecology principles are applied, and therefore the concept has been
studied significantly more in depth.
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INDUSTRIAL ECOLOGY CIRCULAR ECONOMY
Discipline that uses the ecologcal principles in order to analyze Industrial system that is restorative or rigenerative by intention
and design industrial systems and to reduce their impact on the and design.
environment.

CIRCULAR ECONOMY PRINCIPLES
1. Design out waste/design for reuse

ECO-INDUSTRIAL PARK

Community of manufacturing and service buisnesses seeking 2. Build resilience through diversity

enhanced environmental and economic performance through 3. Rely on energy from renewable sources
collaboration in managing environmental and resource issues 4. Waste is food/think in cascades/share values
including energy, water, and materials. 5. Think in systems

INDUSTRIAL SYMBIOSIS CIRCULAR ECONOMY STRATEGIC FRAMEWORK

Dynamic process based on the interaction of separate

buisnesses entities that create a cooperative network to achieve 1. Narrowing resource loops  A. Technical innovation

compelitive advantage by physical excange of materials, 2. Slow.ing resource loops B. Buisness model innovation
energy, water, and/or byproducts as well as services and 3. Closing resource loops C. Collaboration
manufactures. CIRCULAR BUISNESS MODEL

Technical dynamics Organizational dynamics
-Process oriented -Anchor manufacturer
-residue oriented -Eco-cluster development
-Place oriented -Government planning
-Buisness incubator

Figure4 Locating Industrial Symbiosis in the Industrial Ecology and in the Circular Economy research sfggdms

This suggests that the integration of the two perspectives results in a more comprehensive view of industrial
symbiosis and will support better design of new industrial symbiosis cluster s[53]. Therefore, asled the
following research question: How can industrial ecology and circular economy perspectives on industrial symbiosis
be combined in order to support the design of industrial symbiosis cluStessBwer this question, two sequential
research objectives are set. The objective is to investigate the prospects of industrial ecology and circular
economy in deeper, comparing them in terms of nature, characteristics and relevance for the study of
industrial symbiosis.

2.1 Industrial Ecology perspective on Indust rial Symbiosis
From the point of view of industrial ecology, industrial symbiosis is framed as a socio -technical process based

on the cooperative interaction of separate business entities that exchange materials, energy, water, by
products, services and infrastructure to obtain a competitive advantage [31], [49]. The industrial ecology
perspective focuses on the quantitative assessment of the positive environmental impacts of industrial
symbiosis through life cycle assessment (LCA) and/or material flow analysis (MFA) [54]. This definition can
be visualized on the basis of the three pillars of the industrial symbiosis process, i.e. starting conditions, events
and results. The first pillar, the starting conditions, concerns the antecedents that lead to the establishment of
the organizations involved, their bu siness profile and specific characteristics, their previous relationships and
motivations for collaborating, their initial ideas regarding the technical system and selection of a potential
location for the cluster. The second pillar, events, concerns the hain of technical, social and political actions
that lead from the starting conditions to the implementation of industrial symbiosis  [26]. The third pillar, the
results, concernsthe economic, environmental and sogal impact related to the implementation and evaluation
of industrial symbiosis [54].

1.1.
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Circular Economy perspective on Industrial Symbiosis
From the point of view of circular economy, industrial symbiosis is framed as an archetype of the business

model based on the sharing of infrastructu res and by-products to improve resource efficiency and create value
from waste [50], [55]. The potential of industrial symbios is as a business model innovation for sustainability
can be visualized on the basis of the three pillars of a circular business, namely technical innovation,
collaboration and innovation of the sustainable business model. In the case of industrial symbiosi s, the first
pillar involves technical innovation based on the exchange of waste, resources and energy through multiple
production processes [50], [55], [56]. The second pillar, collaboration, concerns the identification of
stakeholders who need to collaborate in order for industrial symbiosis to be successfully implemented. The
third pillar, the innovation of the sustainable business model, concerns the definition of a specific value
proposition around the elimination of the concept of waste, specific value creation /supply activitiesand cross-
sector partnershipsto eliminate life cycle waste, specific value acquisition mechanismsto transform waste into
value and save virgin material and energy.

The model of linear economy traditionally adopted is no longer implementable because it is threatening the
stability of economies and the integrity of natural ecosystems essential for the survival of humanity. The
circular economy is the new business model for a more sustainable development model and a harmonious
society. Circular economy describes an economic system that is based on business models which replace the
sl OFOPI 1 zw EODE]I xUw PPUT w Ul EUEe&@in® unéd GddveridyE mbbeialsOm w U1 UU
production/distribution and consumption processes, thus operating at the micro level (products, companies,
consumers), meso level (industrial symbiosis) and macro level (city, region, nation and beyond), with the aim
to accomplish sustainable development, which implies creating environmental quality, economic prosperity
and social equity, to the benefit of current and future generations. The concept of circular economy is
intrinsically linked to that of industrial ecolo gy due to the circular economy goal to maintain the value of
products, materials and resources for as long as possible, minimizing the production of waste can be achieved
by implementing the circulation of material and energy flows in the industrial system taking the biosphere as
a model, thus creating an industrial metabolism. While in the original concept of circular economy proposed
by Pearce and Turner in 1989 the environment acts as resource supplier, life supporter system and waste and
emission sink, the concept of industrial ecology introduced a different prospective that studies the industrial
system and its environment in a unique ecosystem. Therefore, the goal of imitating a natural system cannot
be taken literally: it constitutes a vast metaphor with significant differences between industry and nature. The
most importantisrelatedto the question of ?intended purpose ? and ?natural purpose 2. The first characterizes
the economy, while the second is typical of nature. The economy is?willed 7, this means it is driven by human
will while there is no final goal in nature. Moreover, in the economic system there are no primary producers

in the sense in which they operate in nature, the outputs of economic processes are more diversified and the
notions economics of the medium of exchange (such as money) and labour have no counterparts in nature.
However, it can be assumed the companies as organisms and economies as ecosystems. Both industrial
ecology and the circular economy are based on the idea ofclosing the energy and material loops to make a
reduction in the environmental impact of industries economically attractive. The evolution of the circular
economy would not be possible without the existence of concepts and tools of industrial ecology, especially
with the implementation of the Industrial Symbiosis. Three levels of contribution of industrial ecology to the
circular economy have been identified, such as: conceptual aspects, technicians and politicians. Conceptual
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aspects contribution concerns networks of synergies, such as material energy flows to implement the circular
economy through the implementation of symbiosis in industrial and/or urban environments. Technical
contribution concerns the use of industrial ecology tools (linked to the applicatio n of industrial symbiosis and
implementation in eco-industrial parks -practices of circular economy at meso level) to support the
implementation of the circular economy. Political contribution concerns the application of industrial ecology
to support the development of policies, laws and standards to implement the circular economy at macro level.
The perspective of theindustrial ecology process and the perspective of the circular economy business model
focus on different but equally relevant aspects of indu strial symbiosis. The industrial ecology perspective
provides a good understanding of how industrial symbiosis is implemented but pays limited attention to the
role of economic logic in symbiotic exchange; the circular economy perspective provides a good
understanding of economic logic but pays no attention to the systemic behaviour of industrial ecology.

The concept of industrial symbiosis is based on the law of conservation of mass and on the law of conservation
of energy, based on which it is possible to deduce that, at least in theory, the quantity of materials and energy
not used by an industrial process can be used by another industrial process. At a concrete level, industrial
symbiosis involves traditionally dissimilar industries with an integrated a pproach aimed at promoting
competitive advantages through the exchange of materials, energy, water and by-products. Among the key
aspects that allow the realization of industrial symbiosis are the collaboration between companies and the
opportunities for s ynergy available in an appropriate geographical and economic environment. The concept
of industrial symbiosisis part of the research fields of industrial ecology andthe circular economy. The circular
economy frames industrial symbiosis as a specific type of business model archetype (at meso level) within a
much broader context; industrial ecology frames industrial symbiosis as an important example of how the
principles of industrial ecology are applied, and therefore the concept within this line of resear ch has been
studied in much more depth. While industrial ecology focuses on all levels of analysis (facility level,
intercompany level, regional and global level), industrial symbiosis refers to the intercompany level because
it involves physical exchanges between different organizations.
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Il Steel Sectorwaste: metallurgical Slag s

The attention of manufacturing industries in recent years has increasingly focused on the implementation of
systems aimed at improving the recycling rate of by -products and the valorisation of waste as an
environmentally and economically advantageous alternative to the ever -increasing disposal costs. This is due
to the increasing sensitivity towards the preservation of natural resources and the big problem of waste
disposal that led the EU commission to issue Directive 2008/9957]E OE wUT 1 wE OEPUDPOUU Wl OEOw
[58].

Modern steelmaking is an integrated process consisting of blast furnace (BF) ironmaking and basic oxygen
furnace (BOF) or electric arc furnace (EAF) steelmaking. Molten steel from BOF or EAF process can undergo
a secondary refining process in a ladle furnace, or be sent directly to the cortinuous caster [59].

About 60% of the world 75 steel is produced using the integral cycle, based on the blast furnace (BF), where
iron ore is reduced to castiron, which is subsequently converted to steel in the basic oxygen furnace (BOF).
The inputs to this route are mainly iron ore, coal, limes tone and sted scrap. The remaining 40% follows the
second route, where the ferrous scrap is melted by the electric arc furnace (EAF}60].

Depending on the steel production process, different type of slags are produced. Mainly they are blast furnace
slag (BF), basic oxygen furnace slag (BOF), electric arc furnace acid slag (EAF) and ladle furnace slag (LF) also
called refining slag. Parallel to this classification, smelting furnace slag is called ?black slag? while ladle slag

is called Pwhite slag? as shownin Figure 5. Finally, it is often possible to find a classification that separates the
slag from blast furnace (BF), from all the others that take the name of ?steel slag® due to the production of
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Figure5 Principal steelmaking processes and relative slagtype

This in combination with their integrated and complicated production processes, huge material and energy
consumption (13t%14 GJ/ton versus 4 6 GJ/ton of steel at EAH61]), and potentially abundant connections with
other actors, makes integrated steel mills hubs for the industrial symbiosis concept. For this reason, the
emphasis is mainly placed on case studies involving integrated steel mills [62].

Slag is the by-product produced in greater quantity (90% by mass of all by -products) by iron and steel
production.

In 2020, 1828nillion tons of crude stee | were produced worldwide. Of this amount, 57.7%6 comes from China.
Since slag constitutes about 15% by weight of the steel produced, the amount of slag produced in 2020 is
approximately 275 million tons [60].

The slags derived from different processes differ each other in structure, composition, chemical -physical and
mechanical properties, due to the characterigics of the raw materials and the adopted technologies.

1. Blast Furnace (BF) Slag

In the blast furnace, the cast iron production process is carried out by reducing the metal oxides contained in
the iron ore loaded into the blast furnace together with the coke and calcareous fluxes, consisting mainly of
calcium and silicon oxides. The slag from blast furnaces originates from physical separation, due to the
difference in density between the castiron and all the other oxides that have not undergone reduction to the
metallic state. The composition of the BF slag depends on the characteristics of the feed, but consists mainly of
calcium oxide (CaO), magnesium oxide (MgO) and silicon dioxide (SiO 2), and partly of aluminum oxide
(Al203) and modest quantities of other compound minerals.

BF slag is defined by the American Society for Testing and Materials (ASTM) as the non-metallic product,
consisting essentially of silicates and aluminosilicates of calcium and other bases thatis developedin a molten
condition sim ultaneously with iron in a BF [63]. Air -cooled BF slag solidifies under atmospheric conditions,
either in a pit adjacent to the furnace or in one some distance away to which it is transported in large ladles.
After solidification, the cooling may be accelerated by water sprays that produce cracking and facilitate
digging of the slag.

The average chemical composition of the B~ slag (on a sample of more than 100 slad64]) is reported in Table
1. It is influenced by various factors, including the nature of the mineral, the chemical composition of the
streams fed into the kiln, the coke and the type of iron used.

The chemical composition can also change over the years with alterationsin the primary sources andthe types
of mineral to be melted. These variations affect the relative content of the four main constituents (lime, silica,
alumina and magnesia) and also the quantities of the minor constituents (sulphur in the form of sulphide and
ferrous oxides and manganese).
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Tablel BF slag chemical compositi@#].

Component Component range (%)
Lime (CaO) 31450
Iron (FeO or Fe2053) 0.3t2
Silica (SiO 2) 27445
Manganese (MnO) 0.142.3
Alumina (Al 2053) 7424
Sulfur (S) 0.6t3
Magnesia (MgO) 118
P20s <0.1

The minerals constituting BF slag cannot be predicted with certainty from phase equilibrium diagrams,
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2. Steel Slag

Basic Oxygen Furnace (BOF) Slag
The primary raw materials for the BOF include approximately 70 180% liquid hot metal from the BF, balanced

with recycled steel scrap and flux materials, which are mainly limestone, dolomite, and fluorspar (CaF 2)[64].
The oxygen converter allows to produce steel through the oxidation of the excess carbon, silicon and
manganese contained in the liquid cast iron. At the end of the conversion process the slag is formed on the
surface of the bath, it mainly consists of oxides of lime, silica, iron and manganese, from traces of other metals
both oxidized and in the metallic state. The average chemical compositionis reported in Table 2.

The main critical aspect limiting the use of BOF slag is the insufficient volumetric stability in the short term,
even if it has good properti es and environmental compatibility.

Table2 BOF slag chemical compositi@#].

Component Component range (%)
CaO 35t40

SiO2 12417

Al 203 0.98 3.4

FeO 10t 25

MgO 3t15

MnO 5¢ 15

SOs 0t0.3

P:0s 0.24

Ladle Furnace (LF) Slag
Following tapping from the BOF or EAF, the molten steel produced by the primary processes can be refined

to remove impurities or to add elements to obtain the required chemical composition and grade of product.
This refining processis called a secondary steelmaking operation, secondary refining or ladle refining because

itis completed within the transfer ladle .
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The main characteristic that differentiates ladle slag from EAF slag is the content iniron and calcium oxides:
in the LF slag, the FeO contentis very low (0-15%), while the calcium oxide CaO is very high (40-60%). Other
elements present, AOs, SiC, derive from slag formers, from the deoxidation of steel and from MgO
refractories. The LF slag chemical composition range is reported in Table 3.

The LF slag deriving f rom the production of high -alloy steels may differ from those deriving from the
production of carbon steels due to a different quantity of metal oxides present. Given the preponderant
presence of calcium and magnesium oxides, these slags after cooling undego a transformation of the
crystalline lattice which leads to the formation of a fine product.

Their main use derives from their chemical composition, so they represent an alternative to lime.

Table3 LF slagchemical compositig64].

Component Component range (%)
CaO 30t 60

SiO2 2435

Al 203 5t 35

FeO 0t 15

MgO 1412.6

MnO 0t5

SOs 0.141

P:0s 0t0.4

Electric Arc Furnace (EAF) Slag
The electric arc furnace, used in the steel industry to produce steel starting from ferrous scrap, generatesthe

black EAF slag, or steel slag.Steel slagfeaturesvary according to the type of steel being produced (EAF-C slag
from carbon steel production and EAF-S slag from stainlesshigh-alloy steel production) and its chemical
composition may present differences related to the type of scrap used, the amount of oxygen blown into the
bath and the kiln management practice. In general, the slag can still beassimilated to natural effusive rocks of
volcanic origin and consists mainly of a ternary mixture of calcium oxide (CaO), silicon dioxide (SiO 2) and
iron oxides (FeO), to which are added, in smaller percentages, other components The average chemical
composition is reported in Table 4.

The oxides forming the slag can be divided into two main groups, basic oxides, and acid oxides. Amphoteric
oxides are also present, i.e. AbOsand FexOs, which, depending on the conditions, can be acid or basic[66]. 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 desulphurization, and
dephosphori zation, metal-slag distribution of manganese. The simplest expression of the basicity index, by
means of the ratio between the weight percentages of CaO and SiQ does not consider the presence of other
components with acidic or basic behaviour, so it is possible to define the complete basicity factor with
parameter, calculated as ratio between principal basic oxides (CaO+MgO) and main acid oxides (SiQ+AI20s).
The basicity of the slag is required in steelmaking process in order to preserve the integrity of the refractories,
which are also basic, for as long as possible.

The exploitation of steel slag originates from its assimilation to natural hard rocks and therefore from the
possibility of replacing inert material in various sectors including construction.

The production process of origin and the transformation of the slag influence the final pr oduct and the
possibility of being effectively used, so all the necessary checks are carried out on them.
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Table4 EAF slag chemical compositif¥].

Component Component range (%)
CaO 40t 60

SiO2 10t 30

Al 203 2¢9

FeO 10t 30

MgO 3t8

MnO 2t5

SOs 0.140.6

P:0s 0t1.2

The RFSC (REACH Ferrous Slag Consortium) for the slag chemical composition, adopts the ternary diagrams
for which three specific phases have been taken as a reference, i.e. for the slag EAE CaO + MgO, SiQ + Al20s,
FeOn + MnO.

On the ternary diagramrelatingtothe EAF -C slag, and similarly for the other families of slag, it was identified,
through the analysis of all representative samples of that type of slag subjected to REACH registration, an area
indicative of t he average of the values and within it the target composition was chosen on which the eco-
toxicological and toxicological tests required by the REACH protocol (Figure 6).
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Figure6 Ternary diagram of EAF slag chemical composition according to REACH Ferrous Slag Consortium. Typical
chemical compogin, indicative of the average range and chemical compasiB@AF slags testelly the author.

The formation of all types of mineralsin the slag is influenced by the rapid cooling method that determines
its crystalline structure and its chemical composition. The mineralogical components more frequently found
in EAF slag from carbon steel production are reported in Table 5.

Table5 Mineralogical components frequently present in EAF slag.

Primary mineral components Molecular formula

Larnite Ca:SiOs
Srebrodolschite CazFeOs
Brownmillerite Ca2AlFeOs

Spinel CaMgSiOs
Wuestite (Frxy,Mgx,Mny)O:
Ghelenite CazAl 2SiOr
Bredigite Cai1aMQ2SiOs2
Chromite CraFeOs
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Physical-mechanical properties of steel slag are represented by its high angular shape and rough surface
texture. Steel slag has high bulk specific gravity and moderate water absorption. Low impact value, high
compressive strength, good polishing, and freeze/thaw resistance[67] are also very favourable steel slag
characteristics that permitits main application as a substitute for natural rock or gravel materials.
The EAF slag typically contains heavy metals whose leachingis regulated by the UNI EN 12457-2 standard.
In order to increase the ecacompatibility of the black slag and improve its technical characteristics, the
following methodologies have been developed: addition of compounds (iron, magnesia and silica flakes) and
action on cooling to generate a chemically inert product.

1 Fastcooling
Rapid cooling by granulation in water is an effective method for reducing the environmental release of
harmful elements pr esent in them. This produces amorphous glass slag, and, by isolating metals and oxides,
creates a lowering of the solubility of heavy metals. Considering the microstructure strictly linked to the
chemical composition and cooling methods, a hypothesis was formulated about the release behaviour by
defining some compositional ranges on the main ternary diagrams (CaO -SiOz-FeOx and CaO-SiOz-Al 203)
which distinguish the EAF steel slags. Cooling control conditions can represent a strategy to influence the
mineral transformation and the solubility of elements such as Cr, which is crucial for problems involving
human health and environmental protection. In fact, the rapid cooling should cause the prevention of the
leaching of the Cr. The cooling rate is an important parameter in the formation of hexavalent Cr (Cr ¢+) because
this cation is formed at lower temperatures (below 1228 ° C) than those of the EAF process. Chemical
compounds that contain Cr6 + are much more toxic than those that contain Crs+ [68].
The rapid cooling in the EAF slag, from the p oint of view of volumetric stability, generates a reduction in
EUUUDOIT Gaes foumlsiplevarsed in the larnite, a reaction that involves a volumetric expansion and
leads to the disintegration of the slag. If the slag is cooled slowly, the presence d a crystalline microstructure
is highlighted [68].

1 Remeltingand annealing
The remelting process of the EAF slag allows to increase the formation of glassy phases through the addition
of vitrifying elements; it can be performed by another electric arc furnace or a plasma torch since these plants
allow to touch high temperatures and to remelt the slag. To the detriment of this process, there are high initial
investments for the installation of new machines, conspicuous energy consumption and frequent maintenance.
Annealing consists of heating to a temperature usually lower than that of melting, followed by a stay of a
suitable duration and slow cooling, usually in an oven. The optimal condition for reducing the dissolution of
Crerseems to be annealing at high temperatures above 1273 lind at low partial pressure of oxygen [68]. Some
studies [68]. Have highlighted the importance of slow cooling and a reduced basicity of the slag in order to
increase the spinel phase very rich in Cr, thus reducing the concentration of Cr in the other phases of the
soluble matrix.

1 Addition of magnesia and /or silica
The concentration of Magnesium Oxide MgO in EAF steel slags seems to favour the immobilization of
elementssuch as Cr, butincreasesthe leaching of other harmful elements such as barium, vanadium, selenium,
which have a parabolic dependence as a function of the mncentration of CaO and MgO, while only linear as
a function of the silica concentration. A not excessive reduction of the alkalinity of the slag guarantees a good
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guality of the product and allows to increase the ability to retain harmful elements such as barium and
vanadium.

The correct balance of acidic and basic species in the slag (MgO, CaO, FeO and SiO2) is essential for having
the favorable microstructure and avoiding chemical leaching. The addition of acidic species to the slag, such
as silica, cau®s a lowering of the melting temperature of the ionic solution which allows the diffusion of
oxidized species and their redistribution, leading to the formation of more stable structural constituents at
room temperature. In addition to modifying the micros tructure to reduce the risk of releasing harmful metals
into the environment, this treatment has the advantage of reducing the formation of larnite avoiding the risk
of pulverization of the slag.

The combined use of several elements can also be consideredyhich allows the benefits of each individual
chemical species to be exploited69].

EAF slag characterization methods

The knowledge of chemical, mineralogical and physical characteristics is of fundamental importance for the
environmental safety and reuse of slags.

The main analytical techniques used for the slags characterization are listed below.

1. X-Ray Fluorescence Spectroscopy (XRF)
X-ray fluorescence (XRF) allows the determination of elementary constituents within a material usinga simple
methodology. This test technique is based on theprinciple that individual atoms can emit X -ray photons of a
characteristic energy or wavelength. The energy or wavelengths correspond to a specific element within the
sample and allow for its identification. In other words, using an X radiation of appropri ate energy and
intensity it is possible to create, by photoelectric effect, a vacation in an inner shell of the atom of an element.
This position is subsequently reoccupied by an electron belonging to one of the outermost shells, which in de -
excitation pro duces a photon that has an energy equal to the difference between the energies of the electronin
the two initial and final positions.
XRF can be both a qualitative and a quantitative measurement technique, so based on the total energy counts
or characteristic wavelength, it is also possible to determine the quantification of the element.
X-ray fluorescence can detect and measure most elements in the periodic table running from Uranium, the
heaviest element, all the way to lighter elements such as magnesiumand beryllium. This means XRF can
determine the elemental composition of any material.
For qualitative analysis, XRF can be used without any sample preparation, regardless of the shape or size of
the sample. However, for meaningful quantitative analysis, slag samples are typically crushed and ground in
a mill to produce a particle size of less than 50 microns, which helps minimize the effects on particle size.
Although the powder can be analyzed directly, sample -to-sample accuracy and repeatability improve if the
powder is pressed [70].

2. X-Ray Diffraction (XRD)
The XRD technique (X-ray diffractometry or X -ray diffraction) is one of the most used diagnostic tools to
identify the structure of unknown materials. While not providing direct information on the elemental
composition, it allows to define the crystalline phases present in an unknown sample and their three -
dimensional structure.
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It is also applicable to any type of material, as long as it is crystalline, which includes about 95% of all solid
materials. By means of this analytical technique, the X radiations diffracted by crystalline materials, that is
having an ordered structure, are recorded.
Each material produces a characteristic diffraction spectrum that makes it possible to identify an unknown
material by comparison with a library of spectra of known substances.
This technique is based on the coherent scattering of the X radiation by diffuser centers distributed spatially
in a regular way (as occurs in a crystalline material) with distances of the same order of magnitude as the
PEYI O OT Ul wpn Awldi wOi 1 wWUEEPEUDPOOWUUI EB
The condition of constructive interference between the X-rays scattered by the atomic planes of a crystal is
described by Braggzs law:
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between two reticular planesand T the angle ofincidence formed by the direction of the X -rays and the family

of planes. A typical diffraction spectrum consists of a series of reflections, each characterized by its own

intensity, amplitude and position (the latter expressedas 2T, i.e. the sum of the incidence and collection angles

formed by the incident beam with the sample surface). By determining the position and intensity of the

reflections and comparing them with those of the reference spectra, it is possible to identify the type of

material, the various crystalline phases that make it up and its possible preferential orientation.

Inthe case of steel slag, XRD analysis allows to determine the mineralogy reported in Table 5.

3. Scanning Electron Microscope (SEEDS) Analysis
The scanning electron microscope (SEM) connected to an energy dispersion microanalytical system (EDS) is a
versatile and reliable system for the analysis of the minerals and glasses that makeup the rock. The electron
microscope is a type of microscope that uses electrons as a source of radiation. Electrons have a much shorter
wavelength than photons and since the resolving power of a microscope is inversely proportional to the
wavelength of th e radiation it uses, using electrons a resolution several orders of magnitude is reached
superior. In the scanning electron microscope, the electron beam is not fixed but is made to scan: thatis, it is
passed over the sample in a rectangular area, line byline, in sequence. Numerous particles are emitted from
the sample surface, including secondary electrons, which are captured by a special detector and converted
into electrical impulses. The chemical analysis (microanalysis) at the scanning electron microscope (SEM) is
carried out by measuring the energy and intensity distribution of the X -rays generated by the electron beam
on the sample using an energy dispersion detector EDS (energy dispersion spectrometry).
The high-energy electron beam (up to 30 eV) hatinteracts with the sample surface generates a series of signals
that are detected by the appropriate detector. In particular, for each scanned point, the following are produced
[71]:

enough additional energy from the incident beam to remove them. They have energy included
between 0 and 50 eV and are emitted by sample surface thicknesses (~ 10nm). They are frequently used for the
study of surface morpholo gy.
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ranging from 50 eV up to that of incidence. They carry mainly compositional and morphological
(topographical) signals and come from maximum d epths of a few um. The quantity of BSE depends both on
the morphology of the surface and on the average atomic number of the material present in the small volume
radiated by the beam. The BSE image reflects the variation of the average atomic number within the sample
and allows to identify the constituent minerals of the sample.

Microanalysisis an analysis of a sample on a microscopic scale, which allows for structural, compositional and
chemical information on the sample under study.

Among the different s ignal analysis techniques, the X-rays characteristic of the elements that make up the
sample under examination, can be recorded and discriminated on the basis of energy (EDS). The intensity of
these characteristic radiations is proportional to the concentr ation of the element in the sample. Therefore the
X-ray microanalysis gives specific information about the composition of the elements of the sample, in terms
of quantity and distribution.

4. Leaching Test CEN EN 124587
The leaching test allows to quantify the concentration of heavy metals which can be dissolved when the slag
meets a solvent (water). According to the standard EN 12457-2 [72] a dag sample of 90g (grain size <4mm at
95%) is immersed in 900ml of H2O (HDPE bottle) for 24h in agitation. Then the solution is filtered by a 45um
filter and analysed by ICP -OES.
The acronym ICP-OES stands for ?Inductively Coupled Plasma ¢ Optical Emission Spectroscopy?. This
definition identifies an analytical instrument capable of measuring the light (optical emission) produced by a
liquid sample when introduced into an inductively coupled argon gas plasma. Thr ough this mechanismitis
possible to quantify the metals contained in the sample by measuring, for each, the intensity of the light
emitted with a specific optical bench (system of mirrors, lenses and gratings). For the determinationin ICP -
OES it is necessary to have samples in liquid form.
The operating principle provides that an argon flow transports the vaporized sample into an ICP torch, where
it reaches a temperature of 60068000 ° C and ionization and atomization take place.
In an ICP-OES (Optical Emission Spectroscopy) the spectral composition of the light emitted by the source is
analyzed through a monochromator (diffraction grating) which splits the incoming light into spectra that are
intercepted by a photomultiplier. The ICP-OES allows you to determine metals in highly variable
concentrations and in multiple matrices, which is why it is today the most versatile technique for determining
metals in water, soils, sediments or even in food and petroleum products.

Production p rocess of EAF steel
The electric arc furnace is used for melting steel scrap in steelmaking: an electric arc is formed between the

ferrous scrap and the electrodes, the heat of which causes the steel scrap to melt.

The EAF comprises three water-cooled parts, namely (i) the roof, (ii) panels and (iii) the sole lined with a
refractory material.

Fusion is the main task of the EAF process and is accomplished by the energy supply which includes both
electrical energy and chemical energy. Electricity is supplied by the graphite electrodes which are the main
energy supplier. Chemical energy is supplied through several sources which mainly include oxy -fuel burners
and Ozinjection.

41



Steel Slag

The electrical energy is distributed between the three electrodes, which melt the scrap creating an arc between
them and the scrap. The electrodes are consumed during the process with progressive wear according to the
individual frequency during ignition. Some adjustments to the electrode positions need to be made to ensure
that all three electrodes are in contact with the material so that energy is transferred efficiently.

Electrodes have brittle properties (limited mechanical toughness) and are consumables with a high cost.
Therefore, they must be handled with care. If the oven is filled with an excessive amount of coarse scrap, the
electrodes must be lowered very carefully to avoid costly breakage.

A Schematic illustration of an EAF is shown in Figure 7.
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Figure7 Schematic illustration of an EAF.
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60 minutes. The cycle can be divided into 7 phases:

1. Scrap charging:The roof and electrodes are raised and are swung to the side of the furnace to allow
the scrap charging crane to move a full bucket of scrap into place over the furnace. The bucket bottom
is normally of a clam shell design, i.e. the bucket opens up by retracting two segments on the bottom
of the bucket. The scrap falls into the furnace and the scrap crane removes the scrap bucket. The roof
and electrodes swing back into place over the furnace. The roofis lowered and then the electrodes are
lowered to strike an arc on the scrap. This commences the melting portion of the cycle. The number of
charge buckets of scrap needed to produce a heat of steel is dependent primarily on the volume of the
furnace andthe scrap density.

2. Scrapmelting: The heat needed to melt the steel scrap is provided by electric arcs, created between
the electrodes and the scrapin the furnace. The electrical power of normal EAFs is between 50 MW
and 120 MW, depending on the size of the furnace. The melting of the scrap takes place at a
temperature range from 1500 ° C to 1550 ° C, depending on the composition of the steel scrap. Melting
is achieved by supplying energy inside the furnace. This energy can be electrical or chemical. Electical
energy is supplied through the graphite electrodes and is normally the largest contributor to smelting
operations. Chemical energy must be supplied through various sources, including oxy -fuel burners
and Oz lances. In oxyfuel burners the combustible gas is burned using Oz or a mixture of Oz and air.
The heatis transferred to the scrap by radiation of the flame and by convection from the hot products
of combustion. The heat is transferred into the scrap by conduction. Once a liquid steel pool has
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generated in the furnace, the Oz can be thrown directly into the bath. This O2 reacts with different
components in the bath which include C, Fe, Al (aluminum), Si (silicon), Mn (manganese) and P
(phosphorus). All of these reactions are exothermic (i.e. they generate heat) and provide additional
energy to help melt the scrap. The metal oxides that are formed end up in the slag. The reaction of &
with C in the bath produces CO, which burnsin the furnace if there is sufficient Oz, and/oris exhausted
throughthe direct evacuation systemwhereit is burned and conveyedto the pollution control system.
Once the ?flat bath? condition is added, a metal sample can be taken to determine the chemical
composition and temperature of the bath. Bath chemistry analysis allow s the operator to determine
the amount of O: to blow during refining. At this point the operator can also start preparing the
additions of loose ferroalloys to the tap. These quantities are finalized after the refinement period.
Refining: the refining proc ess aims to eliminate some elements such as P, S, Al, Si, Mn and Refining
operations are carried out once a flat bath is achieved. Q is lanced at the end of meltdown to lower
the C content to the desired level for tapping. Majority of the compounds whi ch are to be removed
during refining have a higher affinity for O 2than thatthe C. Hence these elements preferentiallyreact
with O 2 to form oxides which float into the slag.

then the oxygen blown into the bath reacts with these impurities forming insolub le compounds that
float in the slag as well as favoring the removal of nitrogen and hydrogen.

Slagging operation: the oven is tilted to remove the slag from the slag door.

Tapping: the metal is poured and tapped into a crucible to be transported to the next station. The
alloying elements and deoxidizers (Al, Fe -Si, FeMn) are added.

Restart: In this phase anypotential damage is immediately checked and repaired.
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3. Industrial symbiosis in the Steel Sector

Traditional slag applications
As anticipated, slag represents the main by-product (90% by mass of all by-products) of iron and steel

production. The most common application of slag sees it used as a substitute aggregate for sand in cement,
often in combination with its CO 2 sequestration properties. However, the composition of the slag is highly
variable, and this can affect the characteristics of the final product. For this reason, a general monitoring tool
has been developed for simulating and evaluating the feasibility of replacinglime and dolime with LF slag
with or without partial recovery of EAF slag for the production of two steel families  [73]. Asmall 3-4%increase
in electricity calendering was detected but offset by a reduction of approximately 14 -16% in non-metallic raw
materials.

Alongside the steel industry, the construction and infrastructure industry also act to address their
environmentalimpact. The latter aim to reduce overall emissions of 50% by 2050, comparedto 1990 level$74].
As for the steel industry, the amount of steel slag produced in 2010 amounts to approximately 21.8 Mt [75]. Of
this amount, only 6% was used in cement production, 48% for road construction and the rest was deposited
OUwUUT Ewi OUwOUT T UwxUUxOUT Udw3T 1 wET EOCOTI OT1 wbUwUOWET Y1 ¢
both metals and use the various residues in construction applications [76]. Due to this the main fields of
application of steel slag are the cement production and the road construction. However, other steel slag can
be used in other areas in minor quantity and new applications are continuously under study.

Slag reuse in cement and concrete production
The reuse of slag and other byproducts in the production of cement on the one hand reduces the amount of
waste to be disposed of and on the other hand reduces the exploitation of new resources. In particular [62]:
1 the BF slagin vitreous and granular form obtained after rapid cooling by quenching in water, has the
suitable chemical-physical characteristics for the production of Portland cement [76];
1 ground granulated blast furnace slag (GGBS) has characteristics that make it suitable for cementing
concrete, for the production of which the replacement of cement with GGBS is between 40% and 45%
by weight [77];
1 granulated blast furnace slag (GBFS) is suitable as a substitute material for calcareous aggregate from
0% to60% in selfcompacting concrete (SCC}78].
Due to their relatively low hydraulicity and problems related to their volumetric expansion, steel slag is mainly
used as a backfill material in dam construction. However, thanks to rec ent advances in slag treatment
(primarily rapid cooling) the properties of steel slag have been greatly improved. In particular, BOF, EAF and
LF slag, currently used in road construction, asphalt concrete, agricultural fertilizers and soil improvement,
canbe valuable materials for the production of cement clinker. This potential use can have environmental and
economic benefits, for this reason recent studies have focused on the use of steel slag as a substitute for cement
and aggregate in cementitious concrete. For this purpose, due to the low cementitious capacity of the steel
slags in the concrete and the need for their activation, suitable aging/atmospheric agents and treatments were
carried out to improve the hydrolysis of free CaO and MgO, aimingtomi tigate their instability [79].
Accordingto [80] (area of Brazil) the use in the cement industry implies high logistics cost because the
material requires previous handling, mainly an additional comminution pro -cess and a transportation
operation as well as safety concernsall over the entire process.
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Slag reuse in road construction
The by-products of the steel industry can also be used in road construction with the advantage of reducing

their disposal in landfills and without compromising the quality and performance of  the road. Steel slag is a
material of choice, and this is evidenced by special specifications, a sufficient record of its uses and
performancein major projects around the world. Khan etal. [81]intheirwork argue that one of the advantages
of using bituminous concrete with steel slag is the high slip resistance (in wet or dry conditions) provided
throughout the useful life of the pavements [81]¢[83]. Asphalt pavement mixes using steel slag aggregates
have shown exceptionally high stability, which can improve roadway resistance when used in the surface
layers of pavement. The mixture produced using aggregates of steel slag and natural sand stowed
exceptionally high stiffness modulus values, which implies that a reduced pavement thickness can be used
[84]. It has been observed that the use of EAF steel slag for low volume roads is economgal compared to
natural aggregates. Properly seasoned EAF steel slag was investigated for lowvolume road construction as a
base material. Satisfactory results of the elastic modulus have been obtained from EAF steel slag compared to
natural aggregates[85].

Other applications of slag

Slag as Fertilizer

Since the 1950s, BOF slags have been used in Germany as fertilizer crops. Théag promoted crop growth in
larger quantities, without causing short -term negative soil effects, although long-term studies have recorded
increased levels of vanadium and chromium. BOF slags have also shown good use as a calciner material when
spread over acidic soils to help raise the pH to a more neutral level [86]. According to [80] (area of Brazil) the
mail obstacles for this slag application are the environmental licensing and the logistics costs. Due to this,
agricultural applications are still unattractive, requiring further research and environmental licenses, usually
expensive and time-consuming.

3.1.3.2 Water and Wastew ater Treatment
Since slag has good characteristics and is low cost, it is widely used in wastewater and water treatment and
can be the alternative to using granular activated carbon. Various researches such as adsorption of dyes, heavy
metals and organic substances have been conducted using steel slag. However, the slag absorption capacity
depends on the pH solution. Hydration of the slag composition in aqueous solutions provides a high pH.
The wastewater from the steel plant contains a high concentration of heavy metals due to the accumulation of
particlesfiltered by the wastewater filtration process. A direct release of backwash water into the environment
can cause severe effects on both land and aquatic life. Based on toxicological studies, metals arnmxic and non-
biodegradable and can continue to existin these water bodies. Furthermore, heavy metals also have a tendency
to accumulate in the food chain. Therefore, strict environmental regulation has been established in an effort to
mitigate heavy metal contamination of the industrial effluent discharge [87].

3.1.3.3 Phosphorus removal
Phosphorus is an essential nutrient for biomass growth. However, excessive P intake in water bodies, such as
rivers, lakes or lagoons, results in abnormal growth of algae and aquatic plants, resulting in degradation of
water quality. The regu latory limits on the presence of this element in water bodies have become increasingly
restrictive, even for small purification plants. An appropriate technology to improve P removal in small
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treatment plantsisto filter through materials with high affini  tyfor P binding. Several studies have shown that
slag from steelmaking is a suitable and effective substrate for the removal of P from waste water [88][89].

Case studies of implem ented Industrial symbiosis in the Steel Sector worldwide
It was from the literature by initially selecting several key words such as “?industrial symbiosis in the steel

sector?, Pslag reuse?, ?Psteel sector by-product reuse?, ?steel sector waste reuse and ?circular economy in the
steel sector.The search was limited to papers published in the past twenty years. No geographical restrictions
have been applied. The search engines used included databases such as Web of Science and Scopus, and freely
accessible search engines, such as ResearchGatedi@oogle Scholar.The main findings are summarized in
Table 6.
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Table6 State of art of Industrial Symbiosis in the metal sector worldwide.

Case Study

1.S. Model

Production

Type of
symbiotic
sharing
Steelmaking
waste

Industrial symbiosis in the Steel Sector

Stakeholders

Receiver

Economic end environmental impacts

Barriers and criticalities

Long-term economic return

= n Poor trust in partners
Taranto, ltal : o BF slai . Reduction of waste in landfills Little regulatory clari
y 5 @ ) g Concrete industry - 9 ry clarity
[90]4[92] g % mill scales exploitation of natural resources (15% BF slag) Need for a mediator
m Corporate core business focused exclusively on the
product
BF slag and
. . § = sand L Scrap materials cheaper than virgin materials .
Styria, Austria ] O Cement and construction industry . ) Poor trust in partners
(33], 93], [94] a E Paint Indust Reduction of costs and taxes for waste disposal Slow bureaucrac
T §‘ o &4 Reuse of 120Mt of BOF waste and 8.Mt of BF slag y
BOF dust
Relatively low costs for waste disposal
c
Kwinana, . . . ’ Confidentiality Regarding Commercial Matters
. % w Cement industry and road Creation of new jobs and a broader and more diverse . iy Reg 9
Australia a o BF slag construction emplovment base Intensive regulatory approval procedure for the reuse
[33], (954 [07] | 8 Py ' of by-products
Core business focus on theproduct
§ . Revenues from sales to the cement industry 10.37 M
Jinan,China = 8 BF and BOF Cement industry and road USDlyear
[98], [99] & L slag construction Eliminated disposal cost of 5.19 M USD/year
o m
= Reuse of waste of 180 Mtyear
. . LL . Savings of approximately 2.4 million tons of raw
Liuzhou,China | & o BF and BOF Cement industry and road ving PP Ve . . .
<] m . materials. Reduction of approximately 3.4 million tons Absence of specific waste treatment sites
[99]¢[101] [ L slag construction .
m of solid waste.
BF and BOF
slag High costs of sustainable technologies
Lin- § = Cement industry and road : . Knowledge of technologies is not shared
R <] o . Reduction of energy costs and waste disposal S . .
Hai,Taiwan [a) m Sludge construction ) The laws governing intellectual property rights make it
I L ) Sharing of resources o - -
[102}t [104] e m Agricultural sector difficult to share information.
Desulfurization Slow and unclear bureaucracy
slag
Kawasaki, o - - ) .
Japan 2 % About 130 million dollars /year saved (on all symbiotic Wet granulation of slag requires large amounts of
(98] T104] g E BF slag Cement industry exchanges) Reduction of emissions and energy required water
[1’05] ' E m in cement production Lack of a standardized system for waste management
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Puhang, South

Cement industry and road

The global standard for the circular economy is
immature. If the circular economy were certified by

o
=) LL BF sla ) . . . . . A
Corea, < 8 9 construction -40% emissions into the atmosphere internationally recognized institutions, many small and
[106} [108] % % Mill scale 98.3% of byproduct recycling medium -sized enterprises will participate in the
m Metal recovery plant circular economy movement.
Low demand for recycled products
c
Cement industry and road . -
Texas,USA § l?(l- EAF slag construc)':ion Increase in productivity of cement
[109], [110] aQ w Mill scale . Reuse of 130,000 tons of steel slag
e (+ recycling plant)
%< | Sludge and dust Lower cost of secondary raw materials compared to
Avesta X o .
S = Metal recovery plant traditional aggregates
Sweden 2 = .
(104], [111] 54 & EAF slag Infrastructure Lack of cost of disposal
’ = w OKTO product 77% of EAF slag is avoided landfilling
Infrastructure (Outsourcing sla
o EAF slag ( g siad . .
Unknown, 2 treatmeny . I Need for environmental licenses
) c L EAF dust The steel mill saves the costs of landfill disposal .
Brasil 5 < . Zamak alloy producers ) High transport costs
£ w Mill scale . 144,000 tongyear of waste stolen from landfills
[80], [112] 8 Sludae Cement industry Lack of research
9 Zinc alloy producers
EAF slag .
Infrastructure (Outsourcing sla
?GRANELLA ? ( 9 9
treatment) ) )
Ferriere Nord Zinc producers Saving of raw materials
. ' = EAF dust ) P 200 tongdyear Basaltand phosphorus The zinc recovery project through an internal process
Udine, <} L Steel Mill (Treatment for the .
2 < & . . 25k tons/year ore Zn has not proved to be economically advantageous
ltaly © w recovery of lime substitutes) . . . L
zZ lag . 30ktons/year lime (problem linked to technological limitations)
[113] Cement industry
Furnace . 30ktons/year ore Fe
. Chemical Industry
refractories .
. Steel mill BF
Mill scale
Alfa Acciai — EAF Slag .
) L Cement industry and road . . ) - . -
Brescia, ' 5 S_)) PALFA construc)':ion Reduction of waste in landfills Prejudice by public opinion
ltaly [114] ~| SINSTONE? Less exploitation of natural resources
Global Blue
%) EAF and LF . . . )
ABS . u siag Cement industry and road Reduction of waste in landfills
Udine, ltal o construction Less exploitation of natural resources
o W | PECOGRAVEL? o
[115], [116]
S Over 95% of waste and processing waste are recycled
Acciaierie EAF Slagand 0 P 9 . Y
. (@) . and recovered. 98% of the black slag is recovered and
Arvedi, 0 LF slag Cement industry and road . . .
' < . destined for the construction sector. 40% of thewhite
Cremona, lialy u PINERTEX,? construction rocessing slagis recovered and used in the
[117] ?CALCETEK? P g slag

stabilization of clayey soils and as a substitute for lime
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In this analysis, 12 (+3) cases of industrial symbiosis in the steel industry in Asia, America, Australia and
Europe are analysed. The steel mills surveyed range from 0.8 to 16.5 million tons of annual steel production
and 5 of the analysed cases are located in Asia as China is the world leader in steel production.

Most of the cases analysed consist in the production of integral cycle steel (8) while the implemented cases of
industrial symbiosis involving electric arc furnace slag are 4 (Avesta (Sweden), Texas (US), Brazil and Osoppo
(Italy)). In order to investigate the reuse of EAF waste, especially in the Italian territo ry, three cases (indicated
as +3) were analysed that do not consist of real cases of symbiosis. The cases of BresgiUdine and Cremona
provide for the treatment of EAF and LF slag for the production of aggregates with their own CE marking
which bring econ omic and environmental advantages but which are nevertheless more a valorisation of the
waste transformed into a finished product to be marketed (Ecogravel, Alfa Sinstone and Inertex) than a
symbiotic activity. Also in the case of Avesta and Osoppo the slag is transformed into finished products
(OKTO-products and Granellarespectively) butin these cases the marketingis carried out by an infrastructure
companies which, by combining traditional products, offers a sustainable alternative. In addition, other
symbiotic exchanges were also highlighted.

While all industrial symbiosis activities at Asian sites (except Lin -Hai) have been induced by government
initiatives via China zz Five-Year Development Plan, Japargs EcoTown Program, or South Korean EIP
Initiativ e, the symbiotic connections documented in the rest of the world (EU, USA, AUS) have spontaneously
formed from the motivation of cost reduction.

In most of the industrial symbiosis activities defined in the analysed case studies, the cement and building
materials industry is involved as a receiving symbiotic partner. The most frequent synergistic exchange is the
use of BF slag and steel slag as a substitute for clinker for the production of cement.

Other flow exchanges between the steel and cement industry also include fly ash, mill scale and sludge,
whereby the latter must be mixed with coal ash to be used in the cement manufacturing process (Lin -Hai).
The local community is the second most common symbiont of the steel mills considered. In this case, the
recycling of steel scrap is the most common symbiotic activity. In Kawasaki, community -collected mixedwaste
plastics are used as an alternative BF reducing agent. Water is also an important resource that is relatively
easily shared, specifically in Jinan urban wastewater is reused as industrial water. As regards the recovery of
waste heat for district heating, this is implemented only in the case of Avesta where the resident EAF plant is
both a producer and a consumer of district heating.

Around the tr eatmentand processing of by-products of steel production, an important industrial sector has
developed for the processing of by-products of steel production. The most frequent activities are aimed at
recovering metals from the following by -products: BF slag, steel slag, mill scale, BOF scrap, sludge and dust.
At the Lin -Hai site the contaminated pickling acid is sent to a regeneration plant to obtain regenerated
hydrochloric acid and iron oxide powder in exchange. The main flue gases of integrated distilla tion plants, i.e.
COG, BFG, BOFG, are usually used as alternative fuels for electricity generation in power plants, with only
one case cited of COG valorisation for hydrogen production in Jinan. Steam is most commonly supplied to the
chemical industry as an alternative energy source for gas production. Further symbiotic activities with the
chemical industry are the supply of coal tar as raw material for the production of chemicals (Lin -Hai) and the
production of fertilizers from ammonium sulphate obtainedf romthe desulfurization of desulphuried sintered

flue gases (Liuzhou).
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The most substantial economic benefit deriving from symbiotic activities in the analysed case studies is the
and construction industry in Liuzhou.

The European steel industry to preserve competitiveness and maintain the current number of jobs, as well as
to meet stricter emission standards (eg the Paris Agreement), is an inevitable measure. Currently the Chinese
steel industry is at the forefront of adopting the industrial ecology paradigm following various government
initiatives and circular economy practices that enforce regulations. Five direct synergistic solutions have been
id entified between the symbiotic flows analysed: the use of BF and steel slag as raw material for the cement
and construction industry, the valorisation of steel mill exhaust gases for electricity generation, regeneration
of pickling acid and the use of wast e plastic as an alternative BF reducing agent.
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1. Polymeric sector

1. Epoxy resin
Epoxy resins are thermosetting polymers with cold reaction. The formulation is normally made up of a base
resin (component A) and a hardener (component B), which, carefully mixed in the ratio of use indicated by
the manufacturer, will solidify, giving rise to a glossy vitrified layer.
Its use in the construction world is very wide. In fact, it is used in every area of production, from the
mechanical sector to the hospital, up to the food and construction sectors. The resin is suitable for the
construction of floors, coverings, consolidation of structures and furnishing components.
Since the 1950s, resins find great space in the building and construction sector, first as an adhesie, then for
the construction of pipes and panels. Only in the nineties were the potential of resins explored for the
construction of industrial and commercial floors, in the flooring of hospitals or sports facilities. In fact, itis a
material that resists mechanical stresses and impacts very well; in addition, it guarantees a high level of
hygiene and ease of cleaning.
Epoxy resins are among the most common types for building resin floors, whether it is a protective layer of
just a few millimetres on an existing floor or whether an entire screed has to be created from scratch, all in
resin. In this second case, the scregis enriched with quartz sands, to increase the mechanical resistance of the
floor. The laying of the epoxy resins is quite long and requires about a week of settling to be walkable.
However, the results that can be obtained with this type of resin are excellent.
The screed in building is that horizontal constructive element that is adopted to level a surface making it
perfectly flat, to distribute the load of the elements above and to receive the final flooring.
The thickness of the screed varies accordirg to the type of environment; its purpose is to make the underlying
substrate flat (substrate or collaborating slab) and secondly, it serves to reach the necessary height to connect
the various environments correctly.
The screed is generally composed of tltree materials used in suitable proportions: binder (cement, or
anhydride, or special binders such as epoxy resins), inert (sand andor poly -foam, for example) and water. The
dosage of the various elements varies according to the external environment and the location it will have
(internal or external, for civil or industrial purposes). Very often additives or other materials are used in
addition to those.
In some production contexts, such as the heavy mechanics or intensive logistics sector, industrial floors are
subject to particularly heavy use, due to the loads, abrasions and all the chemical and physical aggressions
they are required to endure.
An industrial floor in trowelled resin mortar (epoxy screed) may be the ideal solution.
The epoxy screed is nohing more than a surface coating (on concrete or clinker supports), generally having a
thickness between 6 and 12 mm, made with epoxy resin and quartz sands in a suitable granulometric curve,
carefully smoothed, compacted and finished with resins non -slip pigmented.
Due to its technical characteristics, the epoxy screed can be the ideal choice for:
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1.1 Mechanical Characterization
In order to evaluate the performance of these materials to verify their suitability in service life, it is necessary
to characterize their intrinsic properties. Following the theoretical background of the tests conducted in the
experimental part is reported .

1.1.1 Hardness Test
Hardness tests are certainly among the most widespread mechanical tests because:

- often they can be performed directly on the final product;
- they are not destructive;
- allow to provide useful information for the qualification of some production processes;
- they are generally quick and easy.
There are different hardness scales, however the basic pringple is the same: an indenter with an applied load
penetrates the material under test, remains for a certain time and subsequently by evaluating the permanent
deformation (plastic or elasto -plastic) that the material has suffered, a hardness number is given.
The different scales differ in the methods of execution, in the test parameters, in the shape and size of the
indenter, in the load force applied and in the methods of measuring the deformation undergone by the
material. The hardness scale used for epoy resin was micro Vikers (mHV) which means the Vikers procedure
and test equipment is adopted with an applied force lower than 0.5N.
The operative procedure for the test consists in compressing a pyramidal-shaped diamond indenter (angle at
the vertex of the indenter 136 °) with a known force against the surface of the material under test for a fixed
time, and subsequently measure the two diagonals of the footprint due to the plastic deformation of the
material (seeFigure 8) and calculate the Vickers HV hardness asshown in Equation 2:

0 o frIe J 0

0w = — C_  rip y;
O g T

Equation2

F = force normal to the indenter surface in newtons;
S = area of the surface of the footprint inmillimetres (d2/2);
d = average diagonal of the footprint in millimetres (d1 + d2)2.

52



Epoxy resin

Figure8 Principle of hardness measurement according to Vickers scale.

The mainfactors affectingthe epoxyresin hardness are: reinforcing content, particle size and shape, the degree
of bond between the filler and the polymer matrix, and the distr ibution of the filler in the matrix [118].

1.1.2 Flexural Test
Flexural strength can be defined as the normal stress generated in the material due to bending or flexing of

the member in a bending test. It is evaluated using a three-point bending method where a circular or
rectangular cross-section specimen is yielding to fracture. It is the maximum stress experienced at the yield
point by that material. The lower surface of the specimen is subjected to a tensile load, the upper surface to a
compression load. In the central part there is no traction or compression effort. In addition, in this test setup,
flat shear stresses occur, which can be reduced by selecting a large span proportional to the thickness of the
specimen.

Inth e 3-point bending test, the specimen is placed on two supports and loaded centrally via a test punch, test
method is detailed in the standard ISO 178[119].

The flexural stress at maximum deflection point is calculated according to Equation 3:

o0l
Equation3
Where:
» isthe flexural stress for a rectangular shape specimen;
F is the applied load in newtons;
L is the support span in millimetres;
b is the specimen width;
d is the specimen thickness.
The flexural strain at maximum deflection point is calculated accordingto Equation 4.
g0 Q
0
Equation4

Where:
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- is the flexural stress;
D is the maximum deflection.

The flexural elastic modulus is calculated according to Equation 5.
0a
TwQ
Equation5

Where m is the slope of the initial straig ht-line portion of the load deflection curve (N/mm).

1.1.3 Compression Test
In the compression test the specimen is cylindrical and bulk so that the buckling phenomenon does not occur.

It is essential that the bases are perfectly parallel to ensure that the stesses are as constant as possible on the
circular section and equal to the stress applied and it does not occur in the case of bending where the force
concentrated in a point other than the center of gravity generates a bending moment that in turn, it caus es a
butterfly distribution of tension -compression stresses.

Despite these precautions, it remains difficult to subject the specimen to a uniaxial compressive stress, in fact,
havingtotestthe specimen up to high levels of deformation, the height of the cylinder greatly decreases during
the test; given the nature almost incompressible rubber, the volume lost due to the decrease in height is
recovered on the side walls, this greatly changes the initial section of the specimen; but this is not the only
problem, in fact the volume is recovered in an uneven way, on the side walls giving rise to the ?barrel?
phenomenon.

The compression test method is detailed in the standard ISO 14544120]for rigid plastics, and in standard ISO
7743[121]for vulcanized rubber and thermoplastics.

2. Rubber compound

2.1 Nitrile Butadiene Rubber (NBR)
Acrylonitrile Butadiene Rubber (NBR) or Nitrile rubber is one of the most popular compounds for automotive

applications. Nitrile rubber compounds accordingto ISO 1629 are identified by the initials NBR. This rubber
belongs to the family of unsaturated copolymers of acrylonitrile and butadiene. NBR is the polymerization of
Acrylonitrile (CH2=CHCN) and Butadiene (CH2CH -CH=CHZ2) into one large multiple -unit chains (Figure 9)
[122].
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Figure9 Acrilonitrile Butadiene rubber (NBR) chemical structure.

The typical features of NBR are:
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Hardness 20 + 95 ShA

Density 1.20 + 1.40 gfcm3

Excellent abrasionresistance.

Excellent adhesion to metal.

Good/very good compression set

Good tear and abrasion resistance

Poor vibration damping

Excellent oil resistance

Excellent mechanical properties

Excellent resistance to solvents

Excellent adhesion to metals

Compression set: good

Resiliencerebound: good

Aging climate /sunlight: poor

Adhesion to metals: good to excellent

Working temperature -40¢ 130 ° C (depends on the nitrile content)
It has lower strength and flexibility than natural rubber.

= =4 -4 -4 -4 -4 -8 -5 -2 -2 -5 -2 -2 42 -2 -2 -2 -»

Nitrile rubber i s also resistant to aliphatic hydrocarbons

1 Itis less resistant to ozone, aromatic hydrocarbons, ketones, esters and aldehydes
Physical-mechanical properties
Oil and abrasion resistance are better for high acrylonitrile content, while low acrylonitrile co ntent improves
flexibility and resistance to low temperatures.
In general, nitrile rubber compounds have only moderate physical properties but good abrasion and excellent
resistance to oil and hydrocarbons, however, they are not suitable for use with polar solvents.
Nitrile rubber compounds can therefore be classified according to the nitrile content:

1 High Nitrile> 45%

1 Medium Nitrile 30 ¢ 45%

1 Low Nitrile <30%
The best overall balance for most applications is an average nitrile content.
Thermal properties
The main problem with this rubber is the search for the most favorable compromise between resistance to oils
andfuels, on the one hand, and elasticity and resistance to cold, on the other. NBR has excellent heat resistance,
up to a maximum of 120 ° C, depending on the nitrile content. The typical temperature range of NBR
elastomeric rubber is 120 ° C (upper limits) and -55 ° C (lower limits).
Electrical properties
It has poor dielectric properties, it is a semiconductor, its vulcanizates are not very suit able for electrical
insulation. NBR elements are not recommended for electrical insulation.
Chemical properties
Typical working temperature range of an NBR is -40 ° C to + 120 ° C. Some low acrylonitrile materials are
suitable for applications downto -55 ° C and some peroxide cured grades increaseto+ 150°C .
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It has excellent resistance in the presence of gas (methane, LPG, butane, propane), good resistance to mineral
oils and fats, animals, vegetables, silicones, hydraulics, aliphatic hydrocarbons, non-polar solvents, non-
flammable liquids HFA, HFB, HFC, resistance to mineral oils and greases even at low temperatures.

It is not compatible with aromatic and chlorinated hydrocarbons, ketones, esters, phenols, polar solvents and
concentrated acids, high-aromatic fuels, polar solvents, glycol-based brake fluids and non-flammable HDF
hydraulic fluids.

Fillers

The most used filler is certainly carbon black. Carbon Black is produced from the combustion of petroleum or
natural gas and can have various particle sizes which give varying levels of reinforcing properties in a rubber
compound. Lower particles (N110, N330) give the polymer a higher level of reinforcement, thus providing
higher physical properties. The trade -off is typically to provide a higher co mpression set for seal application.
The larger particle (N990) provides lower physical properties, but a better compression set. Typical NBR
compounds use a combination of N550 and N774. A different amount of carbon black will change the Shore
hardness of the final compound.

White fillers can be used for compounds that need to be colored or in some cases improve the abrasion
resistance of a compound such as silica. Some norblack fillers are calcium carbonate, clay, silica, talc, and
mica. Each of these fllers has different levels of reinforcement and, like carbon black, has different particle
size and structure.

2.1.1 Moulding process es
Mould ing is the phase in which the uncured rubber is processed so that it takes on its final shape. Due to the

rise in the temperature of the compound during the process, it can totally or partially coincide with the
vulcanization phase. In the latter case, pod-vulcanization ovens are provided following mould ing.

2.1.1.1 Injection moulding

The injection mould ing equipment consists of an injection unit and a closure unit. The injection unit includes
a temperature-controlled plasticization chamber, inside which resides a rotating screw with a diameter
increasing towards the injection nozzle.

In the first phase of injection mould ing, the screw moves back to accumulate the mixture near the injection
nozzle, then advances with controlled speed and pressure to push the material through the nozzle into the
mould .

Inside the mould, the primary and secondary channels have the task of making the material flow up to the
cavities, where the rubber will take its final shape by vulcanizing thanks to the increase in temperature. The
dimension of the channels depends on the material and the geometry of the articles.

The great advantage of injectionmould ingis the high degree of automation, which allows greater productivity
compared to other processes and makes it the ideal choice for lage production volumes, so as to make the
high initial investment for the purchase economically advantageousf the equipment.

However, there are two main problems, one deriving from the high heating of the compound, both in the
mixing phase and in the passage of the channels. It is therefore necessary to carefully finetune the process to
avoid burning the rubber. On the other hand, the passage inside the channels makes injectionmould ing
unsuitable for high viscosity rubber compounds, due to their difficul ty in flowing.
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2.1.1.2 Compression Mould ing

In compression mould ing the uncured rubber preforms are positioned on the cavities of the lower mould, the
upper mould descends pushed by a press and guided by pins which correspondto guides in the lower mould .
The volume of the preforms is greater than that of the cavities, so there is a quantity of excess rubber (burr).
Unlike injection moulding, this process requires the intervention of an operator for the preparation and
positioning of the incoming material.

2.1.2 Industr ial rubber scr aps
The mould ing of rubber parts generates a high amount of waste given not only by the mould ing channels (in

the case of injectionmould ing) but also by the burr, that is material deliberately in excess that comes out of
the cavities so as b create athin film as large as the whole width of the mould from which the pieces will be
punched (Figure 10). This difference is quantified to be approximately 20-30% of the rubber entering the
process.

Figure10Example of compression moulded paiith thin film of burr to be removed.

The recyclingand re-processing of crosslinked elastomers are difficult due to their three-dimensional chemical

network. This network makes the material insoluble and non -melting after the vulcanization takes place.
Vulcanization is required to give rubber its characteristics such as high elasticity and strength. Unfortunately,

oncerubber compounds are crosslinked, they become a serious recycling problem.

The global consumption of both natural and synthetic rubber has grown from a yearly production of about 5

and 9.6 million tons respectivelyin 1990 to a yearly production of about 12.7 and 14.2 million tons in 2020

[123].

While the reuse techniques and possible applications of end-of-life tire rubber compounds have been
extensively studied and implemented in recent years [124]t [128], the same has not been done for synthetic

rubber compounds used for the production of general rubber goods (seals, dampers, etc.). As evidence of this,

in Italy, recycled rubber from End -of-Life rubber Tires is classified as a?material? UD OE T w) UOa wl Y| Y wE2
Ol w6 EUUI Maekwhiendetailsithe correct ELT recycling procedures and the applications of recycled

rubber as a raw material second, while the recycled rubber derived from general rubber goods production is

not counted. Inthe current scenario, the circular economy for recycled rubber goods is lacking [130].

BesidesrtEET UwUDUTI UOWEEOUU wk YU wOl wOT 1 wphOUOEZ UWUUEE]T Uwx UOEU
of general rubber goods. Reliable industrial technology and processes are needed to reuse and recycle the

waste produced from general rubber goods on one side due to the increasing rubber demands and on the

other side due to the more and more relevant problem of waste disposal.
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Rubber waste can be classified as industrial scraps and consumer scrapgl 30]. Successful waste management
mainly depends on cleaning and segregating the generated waste (to avoid compounding potentially
incompatible material). For this reason, industrial waste (the object of the present research), is more suitable
to be recycled.

However, independent of the type of rubber wast e generated, the most commonly used disposal methods are
open dumping, landfilling, burning, and grinding the rubber waste into powder  [130],[131]The processed
waste can be transformed into cheaper and more sustainable products, nevertheless it is necessary to develop
some specific processes for cured rubber.

The management of rubber scraps derived from rubber goods production is becoming an increa singly critical
problem in the sector and unfortunately, the recycling and reuse of general rubber goods amount to only 1.5%
of the total waste generated[130]. The amount of industrial rubber scraps consists of about 20-30% by weight
of the processed material, due to the presence of filling channels (in the injectionmoulding process) and
infiltrated material between the two half -mould s which creates a thin rubber film (rubber flash) from which
the pieces will be removed by subsequent processing(deburring).

The re-processing of crosslinked elastomers is possible when the crosslinks formed during the vulcanization
(C-S and SS for sulfur curing) are cleaved without damaging the C -C bonds of the macromolecular chain
[130], [132], [133] When the cleavage of GC bonds occurs, ard it is predominant to that of C -S and SS bonds,
the degradation process takes place with consequent deterioration of the mechanical properties of the rubber
[130].

The phenomena of vulcanization and degradation are both interconnected with eac h other. It is not possible
to only cleave crosslinks or to only cleave the main polymer chain during a process, to that both of them take
place during the rubber re -processing. Because of this, the importance to limit the degradation and increase
the devulcanization enhancing the chances of rubber recycling is therefore evident.

Rubber waste management processes can be classified into thermal, mechanical, physical, chemical, and
biological [130]. Each method involves different processes that in turn involved different parameters and
chemicals to make the rubber re-processable via devulcanization and unavoidable degradation.

2.2.End of Life Rubber tyre
When atire losesthe essentialcharacteristicsfor a safeand efficient performance on the vehicle, without the

possibility of retreading, it becomesa special non-hazardous waste and must be collectedfor recovery and
recycling in special plants.

Every yearin Italy thereareabout 435,00Q0ns of usedtires, of which about 20%aresentfor retreading because
they arestill usable.On the other hand, there are approximately 350,000end-of-life or end-of-life tires: half are
destined for energy recovery; about 25%is recovered asmaterial and the remainder is dispersed.

The rubber of which the tir eis made is in fact amixture of high quality polymers with exceptional chemical
physical characteristicsthat remain unchanged even in the recycled rubber obtained from them. This is a
problem if the tire is dispersed in the environment, in fact the average decomposition times exceedone
hundred years,in addition to the factthat it takes up a lot of space,pollutes and representsa potential fire
risk; on the other hand it is an advantageif it isrecycled.
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2.2.1 Management and regulation of ELT
Due to the bio persistence and chemical inertia of waste rubber, ELTs management is shifting from landfilling

towards recycling and recovery. Although these operations are rising issues in the sustainable waste
management field, they provide an opportunity to produce n ew products with recovery materials. Latest data

i UOOwWUT 1 wsUUOx1 EOw3PUI WEOEWLUEEI Uw, EOQUI EEVUUI Uz w
in Japan, 82% in South Korea, around 80% in the USA, and Europe continues to lead the way with 93% (data
obtained from Annual Report 2018 ¢ BIR Bureau of International Recycling)[134].

The European Directive, 2000/53/EC is aimed primarily at preventing the production of waste resulting from
vehicles, including tires (classified as CER 160103), and to promote the reuse, recycling and other forms of
recovery. Before a product becomes wastemust take all the necessary measures that will reduce the amount
of waste generated, prolongits life, reduce the detrimental environmental effects and risks to human health.
Waste tire management should be viewed in the context of the waste hierarchy, as shown in Figure 11and
detailed below:

9 this hierarchyaccords priorityto waste prevention, thatis an appropriate tire maintenance to take full
advantage of the service life of the tires;

1 secondly, the reuse of partly worn tires through the retreading is highly recommended to avoid
premature disposal. The retreading processing cycle consists of the following steps: verifying
compliance of the carcass byvisual inspection, possible repair, possible drying, removal by rasping of
the residual layer and retreading of the new tread that can be carried out by hot vulcanisation, mould
or cold process using pre-vulcanised bands;

1 whentires can no longer be restaed for their original purpose as they could compromise safety, they
can take the path of material recovery. With this action, product goes through a mechanical process
to change its form into particles, which are then used in different application. Depend ing on the field
of application, different particle sizes can be needed and specific tests must be carried out on the
samples to assess their suitability for the new specific use. This waste management route is the topic
of the present review.The main waste tire recovery sectors are: building materials, structural elements,
plastic compounds fillers, infill or sports flooring, energy recoveries, pyrolysis, gasification, special
reuses of devulcanized rubber or experimental applications such as the removal of some organic
pollutants from the water or protective layers of guard rails to prevent more traumatic consequences
for motorcyclists in the event of an impact;

1 if there are no suitable conditions for the previous type of recovery, the other option other t han
landfilling is energy recovery. This means that ELTs are used as fuel substitutes due to their high
calorific value. Fuel derived from tires (TDF) has a higher calorific power than coal and is also less
harmfultothe environment due to lower emissions into the atmosphere because of thermal treatment.
Among the most important applications regarding energy recovery are cement kilns or incinerators
to produce electricity or steam. Both material recycling and energy recovery offer a complementary
solution to obtain the best sustainable development benefits from natural resources and their waste,
allowing reduction of natural resources consumption and minimizing waste and environmental
impacts. However, energy recovery must be considered a secondorder form of recovery, and material
recovery must always be privileged;
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1 ELTs disposal inthe landfillsis the last option but it is not recommended. ELTs occupy a large portion
of valuable space in the landfills, store water and create a breeding habitat for rodents and insects,
and are exposed to a considerable risk of fire and combustion [135]. The legal prohibition of tire
stockpiling in landfills in European Union counties wa s introduced by a Waste Landfill Directive in
1999 (Council directive 1999/31/EC on the landfill). Effects are impressive. In 1996, about 50% of waste
tires were stored at landfill sites, and in 2010 only 4% [136]

PREVENTION OF PRODUCTION OF WASTE

[ MINIMIZATION OF ENVIRONMENTAL IMPACT
L k . [ REUSE / RETREADING ]
[ MATERIAL RECOVERY }
[ ENERGY RECOVERY J
[ FINAL DISPOSAL J

! 4 \ 4

FigurellWaste tire management diagr@r24].

In summary, it is possible to state that the mainforms of post -consumer tire recovery are focused on obtaining:
1 reconstructed tires;
1 materials that can be used in different production and/or consumption cycles;
1 energy (by pyrolysis and gasification processes).

2.2.1.1 Material recovery

The treatment of waste tires largely depends on the type and quality of the tires. After being removed from
the vehicle, the ELTs are collected and deposited at the sorting centers. Here they are weighed and checked,
then stored as the first step in the treatment process Figure 12). The second phase is thébead breaking?, i.e.
the removal, by means of special machinery, of the steel ring, called the rim [126]. Once removed, the bead is
recovered, for example in steel mills and foundries. The tire is crushed through three processing steps:
primary, secondary and tertiary, to obtain the fine grade of the crumbled rubber, for example the forma tion
of rubber dust. The primary processing phase reduces the entire tire to homogeneous granulometries between
5 and 40 cm called?slippers? which can be sent directly to energy recovery or be further crushed (volumetric
reduction) to separate rubber, steel and textile fibers.

The secondary grinding step converts the coarse waste rubber chips into granular rubber material.

Tertiary grinding is the ultimate breakdown of crumbled rubber to a fine powder, as these 100% conversions

in a single unit can be achieved by wet grinding techniques [133].
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J3Visual check

1.ELTsSt o
s Storage JWeighting

2. Bead Breaking 3 Steel circle removal->Foundries

J3"Slippers": grain size 540 mm (contain textile and metal
fragments)

J"Granulate": grain size 0.8-20mm (divided in rubber, metal
and fibres)

J"Powder": grain size <0.8mm

Figure12ELTs treatment proce§s24].

The specification EN 1424 3:2019 (Materials obtained from End of Life Tirest Part 1: General ddinitions related
to the methods for determining their dimension(s) and impurities) [137]prepared by Technical Committee
CEN/TC 366 defines the materials obtained from ELTs including the definition, dimensions and methods for
determinin g the particle size. Table 7 reports the classifications of materials according to their dimension.

Table7 Types and dimensions of material¢aited from ELTs

European Committee for Standardization (CEN) Technical Specification 14243 -1:2019

TYPE OF COMPONENT DIMENSIONS
primary cut >300 mm
shreds 20¢ 400 mm
chips 10¢ 50 mm
granulates 0,8+ 20 mm
powders <0,8mm
steel n.d.

textile n.d.

Part 2 of the same specification (Granulates and powderst Methods for determining the particle size
distribution and impurities, including free steel and free textile content) [137]defines the test methods for
determining the distribution of the particle size of the particles in the various process phases and for the
determination of impurities. The determination methods are based on a proper sampling process so that the
analysed sample is representative of the whole lot of material from which a characteristic is to be determined
(probabilistic sampling). At first, a sampling plan should be prepared, as a function of lot size and particle size
and the number of increments to be taken, then the sample division is made. Sample division consists of
homogenization and reduction of the mass of the laboratory sample, to obtain several duplicate test samples
to be then analysed. Finally, the complete test procedure for the determination of p article size distribution and
impurities is described in the standard EN 14243:2019 part 2: the reader is invited to read the document for

further details.

2.2.1.2ELT application s

As regards the reuse of ELTS, a review of the literature has been carried out and tie possible reuses have been
divided by field of application: building materials, structural elements, fillers in plastic compounds, infill or
sports flooring, recovery by pyrolysis or gasification, reuses special devulcanized rubber and experimental
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appli cations, such as absorbents for the removal of organic pollutants from water or protective layers of guard
rails for motorcyclists.

The detailed description of such applications, along with their advantages and disadvantages, is detailed in
[124]. Table8 gives an overview of the information obt ainedand, in particular: size of rubber waste used, brief
description of the application, type of parameters tested experimentally, characteristics of the final products
obtained and quantity of rubber waste to optimize their properties. This review focus es on the most recent
findings from each field of application.
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Table8 Possible recovery of pasinsumer tires by type of product, size, parameters evaluated, final application and optimal values.

FIELD OF
APPLICAT ION

BUILDING MATERIAL

REF

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

ELTs
material

fibre

crumb

powder

crumb

crumb/
powder

granule

crumb

powder

scrap

tread
layer

SIZE (mm)

fibre

2-5

0,16

0-4

0,510

0,52

0-7

0,105 0,12¢

1-20

4-11,5

5-20

11-44 (layer
thickness)

APPLICATION

Reused tire polymer fibr e for
fire spalling mitigation

Fibre-reinforced lightweight
self-compacting concrete

Concrete obtained by
replacing fine and coarse
aggregates with waste tire
rubber

Lightweight geopolymer
mortar incorporating crumb
rubber

Composites  with
rubber aggregates

recycled

Environmentally sustainable
cement composites based on
ELT and recycled waste
porous glass

Hollow blocks and bricks m
ade of concrete

doped with wastetire rubbe
r

Reinforced plywood using
carbon fibre and waste
rubber powder

Sub ballast
railway tracks

layers under

Elastic elements in railways
tracks

PARAMETERS EVALUATED

Fire-induced spalling

Performance of the concrete after
exposure to elevated temperatures

Compressive strength, water
absorption and carbonation

Workability, compressive and
flexural strengths, porosity, water

absorption and thermal conductivity

Durability, outstanding abrasive
resistance
Rheological, mechanical, thermal,

microstructural and wettability tests

Thermal insulation capacity

Modulus of rupture, modulus of
elasticity, impact strength, water
absorption and thickness swelling

Resilient modulus and permanent
deformations under cyclic loads

Influence of thickness, resistance to
mechanical fatigue and climatic
deterioration

FINAL PROPERTIES

Lower vulnerability to spalling

Improvement of strength parameters
sacrificing workability

high compressive strength of 50.8MPa

Compressive and flexural strengths
reduction of the geopolymer mortar

Improvement of insulation and acoustic
properties

Thermal conductivity reductio n of the
lightweight porous granule and glass
composites

The addition of the crumb rubber

increases the insulating power

Improvement of the impact resistance of
the plywood

Resilient modulus tends to decrease as
the rubber content increases

Viability of developing elastic elements
to be used in railway infrastructures
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OPTIMAL VALUES

Reused tire polymer fibre: 2kg/m 3

20% replacement of fine aggregate
with crumb

3wt%  replacement of fine

aggregate

100% replacement of river sand

Limited since fire protection
measures
50% replacement of the sand

volume with granules

63alenda 20wt% crumb rubber

Addition of 30wt% of the waste
rubber

2,55weight %

Depend on the specific reuse (e.g.
7,59mm thickness of soft pads)



PLASTIC
COMPOUND

SYNTHETIC

TURF

[148]

[149]

[150]

[151]

[152]

[135]

[153]

[154]

[155]

[156]

chip 14-20
shred 8-18
crumb 1-7
chip 0,6-4,75
crumb

textile

fibre

scrap 2-5
scrap 12-305
textile

fibre

granulate 0,82

Elastic layer under the

sleeper

Railways sub ballast

Alternative sub  ballast
material to replace
traditional capping
materials

Stabilization of sandy soil

Soil reinforcement

Reinforced soil, road
pavements, foundation

Stabilization  of
walls

retaining

Geoengineering applications

Textile fibres as secondlife
material for the preparation
of plastic compounds

Synthetic turf areas and
athletic track surfaces

Rubber compound

Stiffness of track section, evolution of
settlement and stress under ballast
layer.

Response to dynamic excitation
Deformation  behaviour, resilient
modulus, damping ratio and shear
modulus under cyclic loading

Shear strength of sand

Soil stability, soil reinforcement,

drainage, energy absorber,
dispatcher stress
Compaction, direct shear,

Unconfined Compressive Strength,
California Bearing Ratio and Split
Tensile Strength

Bearing capacity and horizontal
displacement

Shear strength and deformability
properties

Environmental impacts

Leaching behaviour

Increase of section resilience

Capacity to attenuate vibrations

High energy -absorbing capacity,
adequate damping ratio and acceptable
magnitude of resilient modulus

Improvement of load bearing capacity of
treated sand

Improvement of the thermal stability and
mechanical properties of soil

WTTF (waste tire textile fibres) may be
used as highly efficient reinforcement
materials

Improvement of bearing capacity of the
wall

Significant reduction of earth pressures
and displacements

Reinforcement in plastic compounds

Release of contaminants due to matrix
degradation after ageing

64

Inclusion of 35% rubber calculated

by volume of stones

Contents of between 1-10wt%

Inclusion of 10wt% of rubber

Addin g tire chips up to 8wt%

18% of recycled rubber powder in

modified asphalt

Addition of up to 4% fibres

Addit ion of 15wt% rubber

Addition of 30 + 40wt% rubber

Plastic loaded with 50wt% of fibre

there are no specific values for

sports grounds



DEVUL
CANIZ

PAVEMENTS

SPECIFIC REUSE

ATION

[157]

[158]

[159]

[160]

[128]

[127]

[161]

[162]

[163]

[132]

crumb

crumb

crumb

granule

crumb

crumb

granule

scrap

fibre

2-5

0,5

2-4

5-10

0,00754,75

type A
1,184,75

type B 0,6
2,36

Recycled tire crumbs for
road applications

Recycled concrete aggregate

(RCA) as bas/subbase
applications
Road paving asphaltic
materials

Permeable pavements

Porous concrete pavements

Waste materials (Tires and
others) used in the pavement
porous concretes

Polymer, silica fume and
rubber  aggregates  from
rubber tire particles in
porous concrete

Motorcyclists
system

protection

Removal BTEX compounds
in soil treated with cement

Devulcanized material can
be mixed with v irgin rubber
or used as filler in
compounds

Rubber compound

Leaching test for
contaminants

100 potential

Effect of high temperature and rubber

contents on the mechanical
behaviours

Performance of road-paving
(Marshall  stability, flow and
compression) and durability
(weathering)

Mechanical behaviour and load

bearing mechanism

Drainage, noise absorption, abrasion
resistance and durability

Durability, permeability,
compressive and flexural strength

Mechanical strength,
and abrasion resistance

permeability

Impact speeds, the impact point on
the barrier and the admissible
biomechanical values

Mechanical properties of soilt cement
composites

Different devulcanization techniques

Using tire crumbs for road applications
allows to save carbon footprint and not
release pollutants

rubber content
increases (more

By increasing the
deformability index
ductile behaviour)

Improvement of weath ering resistance
(higher durability) and compressive
strengths

Improvement of drainage performance,
long-term  durability, flexibility and
resilience

Improvement of abrasion resistance and
freeze thaw. Reduction of permeability
coefficient

Improvement of abrasion resistance with
regards to the depth of wear

Improvement of flexural, compressive
strength, impact resistance and abrasion
resistance

Reducing the severity of the injury of the
motorcyclists

Effectiveness of RTPF (Recycled Tires
Polymer Fibres) as a BTEX removal
material

Devulcanized material can be mixed
with virgin rubber or with other kinds of
matrices
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Using tire crumbs at 2-3%

Recycled concrete aggregate with
1% rubber

Using crumb rubber at 5% and PET
at 1%

0,3<Volume fraction of Tire

Derived Aggregates<0,5

The ratio of recycled aggregates
should not exceed 30 percent of
total aggregates.

Content of rubber up to 20%

Type A 18% and type B 14%

Depends on the size of the barrier

The addition of fibres was at 5wt%
of raw soil

Depend on the different
devulcanization techniques



GASIFICATION

PYROLYSIS

[164]

[165]

[166]

[167]

[168]

[169]

[170]

[171]

[172]

[173]

[174]

chips

crumb

scrap

scrap

scrap

scrap

granule

whole

granule

scrap

15

0,42

0,31

0,2

2-4

0,61,8

The obtained product could
then be introduced in part or
completely in new materials

Co-gasification of waste tire
and pine bark (PB) in CO:2
atmosphere

Pyrolysis processof crumb t
ire rubber in waste
cooking oil

Pyrolytic gas from waste tire
as a fuel

From pyrolytic residues to
commercial carbon black

Improve the reinforcing
performance of pyrolytic
carbon black on rubber

Reuse of carbon black from
ELT in new pneumatic
formulations

Co-pyrolysis of waste tire
and cotton stalk

Energy recovery

Co-pyrolysis of grape seeds
(GS) and waste tires

Co-pyrolysis of sugarcane
bagasse (SB) and scrap tire

Rubber compound

Mechanical properties and
revulcanisation abilities of material
produced by devulcanization

Gas yield efficiency and energy
recovered

Gel content, molecular weight,
dynamic shear and segregation test

Properties of gas phase: heating value
and concentration of  sulphur
compounds

Removal efficiency for the ash and

sulphur

Reinforcing performance of pyrolytic
carbon black

Environmental benefits of recovering
carbon black

Liquid co -pyrolysis yield quantity
and quality

Determination of ash content, flame
propagation test and thermal analysis

Thermal behaviour of both

feedstocks (grape seeds+waste tire)

under pyrolysis conditions

Co-pyrolysis liquid yields

The obtained product could then be
introduced in part or entirely in new
materials

Higher energy density syngas using CO2
as gasifying agent

improvement in the safety and
controllability of the process

Depending on the technology used and
the process conditions

Pyrolytic carbon bla ck will be a potential
alternative of commercial carbon black

Specific surface area of pyrolytic carbon
black increases after electron
bombardment

All impacts associated with thermolysis
process are lower than those of tire
production.

Potential feedstock for preparation of
commercial fuel after desulphurization

Duration and temperature range of the
burning process are not influenced by
the type of tire

Oxygen content reduced to 4,2wt%,
minimizing any problems related to
corrosivity and instability

Co-pyrolysis oil showed high potential
to be used as feedstock for fuel
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Sustainable and efficient recycling
process

Content of waste tire 75%

Compatibility of rubber with
virgin asphalt is improved using
waste cooking oil

Compared with natural gas
pyrolytc gas seems to be a
promising fuel

Carbon content of pyrolytic carbon
black is associated with pyrolysis
temperature

Thermal treatment at 1000°C
reduces the volatile content of
pyrolytic carbon black

Replace the most expensive virgin
carbon black with  recycled
contributes to obtain green tires

Blend ratio cotton stalk/waste tire
(2:3) showed maximum oil yield
(48wt%).

Heat the furnaces up to about
900°C: the mass loss is almost 100%
and there is no ash residue

Adding 40wt% waste tire and
calcined calcite as a catalyst the
organic phaseyield is improved
Sugarcane bagasse:scrap tire 1:3
produced highest liquid yield and
calorific value of 41MJ/kg



WATER REMEDIATION

[175]

[176]

[177]

[178]

[179]

[180]

[181]

[182]

[183]

scrap

<5 10

ranule
granu 20 50100

activated
carbon

activated
carbon

activated
carbon

activated
carbon

activated
carbon

fibre

scrap 0,1251

ELT as carbon source in
synthesis of nanocomposite

additive in coal blends for
metallurgical coke
production

Removal of organic dyes and
antibiotics from water

Pyrolysis followed by
chemical activation process
to produce porous activated
carbons

Anthracene removal from
water
Chloromethane removal

using cost-effective activated
carbon

Removal of Mn from

aqueous solutions

Remediation of water from
crude oil

Removal of boron from

water

Rubber compound

Crystallinity, amorphous content and
porosity of carbon source

Coke chemical composition,
morphology and compressive
strength

Absorption capacity with different
variables such as pH, temperature,
concentration of pollutants

Surface activation, active
porosity and pH of the solution

sites,

Anthracene adsorption, pH solution
and dose of adsorbent

Adsorption interaction of the
synthesized carbon with halogenated
organic compounds

Porosity analysis, SEM analysis,

adsorption kinetics and isotherm
models
Rate ofadsorption, adsorption

capacity, oil retention, water uptake

pH values, initial boron
concentration, adsorbent dosage and
particle size

Waste tire char can be used as
supplementary carbon source for
synthesising SiC/SkN 4 nanocomposite

Tire addition (grain size <5mm)
decreases drum index and mechanical
strength; greater grain size shows
opposite trend reducing crack
propagation

high capacity regenerable adsorbent

Activated carbons are effective
adsorbents for organic and inorganic
removals from wastewaters

Anthracene adsorption enhances by
increasing the amount of adsorbent

Chloromethane Removal
effective activated carbon

using cost-

Good efficacy for removing Mn ions

Reusability of sorbents showed that this
sorbent can have 75,7% of adsorption
capacity after 10 cycles

Waste tire rubber is excellent and cost
effective material available for removal
of boron from water
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SiOz and char (%C) were used in
1:2,5 ratio

Waste tire up to 3% in average
particle size (20-30 mm)

Depend on the pH of the solution

pH for pollutant adsorption: high
for cationic and low for anionic

Adsorption maximum at pH=2
(99% adsorbed on 14mg of rubber)

Activated carbon dosage of 5g/L
and contact time of 60min

Maximum specific surface area of
carbon is 550n®/g. Maximum
adsorption 120mg/g.

Total amount of adsorbed oil was
107.66 g oillg of waste tire cord
fibre for 10 cycles

Adsorption maximum at pH=2
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2.3.Rubber Characterization

2.3.1. Vulcanization

In 1839 Charles Goodyear found out that heating a mixture of rubber and sulfur produced an elastic material
neither sticky nor brittle with change of temperature. Thomas Hankcock got at the same results in the same
period. This process was called vulcanization (the name come from Vulcan, the roman god of fire) and was
the beginning of the development of the rubber industry as know nowadays. Vulcanization (or curing) is a
process where a softcompound is converted into a hard -elastic engineering product. It is a chemical process
designed to reduce the effects of heat, cold, or solvents on the properties of a rubber compound and to create
useful mechanical properties. This is most often accomplished by heating with vulcanizing agents, such as
elemental Sulphur, organic peroxides, organic resins, metal oxides, or urethanes. In this process long chain
rubber macromolecules are bound together to form a three-dimensional elastic network.

2.3.2. Rheometric Curve
The characteristics of vulcanization can be determinate by an Oscillating Rheometer in which the disc is
oscillated through constant angular displacement and the torque required monitored. The chemical reactions
of vulcanization are graphically expre ssed by kinetic curve. As showed in Figure 13 the kinetic curve is
expressed as torque in function of time. A typical cure curve consists of three regions: the first region is the
scorch delay or induction period, during which the most of the accelerator reactions occur; the second period
is due to the curing reaction, during which the network structure is formed; the last region, the network
matures by overcuring reversion, equilibrium or additional but slower crosslinking, depending on the nature
of the compound [184].
From the kinetic curve is possible to determine some parameters. When the rubber compound is practically
cold (several seconds after inserting the specimen in the measuring chamber) the torque is called) . After
this, the compound absorbs heat from the instrument and it softens until the lowest level of torque that is
called 0 ; this decrease is because the viscosity decreases while the temperature increases. In
correspondence of the lowest level of torque is possible to determine the viscosity at the vulcanization
temperature, and this torque value characterizes the compound hardness. Running the time, the viscosity
keeps constant for a longer or less long time before it rises. The time before the vulcanization begins is the
scorch time. When the rubber compound ends the vulcanization, the torque achieves the maximum value that
iscalledd . Once known 0 and 0 it is possible to calculate the optimum time of vulcanization ( 0 )
defined as the time required for reaching 90% of the maximum achievable torque at set temperature as in the
Equation 6:

0 0 180 0 0

Equation6
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Phase 3:
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Figure13+¢ typical cure curve.

Ingredientsthat have become part of the common recipe to optimize the vulcanization process are Vulcanizing
Agents and Activators.

Vulcanizing agents are directly responsible for the formation of ¢ rosslinks during the rubber curing process.
Examples of these agents are sulphur, organic sulphur donors, and certain organic peroxides. Activators are
chemical additives which activate the accelerator in a cure and improve its efficiency. Stearic acid and zinc
oxide together are the most widely used activators. Some vulcanizing agents and activators may be the same
in this broad group because certain agents, such as zinc oxide, can be an activator for the cure of most general
purpose rubber compounds, but functions as the vulcanizing agent in specific halogenated elastomers.

2.3.3. Crosslinking
A polymer network can be defined as a highly crosslinked macromolecule in which all units are connected to

each other via chemical bonds or physical associations. The stricture of a polymer network is a three-

EDOI OUPOOEOwW? Ol Ul 2 wi OUOI EwEawx00aldli UwETI EPOUwWDOUI UEOGO
UUUUECOUUI wOi wUOT PUwW? Ol Ul 2 wubUwOOUwWUI T UOEUVUWEOEwWUT 1 wEDPUU U
unequal throughout the whole network. Due to this, the network consists in numerous regions of different

structures with different crosslink densities, resulting in a heterogeneous structure. Four main types of
inhomogeneities are commonly recognizedin a polymer network structure: (i) chains bounded to the network

by only one end; (ii) chain joined by its two ends to the same crosslink point; (iii) permanent chain
entanglements between two adjacent crosslinks; and (iv) multiple connection between two crosslink po ints,

as shown in Figure 14[185].
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Figure14Main elements constituting the structure of a polymer network: (1) crosslink point, (2) elastically active chain,
(3) dangling chain, (4) loop or cycle, (5) multiple connection between two crosslink points, and (6) permanent chain
entanglements betweendvadjacent crosslinks.

Inhomogeneities can be formed during both physical and chemical crosslinking. According to the topology
and structural level of perfection, several types of polymer network can be identified: ideal (or perfect), model,
and imperfect networks. The ideal network consists in chains all of which are connected at both of their ends
to different junction points; the imperfect network is characterized by high presence of loose, dangling (singly
attached) chains, and inactive rings or loops (cycles) affecting the network elasticity; a model network is half
way between the previous two. It should, satisfy the following conditions: (i) each elastic chain should be
connected by its two ends to two different crosslink points; (ii) crosslinking den sity should be constant
throughout the gel; and (iii) a model network should exhibit a known and constant functionality of crosslink
points.
According to the IUPAC Commission on macromolecular nomenclature, crosslink density is defined as the
number of crosslinks per unit volume in a polymer network. The degree of crosslinking is a fundamental
property for polymer networks. A change in the level of crosslinking causes remarkable changes in the
properties of the polymeric material. Crosslinking improves resi stance to thermal degradation and resistance
to cracking effects by liquids and other harsh environments, as well as resistance to creep, among other effects.
Slight crosslink densities impart good recovery properties to polymers used as elastomers. On the other hand,
high crosslink densities impart high rigidity and stability under heat and stress to polymers such as phenol
formaldehyde and urea t formaldehyde polymers.
Elastomers are generally crosslinked in a random manner and therefore, it is difficult t o identify the principal
effects of modification through mixing of certain components on the mechanical properties. The classical
kinetic theory of rubber elasticity ascribes the high elasticity of a crosslinked rubber to the change of the
conformational entropy of long flexible molecular chains. The classical kinetic theory of rubber elasticity
predicts the following relation in simple extension [186].

poeal 2

Equation7

Where:
» IS the nominal stress;
" is the number of effective crosslink per unit volume;
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K is Boltzman's constant;

T the absolute temperature;

MwhPUwUT T wl ROT OUPOOWUEUDPOOW

Crosslinking in soft or flexible materials (rubber like) gives a considerable increas e in elastic modulus, a
markedincreasein hardness, and usually a reduction inthe ultimate elongation and permanent set. The nature
of crosslinks plays a big role in determining the physical properties [187]. In other words, crosslink density is
an extremely importa nt factor in determining physical properties of a vulcanizate.

Flory -Rehener equation
Linear polymers often will completely dissolve in their own monomers or in another good solvent. A good
solvent for a polymeris one thatis either similarin chemical st ructure to the polymer or one, which can interact
with the polymer main -chain or side groups.
One way for determining the solubility of polymers in solventis through the estimation of solubility parameter
P ABW3T 1 wi O60O6PPOT WUl AdelipddinesombilityBfa folyddr ib & Blvekti (188101 E
T T op
Equation8

where:

1 isthe rubber solubility;

1 is the solvent solubility.

If Equation 8 is verified, then the polymer will dissolve in the solvent. Using a group contribution analysis

approach, the solubility parameter of a material can be estimated by:

1 oY (i)
Equation9
where
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Fi is the group molar attraction constant;

M is the molecular weight of the material.

Using Equation 8, we find the square-root of the difference between rubber and solvent (Toluene) as shown
in Table9:

Table9 Values of solubility parameter of the rubber under investigdfigs]

Ya
o} ( calice)for rubber @) ( calfce) for solvent (n,4 )" (callcc)”
(Toluene)
NR 8.1 8.9 0.89
SBR 8.04 8.9 0.927
NBR 9.25 8.9 0.59

From the previous results, it can be concluded that toluene is a good solvent for the three rubber compounds
(NR, SBR & NBR). Therefore; toluene is the most suitable solvent.
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The swelling of a rubber by a liquid is a mixing process; two substances mix when the free energy of mixing
@ &AWPUwWOITEUDYI Owbi wUOT 1T welT EOTT wbOwl OUT EOxawp, ' AwbUwoO
ETEOTT wbOwl OUUOxaw, 2wEVwWI DYT OwEawli 1 w&DPEEUwWI UEUDOOO
® 0O w0 "Yu'Y
Equation10

In simple terms, mixing is favoured by minimum or negative enthalpy change and mixing entropy change.
Swelling is defined as the increase in volume of a gel or solid associated with the uptake of a liquid or gas. The
swelling is the first sta ge in every polymer solution process, in which the solvent molecules diffuse through
the polymer matrix to form a swollen, solvated mass, known as polymer gel . However, the gel formed after
swelling polymer networks does not break up and the polymer molec ules do not diffuse out of the swollen
mass, and therefore, no real solution can be formed. The swelling coefficient, Q, is defined by:

Equationll

Where:
@ is the weight of the swollen sample;
a is the dry weight;
" is the density of the swelling agent.
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[185], [189], [190]
p T 0 O .0 p
) o 7 CU_Q w

Equationl2

Where:

0 is the average molecular weight of rubber segment between crosslinks;

0 is the volume fraction of polymer in the swollen mass, equal on the inverse of 0;

X wb U w UtHliggins Safyehtt polymer inter action parameter;

® is the solvent molar volume;

"= 3, 4 for tri-& tetra -functional network junctions, respectively

" is the rubber density.

The Floryt Huggins solvent ¢ polymer interaction parameter can be determined from the Bristow and Watson
semi-empirical equation [191]¢[193]:

z

X uwa w— 1

Equationl3

Where:
I is the lattice constant approximately 0.34;
R is the universal gas constant ;

T is the absolute temperature.
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U is the volume fraction of elastomer in the swollen mass, determined according to Ellis and Welding

equation [194] Equation 14.

Equationl4

Where:
0 is the weight fra ction of the compound in the swollen specimen;
0 is the weight fraction of the solvent in the swollen specimen;

is the density of the swelling agent;
" is the compound density.

The Floryt Huggins solvent t polymer interaction parameter is equal to 0.36for NBR and toluene and it has
been determined from the Bristow and Watson semi-empirical equation [191}1[193].

The properties of filled elastomers are linked to the interaction between filler and matrix which can be

theoretically estimated by Kraus equation [195]:
) e

0 p

Equationl5

Where:

. is thefiller volume fraction;

K is the polymer -filler interaction parameter;
U isthe elastomer volume fraction;

0 is the rubber gum vulcanizate volume fraction.

e o

Equationl6

2.3.4. Static Mechanical properties

2.2.2.1 Hardness Test
Hardness is defined as material resistance to penetration in specific conditions, in particular the hardness of
an elastomer is more accurately thought of as two relative properties: Intrinsic hardness and processed
hardness.
As a result of chemical structure, each elastomer has its own intrinsic hardness. This inherent hardness can be
modified (and is typically supplemented) via compounding and vulcanization. The hardness of the rubber
articles obtained via injection or compression moulding process (processed hardness) is mainly influenced by
crosslinking density and the amount of fillers. The more crosslinking a given material undergoes during
vulcanization, the harder the mould material willbe .When evaluating the potential effectiveness of a moulded
article, processed hardness is one of the most common evaluation criteria in the rubber industry.
Unfortunately, hardness is also one of the less consistent concepts as the most used measuring scat have
only limited comparability. There is no single “?universal hardness? unit, so it is often impossible to trace a
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clear and simple relationship between the readings on two different scales, even when the samples to be
measured are absolutely identical. There are currently two hardness tests that predominate in the rubber
industry: Shore hardness and International Rubber Hardness Grade (IRHD).

Shore durometer device consists of a calibrated spring applying a specific pressure to an indenter foot, which
can be either cone (Shore D), truncated cone (Shore A) sphere shaped (Shore 00) as shown Figure 15. An
indicating needle in a dial measures the depth of indentation in a scale from 0 (for full penetration of the
indenter) to 100 (correspondingto no penetration of the indenter). The method measures, in fact, the maximum
penetration at the applied load and not the deformation of the material. As this method is used to measure
viscoelastic materials, it requires to measure also the movement of the indenter during a specific time [196].
There are different Shore Hardness scales for measuring the hardness of different materials. For each scale
there is either a different probe/indenter shape as well as a specific spring force. The Shore 00 Scale measures
extremely soft materials like gels (think of gel insoles). The Shore A Scale measures a wide range of material
types; from very soft and flexible to semi -rigid plastics with almost no flexibility at all. The Shore D Scale
measuresvery hardrubber compounds, semi-rigid andrigid plastics (P VC pipe, for example). Hardness Shore

A is the used scale in this work.

Duremeter Indenters

. -\ = 7-_ Calibrated Shere A Shore D
Dial \\ ;."'—TSpring

D1 Ld mun Bl - Ll mm

Figure15Basic scheme of Shore tefl96]

In the IRHD measurement a ball fitting inside an annular foot to hold the sample in place under the action of
a contact force Lo = 0.3 N with a duration time of 5 s, and the depth-measuring system is reset to zero. Then,
an additional constant indenting force of L1 = 5.4 N is applied during 30 s and the penetration depth D is
measured (Figure 16). The relation between the difference of penetration D and the IRHD hardness is based
on the empirical equation of contact mechanics for a fully elastic isotropic material [196]:
.—g Mm@ On

Equationl7
Where F is the indenting force in Newtons, r is the radius of the ball in mm, and D is the indentation depth in
mm. The measured penetration D is converted into IRHD using the value of E obtained from Equation 17into
the Equation 18:

pTT —
. IGE

‘0OY "000o

Equationl8
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witha = 0.34 and =0.7. This relation is chosen in a way that IHRD = 0 represents a material having an elastic
modulus E = 0 and IHRD = 100 represents a material of infinite elastic modulus.

ELO+L1

Figure16 Scheme of IRHD test

The micro-indentation IHRD test is similar to the macro indentation test IRHD. The difference is the use of a
lower load and smaller ball. The method at the microscale uses a ball diameter of 0.395 mm, a contact load. Lo
= 0.0083 N, aml a total force Lo +/-L1 = 0.1533 N. The test can be used in rubber sheets from 1 to 5 mm thick.
This test at microscale is very useful because it avoids the trouble and cost of making an extra moulding to
make a macro sized sample, which might also have adifferent degree of cure. The method is also useful when
the change of hardness is used to measure the effect of aging or weathering, as the restriction on oxygen
diffusion would be much less than in a macro test piece.

2.2.2.2.Tensile Test
These tests are usedo determine the modulus, tensile strength, elongation at break and stress at a given
elongation (tensile stress).
These properties being dependent on the material and the conditions of test (like for example specimen
geometry and displacement rate) and therefore should be compared only when tested under the same
conditions, i.e. standard.
The tensile test is conducted by tensiledynamometer, using dumbbell specimens. Dumbbell specimens (the
dumbbell specimen adopted by the standard ISO 37[197]is shown in Figure 17) are 10 or 13 centimeters long,
die cut from flat sheet, with the length of narrow portion of about 25 mm.
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Dimension in mm Type 1 Type 1A Type 2 Type 3 Type 4
A Overall length 115 100 75 50 35
B Width of ends 25+1.0 25+05 125+1 85+05 605
C Length of narrow portion 332 20+2/-0 25+1 lex1 12+ 05
D Width of narrow portion 6+04/-0 5+0.1 4101 4+0.1 2+0.1
E Transition radius outside 14 +1 11+1 8+05 7.5+05 3+0.1
F Transition radius inside 25+2 25+2 125+1 10+ 0.5 3+0.1
Gauge length 25+05 20405 20+ 05 10+ 0.5 10+ 0.5

Figurel7: Dumbell specimen for tensile t¢$98]

Tensile tests are carried out on a tensile machine with two griphts at the extremities to hold the test piece, a
load cell to measure force applied and an extensometer to measure elongation. Nowadays is very often used
video and laser extensimeter to make non-contact with the measure of the elongation, using benchmarks on
the extremities. The measure of elongation is taken as the distance between the benchmarks widens during
the test.

Measurements of stress and strain ae taken continuously from the zero -strain point to the breaking point and
recorded graphically.

The standard temperature in which the test is accomplished is room temperature, around 23°C.

The results of the test can be resumed in a typical tensile stress/ strain (or elongation) curve forrubber
compounds and analyzed. A typical stress/strain curve is illustrated in Figure 18.

Strength at break

Tensile
strength :

Young's

modulus
Work to rupture

= area under curve :
:Elongation
at break

Elongation

Figure18: Typical tensile stress strain cur{&99]

As it is pointe d out from the curve , the stressstrain curve linear section (where the stress increases linearly
with deformation) of the curve has a very short length: in this part is it possible to define the Young Modulus
( E) as the ratio between stress and deformatbn, as constant.
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Tensile strength is the maximum tensile stress reached in a stretching piece, to its breaking point. As
convention the force required is expressed as force per unit area of the original cross section.

Tensile stress, or modulus, is the stess required to produce a certain elongation.

Elongation, or strain, is the extension between benchmarks produced by a tensile force applied to the
specimen. Is expressed as a percentage of the original distance between the marks.

Elongation at break, is the elongation at the moment of rupture, or maximum elongation.

After a short length, stress is not directly proportional to strain, so, after in the non -linear part of the curve the

modulus represents the stress at a certain strain. It is just the coordnates of the stress/strain curve. Thisis the
reason why often the also thesecantmodulus at 100%s assessed
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2.3.2.3 Compression Test

In rubber compounds, the compressionbehaviour is similar to tensile behaviour, but the Young Modulus in
compression conditions is higher than the tensile one.

The specimen used for the compression test is cylindric: this shape is fundamental in order to avoid the
bucklingphenomenon. The two surfaces must be parallel in order to guarantee a constant distribution of the
stresses. It is difficult to submit the specimento a uniaxial compressive stress, because the test reaches high
levels of deformation.

The height of the cylinder specimen highly decreases during the test,and this greatly changes the thickness of
the specimen. This type of problem is called barreland it is shown Figure19.

)

Figure19: Compression specimen duringnepression test, barrel problem.

L J L

The compression test conditions on rubber specimen are determined by the standard ISO 7743[121]which
classifies 4 methods:
1 Method A: Standard specimen A (diameter 29+0.5mm thickness 12+0.5mm) with lubricated metal
plates;
1 MethodB: Standard specimen A (diameter 29+0.5mm thickness 12+0.5mm) with metal plates bounded
to the specimen;
Method C: Standard specimen B (diameter17.8:0.15mm thickness 25:025mm)
Method D: product or part of the product with lubricated metal plates.

2.3.5. Viscoelastic Behaviour
All polymers exhibit viscoelastic properties, due to the internal structure produced by interlinking monomers.

Polymers consists inmany polymer chains also called macromolecules, the arrangement and conformation of
which affect properties. In the unstressed state, macromolecules tend to wrap and tangle around each other,
however, when stress is applied, the conformation changes and the chains unwind and extend in t he direction

of the line of action of the force. Figure 20.
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Figure20Coiled chains (left); uncoiled chains under tension (right).

Although these chains exhibit elastic properties (i.e. they store the energy used to move them), the friction
between the chains causes an observable loss of energghysteresis)returning to the unstressed state. For this
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reason, the force required to geneate a specific displacement is proportional to the applied displacement rate.
Therefore rubber is said to have viscoelastic properties[200].

Specifically, inthe case of vulcanized rubber, in addition to the physical nodes, i.e. the entanglements, covalent
bonds are formed between atoms in separate chains through vulcanization, increasing the rigidity of the

rubber.

2.2.2.3.Stress Relaxation
Stress relaxation is defined as a decrease in stress with time at constanteformation. In rubber, stress
relaxation occurs due to the slipping of entanglements loosening the network of molecular chains so they
apply less force. This actioncan occur under both constant and cyclic deformation. The magnitude of stress
relaxation effects, particularly in the first few deformation cycles, must be taken into accountin engineering
calculations [201].

2.2.2.4Creep
Creep isdefined as the time dependent deformation of material under stress. The effect of the creep is clearly
visible when a specimen maintained at a certain deformation for a certain time is discharged, zero stress occurs
in correspondence with a positive deform ation. Most rubber components are designed to prevent sliding
under tension or cutting. In these modes, creep can easily lead to failure by breakage.

2.2.2.1 Permanent Set
A unique feature of elastomer behaviour is set. It consists in a permanent residual deformation after the
applied force or deformation has returned to zero. It is often difficult to measure, because the duration of the
force or deformation also produces stress relaxation and/or creep.
In rubber industry it is usually measured in compression as co mpression set.
The compression set is permanent deformation remaining after removal of a compression force that was
applied on the elastomer for a period.
For good performance in many applications, compression set should be low. A low compression set valu e
indicates that a material recovers much of its original height after compression and release of compression
force. A less than 20% compression set is a good result and give satisfactory compression results, and a good
sealing capacity.
The compression sé test is used to determine the ability of elastomeric materials to maintain elastic properties
after a long compression stress. This kind of test is also used to determine the degree of vulcanization.
The test is conduced on small cylindrical samples of known thickness. The samples are compressed to a fixed
height in a spacer. The spacer consists of two flat, parallel metal plates, that are sufficiently rigid to stand the
compression imposed without deforming. These two plates are clamped together, in ord er to give on the
samples a fixed compression typically of 25% of their original height. It must be used three test pieces. They
could be placedin the same spacer.
Once the apparatus is fixed together, it is putted into an oven and it is maintained at a test temperature. The
duration of the test is 24 hours at elevated temperatures (typically 100°C), or 72 hours at 23°C.
After this period of time, the compressive force is eliminated, and the samples are allowed to recover at room
temperature for about 30 minutes. After that the final thick of the specimens is measured.

There are two methods to evaluate the compression set.
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In method A, the compression set is the difference between the original thickness and the final thickness of

the sample, expressed as percentage of the original thickness.

O @
®w

p T

Equation19

Where:

bo= initial thickness of the sample;

br= final thickness of the sample after recovery;

b= device clamping thickness.

If there is no recovery, compression set is 100%. If there is a full recovery compression set is 0%.

In method B, the compression set is expressed as the difference between the original thickness and the final
thickness of the sample as a percentage of the deflection tavhich the sample was subjected.[8]

2.2.2.2 Mullins Effect

The Mullins effect is perhaps the most dramatic of the effects occurring in cyclic deformation consistingin an
appreciable change in their mechanical properties resulting fro m the first extension. Figure 21 shows three
loading -unloading cycles at successively higher maximum stress. In the first cycle the material has not
undergone previou s deformations and the loading and unloading of the first cycle reachesa maximum of
100% of deformation (point A). In the second loading, the stress is noticeably reduced and only increases to
meet the first corner at the maximum of the first cycle. The loading cycle is stopped and reversed at 150% of
deformation (point B). The hysteretic effect is observable by the loading curve which is higher than the
unloading one. The unloading curve almost coincides with that of the first cycle at some deformation of less
than 100%. The third loading curve, like the second one, is well below the first. Like the second, the third
loading curve shows up only to meet the second at a maximum of 150%. Similarly, the third loading appears

to be a continuation of the second cycle after 150%. At 200% extension (point C) the third cycle isreversed,
and the unloading intercepts the retraction of the second cycle as the second cycle intercepted the first.
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Figure21Mullins effect[201]

Accordingto the literature [202], the physical explanation of the Mullins effectis related to several factors such
as: Bound rupture, molecules slipping on the filler surface (weak filler -matrix interaction due to low
adsorption), filler aggregates rupture, and disentanglements and double layer model (double -layer structure
of bound rubber embedded in a crosslinked rubbery matrix).

Some researcher$203], [204]attributed the Mullins effect to bond ruptures; particular attention was paid to
the chain linking different filler particles that when completely extended breaks in correspondence of the
particle surface.

Other authors [204] confuted this model as it does not fit with the recovery of t he imposed deformation at
room temperature, because a bound rupture would involve a permanent set.

Therefore, Houwink [204], [205] proposed the slipping of polymer chains over the filler surface in the first
loading cycle resulting on a change of the material entropy, which however could be restored apporting heat.
Hamed et al. [206] proposed the disentanglement model as responsible for the Mullins effect. The
disentanglements caused by the imposed strain causes the stressoftening. In this configuration the number
of active chains is unaffected so that the recovery is possible by apporting heat due to the genesis of new
entanglements.

For carbon black filled elastomers, Fukahori [207] proposed an interface model where the filler particles are
surrounded by a immobilized polymer fraction in a glassy state which in turn is surrounded by a polymer
layer constrained compared with bulk polymer. In the first loading cycle this creat esa network as it comes
into contact with that of the adjacent particles. During the first discharge this mesh persists and the bulk
polymer compensates for the deformation. When the imposed strain exceeds that of the previous load cycle,
the network stru cture returns to the previously extended state and supports the stress. Entropic forces in the
network structure are believed to be the source of the recovery of the Mullins effect.
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2.3.6. Dynamic Mechanical properties
The initial studies of viscoelasticity focused on the polymer response with respect to a non -cyclic deformation

imposed at either a constant strain (creep or stress relaxation) or a constant strain rate (static tests). It was
found that the elastic response is proportional to the strain level and the viscous response is proportional to
the strain rate. However, rubber products often work under conditions of cyclically varying stress or strain
rates and amplitudes. To correlate the viscoelastic properties ofa rubber to its performance in a product, these
properties must be measured under dynamic conditions: elastic stress in phase with the strain, and viscous
stress in phase with the strain rate (90° out of phase with the strain). Under dynamic conditions, a rubber
absorbs energy which is partially stored, as in an ideal solid (usually modelled as a spring); and partially it is
dissipated in overcoming internal friction, as in an ideal fluid (usually modelled as a dashpot) [208].

This separation of the stress components vectorially allows the materialz dependence on strain amplitude and
strain rate to be measured simultaneously. The elastic and viscous stresses are related to material properties
through the ratio of stress to strain, the modulus. The ratio of the elastic stressto strainisthe elastic (or storage)
modulus G Z the ratio of the viscous stress to strain is the viscous (or loss) Modulus B. The complex modulus
E* = £+ B reflects the contribution of both elastic and viscous components to the material s stiffness. The
ratio of the viscous modulus to the elastic modulusisthe tE OT 1 QU wOl wUT T wxT EUIl wEOT O] wny w
The addition of reinforcing fillers to elastomeric materials increases, stiffness as well as tensile and tearing
resistance which, one the other side, isoften associated to an strain at break reduction[209]. The presence of
filler strongly influence also the low amplitude dynamic properties [209]t [218], providing an increase of the
storage modulus with increasing the filler content. The dynamic m oduli behaviour of unfilled rubber follows
the classical theory of linear viscoelasticity, in other words they are not influenced by the strain
amplitude [217], [218]and the classical time/temperature superposition principle can be used [208].

2.2.2.3.Influence of strain amplitude : Payne effect and Kraus Model
371 wi POOI EWUUEETI UWEAOEOPEWOOEUOUUWEIT x1 OEI OET wdwUi I wul
[222]. The storage modulus shows aplateau at low strain amplitude and then it decreases with increasing the
strain amplitude up to a high strain amplitude plateau. In the meantime, the loss factor shows a single peak
with increasing strain amplitude over a certain range of amplitude.
Intl T wl 61T POT T UDOT wWETl UPT OOwWOI U1 OwliT 1 wOEUIT UPE Oeaudar®d® U0 B U C
filler -reinforced rubber and properly design parts [223]. The Payne effect has been the subject matter of several
theories which can be classed in two main types: filler structure models and matrix tfiller bonding and
debonding models [224]. However there are two other factors thatgovern 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 [225] (Figure 22).
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Figure22 Schematic representation of Payne effect according to different interpretations.

Payne[226] 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 tfiller bonds. It is assumed that the application of a strain of sufficient
magnitude results in a rigidity loss due to damaging of filler network. The dissipative phenomenon of filler
network agglomeration and de -agglomeration is assumed to be the cause of the peak of the loss modulus.
Under these assumptions, both the storage and loss moduli dependencies on the strain amplitude, have been
modelled by Kraus [227] (Equation 20and Equation 21).

!\@ r “O

Equation20

Equation21
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values of the storage and loss modulus at high strain amplitudes, respectively; m is a non-negative
phenomenological exponent to fit the experimental data [216]. Within the filler aggregation models, the
concept of occluded rubber (rubber trapped inside an aggregate and shielded from external forces) is often
introduced [228], [229]. 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 dect is related to the matrixt filler interaction [230]. This theory bases
on the idea of bound rubber (polymer adsorbed at the filler surface) that present a reduced molecular mobil ity
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actsas supplementary crosslinks. With the strain amplitude increasing, a mechanism of adhesion and de-
adhesion of polymer chains at the filler interface is proposed.

From swelling experiment, Gauthier et al [224]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 model s) can explain several aspects of the norlinear behaviour of
the filled rubber, they can barely explain the Payne effect. Meanwhile, it would reasonably not be correct to
neglect the filler -filler interaction but neither the filler -polymer interaction. In deed, the viscoelastic nature of
the mechanical connection of the filler to the matrix, highlighted by recovery experiments, suggests that the
filler -filler bonds are made through a layer of polymer adsorbed on the surface of the charge [209].

2.2.2.4. Influence of temperature and frequency
The storage modulus as a function of temperature gives the idea about the interaction between the rubber
matrix and the EAF slag as filler [231]. The storagemodulus as a function of temperature shows three distinct
regions, such as glassy, transition, and rubbery regions (Figure 23). The sharp fall of storage modulus in the
transition region is associated to the mobility of polymer chains which increases with temperature.
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Figure23Effect of temperature on dynamic properties

Due to the increase of mobility of polymer chains which increases with t emperature it is possible to determine
the glass transition temperature Tg. It can be determined as the onset of the storage modulus drop which is
associated to the maximum reduction of mechanical properties. A The loss modulus peak is associated to the
increase of the polymer chains mobility and represents the point of maximum damping.

Dynamic properties are dependent on both frequency and temperature, and it is possible to approximately
relate the two effects quantitatively. Since not always it is possible to conduct experimental tests in the
frequency range of interest, it is possible thanks to the time-temperature principle of equivalence, to predict
the required data. The individual isothermal curves, measured at different frequenci es, are related to a
reference temperature and shifted to the best overlap to create a secalled master curve as shown in Figure 24,
This allows the complete relaxation behaviour of a polymer to be described.
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The general form of the effect of temperature on complex modulus and tan+ is shown in Figure 23. The effect
of increasing or decreasing frequency is to shift the curves to the right or left respectively along the
temperature axis. At room temperature the order of magnitude of the effect of temperature on modulus for a
typical rubber is 1% per °C and the effect of frequency of the order of 10% per decadg§232].
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Figure24 Master curve obtained by thiene-temperature principle of equivalence.

2.3.7. Bound rubber

2.3.7.1.Bound rubber content
The measurement of the bound rubber content in rubber compounds is considered a feature of filler -matrix
interaction. It is defined as the rubber portion in an uncured rubber compound, which cannot be extracted by
a good solvent due to the adsorption of rubber macromolecules onto the filler surface.
The bound rubber content (BRC %) was determined as:
a a <
0'Yd &

Equation22

Where mois the initial sample mass, maqis the mass of dry sample after extraction, mris the mass of the filler
and m: is the mass of the rubber.

2.3.7.2.Immobilized rubber fraction (IRF)

3711 WEOUOEWUUEEI UwBbUwUOOI UPOI UwOEODI Ew?pPOOOEDPOPAT EwWUUE
analysis, in particular by the variation of heat capacity scan at neat of filler (Cp*) in correspondence tothe glass

transition temperature as shown in Equation 23:
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transition and it is dependent on the intermolecular rigidity, that is, the polymer tfiller i nteraction in the filled
rubber [231]. The dependencyof . " *on intermolecular rigidity is often evaluated in terms of immobilized
polymer chains in the composites. The fraction of immobilized polymer is calculated by [233]:

06 & ¢ & Qb G Wi 0 QL @ BT

Equation24

61 1 Ul aisthekeat capacity variation of neat rubber.

2.2.3. Tribological behaviour

2.2.3.1 Friction
The coefficient of friction of a rubber surface against a hard surface can be expressed in terms of the
contribution of adhesion, deformation (hysteresis), viscous and cohesion (tear)[234], [235] It is generally
recognized that adhesion consists of the formation and rupture of joints at the molecular level. Hysteretic
friction is a consequence of the energy loss associated with internal damping within the viscoelastic body.
Contribution of adhesion and hysteretic friction depends on the temperature, sliding velocity, geometry and
cleanliness of the mating surfaces. The adhesion component is more significant on very clean and smooth
rubber surfaces. It can also be significantat lowloads, even in lubricated conditions, because of the significance
Of wOT 1 WEVUUODUEEUDY] wW5EQWET Uw6 EEOUZ wi OUET UwbpOwU1 Ox OUE Ua wl
load.
When a soft rubber slides against a hard track, or a hard slider slide against a soft rubber track, the relative
OOUPOOWET UPT 1T OwUTT wOPOwWi UPEUDOOEOWOI OET UUwPUwOI U1 OQwEUI
high speed from front to rear. These waves, which move much faster than the two bodies in sliding, are known
EUws 2ET EOOEOEET whPEYI Uz8 w311 w2ET EOOEQOET whEY] UwWwExx1 EUWE!
adhesive properties of the interface, the geometrical characteristics of the contact, elastic properties of the
rubber-like material, load and the temperature.

2.2.3.2Wear
Three different mechanisms of wear can be identified when an elastomer slides against a hard substrate.
During sliding against a hard countersurface with a sharp texture, abrasive wear takes place as a result of
tearing of the slidin g surface of the elastomer. Fatigue wear is another mechanism of wear which occurs on
the surface of an elastomer sliding against blunt projections on the hard substrates. When a highly elastic
elastomer slides against a smooth surface, roll formation occurs. In this type of wear the high frictional force
shears a projection on the rubber surface, tears and then rolls the tongue along the direction of sliding [235].
A critical value of shear stress can be defined for each rubber such that if the shear stress is higher than the
critical shear stress, roll formation occurs and for shear stresses lower than the critical value, wear is mainly
due to fatigue. Thus the friction coefficient is one of the most important properties of rubber governingth e
type of wear. Figure 25shows the schematic diagram of the friction and wear mechanisms in elastomers.
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Figure25Schematic diagram of tifigction and wear mechanisms in rubblce material§235].

The specific wear rate (Ws) can be calculated as the mass loss divided by the product of the normal load and
the sliding distance as reported in Equation 25.

Equation25
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EXPERIMENTAL METHODOLOGIES AND RESULTS

1. Epoxy screed filled with EAF slag as alternative filler to sand

This characterization aims to propose the EAF slag as alternative reinforcing filler in epoxy resin composite
for epoxy screed floor. The epoxy screed is a resin flooring characterised by a thickness between 6 and 15 mm,
which guarantees excellent mechanicl resistance, footload resistance, and chemical agentsesistance[236}
[238]. Thereplacement of a traditional filler such as river sand with a waste material such as EAF slag would
lead to multiples benefits, not only from the environmental point of view (reduction of activities impacting on

the territory (i.e., extraction and drilling ), energy-saving, and the related decrease of CQ emissions) but also
from the economical point of view. The replacement of sand with slag would lead to reduce the exhaustion of
natural resources with the relative cost of extraction, and on the other hand to reduce the waste disposal in
landfills with the related disposal costs by steel producers.

EAF slag phases have been determined byX-ray Diffraction (XRD) and Scanning Electron Microscopy (SEM)
integrated with Energy Dispersive X -ray Spectrometry (EDXS)for the morphological and elemental analysis
of the phases; the chemical composition has been determined by Xray fluorescence (XRF) spectroscopyThe
leaching test has been performed on the slag and on the composite material demonstrating the polymeric
matrixz ability to immobilize the heavy metals. Epoxy composites filled with EAF slag have been
mechanically characterized by three points flexural, compression and hardness test; epoxy composites filled
with equivalent volume fraction of river sand have b een also tested in order to compare the mechanical
behaviour of a traditionalfiller such as river sand and a more sustainable filler such as EAF slag. Moreover,
the fracture surfaces have been observed by scanning electron microscope (SEM). Thregoint fl exural and
EOOxUI UUPOOwWUI U0UwWUT OPpwUT 1T wOl PWEOOXxOUDPUI zUwI RET 001 O
materials used for epoxy screeds demonstrating that EAF slag could be a valuable resource.

1.1. Materials

1.1.1Matrix
The thermosetting matrix consists of epoxy resin E-227 provided by Prochima Srl (Colli al Metauro PU, Italy),

also known as polyepoxides, a class of reactive prepolymers and polymers characterized by the presence of
epoxide groups. The bi-component product is formed by polymer and catalyst tha t must be mixed to obtain
the final product.

1.1.2Filler
The slag used as filler was supplied by ASONEXT Spa (Ospitaletto BS, Italy) steelmaking plant, which
produces specialgrade steels. The slag employed in this research has been produced by a specific system
named SlagRec [239] for dry granulating EAF molten slag. The slag has been ground by the manual
pulverizing millHSM 100 provided by Herzog (Osnabriick, Germany) for 25 seconds and then sieved to obtain
agrain size <106 pm.
For comparison, river sand (grain size <106 pm) was also used as a filler in the same epoxy matrix.
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1.1.3Commercial product
As a reference, a threecomponent epoxy mortar was also characterised, a commercial material specifically

formulated for laying epoxy screeds. This material consists of a fluid epoxy resin (7,5% by weight), a hardener
(2,5% by weight), and a mineral filler based on silica sand (90% by weight) with a suitable particle size to

obtain a high degree of compactness of the mortar (<0.25 mm).

Sample preparation
The preparation of the composite material samples with an epoxy resin matri x included the following steps:

manual mixing the filler with the epoxy resin (100:50) before pouring the mixture into a silicone mould. The
material so obtained has been maintained for 24 hours at room temperature to allow the polymerization, then
the samples have been manually demoulded .

Known the slag (3,87 g/cm?) and epoxy resin (1,12 g/cn®) densities, the quantity of slag as a filler and epoxy
resin as the matrix were calculatedto obtain a composite with a percentage by weight of 60, 70 80 90%. Known
the density of sand (1,5g/cm), its quantity was calculated to have in the composites the same percentage by
volume of the EAF composites (seeTable10). The comparison between composite filled with EAF slag and
composite filled with river sand was made with the same volumetric fraction of filler in order to keep the same
adhesion surface between filler and matrix since it plays a fundamental role in load transmissio n.

The commercial product uses 90%wt of sand, correspondingto 87% v/v. The mechanical properties of the EAF
composites and the sand composites were tested.

Tablel0EAF slag and river sand percentage by weight with the equivalent percentage by volume.

EAF slag %wt % viv Sand %wt
60 30,3 36,8
70 40,3 47,5
80 53,7 60,8
90 72,3 77,7
Commercial product 87,0 90

Specimens with two different geometries were produced for flexural (according to the standard ISO 178:2010
[119]) and compression (according to the standard ISO 14544:2016120]) mechanical characterization.

1.2. Methods

1.2.1EAF slag Characterization
The principal techniques adopted to characterize the chemical composition and the phases of the slags are X

ray Diffraction (XRD) and Scanning Electron Microscopy (SEM) integrated with Energy Dis persive X-ray
Spectrometry (EDXS) for the morphological and elemental analysis of the phases[240]. Black slag samples

were prepared for these 2 techniques. In particular, for the identification of the phases and structure of the

slag with SEM-EDXS (SEM Leo Evo 40, Carl Zeiss, Oberkochen, Germany; EDXS microprobe Link Pentafet

Oxford mod 7060; Oxford Inst ruments, Oxfordshire, U.K.) a standard metallographic polishing procedure was

OUUIl EBw71#wEOEOCaUPUwWPUwx] Ul OUOTI EwbPpPUT wEw/ EOEOCAUDPEE QW7 2z
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provided by Thermo Fisher Scientific (Rodano Ml, Italy). The sample consists of 99 of fine slag and 1 g of
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methylcellulose Alfa Aesar mixed for 30 seconds in the pulverising mill. The button is then prepared by
pressing the mixed slag and methylcellulose on a primer of boric acid at 200kN for a pressure time of 30
seconds. EAF slag chemical composition is given inTablel11.

According to the standard CEN EN 124572[72], the leaching of heavy metals has been determined. The slag
has been ground by a mortar then it has been sieved to obtain agrain size <4mm. To evaluate the influence of
the grain size on the leaching, the test has been performed on slag grain size sieved between 4 and 3 mm and
between 1 and 2 mm. Each test has been performed twice. After it has been properly mixed to optimise the
representativeness of the sample and then the ferromagnetic materials (i.e. iron, nickel, and steel) have been
removed by a magnet. A 90 g of slag was mixed with 900gof water in HDPE bottles and stirred for 24 hours
at 8rev/min.

After 24 hours of stirring, the solutions have been settled for 15 minutes and then filtered through a filter of
45 um into a flask under suction at 70 kPa. To obtain a better reading of the ICP Optical Emission Spectrometer,
the solution has been acidified by acid nitric 1/20 V/V.

The solution has been analysed by a Avio 200 ICP Optical Emission Spectrometer provided by Perkin Elmer
(Milano, Italy) to measure the concentration in the solution of Cr, Mo, and V .

1.2.2. Composites Characterization

1.2.2.1 Mechanical tests
The three-point flexural test has been carried out according to the standard ISO 178:201(Q119]. The purpose
of this test is to measure flexural strength and flexural modulus. Flexural strength is defined as the maximum
stress at the outermost fiber on @ UT 1 Uw0T 1 wUx1 EPOI Oz UWEOOxUT UUPOOwWwOU WU
calculated as the slope of the linear section of the stressstrain deflection curve. These two values can be used
to evaluate the sample materialszability to withstand flexure or bendin g forces. Tests are carried out at room
temperature (23 °C) by a dynamometer Series 3366 provided by Instron (Pianezza TO, Italy), equipped with a
10 kN load cell with a crosshead rate of 10 mm/min and support span 64 mm. Five 80x4x10mne® specimens for
eachcomposite are measured.
Compression test has been carried out accordingtothe standard ISO 14544:201@ 20]. In the compression test,
the test sample is cylindrical (diameter 10mm and height 20mm) and is positioned between two plates which
distribute the applied load over the entire surface area of two opposite faces of the test sample. The plates are
pushed together with a crosshead rate of Imm/min by an electromechanical dynamometer (Instron Series
Pttt Awl gUDxxT EwbpDUT wE whuyY wO- wOOEEWET OO0 w31 1 wEOGOxUI UUPOG
load measuring the yield stress and compressive elasic modulus.
By a digital microhardness tester (Hardness testing machine HM -200 provided by Mitutoyo (Kawasaki,
Japan)), a 300g load was applied through the Vickers indenter for 15 seconds. Five indentations were made at
different points on each specimen and the mean Vickers Hardness (HV) was calculated.

1.2.2.2.Composite leaching test
As for the EAF slag, the leaching test on the composite material (epoxy resin filled with EAF slag) was
conducted, according to the CEN EN 124572 standard [72]. The composite material (slag with particle size
less than 106 um incorporated in the epoxy resin matrix) was crushed to a particle size of less than 4mm. In
thett UUOwWUOT T wEOOxOUPUI ZUWEOOUOUWPEUWEEOEUOE UTh& leddgiingtOED O U
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test was conducted on two groups of materials with an average filler percentage of 65% wt and 85% wt,
respectively. Three measurements were made on eah eluate, and the most severe value is shown inTable 12.

1.2.2.3.Scanning electron microscopy (SEM) analysis
The fracture surface of crosssections of specimens broken by flexural tests has been analyzed by SEM
Observations have been performed by a LEO EVO 40 SEM (Carl Zeiss, Oberkochen, Germany).

1.3. Results and discussion

1.3.1. EAF slag characterization
Table 11 shows the chemical composition of the EAF slag determined by XRF. The basicity index 1B2 =

CaO/SiCzis 3,15. It should be noted that among themost important aspects in reducing leaching of heavy
metals from the slags is controlling its chemical composition with a rapid cooling with the formation of glass
phases[241]andthe basicity factor calculated as (CaO + MgQO)/(SiO2 + Al203); if this parameter is greater than
1, then glass mayform when cooled rapidly, so to shelve the heavy metals and prevent them from leaching
[242].)]. In Figure 26 it is possible to observe the Xray diffraction pattern obtained thanks to the high
crystalline nature of the slag phases used for this[243]and in Figure 27 SEM-EDXS analysis carried out on a
metallographically polished sample utilizing back -scattered electron (BSE) mode. It is important to highlight
thatit is difficult to identify the exact mineralo gy because the slag appears very complex and some phases
have varying contents of substituted ions. Thanks to the comparison with the two analytical techniques used,

it was possible to classify the main phases present, namelyiron oxides (principally wusti te FeO with the
presence of hematite FeOs and magnetite FesOs) also containing a small quantity of Cr and Ca, larnite
(CazSiOs) with the presence of a minor amount of brownmillerite (Ca 2(Al, Fe)20s) with tracesof Tiand V. Some
large clusters with a composition that is very similar to that of chromite (FeCr204) or magnesio-chromite are
identified only with SEM/EDXS analysis; this phase has a small volume fraction and this would explain why

it is possible that it was not detected by XRD.

Tablel1EAF slag chemical composition determined bna¥( fluorescence spectroscopy (XBRR) basicity indexes. All
amounts are reported in [Yowt]

SiO: | Al20s | FeOs MnO CaO | MgO P-0s | TiO2 | Cr20s S Na:0 | K20 F

9.45 | 7.61 40.19 558 |29.83| 3.64 | 0.48 | 0.38 2.30 0.09 0.44 | 0.01 | 0.00

Sum [%] Basicity[-] | CaOJAl:0s[-] | Al204SiO:[-] IB2[] B4 [-]

100 0.62 3.92 0.81 3.15 1.96
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Peak List I |
00-033-0302; Ca2 Si O4; Larnite, syn[|. | | .
01-079-0418; Fe3 O4; Magnetite | [ i

Figure26 X-ray diffraction patterrcollected from slag sample and crystalline phase identification.

i i > l s “ *g Analysis (] Mg Al Si Ca Ti v Cr Man Fe  Phasesidentification
1 18.17 859 163 113 5037 331 1680 Chromite
2 1429 334 053 267 254 509 7155 Tron Oxide
3 28.13 1937 5047 203 Larnite
4 2135 418 237 3507 116 057 080 34.50 Brownmillerite

Figure 27 SEM backscattered electron (BSE) image of slag microstructure [%wt] with its EDXS analysis on
metallographically polished sample.

2.3.7.2.Free slag and composite material leaching

Italian legislation imposes different threshold limits of leaching of several elements (measured according to
the standard CEN EN 12457-2[72]) function of slag destination. For material reuse, the Italian Ministerial
Decree 5/2/98244] (updated 5/4/06 [245]) limits the V and Cr leaching at 0.25mg/l and 0.050mg/l, respectively.
For landfill disposal as inert waste, according to Ministerial Decree 30/8/05[246], the Cr and Mo maximum
values allowed are 0.05mg/l and 1 mg/l, respectively. Thus, in Italy, the EAF slag can be landfilled as non-
hazardous waste. Italian legislation imposed the most stringent CEN EN 12457 standard (i.e. CEN EN 12457
2) requirin g a slag grain size lower than 4mm. Other European countries, like France and Spain, adoptedthe
CEN EN 124574 standard, which requires a particle size smaller than 10mm for the leaching test. Riboldi et
al. [247]showed that this can significantly influence the final results, since when the grain size decreases the
release rate increases.

In this work, these results are confirmed, as shown in Table 12, for Mo, while the release of Cr and V does not
change significantly. It is worthwhile to notice that for a grain size less than 4mm (standard test conditions),
Mo release is lower than that of grain size range 1-2mm and higher than that of grain size range 3-4mm due
to the presence of both grain size of 34mm and very fine powder (lower than 1mm). The Cr release of a grain
size less than 4mm is about the same as the other grain size ranges, and the V release for a grain size less than
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4mm is higher than that of both grain size range 1-2mm and grain size range 3-4mm. Similar results were

found by Riboldi et al.[247], who concluded that this behaviour is probably due to the grinding, which causes

a higher percentage of hard phases in the largegrains.

The leaching of Mo, Cr, and V of EAF slag in the composites is reported in Table 12. The leaching of Mo, Cr,

and V is reduced and, consequently, both composite materials are compliant for material reuse according to

the Italian Ministerial Decree 5/2/98 [244]. As expected, thereduction of metal leachingis higher for lower EAF

UOET weOOUI OUOwWI RET xUwi OUw58 w3T PUWETI T EYPOUUWPUwx UOEEEOA
samples can give different leaching results, even if they come from the same casting.

Tablel2Leaching testUNI EN 124572 results.

I Composite EAF sla

Free EAF Slag Grain size (<1p06um) o] 9

X<4 [mmn2] | 1<x<2 [mm~2] | 3<x<4 [mm~2] 65% 85%

Electrical Conductivity [us] 816 + 231 | 746 + 115| 797 + 28 928 1343
PH [-] 118 + 02 |114 + 041|115 + 0,01 11,5 12

Mo [mg/l] 0,15 + 0,07 | 0,23 + 0,060,136 + 0,003 0,119 0,172

Cr [mg/] 0,073 + 0,01 (0,076 £ 0,004/0,074 + 0,001 0,026 0,036

V [mg/l] 01 + 01 (024 £ 006] 0,1 = 0,01 0,051 0,007

1.3.2. Composites characterization
1.3.2.1 Flexural properties

Flexural stress-strain curves of EAF and sand composites are shown in Figure 28 as solid and dashed lines,
respectively. For comparison, the epoxy matrix and the commercial product flexural stress -strain curves are
shown as solid grey and dark blue dashed lines, respectively. The threex OP O U wi O1 R UUE Gwstel UU z U u
obtained: flexural strength, flexural strain ( Figure 29), and flexural modulus ( Figure 30). As expected, the
epoxy matrix shows an elongation at break higher than the composites, and it did not break brittle, but it yields
above the peak. Atthe samefiller volume percentage, thesand composites are more brittle than the EAF ones,
especially for 30,3% and 40,3%, likely because the sand has a better adhesion with the matrix. The commercial

product does not brittle fracture, while it exhibits slight yield strength at break.

80

70

60 —30,3%v/v slag
= /N = = =30,3%v/v sand
S 50 n ———40,3%v/v slag
2 4 J,ﬂ/ - = = 40,3%v/v sand
g ¥ 53,7%v/v slag
v 30 | 53,7%v/v sand

20 —72,3%v/v slag

} - = =72,3%v/v sand
10 Neat epoxy
0 — — — Comumerdial product
0 051 15 2 25 3 35 4 45 5 55 6 65 7
Strain [%]
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Figure28Flexural stressstrain curves of neat epoxy, epoxyresinfilled EAF slag (solid lines) and filled sand river (dashed
lines) and a commercial product.

In Figure 29, flexural strength and flexural strain of different composites function of percentage by volume of
filler are shown. EAF slag and river sand have the common effect of reducing the flexural strength of the
composites. Increasing the filler amount, flexural strength decreases from about 75M Pa for the epoxy matrix
to about 55MPa for 30,3%v/v composite materials. The lowest value of 10 MPa has been obtained for the
commercial product filled at 87%v/v. The reduction of the flexural strengthis about the same for EAF slag and
sand composites; in fact, the 30,3%v/v and 72,3%v/v sand composites have flexural strength of about 1MPa
lower compared to the slag composites. For filler equal to 40,3%v/v and 53,7%v/v, the compositematerials
filled with EAF slag have a lower flexural strength of about 10 MPathan that filled with the sand river. The
commercial product shows the lowest flexural strength, probably because of two factors: the highest filler
presence (87%v/v) and the larger filler grain size, which reduces the filler -matrix contact surfaceffiller volume
ratio.

According to literature [248], the reduction of flexural strength with increasing the filler content can be
attributed to Insufficient particles embedding. While for small fractions in volume the flexural strength of the
composite increases because the amount of resin between filler particles allows the filler to bear most of the
load, beyond a certain filler volume fraction it is reduced due to the poor embedding of the filler particles. In
the case of the composites studied in this work, it is possible to state that this threshold is lower than 30.3%
vlv of filler (grain size lower than 10 6um).

As a general trend, increasing the filler percentage, the flexural strain decreases. However, while sand
composites materials show a slight flexural strain reduction, for EAF composites, the reduction is significant,
beginning from a much higher flex ural strain value. This trend correlates with the flexural stress -strain curves
(Figure 28), where EAF composite materials show a slight yield at the break, especially at low percentages of
filler.

As the percentage of filler increases, the difference in the strain at the break value is lower until being
approximately the same for 72,3%uv/v, showing that, up to 53,7%v/v, the slag reduces the composites stran at
break less than the sand river. The commercial product flexural strain is found similar to that of the 73,2%vN

slag composite.
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Figure29Flexural strength and flexural strain of neat epoxy, epoxy resinfilled EAF sthgeand river and a commercial
product.

Figure 30 shows the flexural modulus of the epoxy matrix, EAF, and sand composites, and the commercial

product.
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sand composite, then the value decreases. This difference can be explained by a not sufficient wettability of

the sand in the sample with the highest percentage, leading to a composite material with a minor stiff.

Probably, the EAF composites do not exhibit this effect because the high percentage of fine dust (<50um)
TUEUEOUI T UwEwl OOEWUEOXxOI zUwpi UDUEEDODUAS

For filler contents up to 53,7% v/v, sand composites are stiffer than EAF ones because of the better sand

adhesion to the matrix than that of the EAF slag. As a consequence, the slag composites are less rigid but

tougher.
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Figure30Flexural eastic modulus of neat epoxy, epoxy resin filled EAF slag and sand river and a commercial product.

The flexural modulus of elasticity increases with filler volume fraction until the capacity of the matrix to coat
the filler particles is exceeded; in other words, a fundamental role is played by the filler particles embedding.
As long as the matrix volume fraction is sufficient to embed filler particlesin order to make it to the load -
bearing phase, the modulus increases.

The increase in modulus with the volumetric fraction of the filler has been found in many other types of
research[248]t[251].

Fracture surface

Epoxy resin is a highly resistant material to plastic deformation. However, when it is filled with a second
phase, the filler particles can induce shear yielding in the matrix by promoting a change in the stress state.
This may result from the formation of voids with debonding effects [252],[253] In the present work, it was
found a reductioninthe mechanical strength of filled epoxy (both sand and EAF slag) comparedto neat epoxy;
in particular, the reduction is more pronounced for high filled composites. This behaviour has been observed
in some scientific worksin which is reported that an interfacial particle -matrix layer is formed by immobilized
polymer chains, and it is characterized by physicochemical properties quite distinct from those of the bulk
polymer matrix. As consequence, with the increase of the filler volume fraction, the inter -particle distance is
reduced. Once that the inter-particle distance reduces to a critical value, the interfacial layers may overlap,
creating a tridimensional network that affects greatly the material properties [253], [254]

SEM micrographs of fracture surfaces of flexural broken epoxy filled with river sand and EAF slag at different
filler volume fractions are shown in Figure 31.

It is possible to notice that in all specimens cracks propagate directly showing no retardation in crack growth.
This indicates the brittle behaviour of the composites, and there is no evident plasticity observed before final
failure. All the composites zfracture surfaces are brittle and composites filled with EAF slag and river sand
exhibit similar fracture surfaces.
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Itis importanttohighlight thatinaty pical brittle material, catastrophic failure occurs with no crack deflection
when energy is sufficient to initiate crack growth. For composites, when the crack reaches the particulate-
matrix interface, can propagate in two ways: it can break up the particu late or it can be deflected along with
the interface, causing debonding. The mechanism of crack growth strongly depends on the adhesion between
the filler particles and the matrix. If the particulate resistance is greater than the interfacial shear resistance,
the particulate is pulled out before it breaks down and vice versa [255], [256]

From the observation of the fracture surfaces of composites with a volumetric fraction of sand from 30,3 to
57,3%, it is possible to see smooth surfaces parallel to the fracture surface of the filler particles. Linking the
fracture surface and the results of flexural properties, it is possible to confirm that the sand composites have a
more brittle behaviour. This phenomenon is probably due to better adhesion between matrix and sand, it is
possible to assume that the fracture has broken up in a brittle way through the sand patrticles fracture. This
behaviour is less visible in samples filled to 72,3% v/v probably due to the poor resin volume fraction and
consequently, the particles are not well embedded resulting in a sharp drop in modulus. Similar results were
found by T ahir et al. [257].

Regarding EAF slag composites, the filler surface is less smooth, although the brittle fracture mode. The
composite filled with EAF slag at 30,3% v/v shows small areas of ductility, according to the results of the
flexural test where the composite yields before breaking. In the case of epoxy filled up to 57,3%v/v, the slag
particles are well embedded in the epoxy matrix. When the filler reaches the volume fraction of 72,3% the
fracture surface becomes rougher and a large amount of slag particles are exposed outside with few epoxy
resin coating, which indicates a minor adhesion between slag and the matrix. Similar results were found by Li
et al. in their research[258], although the different particles size.

This attests the minor brittleness of EAF slag composite which will be less prone to a catastrophic failure

without the debonding reduces the modulus.
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Figure31SEM images of fractursurfaces of epoxyfilled with river sand and EAF slag at different filler volume fractions.

1.3.2.2. Compressive properties
The compressive strength of the samples is shown inFigure 32. As a general trend, the compressive strength
is about 60MPa and is independent of the filler percentage. Only the commercial product shows a lower
compressive strength of about 30MPa. This behaviour is probably due to the larger grain size of the fillersin
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the composites. At the same percentage by volume of filler, the EAF composites have the compressive strength
not different from that of sand composites, but for the samples with 30,3%v/v where the compressive strength
of EAF composite is higher (about 65MPa and 50MPa, respectively). The compressive strength ofthe epoxy
matrix is not significantly different from that of the composites.

This is a good result because the reduction of compressive strength with increasing the filler fraction would
mean that the intercalated structure of fillers creates high-localised stresses in the matrix during compression.
It is important to highlight that if the filler -matrix interfaces, the ability to transfer load and plastic
deformation would be reduced. Filled epoxy resins that have lower yield strength compared to the pur e
system evidence a weak interfacial adhesion between the particles and the matrix[259], [260]
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Figure32 Compressive strength of neat epoxy, epoxy resin filled EAF slag and sand river and a commercial product.

Figure 33shows the compression elastic modulus of samples. As a general trend, the elastic modulus of sand
composites is not different from those of the epoxy matrix and commercial product. For EAF composites, all
U771 wWEOx Ol Uz wEOOX UI U U b tiddaniiteEaddronpostes, adingdboui tiioefor3 & 30
and 40,3%v/v samples. We can conclude that the percentage of sand in the composites does not significantly
affect the compressive strength and the compression elastic modulus values, while the EAF slag makes the

composites stiffer.
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Figure 33 Compression elastic modulus of neat epoxy, epoxy resin filled EAF slag and sand river and a commercial
product.

1.3.2.3. Hardness
Figure 34 shows the Vickers microhardness values for all the samples. The Vickers microhardness increases
with the filler content from about 20 HV for the epoxy matrix up to about 60 HV for composites with the
content of a 72,3%v/V filler. Instead, the commercial product microhardness is not different from that of the
40,3%v/v EAF composite. The Vickers microhardness of the EAF composite is slightly higher with respect to
the sand composite with the same percentage of filler. We highlight that the hardness of the commercial
product filled at 87% v/v is already reachedwith an EAF slag content of 40,3%, and this valueincreasesin EAF
composites proportionally to the filler percentage.
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Figure34Vickers microhardness of neat epoxy, epoxy resin filled EAF slag and sand river and a commercial product.
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The increase in microhardness with the volumetric fraction of the filler is due to a growing presence of rigid
particles; this implies a greater resistance to penetration which therefore results in an increase in the hardness
of the composite material. Analogous results have been found by DZAImeida and Manfrediniin [261].

1.4. Conclusion
To assess its potentiality in construction applications such as the epoxy screeds, the EAF slag influence in a
thermosetting matrix is investigated. The slag has been characterized and therelease of heavy elements tested
in accordance withthe CEN EN 12457-2 standard. Based on the results and according to the Italianlegislation
(Ministerial Decree 5/2/98 and 5/4/06), the EAF slag should be landfilled as ?non-hazardous waste ?(DM
03/08/09. The influence of the slag particle size on the release of the heavy elements Mo, Cr, and V was
confirmed. Mo, Cr, and V leaching are significantly reduced in the EAF composites and, according to the
Italian Ministerial Decree 5/2/98, those filled with m ore than 65% v/v are compliant for material reuse.
EAF composites were mechanically characterized by flexural test, compression test, and Vickers
microhardness.
The results of the flexural test show that:
-the filler reduces the flexural strength and both, EAF slag and sand composites have a similar flexural
strength;
-the sand composites are more rigid and brittle than the EAF slag composites with the same v/v percentage.
This was confirmed by fracture surfaces observations. While sand composites materials show a slight flexural
strain reduction, for EAF slag composites, the reduction is significant, beginning from a much higher flexural
strain value at low slag content. Similarly, in the flexural stress -strain curves, slag canposites show a slight
yield at the break, especially at low filler percentages.
The flexural modulus increases as the percentage of filler increases. For slag composites, the flexural modulus
reachesthe maximumvalue at 72,3% v/v, while for sand composites, probably because of poor wettability, the
maximum is reached at 53,7% v/v. At this percentage, the slag composite is more rigid than the corresponding
sand composite. This different behaviour can be related to the unlike granulometric curves.
The results of the compression test show that the sand does not affect the compressive strength and the
compression elastic modulus significantly, while an equivalent percentage by volume of EAF slag makes the
composite material stiffer, especially at 30,3%v/vand 40,3% v/v.
Finally, the Vickers microhardness increases with the filler percentage, the values of slag composites being
slightly higher than those of sand composites.
311 WEOOOI UEPEOwWxUOEUEUZUwWOI ET EOPEEOwWx UOx | EitesPprobabl Ul wi @
due to three factors: (i) the highest filler presence (87%v/v), (i) the larger filler grain size which reduces the
filler -matrix contact surfaceffiller volume ratio, and (iii) a different neat epoxy. However, to better understand
the diff erences found for the commercial product, the tests should be performed with composites samples
with the same matrix and particle size distribution.
In conclusion, we demonstrate that EAF slag can properly substitute the sand in the epoxy screeds, thus
making it possible to use this by-product material since the matrix inhibits the release of the heavy elements.
This finding is relevant since, by saving natural resources, we obtain a composite material with mechanical

properties equal or greater to those of commercial products.
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2. Influence of EAF slag as filler for Standard NBR

Elastomers are important polymeric materials because of their unique elastic properties. However, for the
many different practical applications, itis essential to improve the me chanical properties of these soft matrices
by the addition of a reinforcement [194], [224], [262], [263]Fillers are extensively used in the rubber industry,
not only to reinforce the polymer matrix but also to improve the rubber processing and, in some cases, to
reduce the price of the final material [262]. Due to this, in rubber science and technology, the topic of rubber
reinforcement can be considered as one of the most important.

Reinforcement of polymers, by the addition of particles filler, is a complex phenomenon that depends on
several factors including the hydrodynamic effect and a complex interplay between the properties of the
individual constituent phases: the polymer, the filler, and the interfacial region [264][265]. The hydrodynamic
effect refers to the addition of fillers to an elastomer resulting in a composite material whose macroscopic
mechanical properties are, by construction, a weighted average of the properties of the soft elastomer and the
rigid fillers [265]. The actual reinforcementis strongly influenced by the arrangement of the particles whichi n
the case of carbon black are dispersed as fractal aggregates because of the surface activity of the particles that
results in afiller -filler interaction. Another factor that causes the variation of bulk propertiesin filled polymers

is related to the filler-polymer interface. The polymer chains that interact with the surface of the particles
undergo a substantial modification of their chain dynamics, leading for example to shiftsin the glass transition
temperature (Tg) [231], [266] The existence ofa rigid layer at the polymer -filler interface has been established
by several authors [267]t[269]. 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 effeci) has been developed by Merabia et al[270]. According to this model, the glassy layer around the
particles (or aggregates) is responsible for the reinforcement because it acts as aglue? between the particles,
making its effect particularly strong when combined with the percolation of the filling network  [270].

The fillers often used to modify the properties of NBR are mainly carbon black, silica, and fibe rs [271].
However, these traditional fillers are required in large quantities to get optimum properties for the final
applications [194].

According to the reinforcing performance, the rubber fillers can be divided into reinforcing filler and non -
reinforcing filler. Among them, a typical non -reinforcing rubber filler is calci um carbonate, which can reduce
the amount of needed rubber and achieve the purpose of reducing cost because the market price of calcium
carbonate is much lower than that of natural rubber, its addition can reduce the cost of raw materials.
Calcium carbonate is widely used as an additive or modifier in paper, paints, plastics, inks, adhesives and
pharmaceuticals [272]; kaoline clay improve electrical resistivity when applied as plastic filler, and also offers
better colors, higher physical properties, and abrasion resistance, and zinc oxide was the first manufacturing
by-product used as reinforcing filler for rubber. Since mineralfillers a re cheaper than polymer, they serve as
a low-cost extender, while also increasing the modulus. However, they do not provide high degrees of
compound reinforcement, so the failure properties of mineral -filed compounds are poorer than rubber
containing carbon black[273].

In this context, the present research evaluates the influence of a waste materiakuch as an electric arc furnace
(EAF) steel slag as a filler in a Nitrile-Butadiene Rubber (NBR).

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.
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The reinforcing effect of this new filler was evaluated following the same experimental procedures and
analytical calculations adopted in evaluating 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 behaviour. The results showed that with increasing the filler
presence the NBR composite stiffens; the ncrease of static tensile and dynamic shear storage moduli was
found to be consistent with the Halpin -Tsaiand Guth-Gold prevision models respectively. Moreover, the non -
linear dynamic behaviour was found to be well fitted by the Kraus equation models [227].

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 [195]showed a reinforcing effect of EAF slag asfiller.

The immobilized rubber fraction around the filler particles (bound rubber), identified as one of the key f actors
to explain the mechanical dynamic behaviour of compounds (filler -rubber interaction), has been quantified by
differential scanning calorimetry (DSC) analysis [231].

A homogeneous dispersion and distribution of EAF slag particles have been observed by SEM images.

2.1.Materials
EAF slag was supplied by the ASONEXT Spa (Ospitaletto BS, Italy) steelmaking plant. The slag has been

produced by a specific system named SlagRec[274] for dry granulating EAF molten slag.
EAF slag has been ground and the pulverized EAF slag has been sieved to obtain agrain size lower than 106
pm.
The vulcanizedrubber used as a composite matrixis a Nitrile Butadiene Rubber (NBR) with nominal hardness
70 Shore A (carbon black 40 phr, vulcanized with sulphur) provided by Novotema Spa (Villongo BG, Italy).
The influenc e of EAF slag as reinforcing filler for NBR has been evaluated on four different compounds with
different amounts of filler and the results have been compared to that of standard NBR.
The tested compounds are:

1 Standard NBR as a reference which is only canpression-moulded,;

1 NBR 0% which is a standard NBR calendered and compressionmoulded;

1 compoundsfilled with EAF slag at 5, 10, 20, 30% v/v calendered and compressiorrmoulded.
The compounding process has been performedto disperse thefiller particlesinthe NBR matrix by calendering
process. Thecalendering process consists of forcing rubber and slag between two rotating cylinders (diameter
of 150 mm) 0.1 mm apart at room temperature. The calender machine has been provided by Meccaniche
Moderne srl (Busto Arsizio VA, Italy). In the calendering process, the uncured rubber is worked in several
steps during which the temperature increases (70-80°C) due to the high shear stresses generated by the
cylinder in the material that gets soft. The compounds are then compression moulded for 15 minutes at 180°C
at 40MPa to obtain test plates with a dimension of 200x200x2 mm and 100x60x6 mm from which samples for
mechanical tests are obtained by mechanical punching.
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2.2.Methods

2.2.1. EAF slag characterization

2.2.1.1.X-ray fluorescence spectroscopy
EAF slag chemical composition was determined by X-ray fluorescence spectroscopy carried out by the Thermo
2EPI OUDPI PEaw KH+wuld GUBEILIEWEaAwW3T 1 UOOw»wPUT 1 Uw2EDP]I OUPI PEw
States). EAF slag clemical composition is reported in Table 14.

2.2.1.2 X-ray Diffraction (XRD)
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ray diffraction pattern of the slag sample [243]is shown.

2.2.1.3.Scanning Electron Microscope (SEM-EDXS) analysis
An other useful technique useful for the morphological and elemental analysis of the phases is the analysis
performed by the Scanning Electron Microscopy (SEM) integrated with Energy Dispersive X-ray Spectrometry
(EDXS)[240]. A standard metallographic polishing procedure was performed on the EAF slag sample which
was analyzed by a SEM-EDXS (SEM Leo Evo 40, Carl Zeiss, Oberkochen, Germany; EDXS microprobe Link
Pentafet Oxford mod 7060; Oxford Instruments, Oxfordshire, U.K.). In Figure 37 the SEM-EDXS analysis
carried out on a metallographically polished sample utilizing back -scattered electron (BSE) mode is reported.

2.2.1.41 eaching behaviour
The leaching testwas conducted both on the composite material with the highest filler content (i.e. 30%vAN)
and on the free slag, following the CEN + EN 124572 standard[72]. The results are reported in Figure 38. The
composite material plat e was cut to a particle size of less than 4 mm and the slag dust lost from the cutting
surface was removed to evaluate only the inertizing effect of the polymer matrix. As for the characterization
of free slag, the amount of tested composite was calculatedto maintain the 90 g of slag in a ratio of 1:10 with
the liquid, according to the standard [72].
Since it was found that the slag grain size affects its leachingbehaviour [247], the leaching test was performed
also on free EAF slag of a grain size lower than 106um in order to evaluate the shielding capability 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 picture of each sample subjected to leaching testis shown in
Figure 35). The results of the leaching test are given inFigure 38.
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Figure35Samples subjected to the leaching test. a) free EAF slag (grain size lower than 106um); b) EAF slag filled NBR
(30%v/v) cut in particle size of less than 4 mmE&F slag block completely incorporated in NBR; d) standard NBR.

2.2.2. EAF slag filled NBR c haracterization
The correctness of the slag and rubber amount in the different compounds were verified retrospectively by

density measurements and by thermogravimetric analysis (TGA) analysis (see Table 13), which were carried
out on specimens with a weigh between 7 and 15 mg and heating rate of 10°C/min. The samples were heated
from room temperature up to 700°C to determine the complete thermal degradation of the NBR matrix. The
TGA curves were obtained in air. The residue measured by the TGA is slightly h igher than the nominal one
because in the standard NBR there are other fillers in addition to EAF slags such as accelerators, activators,
antioxidants, and anti -aging. Nevertheless, by subtracting the standard NBR residue, the percentage by weight
of EAF slag in the various compounds is lower than the nominal one. This is probably due to the loss of a
certain amount of slag dust during the calendering process. Even the density measured on the different
compounds is slightly lower than the theoretical one, a s shown in Table 13.

Tablel3 Nominal percentage of EAF slag as filler and real percentage of all fillers measured by TGA. Nominal and
measued densities of compounds filled with different amounts of EAF slag.

Residue Nominal
EAF slag measured by . Measured Density
TGA density
[Y6viv] [Yowt] [Yowt] [g/cm?] [g/cm3]
0 0 3.40 1.240 1.240 + 0.010
5 14 16.46 1.366 1.349 + 0.001
10 26 26.59 1.496 1.469 + 0.009
20 44 46.68 1.752 1.722 + 0.001
30 57 59.77 2.013 2.005 + 0.004
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2.2.2.1.Rheometric parameters
The influence of EAF slag on the processability characteristic is assessed by the parameters extrapolated by
the rheometric curves, determined by the rheometer machine provided by Gibitre Instruments (Bergamo,
Italy). The temperature of the rheometer platesis 177°C and an oscillating force is applied to the sample with
an oscillating amplitude of 0.5 deg. Testing time is about 3 minutes. One sample for each compound is tested.
The rheometric curves were defined according to the standard ASTM D5289[275].

2.2.2.2 Hardness test

The compoundszhardness was measured according to the most widely used scales in the rubber industry:
Shore A hardness and micro International Rubber Hardness Grade (mIRHD). The Shore A measurements
were carried out by an automatic hardness tester Shore PC type A provided by Gibitre Instruments (Bergamo,
Italy). The mIRHD measurements were carried out by an automatic hardness tester Micro IRHD -PC provided
by Gibitre Instruments (Bergamo, Italy).

Shore A measurements were carried out according to the standard ISO76191 [276], The mIRHD
measurements were carried out according to the standard ISO 48[277].

2.2.2.3.Compression test
Compression tests were performed on three samples for each material by a dynamometer (mod. 3366)
provided by Instron (Pianezza, TO, Italy) at room temperature and a strain rate of 10 mm/min. Cylindrical
specimens with a nominal diameter of 12mm and a height of 6 mm were produced for this test. The
compression test was performed according to the standard ISO 7743[121].

2.2.2.4.Stress relaxation
Stress relaxation is assessed in compression by a dynamometer (mod. 3366) provided ¥ Instron (Pianezza,
TO, Italy) at room temperature on cylindrical specimens with a nominal diameter of 12mmanda height of 6
mm. The stress relaxation is assessed as the stresoss [%] after 600 second at 15, 30 and 40% imposed strain.

2.2.2.5.Permanent set
The permanent set is determined in compression (compression sef). It was determined by imposing a
compression deformation of 25% on cylindrical samples (nominal diameter 12mm and a height of 6 mm) for
24h at 100°C. The compression set was determined according to the standard ASTM D395 (test method B)
[278].

2.2.2.6.Tensile test
Mechanical tensile tests were performed by an Instron dynamometer (mod. 3366) 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[197]. The considered strain is the optical one
in order to exclude the influence of the sample edges. The measurement is performed threetimes for each
EOOxOUOEB w8 OUOBT ZzUWOOEUOUUWI EVWET 1 Oaifihdirvein@@@spdhdefic®) wU T 1 w
with the initial linear section.
2.2.2.7.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 nitrogen after coating the surface with sputtered gold.
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2.2.2.8.Dynamic Mechanical Analysis (DMA)
Rectangular specimens were cut from the rubber sheets (obtained by compession mould ing process for 15
min at 180 °C with 40 MPa pressure) and had the following nominal dimensions: height (h) = 8 mm, width (w)
=4mm, and thickness (t) = 2 mm. The actual dimensions of each specimen were measured before testing by a
micrometer.
Dynamic mechanical tests were performed by a Dynamic Mechanical Thermal Analyser Q800 by TA
instruments (New Castle, United States). Dynamic mechanical testsin the shear mode were performed atroom
temperature and a frequency of 1 Hz with varying shear st rain amplitude in the range between 0.02 up to the
maximum applicable strain level, according to the machine bearing capabilities (maximum load: 18 N).
Therefore, the actual maximum strain value experimentally achieved was dependent on the specimen stiffne ss
and geometry. The measurement of dynamic properties was carried out under a shear sandwich configuration.
In this configuration, the two outer clamps were fixed and the inner was moving. Two specimens were
compressed between the moving and the fixed clamps, and a compressive strain of about 10% was employed
in order to maintain the specimen surfaces fixed to the clamp faces by friction forces. The storage shear
modulus was recorded as a function of strain amplitude. Before each test, the specimen was medanically
conditioned by means of the first sweep of shear amplitude so that the following phases preceded each test:
(1) mounting of the sample; (2) equilibration of the sample by keeping it for 15 min at the minimum strain
(0.02% shear strain amplitude, 1 Hz); (3) strain sweep (0.02% maximum shear strain amplitude, 1 Hz); (4)
further equilibration (0.02% shear strain amplitude, 1 Hz). For each test, at least three repetitions were
performed.
Recovery tests of low strain amplitude dynamic modulus after the application of a high amplitude dynamic
strain were performed using the same fixture for a recovery time of 15 minutes.
Dynamic mechanical analysis has been employed to assess the influence of EAF slag as filler for NBR on
dynamic properties function of t emperature. This test has been performed by a Dynamic Mechanical Thermal
Analyser Q800 by TA instruments (New Castle, United States) Dynamic mechanical tests in the tensile mode
were performed at room temperature and a frequency of 1 Hz with the varyingte mperature at 1°C/minin the
range between-50°C +70°C on nominal dimensions specimens of2x5x30mm.

2.2.2.9.Swelling test
For the swelling test rectangular samples of about 500mg were cut and immersed in toluene in sealed glass
tubes for 48 hours at room temperature. The swelling coefficient is determined according to Equation 11.
The equilibrium swelling index is determined by crosslink density and the attractive forces betwee n solvent
and polymer. The theoretical extent of swelling is predicted by the Flory ¢ Rehner equation[185], [189], [190]
(Equation 12and Equation 16).
The properties of filled elastomers are linked to the interaction between filler and matrix which can be
theoretically estimated by Kraus equation [195] (Equation 15).

2.2.2.10. Differential scanning calorimetry
The calorimetric glass transition was determined using differential scanning ca lorimetry (DSC).
, T EUUUI O1 OUUwpPI Ul wEEUUDPI EwOUU0OwWPOwWUT T w1l Ox1 UECUUT wUEOT I
DSC (Model: Q100 provided by TA instruments (New Castle, United States). The samples were then cooled
f UOOWUOOOWUIT O x IatnB°Cihid Anditeld an thil t¥noerature for 60 min at the end of each cooling

106



Influence of EAF slag as filler for Standard NBR

cycle and the measurement was carried out during subsequent heating at 10°C/min. The difference of heat
flow between the sample pan filled in by sample and the empty reference pan was recorded with increasing
temperature at the heating rate of 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 to the glass transition, the heat capacity has been normalized to the polymer fraction as shown in

Equation 23.
"xdwbDUWET Ul UOPOI E wb G4IE with respectitdire gldsskiansitids @rperat(ré (Tig). The
fraction of immobilized polymer is calculated according to Equation 24,6 T 1 Ul ais assumed to be the heat

capacity variation of standard NBR.

2.2.2.11. Magnetic properties
The presence of iron/iron oxides in the slag gives the composite magnetic properties. The magneticattraction
force was evaluated by quantifying the force required to detach a magnet from the NBR filled with different
amounts of EAF slag. A magnet was fixed to the beam of the dynamometer in contact with the material,
moving the beam at a speed of 10 mm/min a 500N load cell detected the load every 0.01 seconds, the peak of
the curve obtained is identified as the detachment load.

2.2.2.12. Friction test
The coefficient of friction is an important parameter for rubber parts. In fact, usually rubber parts are subject ed
to surface treatments to reduce the coefficient of friction. The influence of EAF slag as filler on the coefficient
is assessed by a comparative analysis. A load of 197gis placed on a rubber disk of diameter 17 mm and
thickness 2mm. The weight is dragged horizontally by a wire that passes through a pulley and is then
connected to the 10N load cell. The Instron 3365 gauge crosshead moves with a set speed of 2700mm/min with
a preload of 0.2N.
The coefficient of friction is calculated as the ratio between the frictional force and the perpendicular force
which in this caseis 1,9325N. The frictional force is defined as the peak of the frictional force curve and it is
defined as the plateau of the frictional force curve in case of dynamic frictional force.

2.3.Results and discussion

2.3.1. EAF Slag characterization
2.3.1.1.X-ray fluorescence spectroscopy results

The chemical composition of the EAF slag determined by X-ray fluorescence spectroscopy is reported in Table
14.

Tablel4 EAF slag chemical composition determined bna¥( fluorescence spectroscopy (XRF) and basicity indexes. All
amounts are reported in [Yowt]

SiO2 | Al20s | FeOs MnO CaO MgO P20s TiO2 Cr20s S Naz0 K20 F
9.5 7.6 40.2 5.6 29.8 3.6 0.5 0.4 2.3 0.1 0.4 1 N
Basicity CaO/Al203 Al205/SiO2 IB2 CaO/ Si0Oz IB4 (CaO+MgO)/(SiO2+Al2053)
0.6 3.9 0.8 3.2 2.0
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The ratio between the percentage of basic andacidic components (basicity index IB) allows to express and to
interpret important metal -slag balances, such as oxidizing power of slag, the balance of desulphurization, and
dephosphorization, metal -slag distribution of manganese. The simplest expression o the basicity index, by
means of the ratio between the weight percentages of CaO and SiQ, is IB2, here equal to 3.2.1B2 does not
consider the presence of other components with acidic or basic behaviour, 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+Al20s3). The basicity of the slag is required in 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 [241], [242] It was observed by Tossavainen et gR42] that
if the basicity factor IB4 is greater than 1, as in the EAF slag object of this study (se€Table 14), it is possible to
affirm that the glassy phase formation occurred leading a heavy metal leaching prevention.

2.3.1.2 X-ray diffraction results
The Figure 36 shows the X-ray diffraction (XRD) pattern and the crystalline phases identification of slag
sample. From these results it was possible to notice that the main deteded crystalline phases are larnite
(CazSi0s), brownmillerite (Ca 2(Al, Fe)20s) and iron oxides in the mineralogical forms of hematite (FeOs),
magnetite (FesO4) and wiistite (FeO).These results are in accordance with the chemical composition reported

in Table14that show a massive presence of iron and calcium.

Counts
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A Hematite (Fe,O,)
4000 onm ' . v Magnetite (Fe;0,)
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Figure36 X-ray diffraction pattern collected from EAF slag sample and crystalline phases identification.

2.3.1.3. SEM/EDS analyses
In Figure 37is shown the SEM-EDXS analysis d a metallographically polished sample using back -scattered
electron (BSE) mode. The exact mineralogy identificationis difficult because some slag phases have varying
contents of substituted ions. Moreover, the slag studied in the present work was obtaine d 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
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possible to classify the main phases present, namely Iron Oxides identified by the XRD as wuestite (FeO),
hematite (FeOs), and magnetite (FesOs) containing a small quantity of Cr, Ca, Si, Mg, Mn, and Al. Both
analyses detected the presence ofarnite (CazSiOs) and brownmillerite (Ca 2(Al Fe)20s) with the presence of

other elements in small quantities.

Spectrum O Mg Al Si Ca Cr Mn Fe Phase

1 26 2 2 1 11 1 8 50 Iron Oxide

2 281 3 3 21 5 39 Brownmillerite
3 29 3 2 10 4 53 Larnite
4 26 2 1 3 9 8 51 Larnite
5 33 1 2 4 17 3 39 Brownmillerite
6 25 3 1 2 9 10 50 Larnite
7 31 1 2 2 14 3 46 Larnite

Figure 37 SEM backscattered electron (BSE) image of slag microstructure [%wt] with its EDXS analysis on
metallographically polished sample.

2.3.1.4 Free slag and composite material leaching behaviour
Figure 38 and Table 15 show the concentration of Molybdenum, Chromium and Vanadium in the leachates
detected by ICP of EAF slag (grain size <4mm in accordance with the standard CEN EN 124572[72]) and EAF
slag (grain size <106 microns) both free and incorporated into the NBR matrix at 30%vi/v.
From the comparison between slag and composite at equalgrain 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 monolith ic 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, however, the inertizingeffect of the polymer matrix is attributable to the hydrophobicity
of NBR. As last, it was found that the leaching behaviour 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 behaviour was confirmed by several literature researches[247], [279}[281].
The mechanism at the basis of the reduction of heavy metalsleachingis based on NBRs characteristic of being
a hydrophobic material. In accordance with [282] the absorption of water by the NBR matrix is very low
therefore the contact between the slag particles and the water is limited only to the particles not completely
incorporated (at the edges of the surfaces). For this reason, it is possible to state that as the volume/surface
ratio of a generic component increases, leaching will be reduced.
Finally, it should be noted that according to the Italian legislation and concerning the leaching of Mo, Cr, and
V, the free slag tested in accordance to the CEN EN 12452 [72] (grain size lower than 4mm) is compliant to
be disposed of as northazardous waste (Cr, Mo <1mg/l)[246], while the slag incorporated in rubber matrix is
compliant for the recovery of material (Cr<0.05 and V<0.25mg/l)[244] and can be disposed of in landfills as
inert waste Cr, Mo <0.05mg/I[246].
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Limits for landfill disposal as inert Ministerial Decree 30/8/05
0.50 Limits for material reuse Ministerial Decree 5/4/06
0.40
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Mo Cr \Y
EAF slag grain size <0,lmm m EAF slag filled NBR 30%v/v (Grain size <0,1mm)
m EAF Slag bulk incorporated into NBR NBR

Figure38Leaching test CEN EN 12457 results of EAF slafgrain size lower than 106 umiNBR filled withEAF slag
at 30%v/v (grain size <106 microns), EAF slag block incorporated into NBR and standard NBR.

Tablel5 Leaching test CEN EN 124527 results of EAF slag (grain size <4mm), free EAF slag, NBR filled with EAF
slag at 30%v/v (gain size <10Am), EAF slag block incorporated into NBR and standard NBR.

EAF slag arain EAF slag filled EAF Slag bulk

. 99 NBR 30%v/v (Grain | incorporated into NBR

size <106um .

size <106um) NBR

Conductivity 1397 +|34 |253 |+ |18 |90 |+ |5 915|+ |3
[um]
pH [-] 123 |+ 0,11 | 114 + 0,01 |85 | 0,01 8,28+ | 0,01
Mo [mg/l] 0,440| £| 0,10 | 0,019 | £ | 0,002| Under detectionlimif Under detection limit
Cr [mg/] 0,100| £| 0,05 | 0,002 | £ | 0,001| Under detectionlimif Under detection limit
V [mg/l] 0,235| £| 0,11 | 0,169 | £ | 0,012| Under detectionlimif Under detection limit

2.3.2. EAF slag filled NBR characterization

2.3.2.1.Rheometric parameters
The rheometric paramenters data are given in Table 16. The rheometric curve provides indications regarding
the processability characteristics (phase 1), the curing kinetics (phase 2), and the physical properties (phase 3)
of the tested materials.
In phase 1 itis possible to note that as a general trend initial torque (IT) and minimum torque (MinT) increase
with increasing the filler amount in the compound. The IT behaviour allows to observe that the high -filled
compound just placed in the chamber offers more resistance to torque than the low-filled one. MinT is the
parameter related to the material viscosity; in this case, its trend indicates that by increasing the amount of
slag in NBR the viscosity slightly increases. This phenomenon is probably due to the presence of rigid filler
that limits the mobility of the polymer chains even before the starting point of the vulcanization process. The
time during which this first phase occurs is called scorch time, specifically the time at which the curing starts.
Itis related to the parameters Ts1 and Ts2 (the time atwhich the minimum moment increases by 1[dN*m] and
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2[dN*m] respectively). The scorch time is shortened by increasing the amount of filler and this means that the
material can stay in the injection chamber without vulcanizing for a shorter time.

In phase 2, t50 and t90 (time at which 50% and 90% of the vulcanization is reached) get shorter by increasing
the amount of filler. The presence of slag as filler accelerates crosslinking kinetics due to two different
mechanisms. In the first mechanism, the reduction of scorch and curing time is associated with the increase of
the compound viscosity and the shear heating effect. The second mechanism s related to the NBR volume
fraction that is reduced by increasing the amount of filler so that the crosslinking reac hes 100% faster. From
the injection mould ing production process point of view, this is a great advantage because it allows reducing
the production cycle time saving on production costs.

In phase 3 the maximum torque (MaxT) is determined. It is noticeable that by increasing the amount of filler
in the compound the torque needed to maintain the imposed rotation at complete vulcanization increases.
This means the high-filled compound gets harder.

The influence of the calendering process on standard NBR slightly accelerates the vulcanization kinetics and
softens the material. On the other hand, the presence of EAF slag as filler in the rubber matrix hardens the
compound and accelerates the vulcanization kinetics. The same trend was found in the literature for s everal
fillers: silica and multiwall carbon nanotubes as found by Salehi et al. [283], iron oxide obtained by EIl -Tantawy
et al.[284] and nano calcium carbonate as observed by Kumarjyoti et al. [285].

Tablel6 Rheometric curve data for standard NBR and NBR filled with EAF slag at 0,5,10,20,30%V/.

Phase 1 Phase 2 Phase 3
Compound IT MinT Tsl Ts2 t50 t90 MaxT

[dN*m] | [dN*m] | [s] [s] [s] [s] [dN*m]
Standard NBR 3 1,06 46 54 81 123 18,04
0 [%v/v] EAF slag 1,84 0,84 45 52 78 121 16,91
5% [%v/v] EAF slag 2,76 0,89 45 52 79 125 18,44
10% [%v/v] EAF slag 31 0,95 43 51 78 122 20,28
20% [%viv] EAF slag 4,1 1,16 43 50 79 120 24,47
30% [%v/v] EAF slag 5,93 1,54 37 44 75 113 31,48

2.3.2.2 Hardness
Figure 39shows the hardness results obtained for NBR compounds filled with different amounts of EAF slag
in mIRHD and Shore A measurement scales. It is possible to notice that with increasing the amount of EAF
slag the hardnessin both measurement scalesincreasesfrom avalue of about 63 up to a value of 75. According
to Wang et al. [286], the reason for this increase is due to the hardness of the EAF slag that is bigger with
respect to the NBR one. This property of slag allowed an increase of the hardness of the composites
proportionally to the quantity added. Regarding the influence of the calendering process it does not affect the
hardness of standard NBR.
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Figure39Hardnessresults in Shore A and IRHD for NBR compounds filled with EAF slag.

2.3.2.3.Compressive properties
"OO0OxUT UUPOOWUT U0 Wl EVWET 1T Owmdduus GalucdndthetstteEsiaEs@@rpraskian UD O O w e

strain acquired from the stress strain curves are reported in Figure 40and the numerical values are given in

Table 17. The compression test results show that the material offers a greater deformation resistance with
increasingthe slag content. Thecalendering process in the compression test results allows to observe inFigure
40a softening of the calendered compound compared to the standard NBR.

It is possible to observe how the compression Youngg modulus increases remarkably with the increments of
slag filler up to an increase of 50% for NBR with slag at 30%v/v respect to standard NBR (Figure 40).

10

Stress [MPa]
(=3

—20% [%v/v] EAF slag

—30% [%v/v] EAF slag

4
2
0
0 10 20 30 40 50
Strain [%]
Standard NBR —() [%v/v] EAF slag
5% [%v/v] EAF slag 10% [%v/v] EAF slag

Figure40 Compression stress strain curve of Standard NBR and EAF slag filled NBR 0, 5, 10, 20, 30% v/v.
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Tablel7Compression test results.

Ec [MPa] b QA4 kMPa] A
Standard NBR 10,1 + 0,50 5,9 + 0,01
0 [%v/v] EAF slag 9,7 + 0,08 5,4 + 0,05
5% [%v/v] EAF slag 10,0 * 0,25 6,4 * 0,18
10% [%v/v] EAF slag 10,8 * 0,29 6,5 * 0,07
20% [%v/v] EAF slag 12,3 * 0,19 7,5 * 0,32
30% [%v/v] EAF slag 15,0 + 0,09 8,7 * 0,40

2.3.2.4.Stress relaxation

Figure 41 shows the stress relaxation as function of time of Standard NBR and EAF slag filled NBR 0, 5, 10, 20,
30% v/v at imposed strain 15, 20, 30%As expected the stress is proportional to the imposed strain, i.e. higher
strainimplies higher stress as evidenced also by the compression stressstrain curvesin Figure 40. In particular

it is possible to observe that under the same imposed strain, the stress curves appear to be rigidly translated
upwards in proportion to the slag content and after a sharp stress reductionit assesses in a plateauStandard
NBR deviates fromthistrend and especially at 40% strain exhibits the lowest stressrelaxation. This is probably
attributable to the different production process (it is not calendered but just compression moulded) that affects
the carbon black distribution and dispe rsion and the macromolecular network resulting in improved elastic

properties.
4,00
40% Strain
3.00 \&
- ‘
S ’g 30% Strain
= 2,00 ¥
1 = = e
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‘ 15% Strain
100
0,00
0 100 200 300 400 500 600
Time [s]
—Standard NBR —NBR 0% EAF Slag [v/v] —NBR 5% EAF Slag [v/v]

NBR 10% EAF Slag [v/v] —NBR 20% EAF Slag [v/v] —NBR 30% EAF Slag [v/v]

Figure41Stressrelaxationcurves of Standard NBR and EAF slag filled NBRO, 5, 10, 20, 30%v/v at 15, 20, 30% strain.

Figure 42shows the stress relaxation expressed as stress percentage logsposed of EAF slag filled NBR 0, 5,
10, 20, 30% v/v at 15, 20, 30% strairit is possible to observe that with increasing the slag content, the stress

relaxation remains about constant up to a slag content of 10%v/v, then it increases.
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Figure42 stress relaxation expressed as stress percentage loss imposed of EAF slag filled NBR 0, 5, 10, 20, 30% v/v at

15, 20, 30% strain

2.3.2.5.Permanent set

The compression set results are reported inFigure 43. In this case, the presence of EAF slag as filler reduces
OT1T wOEUI UPEOZUWEEPOPUaAWUOWUI EOYI UWEOwWDPOXxOUI EwEIT | OUOEU
worthwhile to note that up to a filler cont ent of 10%v/v the compression set is above 15% which is a good
value for real applications. Nevertheless, a compression set value of 20%is stillacceptable for real applications.
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Figure43Compression set function of the peregyet of EAF slag in NBR matrix.

Analyzing the results of the compression test and compression set, the increase of stiffness could be a positive
aspect for new compounds. In a real application, rubber gaskets could be assembled in displacement control
or load control as shown in Figure 44 (b) and (c) respectively. It should be noted that the correct assembly of
a gasket in a sealing system does not providetheir presence in the center of the slot, but rather leans it against
the wall of the housing on the opposite side to the direction of the operating pressure, as shown in Figure 44

(a).
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In both configurations ( Figure 44 (b) and (c)) the O-rings fit in the groove and the housing, with overlap,
provides ini tial preload after assembly Figure 44 (a). This preload (Pc) with the operating pressure (Pf) allows
to obtain the sealing effect. When the O-ring is pressed to the side of the groove it deforms and the pressure is
transferred to the surrounding surfaces Figure 44 (b) and (c). The operating pressure (Pf) is superimposed on
the initial pressure because the pressure propagates the material without weakening as the vulcanized rubber
is nearly incompressible. Despite this, as the material shows viscoelastidbehaviour and relaxes, the maximal
contact pressure will be slightly less (about 80%) than the sum of the two pressures[287]. According to Szabo
et al. [287], the overall contact areaincreases as the @ing deforms and the maximum value of the contact
pressure is at the side of the Gring where it touches the shaft.

If a gasket is assembled in a displacementcontrolled sealing system as shown in Figure 44 (b), the high filled
rubber (grey) requires higher clamping force due to its higher stiffness and this results in higher contact
pressure compared to standard NBR (black) (Pc2>Pc1l). This is a great advantage since the nesgary condition
for a sealing system to function properly is that the contact pressure is greater than the fluid pressure (Pc+
é 0.8Pf>Pf).

P+ =0,8*P;

Figure44 Schematic of a sealing system without operating pressure (Pf) (a) and wittiiogperessure (Pf) assembled
indisplacement control (b) and load control (c) for NBR standard (black) and a standard NBR filled with EAF slag (grey).

Regarding the contact pressure trend over time, the NBR filled with EAF slag has a higher compression set so,
accordingtothe relationship between compression set and compression stress relaxation(and stress relaxation
results), it drops faster with respect to standard NBR. In literature the direct relationship between compression
stress relaxation and conpression set is observed[288], [289] in particular, an increase of compression set
corresponds to a decrease of the contact pressure due to the compression stress relaxation. On the one hand,
the initial contact pressure of the NBR filled with EAF slag, known from the compression test, is higher than
that of the standard NBR (in proportion to the amount of filler added); and on the other hand, the compression

set of the NBR filled with EAF slag is slightly higher than that of the standard NBR. From these results, it is
possible to assume that the filled NBR contact pressure at a sufficiently long time for the stress relaxationto
settle at a constant value is in any case greater than that of standard NBR.
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If agasket is assembled in aloadcontrolled sealing system ( Figure 44z) with equal contact pressure, the high-
filled NBR is less deformed than the standard NBR. As a result of the different initial deformation, the filled
NBR contact pressure falls less steeply over time compared to standard NBR due to its lower initial
deformation [290].

Itis important to highlight that, in both sealing system configurations, the EAF slag as filler positively affects

the compound properties.

2.3.2.6.Tensile Properties
Figure 45shows a representative tensile test stressstrain curve for each compound. From these curves the
OEPOwUI OUDPOI wxUOx1 UUPT UWUUET wEUwWUOUT UUWEUWEUT EOOWUUUEH
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 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 signficantly reduced for filler quantities exceeding 10% v/v.
The calendering process hasthe effect of increasing both elongation at break (by about 15%) and stress at break
(by about 5%). This is due to a better dispersion and distribution of the carbon bl ack in the compound as
evidenced by SEM observations (see2.3.2.7Morphology and distribution filler particles) that likely reduces
the fraction of occluded rubber. Similar results were found in  [291], [292] Furthermore, it is possible to note
that standard NBR at large deformations (>100%) and up to failure presents a greater stress than the same
compound subjected to calendering process (named 0%][v/v] EAF slag) at the same deformation. This results
in a higher secant elastic modulus at large strain. Thecalendering 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 softensthe compound as it dissolves the macromolecular structure. The

EOOxQUOEUWUUDPI 11 OPOT wEUT wOOwWUT T wxUT Ul OET woOi w$ %wUOET w
value as shown in Figure 46.
20
15
&
— 10
o
f=)
w2
5
0
0 100 200 300 400 500 600
Optical Strain [%0]
— Standard NBR 0 [%v/v] EAF slag
3% [%v/v] EAF slag 10% [%v/v] EAF slag
— 20% [%ov/v] EAF slag — 30% [%%v/v] EAF slag

Figure45 Stressoptical strain curves of a representative sample for standard NBR and compound filled with
0,5,10,20,30% of EAF slag.
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 (seeFigure 46) under the
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approxi mation 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 [293]proposed a

guadratic term to explain the reinforcement effect of spherical fillers on elastomers, as shown in Equation 26:
O O p C® opte

Equation26

Where E andEBn EUT wUOT 1 w8 OUOT zUwWwOOEUOQUUWOI w-! 1wi POOT Euwehdd U1 wWEE
calandered NBR with no EAF slag added respectively.

Halpin -Tsai equation has been also used to study the reinforcement effects of filler in composites. 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 [294]. The studied NBR composites filled with EAF slag are not
nanocomposites due to the grater size of filler particles, nevertheless it was found a good experimental data

prevision. Halpin -Tsai equation is reported in

0 .
0 p
p — o
Equation27
Where —is a filler shape factor which is 2 for spherical particles and —is given by Equation 28
0O
.o p
-
o -
Equation28

WhereEandEn EUT wOT T w8 OUOT z UwOOEUOUUwWOI wWUUEET UWEOEwWI DOOIT UwU
much higher than that of NBR the constant —is taken as unity.

In Figure 46071 1 wi Rx1 UPOI OUEOWEOEwWUT T wUT 1 OUI UPEEOwW8OUOT zUwOC
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 stifening could be attributed to two factors: the bound

rubber content and the hydrodynamic 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 fraction around the filler particles (bound rubber) increases (see 2.3.2.10 Differential

scanning calorimetry analysis) causing also an increment of the crosslink density[224] (see2.3.2.9).

Itwas found that for EAF slag volume fraction upto 20% both theoretical models well predict the experimental

data, while for NBR filled with 30%v/v the Halpin -Tsai model reveals to betterfit experimental data.
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Figure46 Experimental and theoretical Yougggmodulus as function of EAF slag as filler [%v/v]

The presence of rigid filler in the elastomeric matrix limits the polymer mobility increasing the compound
stiffness much more than it reduces the elongation at break. For what concern the reduction of the stress at
break it is probably due to the inability of the polymer to orient itself completely in the direction of the effort
due to the decreasing of rubber-filler interaction, creating localized overstress. 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. [285]and Wang et al. in their study on mechanical properties of nano -FesOs or nano-
SrO-6Fe®3 reinforced NBR [286][295].

2.3.2.7.Morphology and distribution filler particles
Figure 47 shows SEM images of the fracture surface of all material investigated broken in nitrogen. Figure 47
a) and b) show the micrograph of standard NBR and calandered NBR without EAF slag (0%[v/v] EAF slag) in
order to assess the influence of thecalendering process on the distribution and dispersion of carbon blackin
NBR. Itis possible to note that some carbonblack agglomerates are observablein standard NBR Figure 47a)),
while the filler dispersion is noticeably improved in calandered NBR. Regarding the EAF slag filled NBR
composites (Figure 47 b-f)) in the backscattering SEM images a good filler distribution and dispersion are
evident. In particular, it is possible to observe a better fi ller particles incorporation for slag particles of a size
lower than 50 nm. 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 thata small er particle size of the filler
leads to a 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, an other
imp ortant aspectisthe particle shape: generally the larger particles show acute angles whichin an elastomeric
matrix lead more easily to the initiation of a crack by decohesion due to by a triaxiality of the stresses The
reinforcing effect of EAF slag particles smaller than 106>m was evaluated by the Kraus plot (see2.3.2.9) and

it was found to be good due to the negative slope of the obtained curve.
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a) Standard NBR
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Figure 47 SEM micrograph and backscattering images of cross sections of specimens broken in liquid Afrogen.
micrograph of standard NBR; b) micrograph of calandered NBR filled with 0% EAF slag; ¢) micrograph and
backscattering image$ calandered NBR filled with EAF slag at 5%v/v; d) micrograph and backscattering images of
calandered NBR filled with EAF slag at 10%vV/v ;e) micrograph and backscattering images of calandered NBR filled with
EAF slag at 20%v/v; e) micrograph and backsety images of calandered NBR filled with EAF slag at 30%v/v.

2.3.2.8.Dynamic properties
Under dynamic conditions, a rubber absorbs energy which is partially stored, as in an ideal solid (usually
modelled as a spring); and partially it is dissipated in overcoming internal friction, as in an ideal fluid (usually
modelled as a dashpot)[208]. This separation of the stress components vectorially allows the materialzs
dependence on strain amplitude and strain rate to be measured simultaneously. The ratio of the elastic stress
to strain is the elastic (or storage) modulus Gz the ratio of the viscous stress to strain is the viscous (or loss)
Modulus G ?. The complex modulus G* = Gz + G? reflects the contribution of both elastic and viscous
components to the materialz stiffness.
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Shear dynamic properties:r&8in sweep

The addition of reinforcing fillers to elastomeric materials leads to an improvement of stiffness as well as

tensile and tearing resistance; thislast sometimesis associated to an elongation at break reduction209]. The

presence of clay strongly affects also the low amplitude dynamic properties [209]¢[218], providing with

increasing the clay content an increase of the storage modulus, which is particularly marked in the region of

the rubbery plateau, associated to a growth of the loss peak. In the case of unfilled rubberor natural gum, the

dynamic moduli behaviour can be predicted by the classical theory of linear viscoelasticity, i.e. they are
independent of the strain amplitude [217], [218]and the classical frequency/temperature shift principle can be

applied successfully [208].

The dynamic shear storage and loss modulus of all tested materials are reported in Figure 48 and Figure 52
respectively. Experimental data are represented by the curves in the shear strain amplitude range of about

0.0210%, and they are interpolated by Krausz model (Equation 20and Equation 21) in order to figure out the

high strain amplitude plateau which was not reached experimentally due to the strain limitation of the device
configuration. As found by different authors for filled rubber compounds [296]t [298], at very low strain

amplitudes (<0.1%) the storage modulus of filled rubber compounds is expected to reach a plateau level G,
whereas at sufficientla wi BT T WUUUEDOWEOx OPUUET Uwps | Y s[20Q|KKthusig ndeld | 1 U wE
storage and loss modulus curves are reported in Figure 48 and Figure 52 respectively up to shear strain
EOxOPUUET wOl whyYudw( UwbPEUwiI OUCEWUT E0wUT T w* UEUUZ UwOOE
phenomenological exponent mfixed at 0.55.

As expected, the EAF slag content within the material is found to promote a nonlinear dynamic behaviour
EOOUPUUDOT wbOwE wWET EUI EUT wOi wOT 1 wUUOUET T wOOEUOUUOwWE&Z Owl
increasing the shear strain amplitude (Payne effect). Thisresult was found to be in accordance to Ramorino et

al [209]. In particular this behaviour is more marked for a slag content higher than 20%v/v, while Standard

NBR dynamic behaviour was found to be very similar to that of NBR filled with EAF slag at 10%v/v. This is

probably because in Sandard NBR carbon black is more agglomerate and the calendering process reduce 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.

It was found that by increasing the amount of EAF slag incorporated within the NBR matrix the Payne effect

become more pronounced as shown inFigure 49. The drop of the storagemodulus with shear strain amplitude

(Figure 48) can be considered a measure of the Payne effect and it was found an increasing of this effect with

filler volume fraction according to many literature works  [209], [216], [296], [297], [299], [300]NBR composite

filled with EAF slag at 30%v/v shows a drop of about 6.6 MPa, while calendered NBR with no added slag

about 0.7 MPa. Figure 49 shows the influence of EAF slag volume fraction on the percentage change of the
UUOUET T wOOEUOUUWI UOOwWUT b)tateguE Ox OPUUET wlODUEDOwE Q pwl E UL
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Figure 48 Dynamic storage modulus in shear mode at 1 Hz, 23°C plotted against strain amplitudel(0d) 2for
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amplitude the predominant mechanismisfiller -filler interaction, and with increasing the strain amplitude it

turn out to be the rubber -filler in teraction (bound rubber).

Nevertheless, at sufficient high strain (about 10%), where the filler network is believed to be fully destroyed,

&Z wPbUwxUOxOUUPOOEOWUOWUT | wi POOT UWEOOUT OV wUT 6pDOT wlT 1T wi
explainthis behaviour, it is necessaryto consider the hydrodynamic effect and the occluded rubber [273][301].

According to Medalia [301]the principal line of theoretical development has involved the treatment of the

elastic modulus on a hydrodynamic basis, modified by the occlu ded rubber concept according to the Guth-

Gold prevision model [293] that find a good agreement with the experimental storage modulus at low strain
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amplitude as shown in Figure 50. The rubber network contribute can be neglected for the purpose of
evaluating the influence of filler particles in NBR matrix because it can be assumed constant for all tested

materials.
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model, it was found that the expected linear dependence is anyway satisfactorily displayed as shown in Figure

51.
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The loss modulus (Figure 52) shows a typical loss peak, which occurs at approximately the same dynamic

amplitude range where the storage modulus is most rapidly decreasing. It is interesting to note that the peak
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of the loss modulus is much higher and occurs at lower strains asthe filler volume fraction increases especially

for NBR filled with EAF slag at 20 and 30%uv/v (see Figure 53). This could be explained by the presence of a

layer of rigid rubber adherent to the filler particles that makes the compound stiffer (increase of storage
OOEUOUUWEUwWOOP MEWEOEDUB OB I0ug Ypd OEUOUUwPDUT wi POOI Uwy OOUO
the dissipation because the conpound behaviour will be more viscous. On the other hand, the dissipative
phenomenon at the origin of the loss modulus peak is assumed to the agglomeration and de-agglomeration of

the filler network which is consequently more marked and occurs at lower stra in amplitude for higher filler

volume fraction.
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Experiments of low amplitude storage modulus recovery after the application of a large amplitude dynamic
strain were performed for all the material investigated. The results are shown in Figure 54, where the low
amplitude storage modulus, measured after the application of the large strain perturbation, is plotted against
logarithmic time. Experimental results show that the presence of EAF slag does not affect the recovery of the
material and the storage modulus at low amplitude strain after a large strain perturbation is only slightly
lower than the initial one (represented by dotted lines). This behaviour may be attributed to a small

modification of the st ructure, which is restored after about 10 minutes.
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dynamic strain (about 10%) for Standard NBR and NBR filleith EAF slag at 0,5,10,20,30% [v/v]. Test frequency of
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Tensile dynamic properties: temperature sweep

The storage modulus as a function of temperature gives the idea about the interaction between the rubber

matrix and the EAF slag as filler [231]. Figure 53 shows the dynamic moduli as a function of temperature: the

storage modulus graphs show three distinct regions, such as glassy, transition, and rubbery regions. The sharp

fall of storage modulus in the transition region is associated to the mobility of polymer chains which increases

with temperature.

371 w$ %wUOET wEUwi POOT UwbOw-! 1wOEUUDPRWPOEUI EUI UwlT T wuO
$7 wEUUYI U ufotlabautldomsifotklagamount of 30%v/v with respect to standard NBR.

This behaviour could be attributed to the interfacial interaction between NBR matrix and slag particles

improving the efficiency of transfer the load from the rubbery matrix to the rigid filler trough the rigid layer

of polymer around the slag particles. Itis important to highlight that the fraction of rigid rubber increases with

ethe slag content. It was found that the calendering process increases the storage modulus of calendered NBR

compared to standard NBR over the investigated temperature range of about 10% due tothe better dispersion

of carbon black (evinced also by SEM observations).

2PDOPOEUVUWEOOUPEI UEUPOOUWEEOWET wEOOT wUl T EVUEDOT wUT 1 wdOOUU
properties of the materials and represents energy lost as heat or dissipatel during one cyclic load. It is shown

in Figure 55E UWE OUUT EWEUUYIT wi OUwi EET w0l UUIT Ew-! 1LWEOOXxOUDPUI 6 w$
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reported in Table18.( UwPEUWOEUT UYIT EwOT EOwUT 1T wOOUUWOBEUOUUwWSzzwbb
are shifted up of about 100% for slag amount of 30%v/v with re spect to standard NBR.

The presence of EAF slag as filler in NBR matrix increases both the material capability to store and dissipate
energy due to the presence of rigid layer around the slag particles (bound rubber).

Due to the increase of mobility of po lymer chains which increases with temperature it is possible to determine
the glass transition temperature TQ). It can be determined as the onset of the storage modulus drop which is
associated to the maximum reduction of mechanical properties. A The loss modulus peak is associated to the
increase of the polymer chains mobility and represents the point of maximum damping. The glass transition
temperature is not affected by the slag content, and it remains constant in all the tested materials for both
determining methods. This behaviour suggests that although the fraction of bound rubber increases with
increasingthe EAF slag content, the temperature necessaryto activate the mobility of polymer chains does not
vary. This means the interaction force between filler and matrix remains constant.
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Figure55Tensile storage and loss modulus of Standard NBR and NBR filled with EAF slag at 0,5,10,20,30% [v/v]. Test
frequency of 1 Hz.

Tablel8 Dynamic mechanical properties and glass transition temperature of Standard NBR and NBR filled with EAF
slag at 0,5,10,20,30% [v/V].

Maximum Maximum Glass transition temperature
. (Tg [°C])
Material mc?(;(::jg ?Ez mc!gilsus
(MPa]) | (Ez[wPa)) | 9P B2 reak
Standard NBR 4,31 0,69 -25,5 -19,1
NBR 0%][v/v] EAF slag 4,79 0,74 -26,0 -19,7
NBR 5%][v/v] EAF slag 5,36 0,82 -26,2 -19,7
NBR 10%][v/v] EAF slag 5,59 0,95 -26,0 -19,9
NBR 20%][v/v] EAF slag 7,02 1,09 -25,0 -18,9
NBR 30%][v/v] EAF slag 9,52 1,45 -25,3 -19,0
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It is important to highlight how the influence of the slag as a filler for the NBR matrix on the dynamic
properties leads to the same considerations on the viscoelastic behaviour, both with the variation of the strain
amplitude and w ith the variation of the temperature.

The ability of NBR composites to store energy is evidenced by the storage modulus curves shift at higher
modulus values proportionally to the amount of slag content. This is associated to the stiffening of the rubber
matrix by the presence of rigid fillers trough the hydrodynamic effect and the filler -matrix interaction which
creates a rigid layer of rubber around the filler particles (bound rubber).

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

The loss modulus curves as function of strain amplitud e show a peak which is ever more marked and occurs
at ever smaller amplitude strain with increasing the EAF slag content. As the slag content increases, the
fraction of rigid rubber around the filler particles, responsible for energy dissipation, also incr eases. The loss
modulus peak is more marked and shifts towards smaller deformation amplitudes for high slag contents as
the fraction of rigid rubber is greater, and the rigid layers of different particles come into contact with each
other already at small deformations. The loss modulus peak increase with EAF slag content is evidenced also
as function of temperature. In correspondence of the glass transition temperature the energy dissipation is
more marked for high filled compounds, due to higher rigid rubb er fraction.

2.3.2.9. Swelling behaviour and crosslink density
The crosslink density is an important structural parameter for cured rubber. Mechanical properties such as
hardness, tensile strength and modulus at a certain deformation are usually the first conside ration when
designing a rubber formulation for a specific purpose. These properties strongly depend on the structure of
the network, such as its density and the type of crosslinking [302]. Due to this is crucial to evaluate the
influence of EAF slag as filler for NBR matrix not only on the mechanical properties but also on the crosslink
density.
Rehner equation (Equation 11and Equation 12respectively) for standard NBR and NBR compositesfilled with
EAF slag in different amount.
It is observable that with increasing the EAF slag content in NBR matrix the swelling coefficient decreases
because the average molecular weight of rubber segment between crosslinks Mc is reduced and consequently
the crosslink density increases. This trend is in line with what expected because it is reasonable to state that
the immobilized rubber fraction around the slag particles is subjected to a lower swelling, and with increasing
this immobilized rubber fraction the average rubber ¢ rosslink density increases[263].
No differences are detected on the crosslink density of standard NBR and calendered NBR without EAF slag.
This means thecalendering process does not affect the polymer capability to vulcanize. This is probably due
to two opposite phenomena: the better filler dispersion increases the carbon black surface area for the bound
rubber formation, bu t 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
[263] could be related the general stiffening and strain at break reduction of NBR composites filled with slag.
The improvement in crosslink density as function of filler dosage can be further explained by considering the
bound rubber around the filler surface [263], [303}t[305]. The rigid and immobilized NBR layer around the
filler particles surface is a consequence of the interaction between slag and NBR. The slag patrticles can be
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covered by rubber layer of high modulus and this in turn gets covered by clay | ayer of low modulus. The
resultant rigid amorphous phase contributes to the high crosslink density and tensile modulus of the NBR

composite [263].
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Figure 56 Crosslink density determined by FleBehner equation and swelling coefficient of Standard NBR and
calendered NBR willed with 5, 10, 20, 30%yv/v of EAF slag.

Figure 57 shows the plot of (Vrw/Vr) against (- /1-. ) 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 in the composite
material. Accordingto Kraustheory, the hi gherthe negative value of the slope, the greater is the reinforcement
of the polymer matrix with the filler. V « is assumed equal to Vo in order to evaluate the EAF slag influence
negletcting that of carbon black wich is constant for all the compounds. T he ratio Vo Vi is less than unity and
the magnitude of the ratio decreases 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 reinforcement effect. As the reinforcement increases,
the degree of transfer of stress from the polymer matrix to the filler will increase, which in turn increases the
constraint zone of polymer chains. Thanks to the strong physisorption of NBR chains on to the filler particles
surface, the latter are well adherent to the NBR matrix leading to reinforcement [263].
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Figure57 Kraus plot of EAF slafjlled NBR.

2.3.2.10. Differential scanning calorimetry analysis
The heat capacity Cp* [J/(g °C)] of the rubber fraction of NBR composites is shown in Figure 58. It is evident
that the glass transition temperature almost remains constant on a value of -24[°C]with increasing EAF slag
content in rubber composites. This is consistent with the trend observed in the DMA results.

each tested material are reported inTable 19.
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temperature as Cp* deflectionpoint and temperature raggef(-2.5°C<Tg<2.5°C) faheimmobilized rubber fraction
calculation.
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transition is dependent on the intermolecular rigidity, that is, the polymer { fillerinteractioninthe filled rubber
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chainsinthe composites. The immobilized rubber fraction was quantified according to Equation 24, theresults

are shown in Figure 59. It is observable that with increasing the EAF slag content the heat capacity increment

required by the rubber fraction in correspondence of the glass transition temperature decreases due to the

presence of a rigid rubber fraction which remains in a glassy phase also above Tg.
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Tale 19 Parameters of calorimetric glass transition: glass transition temperature, heat capacity increment and
immobilized rubber fraction.

Material Glass transition ~Hgat‘c§1p§1c‘ity~ i Immobili;ed rubber

temperature (Tg[°C]) DOEUI Ol OPU U fraction [%0]
Standard NBR -23,90 * 0,42 0,38 + 0,003 3% + 1%
NBR 0%][v/v] EAF slag -24,24 * 0,01 0,36 + 0,008 6% + 2%
NBR 5%][v/v] EAF slag -25,22 * 0,07 0,38 + 0,003 2% + 1%
NBR 10%][v/v] EAF slag -25,23 * 0,10 0,38 + 0,007 3% + 2%
NBR 20%][v/v] EAF slag -25,18 + 0,06 | 0,37 + 0,015 5% + 4%
NBR 30%][v/v] EAF slag -24,70 + 0,22 0,35 + 0,015 10% + 4%

2.3.2.11. Magnetic properties

Figure 60show the force required to detach a magnet from the NBR filled with different amounts of EAF slag.
As expected, the standard NBR does not require any detachmentload but, by adding an increasing amount of
EAF slag as filler the detachmentload grows. This force is still low compared to a metallic material but may
be sufficient for mounting applications where the magnetic force helps the rubber part to seat. For example,
in automatic assembly systems to handle a rubber part it will be sufficient to apply a magnet to the end of the
robotic arm. This solution, in addition to being economical in terms of equipment required, also minimizes
the risk of damage to the rubber comparedto a mechanical handling system by clamps that could generate
micro cracks causing malfunctions in operation. From an application point of view, EAF slag gives NBR
ferromagnetic properties so it could potentially be used as a shield for magnetic fields. Ferromagnetic
materials, having a higher permeability than that of air, offer a preferential path to the magnetic field. In this
way they absorb the flux lines of the magnetic field from the area around the source to be shielded. Obviously
for this application a specific characterization of the material will be required which is not the purpose of this

study.
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Figure60 Detachment force between a magnet and the compound filled with EAF slag in different quantities.

2.3.2.12. Friction
Figure 61 shows the friction force curve during the fricti ontest. The peak of the force detected is the static
frictional force, while the force necessary to keep the system in motion is the dynamic frictional force.
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——30% [%v/v] EAF slag

Figure61Friction force for standard NBR filled with EAF slag

The influence of EAF slag on standard NBR coefficient of friction is shown in Figure 62, while Table 20shows
the static and dynamic coefficient of friction average and standard deviation values. It is possible to notice that
withincreasing the amount of EAF slag as filler both the static and the dynamic coefficient of friction decrease.
The static coefficient of friction decreases linearly of about 20% from the standard NBR to NBR filled with EAF
slag at 30%v/v. The dynamic coefficient of friction remains constant up to a value of EAF slag of 10%v/v than
it decreases of about 20%. This i2 good result because the addition of EAF slag as fillerin rubber matrix could
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give the possibility to avoid a further anti -stiking treatment in the industrial process with the consequent

economic saving.

1.0
0.9
=
i
=
E o7 T
8 4L J_ -
T 0.6 - -
2
= =
2 0.5
[
0.4
0.3
0% 5% 10% 15% 20% 25% 30% 35%
EAF slag [v/v]
==g==Static coefficient of friction [-] Dynamic coefficient of friction [-]

Figure62 Static dyname coefficient of friction function of EAF slag percentage by volume added in standard NBR

Table20 Static dynamic coefficient of friction.

Compound Static coefficient of friction[ -] Dynamic coefficient of friction|[ -]
Standard NBR 0,86 * 0,034 0,70 * 0,012
5% [%v/v] EAF slag 0,82 + 0,026 0,69 + 0,019
10% [%v/v] EAF slag 0,77 + 0,012 0,70 + 0,029
20% [%viv] EAF slag 0,69 * 0,011 0,63 * 0,016
30% [%v/v] EAF slag 0,67 + 0,012 0,56 + 0,017
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2.5.Conclusion
This paragraph aims to characterize an innovative compound consisting of vulcanized rubber NBR filled with

EAF slag, in order to pave the way to a new EAF slag application economically and environmentally
convenient. The influence of four different amounts of E AF slag (5, 10, 20, and 30% v/v) has been evaluated in
comparison with standard NBR and itsinfluence has been assessed accordingto experimental procedures and
analytical calculations commonly adopted in evaluating the reinforcing effect of traditional fi llers.

The main results can be summarized as follow:

1 Stilltoday a large amount of EAF slag is disposed of as special waste. For safe reuse of slag, the leaching
of heavy metals must remain under specific values. The leaching of Cr, Mo, and V of EAF slag
incorporated in the rubber matrix is significantly reduced compared to that of free slag.

1 The processability characteristics of the analysed compound have been evaluated by the rheometric curve.
The results show that a higher amount of slag in NBR slightl y increases the compound viscosity and
accelerates the crosslinking kinetics. From the production point of view, this is a great advantage because
it allows to reduce the production cycle time saving on production costs. On the other hand, this
phenomenon reduces the scorch time, so that the time during which the material can stay in the injection
chamber without vulcanizing is less. The risk of producing not compliant rubber parts is higher. As last,
the rheometric curve data shows an increase in the torque needed to maintain the imposed rotation at
complete vulcanization, indicating an increase in stiffness.

1 Compression modulus increases with growing the filler amount by 50% from standard NBR to NBR filled
with EAF slag at 30%v/v. The compression test resilts demonstrate that by increasing the amount of slag,
the material offers an ever-increasing resistance to deformation.

1 Hardness value (both Shore A and mIRHD) increases with increasing the amount of added filler.

f  Compression set results show thatthe pUl Ul OET wOi wi POOI UwUI EVUET UwUT T woOE
imposed deformation; up to a filler content of 10%v/v the compression set is below 15% which is a good
value for real applications, while for a filler content of 20%uv/v it is below 20% which is still acceptable.

1 Inthe real case of gasket assembled in load control or displacement control, comparing the performance
of a standard NBR and an NBR filled with EAF slag it is possible to observe that in both assembly
configurations EAF slag affects the compound propertie s positively.

1 The addition of metal slag in an elastomeric matrix gives the final compound magnetic properties that the
elastomer alone does not possess. These properties can be exploited both in the application field or simply
for the optimization of as sembly. The force required to detach a magnet from the compound increases as
the added EAF slag amount increases.

1 The static and dynamic coefficient of friction are reduced with increasing of EAF slag content.

1 Satic andthe 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 immobilized rubber fraction quantified by DSC analysis increases as well
as the crosslink density determined by the Flory -Rehner equation.

f 371 wi AaEVUOEAOQEOPEWI I 11T E0wkpEUVUWI YEEdotermitet By und @nsile test and OU OT 7 |
OOwUT 1T wUT T EVWUUOUETT wOOEUOUUwp&z AwEaw#, dw( OwbpEUwW OU
by the Halpin-3 UE D wx Ul Y B U D O & wbyxkak pioposeel byBE0th ané Golx.
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1 The presence of the EAF slagn the dynamic properties of NBR composites can be summarized as follow:

(0]

The ability of NBR composites to storage and to dissipate energy is evidenced by the storage and
loss moduli curves shifted at higher modulus values proportionally to the amount of sl ag content.
EAF slag volume fraction increases the non-linear behaviour (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 amplitu de 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 differe nt particles come into contact with each other at lower strain
amplitude.

The increase of the loss modulus peak with EAF slag content is evidenced also as function of
temperature. In correspondence of the glass transition temperature the high filled compo unds
show a more marked loss modulus peak because of the immobilized rubber fraction which does
not participate in the glass transition (lower heat capacity increment is required). A good
incorporation of the particles into the matrix was also 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 presence of EAF slag as filler does not affect the storage modulus recovery after a larg strain

perturbation.

The addition of EAF slag up to 10% v/ v can bring economic and environmental benefits thanks to the saving

of raw material without dramatically altering the properties of the standard material.
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3. EAF Slag Filled recycled NBR scrap

The management of rubber scraps derived from rubber goods production is becoming an increasingly critical
problem in the sector and unfortunately, the recycling and reuse of general rubber goods amount to only 1.5%
of the total waste generated[130]. The amount of industrial rubber scraps consists of about 20-30% by weight
of the processed material, due to the presence of filling channels (in the injection mould ing process) and
infiltrated material between the two half -mould s which creates a thinrubber film (rubber flash) from which
the pieces will be removed by subsequent processing (deburring). The re-processing of crosslinked elastomers
is possible when the crosslinks formed during the vulcanization (C -S and SS for sulphur curing) are cleaved
without damaging the C -C bonds of the macromolecular chain [130], [132], [133] When the cleavage of GC
bonds occurs, and it is predominant to that of C-S and SS bonds, the degradation process takes place with
consequent deterioration of the mechanical properties of the rubber [130].

The phenomena of vulcanization and degradation are both interconnected with each other. It is not possible
to only cleave crosslinks or to only cleave the main polymer chain during a process, to that both of them take
place during the rubber re -processing. Because of this, the importance to limit the degradation and increase
the devulcanization enhancing the chances of rubber recycling is therefore evident.

In this section, the NBR scraps are recycled viacalendering process at room temperature with no additives.
The calendering process consists in forcing the rubber between two rotating cylinders which generate high
shear stresses and extensional stressing levels on the material leading to the obtaining of a rubber sheet that
can be further processed via compressionmould ing. Obviously, as the fraction of recycled rubber increases,
the possibility of creating complex geometries decreases due to an evergreater degree of crosslinking,
however for simple geometries and for specific applicationsiti s possible to replace even only partially virgin
rubber with recycled industrial waste.

This rubber recycling method, according to the best knowledge of the authors, is not reported in any literature
work and it doesn z require any specific tool since the calender (or open mixer) is a machine of common use
in the rubber industry.

Different amounts of recycled NBR (20, 80 100% wt) were characterized by swelling test, tensile and
compression test, hardness test, and compression set. Also, the influence of reycling methods was assessed:
compression mould ing, calendering process, and calendering process followed by compression mould ing.
Furthermore, the characterization was also performed via Attenuated Total Reflection + Fourier Transform -
Infrared Spectroscopy (ATR-FTIR) coupled with chemometrics to detect if any changes due to oxidation
related to the recycling process had occurred. FFIR spectroscopy technique has been extensively applied in
the analysis of polymers and rubber -based compounds[306]t [308]. Furthermore, in this field, IR spectroscopy
has been applied to vulcanized rubber for detecting changes in chemical structure due to oxidative aging of
NBR [309], developing methods for super vising the vulcanization and recovery processes of EPDM rubber
[310], and for characterization of NBR surface alterations caused by chemical oxidation [311].

It has been found that in general the increase in the recycled rubber fraction does not have a marked
detrimental effect on some original properties, in fact, the hardness remains within the tolerance allowed for
virgin NBR, up to 80% of recycled NBR compr ession set does not vary, while the tensile modulus increases at
the expense of stress and strain at break and under compression stress the recycled materials shows a stiffer
behaviour. On the other hand, no differences were found in the multivariate analy sis ofthe FT-IR spectra. This
means that no changes regarding the chemical structure of the polymer were detected.
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Once the recycled NBR study was completed, another test campaign was carried out on 100% recycled NBR
with EAF slag additives. In particul ar, the influence of 10% by volume of EAF slag as filler was investigated
but also with the same amount of filler the influence of different granulometric ranges 0 -50um and 50-100pm.
As first the EAF slag was characterized in terms of chemical composition by XRF and mineralogical phases by
SEM-EDXS analysis, then the leaching behaviour of different slag grain size ranges has been investigated. It
was found that the EAF slag chemical composition consists mainlyin Iron oxide, Silicon oxide, Calcium Oxide
and other oxides in minor quantities. The identified mineralogical phases where larnite, brownmillerite and
chromite. The leaching test results confirmed that as general trendthe fine slagreleases more than coarse slag,
but due to the heterogeneity of the slag cannot bestated, without further investigations, thatafiner pulverized
slag presents higher leaching than another less fineslag.

As regard the characterization of 100% recycled 100% recycled NBR filled with EAF slag 10%[v/v] in a grain
size 0-50pum and 50-100 pm respectively, the crosslink density was assessed by the FloryRehner equation
based on swelling test data; a mechanical characterization was carried out in terms of hardness, tensile
properties and dynamic mechanical analysis (Payne effect)and low strain amplitude recovery after a large
strain amplitude perturbation. The results show an increase of crosslink density, hardness, and static and
dynamic modulus of EAF slag filled recycle NBR, and in particular that filled with the finest EAF sl ag (lower
than 50um).

On the basis of the results obtained, it is possible to state that both industrial rubber wastes, EAF slag and
rubber scraps, have a potential that can be exploited bringing advantages not only in environmental terms for
non-disposal but also in economic terms.

3.1. Materials

3.1.1Industrial NBR scrap
The tested material is an industrial NBR hardness 60SH A, carbon black 40 phr vulcanized with Sulphur

provided by Novotema Spa (Villongo BG, Italy).

The industrial scraps are recycled by calendering process on an open mixer and it is tested as 100% recyctk
NBR or compounded with different amounts of virgin NBR. Moreover, the influence of further compression
mould ing is assessed in order to produce rubber sheets thicker than 2mm for compression tests.

Tested materials and production process are listed below:

3.1.1.1.  Virgin NBR compression moulded
Virgin NBR samples have been obtained by compressionmould ing. About 18 g of unvulcanised NBR is placed
between pre-heated plates and kept under a pressure of 40MPa for 15 minutes at 180°C.The test plates so
obtained are then cut in the required shape for the mechanical characterization.

3.1.1.2.  Virgin NBR Calendered and compression moulding
In order to evaluate different materials subjected to the same production process a virgin NBR has been
produced by calendering process followed by compression mould ing under a pressure of 40 MPa for 15
minutes at 180°C to obtain test plates. This is the same process adopted for the production of recycled materials
as explained following.
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3.1.1.3. 100% recycled NBR: Calandered
100% recycled NBR samples have been obtained bgalendering the industrial scraps previously produced by
injection mould ing at temperature of 170°C. The used calender machines has been provided by Meccaniche
Moderne srl (Busto Arsizio VA, Italy). | nthe calendering process the rubber is worked in several steps during
which the temperature increases (70-80°C) due to the high shear stresses generated by the cylinder in the
material that gets soft and plasticized as shown in Figure 63. The material obtained at the end of the
calendering process is a sheet of about.-2 mm.

.

Figure63Plasticized rubber duringalenderingprocess

3.1.1.4. 100% recycledNBR: Calendered and compressionmoulded
Inorder to produce thicker sheets, the rubber scrapsis also compressiormould ed after the calendering process

with the same process parameters as virgin NBR (15 minutes at 180°C at 481Pa).

3.1.1.5. 80% recycled and 20% vigin NBR: Calendered
A calendered sample has been obtained by adding 20%wt of unvulcanised virgin material in the industrial
scraps and the mix has been thus calendered as described above.

3.1.1.6. 80% recycled and 20% virgin NBR: Calendered and compressionmoulded
Calendered and mix 20%virgin and 80%recycled NBR also compressionmould ed with the process parameters
equal to 15 minutes at 180°C at 40Pa.

3.1.1.7. 20% recycled and 80% virgin NBR: Calendered and compressionrmoulded
As last, a calendered sample has been obtainedoy adding 80%wt of unvulcanised virgin material in the
industrial scraps and the mix has been thus calendered as described above. This mix due to the high presence
unvulcanized rubber cannot be tested without a further compression mould ing process which is performed
with the usual parameters (15 minutes at 180°C at 4MPa).

3.1.2EAF Slag filled recycled NBR scrap

EAF slag was supplied by Ori-Martin (Brescia, Italy) steelmaking plant. The slag used as filler was grinded
and sieved in 4 grain size range: 0-50um, 50-100 pm, 100150 pm, 156300 pum.

The used rubber scrapis an industrial NBR hardness 60SH A, carbon black 40 phr vulcanized with Sulphur
provided by Novotem a Spa (Villongo BG, Italy). For safe of clarities it is important to highlight that this
characterization has been carried out on the same NBR scrap a8.1.1Industrial NBR scrap but on different
industrial batch and the used calender machine has been provided by Gaogetech instrument (Dongguan,
China). The industrial rubber scr ap was recycled following the same procedure detailed in 3.1.1.4100%
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recycled NBR: Calendered and compressionmould ed with the addition of 10% by volume of EAF slag in a
grain size lower than 50um, and between 50 and 100um in order to investigate the influence of different filler
grain size with no changes in the filler content. In summary the characterized materials are:

1 100%recycled NBR

I 100% recycled NBR filled with 10% EAF slag [v/v] grain size 0-50 pum

1 100% recycled NBR filled with 10% EAF slag [v/v] grain size 50-100 um

3.2. Methods

3.2.1Recycled NBR scrap Characterization
3.2.1.1. Swelling test
For the swelling test rectangular samples of about 500mgwere cut and immersed in toluene in sealed glass
tubes for 48 hours at room temperature. The swelling coefficient is determined according to Equation 11.
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[185], [189], [190]
(Equation 12and Equation 16).

3.2.1.2. Tensile test
Mechanical tensile tests were performed by an Instron dynamometer (mod. 3366) at room temperature and at
a crosshead 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[197]. The considered strain is the optical one
in order to exclude the influence of the sample edges. The measurement is performed three times for each
EOOxOUOEGwW3T 1 ws8OUOT zUw OOEUOUUW T EVUw ET 1 O ustéin @urve D O1 E w E
correspondence to the initial linear section.

3.2.1.3. Compression Test
Compression tests were performed on three samples for each material by a dynamometer (mod. 3366)
provided by Instron (Pianezza, TO, Italy) at room temperature and a strain rate of 10 mm/min. Cylindrical
specimens with a nominal diameter of 12mm and a thickness of 6 mm were produced for this test. The
compression test was performed according to the standard ISO 7743[121].

3.2.1.4. Compression Set
The compression set is determined by imposing a compression deformation of 25% on cylindrical samples
(nominal diameter 12mm and a height of 6 mm) for 24h at 100°C.
The compression set was determined according to standard ASTM D395 (test method BJ278].

3.2.1.5. Hardness Test
The compoundszhardness was measured according © the most widely used scales in the rubber industry:
Shore A hardness and micro International Rubber Hardness Grade (mIRHD). The Shore A measurements
were carried out for 3 seconds accordingtothe standard ISO76191[276] by an automatic hardnesstester Shore
PC type A provided by Gibitre Instrumen ts (Bergamo, Italy). The mIRHD measurements were carried out for
30 seconds according to the standard ISO 48277] by an automatic hardness tester Micro IRHD -PC provided
by Gibitre Instruments (Bergamo, Italy).
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3.2.1.6. FT-IR Measurements
Attenuated total reflection Fourier transform infrared (ATR -FTIR) spectroscopy was performed with a
Nicolet iINLOMX (Thermo Scientific, Milan, Italy) Microscope equipped with a cooled MCT detector. Each
spectrum was recorded in a triplica te, at 16 scans with a resolution of 8cm, in the range of 4003675 cmt. For
EOOwUxI EUUEWOEODXxUOEUPOOUW. , - ("2w2x] EUEawp3T 1 UOOW2EDIT
Principal Component Analysis
Among the most significant and powerful approachesin chemometrics, principal component analysis (PCA)
is used in a wide variety of different fields [312]. PCA aims to extract the information encoded into a certain
number of variables, into a smaller set of new orthogonal, named principal components. The key issue of the
PCA method consists in the rotation of the data matrix in a way that the first new axis is oriented in the
maximum variance of the data, while the second one is perpendicular to the first and oriented in the
direction of the next maximum variance of the data and so on, for the other PCs.
The computational procedure of PCAis the following [313]:
1. Starting from the data matrix =, the correlations between the variables are evaluated with the
covariance matrix 4| .Then|is diagonalized according to Equation 29.
L L
Qe Q ch—g—p
Equation29

Where = is the centered data matrixand= represents its transposition. The diagonalization of the matrix
leads to obtain the eigenvalues matrix @ )it} , where on the diagonal the are the eigenvalues ordered in a
decreasing way and the loadings matrix 4 /0 where the columns represent the eigenvectors of the
covariance matrix. It is worth noting that the eigenvectors are the vectors of a new space and they are
directed in the dire ctions of maximum variance, ordered in a decreasing way.

2. The two matrices 4 and @can be obtained by applying the single value decomposition technique

(SVD) on the covariance matrix according to Equation 30C;
{ 4 e 4 _aa

Equation30

3. By the operation reported in Equation 31, it is possible to represent the new objects in a new
space defined by the PCs:

Equation31

Wheredis a rotation matrix and J||represents the object coordinates in the new PC space.
Each componentis a linear combination of the original variables. The coefficients of the corresponding variable
for each principal component, are collected in each column of 4.Furthermore, loadings are standardized linear
coefficients and the sum of squares of loadings for each m-th eigenvector & isequalto 1, accordingtoEquation
32
% Bgt,
Equation32
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This means that a value ofa close to 1, in absolute value, indicates that the jth variable is important in
defining the m -th principal component, while & close to 0 indicates that the jth variable is not relevant for
the m-th component. The scaeso represents the coordinates of the samples in the new orthogonal space
defined by the M principal components and they are obtained by a linear combination of the original variable
values through the loadings according to Equation 33:

o o ta

Equation33

The reductant information can be excluded from the original data because the lowest eigenvalues are coupled
with the principal components that contain only noise or not relevant information. Therefore, only a subset M
<p of principal components may be considered.

Software

Multivariate processing and statistical tools were carried out with MATLAB 2020b (The MathWorks, Inc,
Natick, MA USA .). To normalize ATR/IR spectra, spectral pre -processing based on Standard Normal Variate
and mean centering was applied [314]. All the calculations were carried out by means of PLS-Toolbox
(Eigenvector Research, Inc. Manson, Washington).

3.2.2EAF Slag filled recycled NBR scrap

3.2.2.1. X-ray fluorescence spectroscopy
The EAF slag chemical composition has determined by X-ray fluorescence spectroscopy carried out by the
31T UOOwW2EDPI OUDPI PEFwxUOVB/ES EWmEA, w3 T 1 UOOw»DUT 1 Uw2EDPI OUDI
United States). EAF slag chemical composition is reported in Table 21.

3.2.2.2. SEM-EDXS analysis
The identification of the mineralogic phases which constitutes the slag has been carried out by SEM-EDXS
analysis. A standard metallographic polishing procedure was performed on the EAF slag s ample which was
analyzed by a SEM-EDXS (SEM Leo Evo 40, Carl Zeiss, Oberkochen, Germany; EDXS microprobe Link
Pentafet Oxford mod 7060; Oxford Instruments, Oxfordshire, U.K.).
In Figure 73 the SEM-EDXS analysis carried out on a metallographically polished sample utilizing back -
scattered electron (BSE) mode is reported.

3.2.2.3. Leaching behaviour
The leaching test was conductedof slag grain size lower than 4mm (according to th e standard CEN EN 12457
2 [72]) and also on slag in different grain size range: 0-50um, 50-100 pm, 100150 pm, 156300 pum. The test
condition s were maintained at mixing time 24h, liquid/solid ratio 10:1.
The eluates were then analyzed by by an Avio 200 ICP Optical Emission Spectrometer Perkin EImer (Milano,
Italy) to measure the concentration in the solution Cr, Mo, and V (3 measurements).

3.2.2.4. Swelling test
See procedure detailed in3.2.1.1Swelling test
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3.2.2.5. Hardness test
Hardness testin mIRHD scale was performed according to the standard ISO 48 [277] as detailed in 3.3.1.5
Hardness test

3.2.2.6. Tensile test
See procedure detailed in3.2.1.2Tensile test

3.2.2.7. Dynamic mechanical analysis
Dynamic mechanical analysis performed by a Dynamic Mechanical Thermal Analyser Q800 by TA
instruments (New Castle, United States) in the tensile mode at room temperature and a frequency of 1 Hz by
varying the applied strain amplit ude between 0,001% and 50% to observe the low and high amplitude plateau
of the storage modulus. This test was performed twice on specimens of nominal dimension 1x5x30mm.
Recovery tests of low strain amplitude dynamic modulus after the application of a high amplitude dynamic
strain were performed using the same fixture for a recovery time of 5 minutes.

3.3. Results and discussion

3.3.1Recycled NBR scrap characterization
3.3.1.1. Swelling test

The swelling behaviour of cured rubber provides indications on the crosslink density of the material. This
property is particularly relevantin the rubber recycling because on one side the crosslink density affects the
mechanical behaviour of the material and on the other side the crosslinks are the responsible of the rubber
curing or else of the impossibility to re -process the rubber compound by heating the material as for
thermoplastic polymers.
The crosslink density is an important structural parameter for cured rubber. Mecha nical properties such as
hardness, tensile strength and modulus at a certain deformation are usually the first consideration when
designing a rubber formulation for a specific purpose. These properties strongly depend on the structure of
the network, such asits density andthe type of crosslinking [302]. Due to this, it is crucial to assess the svelling
behaviour which is related to the crosslink density, of recycled NBR in different amounts compounded to
virgin NBR.
The swelling coefficient indicates how much solvent has penetrated the material: the lower the swelling
coefficient, the greater the resistance of the macromolecular structure to solvent absorption.
Nitrile -butadiene rubber has aloose collection, large molecular clearance and weakintermolecular interaction,
for which Toluene can easily penetrate the polymer. Due to the affinity bet ween Toluene and NBR, solvation
with surface macromolecules will take place and solvents permeate into the inside gaps of the
macromolecules. The solvent molecules that penetrate can also cause the solvation of the macromolecular
chains, weakeningthe force between segments of the macromolecular chains and increasing the spaces, which
is called swelling. The swelling of polymer materials is characterized by significant volume expansion and
mass increase from the macroscopic perspectivg315].
Figure 64 shows the crosslink density determined by the Flory -Rehner equation of virgin NBR and different
compounds (virgin and recycled NBR mixed in different amounts up to 100% recycled NBR) processed by
compression moulding (n), calendering process (D and calendering process followed by compression

moulding ( 0
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By observing calendered and compressionmould ed materials, virgin NBR has a crosslink density, higher than
that of 20% recycled NBR and lower than that of 80% and100% recycled NBR.

In general, with increasing the amount of recycled rubber from 20 to 100% the crosslink density increases
because the amount of material subjected to 2 curing processes (injection moulding and compression
mould ing) is larger.

It is also important to consider that the calendering process on cured rubber acts damaging the
macromolecular network of cured rubber via a mechani cal devulcanization that breaks not only the crosslinks
but also the covalent bonds of the principal macromolecular chains causing a material degradation.

If on the one hand devulcanization reduces the crosslinking density, on the other hand the aging phe nomenon
linked to oxidation and thermal oxidation must be investigated because the oxidative crosslinking, may occur

in calendering process of rubber scraps caused by the temperature increase by friction, resulting in an opposite
effect on the swelling behaviour .

Because of the presence of unsaturated double bonds in butadiene units, NBR generally becomes hard and
brittle, and cracks often occur during the thermal oxidation process due to the predominant oxidation and
crosslinking reactions. The carbon atoms adjacent to double bonds are easily attacked due to electron shifts,
and they form radicals to initiate thermal oxidation and crosslinking reactions during aging [316], [317].
Nevertheless it was found by the FT-IR analysis that the calendering process does not affect the NBR chemical
structure (see3.2.1.6FT-IR Measurements).

Compared to standard NBR, that is virgin, the addition of 20% of recycled NBR leads the devulcanization
mechanism to be preponderant. As the quantity of recycled NBR increases, the crosslink density increases
both due to the increase of cured rubber fraction.

As last it is interesting to notice that the crosslink density of compression mould ed virgin NBR is sli ghtly
higher than that of calendered and compression mould ed one. This means that the macromolecular network
of compression mould ed NBR is less prone to absorb the solvent due to a lower macromolecular mobility
which is found also in

This suggests that the improved distribution and dispersion of carbon black promote the crosslinking due to
greater surface to which the polymer can adhere, formingthe so-E E O O1 E w? E G2¥Ja31) BEY U~ w
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Figure64 Crosslink density determined by FleRehner equation (swelling in Toluene for 48h at room temperature).

3.3.1.2. Tensile test
Figure 65shows the mean the stressoptical strain curve for the tested materials.
As first it is possible to notice that the calendering process affects the tensilebehaviour of virgin NBR. Virgin
NBR calendered and compressionmould ed show the highest stress and strain at break (1%Pa and 530%
respectively); the same material processed only by compressionmould ing process shows higher stress at equal
strain up to break which occurs at 17 MPa and 380% optical strain. Thisbehaviour results in a higher tensile
modulus ( Figure 66). E (as the slope of the first linear section of the stress strain curve) is equal to MPa for
the virgin NBR compression mould ed and 5.8 MPa for virgin NBR calendered and com pression mould ed.
E(100%) (as the slope of the secant at 100% strain) is equal toMPa for the virgin NBR compression mould ed
and 2.5MPa for virgin NBR calendered and compression mould ed (seeFigure 66). According to Boonstra et
al.[319]this could be attributable to the carbon black dispersion. A better dispersion of the carbon black leads
to a smaller quantity of occluded rubber which can contribute to deformation and to a greater surface area of
the filler to which the polymer can adhe re, leading to an increase in the stress at break. As the carbon black
dispersion in the elastomeric matrix increases, the ultimate properties and the elastic modulus increase [318].
As regarding the reduction of the elastic moduli for the v irgin NBR calendered and compression mould ed
which respect to that compression mould ed , it could be attributable to a higher fraction of occluded rubber
due to the lack of calendering process. In other words, the calendering process implies a double effed on the
OEUI UPEOO wWwOOwWOO! wUPET wPUwHPOxUOYI UwUOTT wUOUDPOEUT wUI OUE
dispersion of the carbon black, on the other hand it softens the compound as it dissolves the macromolecular
structure and reduced the occluded r ubber fraction.
The 20% recycled NBR compound processed bycalendering and compression mould ing process shows a
stress strain curve similar to that of virgin NBR processed likewise whit slightly lower ultimate properties,
and equal tensile moduli (E and E(100%)) as shown inFigure 66.
Stress and strain at break are significantly reduced for a presence of 80% of recycled NBR. The material
obtained by mixing in the calendering process recycled NBR and virgin unvulcanised NBR 20% shows the
lowest stress at break and secant elastic modulus at 100% strain, and strain at break equal to compression
mould ed Virgin NBR. This material is the one with the lowest crosslink density (a s shown in Figure 64) due
to the presence of 20%wt of uncured NBR that promote the macromolecules alignment achieving high
elongation at break. For the same reason, 80%ecycled NBR processed by calender shows the lowest moduli
and the lowest stress at break.
When the same material (80% recycled NBR) is processed also by compressiomould ing, its mechanical
properties are markedly improved due to the cure of the unvulcanized rubber fraction according to the
swelling behaviour (Figure 64).
As regards the 100% recycled NBR, the industrial scraps processed only bycalendering process show a tensile
behaviour similar to that of 80% recycled NBR calendered and compressionmould ed with a slight stress and
strain at break reduction and equal elastic moduli ( Figure 66).
The same material processed bycalendering process followed by compression moulding shows a stiffer
behaviour (highest secant elastic modulus at 100% strain as shown irFigure 66) and marked strain hardening.
This could be attributed to a lower macromolecular mobility, which h owever has not been detected in terms
of crosslink density increase by the swelling test nor in terms of alteration of chemical structure due to aging
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by the FT-IR spectrum. It is then possible to relate this macromolecular mobility reduction to a higher
eOUEOT O1 01 O0Uz wx Ul Ul OEI 6

The 100% recycled NBR calendered shows lower stress at break and secant elastic modulus at 100% strain but
higher strain at break than the same material calendered and compression mould ed because its
macromolecular network mobility is not reduced by the compression mould ing.
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Figure65Tensile stress optical strain mean curve for each material (100/mm/min, 1ISO 37 type 2).
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Figure 66 Tensile tangent modulus (BV[Pa]) and tensile scant modulus at 100% optical strain (E(100% strain)
[MPa]).

3.3.1.3. Compression Test
Figure 67 shows the compression stress strain curves of the materials subject to compressin mould ing that
allowed to obtain specimens of the required thickness. It is possible to notice that the calendered and
compression mould ed NBR 100% recycled requires the highest compressive stress to achieve a strain value of
50%. This could be due to its highest crosslink (segrigure 64) and entanglement density. As general trend is it
possible to state that with increasing the amount of recycled NBR, the compression resistance at 50% strain
increases. Standard NBR deviates from this trend. Calendered and compressionmould ed standard NBR
require a compression stress lower than that of 100% recycled NBR and higher than that of 80% recycled NBR,
while compression mould ed standard NBR shows a compression stress strain curve similar to that of 80%
recycled NBR.
The calendering process on standard NBR makes he compound softer at high strain but with higher
compression elastic modulus E[MPa] (defined as the slope of the first linear section of the stressstrain curve)
as shown in Figure 68.
At large deformations the addition of recycled NBR initially makes the material softer (drop from standard
NBR to 20% recycled NBR) after which as the amount of recycled NBR increases the material becomes more
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rigid until it exceeds the Standard NBR. This trend is compliant to that of crosslink density shown in  Figure
64.

The effect of the calendering process carried out on the not yet vulcanized material (virgin) and on the
vulcanized material (recycled) is different: in the first case the macromolecular structure has a clearly more
viscous than elasticbehaviour, while after the curing the material has a more elastic than viscous behaviour.
For this reason, calendering process initially crumbles the cured material into small pieces with consequent
reduction in the macromolecular weight. After several passages in the calender, the crumbles of cured rubber
are able to return to being a cohesive material. As regards the compounding a fraction of vulcanized rubber
to an uncured virgin rubber fraction, during the calendering process the uncured rubber fraction acts as a

viscous matrix within which the vulcanized NBR fraction is dispersed.
8
7
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— Standard NBR: compression moulded

—Standard NBR: calandered and compression moulded
—20% recycled: calendered and compression moulded
—80% recycled: calendered and compression moulded
—100% recycled: calendered and compression moulded

Figure67 Compression stresdrain curves mean curve for each material ( 10mm/min, ISO TY28)

Unlike what is shown in the tensile modulus of elasticity, the compressive modulus of elasticity of recycled
and calendered materials slightly decreases for a recycled rubber fraction of 20% ard then it remains about
constant as shown in Figure 68. It is interesting to highlight that the compression elastic modulus of the
recycled NBR in different amounts is equal to that of virgin NBR compression mould ed.
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Figure68Elastic compression modulus.

3.3.1.4. Compression Set
To determin e the effect of recycled NBR on the capability of the material to recover an imposed deformation,
the compression set test was carried out. The experimental results are shown inFigure 69. It was found that
the presence of recycled rubber up to a value of 80% does not affect significantly the compression set (whose
value remains about 20%), but a slight pejorative effect was evidenced for 100% recycled NBR whose
compresson set is 24%.
This could be attributable to the highest crosslink and entanglement density that reduces the mobility of
rubber chains in recovering the imposed deformation. The same correlation between crosslink density and
compression set was found alsoby Mostafa et al.[320], Van Der Schuur et al.[321]and Zhao et al.[317].

30

25
2

= 20
2
S

5 15
=
S

o0

5

0

Standard NBR  20% recycled 80% recycled  100% recycled
NBR NBR NBR
@ Calendered and compression moulded A Compression moulded

Figure69 Compression set (100°C, 24h, compression strain)25%

146



EAF Slag Filled recycled NBR scrap

3.3.1.5. Hardness test
Hardness is defined as material resistance to penetration in specific conditions, the hardness of an elastomer
is more accurately thought of as two relative properties: Intrinsic hardness and processed hardness.
As a result of chemical structure, each elastomer has its own intrinsic hardness. This inherent hardness can be
modified via compounding and vulcanization. The hardness of the rubber articles obtained via injection or
compression mould ing process (processed hardness) is mainly influenced by crosslinking density. The more
crosslinking a given material undergoes during vulcanization, the harder the mould material will be [321],
[322]. When evaluating the potenti al effectiveness of amould ed article, processed hardness is one of the most
common evaluation criteria in the rubber industry.
Unfortunately, hardness is also one of the less consistent concepts as the most used measuring scales have
only limited comparability. There is no single ?universal hardness? unit, so it is often impossible to trace a
clear and simple relationship between the readings on two different scales, even when the samples to be
measured are identical. The most used rubber test are: Shore hardness and International Rubber Hardness
Grade (IRHD).
Experimental results of hardness measured in Shore A and micro IRHD are reported in Figure 70.
The used virgin NBR is commercialized with a nominal hardness 65+/-5 SH A, it is possible to notice that the
hardness Shore A of alltested compound is in the tolerance admitted range. It is worth wide to highlight that
one of the most important properties, i.e. the hardness is not affected by the presence of different amounts of
recycled NBR. As expected, the calendered 80% recycled NB (with 20% of unvulcanized NBR) shows a
hardness value clearly lower than the nominal value and is out of tolerance. This is due to the relationship
between hardness and crosslinking density for which a lower degree of crosslinking given by the presence of
20% of uncured NBR also leads to a decrease in hardness.
The microhardness IRHD is slightly lower than the hardness SH A for all tested compounds except for the
20% recycled NBR compound which shows a microhardness value markedly lower. This could be rel ated to
the different test configurations: hardnessin SH A is measured after a load application for 3 seconds while
micro hardness in mIRHD is measured after a preload application (5 seconds) and a load application (30
seconds). Due to the viscoelastic naure of rubber, a longer time of application of a constant load allows the
material to relax. The material with a lower crosslink density relaxes more showing resulting in a lower
hardness.
Regarding the compounds subjected only to calendering process, the100% recycled NBR does not seems to
be affected by the compressionmould ing because it is already fully vulcanized during the injection mould ing
process that generated the rubber scraps. The calendered 80% recycled NBR shows a microhardness mIRHD
just below that of the same material processed also by compressionmould ing.
The influence of calendering process on virgin NBR before compressionmould ing leads a slight reduction of
hardness [mIRHD] due to a better distribution and dispersion of carbon black pa rticles (decrease of occluded
rubber and increase of bound rubber). This finding is in agreement with the crosslink density and tensile
modulus results.
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Figure70Hardness valuesin Shore A and microhardness valuesin mIRHD.

3.3.1.6. ATR-FT-IR Results
Original spectrum of the NBR compound is shown in Figure 71. By way of example, Virgin NBR is presented.
The spectrum is dominated by the following ma in peaks:
1 990960 cmt attributable to C -H stretching and Deformation Vibrations of trans olefin ( -CH=CH-).
1 10001050 cmtis from silica. NBR has silica as one of its reinforcing fillers [309].
1 13901370 cmtrelated to symmetric CH svibration.
1 14401410 cmt which represents the CHs deformation vibration overlapped with CH 2 scissor
vibration.
1 15501600 cntrelated to something not attributable to the structure of NBR. It is probably related to
additives or accelerators of vulcanization process.
1 22602220cmtin which C=N stretching is occurring.
1 28003000 cmtwhich are the absorptions associated with C-H symmetric and asymmetric stretching
of CHs and CHz groups, respectively.
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Figure71Typical FT-IR spectrum obtained by NBR is used in this study.

PCA Results
The 24 collected specta have beenretrievedin a single matrix, 24x863 (Samples x Wavenumber), and imported
in Matlab environment for the application of multivariate analysis. PCA was applied overall spectral region
after the pre-processing previously described. Figure 72shows the score plot of PC1 vs PC2 (a), and PC1 vs
PC3 (b). The three first components explain the 82% of the total variability, and we can note immediately that
there is no separation between the several types of samples. In fact, the different sample categories overlap
with each other, in the score plot of PC1 vs PC2 as well as for PC1 vs PC3. This means that there are no
differences between the recycled rubber fraction, with the virgin one. Moreover, the type of process does not
affect the spectra. Samples are distributed randomly without the formation of clear and tight clusters; the
variability is not attributable neither to the type of the process, neither to percentag e of the recycled fraction.
Therefore, in the course of the recycling process, no chemical changes were observed as a result of oxidation.

149



EAF Slag Filled recycled NBR scrap

25 I ¢ 100 Recycled NBR: Galandered
: B 100 Recycled NBR: Calandered and Compression moulded
21 i {A 20 Recycled NBR: Calandered and Compression moulded
| A 80 Recycled NBR: Calandered
@ | - 80 Recycled NBR: Calandered and Compression moulded
o 150 L NBR scrap
o I ¢ Virgin NBR: Calandered and Compression moulded
& 1l : = | W Virgin NBR: Compression Moulded
~ A |
I 25
O 05+ |’ !
o | (b) !
c I - 2+ 1
T T 12 :
o : " xR 151 1
.05 *3! @ |
wn 1 m o |
I = A (S [
Ar \ ™ i "
I O o5 .
1.5 . L 1 L L ' L o = :
-1.5 -1 -0.5 0 0.5 1 1.5 2 25 g PY :
Scores on PC 1 (37.89%) @ OFTTTETTTC ) LT 7]
e % 1
A | |
Sos * !
(%3] .
1
-1 A 1
1
1 n
15 L 1 1 L

-6.5 0 0\.5 1 1\.5 2
Scores on PC 1 (37.89%)

150 A1 25

Figure72Score plot of PCA was carried out on 24IRTspectra collected in this study. PC1 vs PC2(a) is presented, as
well as PC1 vs PC3 (b).

3.3.2EAF slag filled recycled NBR characterization
3.3.2.1.

The EAF slag chemical compositiondetermined by XRF is reported in Table21. As expected, the main oxides

X-ray fluorescence spectroscopy results

composing the slag are iron oxide, calcium oxide, silicon oxide.
Also in this slag the basicity index B4 is greater than 1,so according to Tossavainen et al[242] a glassyphase
preventin g the heavy metals leaching would have been formed in the cooling phase.

Table21 EAF slag chemical composition determined bna¥( fluorescence spectroscopy (XRF) and basicity indexes. All
amounts are reported in [Yowt]

SiO; | Al203 | Fe&Oz3| MnO | CaO| MgO | P:Os | TiO2 |Cr203 S Na:O | K20 F
13,8 2,5 35,5 6,2 29,0 9,6 0,5 0,4 2,0 0,0 0,5 0,0 0,1
Basicity [-] CaO/ARLOs[-] | Al20s/SiOz[-] IB2 CaO/ SiQ [-] IB4 CaO+MgO)/(SiQ+Al203) [-]
0,7 11,7 0,2 2,1 2,4
3.3.2.2. SEM/EDS analyses

Figure 73 shows the SEMEDXS analysis of a metallographically polished EAF slag sample using back-

scattered electron (BSE) modeThe phases morphology of the analysed slag shows fine phases and a coaes

phase with an angular geometry. The presence of fine phases indicates that the slag has undergone a rapid

cooling, a practice commonly used as it allows the formation of a glassy phase which reduces the leaching of

heavy elements.From the SEM analysiswith EDXS probe, 3 mineralogical phases have been identified. The
fine ones have been identified aslarnite (Caz=Si0Os) and brownmillerite (Ca 2(Al Fe)20s), while the larger phases
has been identified aschromite (Fez*Cr204).
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Figure 73 SEM backscattered electron (BSE) image of slag microstructure [%wt] with its EDXS analysis on
metallographically polished sample.

3.3.2.3. Leaching behaviour
The leachingtest was performed on EAF slag in different grain size, lower than 4mm accordingto the standard
CEN EN 124572[72]and also on different fine grain size ranges (0-50um, 50-1001m,100-150um and 150300
pm). The leaching test results are shown in Figure 74. Is it possible to note that as geneial trend the smallest
the slag grain size the higher the leaching of Mo and Cr and the eluate electrical conductivity; the leaching of
S5WEOQEwx' wYEOUI UwEOOz OwUI 1 OwUOOWET wEl 11 EUI EwEawUT T wUOET 1
In particular it is interesting to note that the leaching of Cris very low (below 0,05mg/l ) for the slag grain size
lower than 4mm, it increases at about 0.2mg/l for a grain size 50-100um,106150pm and 150-300 pm and it
reach a value of 0.35mg/l for grain size 0-50um. The Cr leaching is probably related to the Chromite phase.
It is important to highlight the slag is a very heterogenous material, so that it is possible to affirm that
pulverized slag shows higher leaching that coarse slag, but it is not possible to certainly affirm that in general
a slag in grain size 0-50um releases greater amount of heavy metals than a slag in a grain size 15@00um;
further investigations have to be carried out.
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Figure 74 Leaching test CEN EN 1245Z results of EAF slag in different grain size ragBEse maximum detged
leaching value for each material is reported.

3.3.2.4. Crosslink density
The crosslink density of 100% recycled NBR 100% recycled NBR filled with EAF slag 10%[v/v] in a grain size
0-50um and 50-100 um was determined by the Flory-Rehner equation [189], [323] In order to assess the
influence of the recycling process by calendering and the further compression moulding also the crosslink
density of initial NBR scrap was determined.
Itwas found that the crosslink density of recycled NBR unchanged after the calendering process, and it slightly
increases just for a slag content of 10% [v/v] in grain size between 50 and 100 pm.
As expected the compressionmould ing leads an increase in the crosslink density for each material, but in this
case that showing the highest crosslink density is that with slag grain size lower than 50um.
The crosslink density of filled rubber can give an indication on the rubber -fillerinteraction due to the increase
of bound rubber fraction [263]. The rigid and immobilized NBR layer around the filler particles surface is a
conseqguence of the interaction between slag and NBR. The slag particles can be coverelly rubber layer of
high modulus andthis in turn gets coveredby claylayer of low modulus. The resultant rigid amorphous phase
contributes to the high crosslink density and tensile modulus of the NBR composite [263]. Since thetested
composited differ not for the filler amount but for the filler grain size, the finer grain size filler will have a
greater surface area to whichthe rubber can adhere, so these results indicate that there is an interaction
between slag and NBR.
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Figure75Crosslink density determined by FleRehner equation (swelling in Toluene for 48h at room temperature).

3.3.2.5. Hardness
Hardness test results are shown in Figure 76. The hardness of the recycled NBR is within the tolerance range
of 60+5 mIRHD, while the addition of rigid filler particles increases the composites hardness. In particular, at
equal EAF slag content (10%v/v), the filler grain size affects the hardness value.The recycled NBR filled with
slag grain lower than 50um shows a hardness value of about 72 mIRHD, while that filled with the same
amount of slag but in a grain size between 50 and 100um is about 67mIRHD. This result can be attributed to
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the differentfiller surface areatowhichthe rubber can adhere resultingin greater codrained polymer fraction.

Also this test leads to assume a good NBREAF slag interaction.
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Figure76Hardness values in mIRHD.

3.3.2.6. Tensile properties
Tensile stressoptical strain curves of recycled NBR and recycled NBR filled with EAF slag 10%[v/v] in a grain
size 0-50um and 50-100 um is shown in Figure 77. As expected,it was found that the presence of 10%v/v of
EAF slag as filler reduces the stress and the strain at break. In particularthe material filled with EAF slag in a
grain size 0-50um shows a greater reductionin the tensile properties. This could be attributab le to the EAF
slag particles shape which is sharp (according to SEM observations) and for smaller granulometries precisely
because the surface area is greater, the possibility of having edges that trigger a crack is also greater.
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Figure77 Tensile stress optical strain mean curve for each material (100/mm/min, ISO 37 type 2).
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strain curve (E), andthe secant modulus at 100% strain are shown in Figure 78.

It was found that both moduli are increased by the presence of EAF slag asfiller, andin particular therecycled

NBR filled with slag grain lower than 50um shows the highest moduli. This result confirms the hardness and

crosslink density findings related to the increases in the rubber -filler surface interaction area which in turn

confirms the NBR-slag interaction.
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Figure 78 Tensile tangent modulus (BV[Pa]) and tensile secant modulus at 100% optical strain (E(100% strain)
[MPa)).

3.3.2.7. Dynamic mechanical analysis
In order to further investigate the EAF slag -recycled NBR interaction, the dynamic mechanical analysis was
carried out as dynamic moduli as function of tensile strain amplitude. In the range of 0.01 and 50% of strain
amplitude it is possible to observe the low strain amplitude storage modulus plateau, a sharp reduction and
a high strain amplitude storage modulus plateau for all tested materials. It was found that the low amplitude
storage modulus plateau is higher for filled NBR, and in particular, also in this case the material filled with
10%v/v slag lower than 50um is that showing the highest one. This result is in agreement with hardness
crosslink density, and tensile results and analogous considerations can be done. It is interesting to note that at
a grain amplitude of about 0.1% the storage modulus decreases until it reaches the high amplitude plateau at
about 50% strain. In this plateau the three materials show about the same storage modulus It is possible to
affirm that EAF slagfilled NBR shows higher Payne effect than recycled NBR with no added slag. As regard
the comparison between the recycled NBR filled with 10% slag in a grain size 0-50pum and that filled with slag
grain size 50-100um, the storage modulus fractional reductio n is about the same assessed on about 82%
(against the 75% reduction of recycled NBR with no added slag).
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Experiments of low amplitude storage modulus fractional recovery after the application of a large amplitude
dynamic strain were performedfor allthe material investigated. The results are shown in Figure 80, where the
low amplitude storage modulus, measured after the application of the large strain perturbation, is plotted
againsttime. Itwasfound that the presence of EAF slagmakes recoveryfaster even thoughafter a fast recovery
the storage modulus settles to a constant value lower than that initially measured. In is interesting to note that
the EAF slag filled materials shows a slightly higher and faster fractional recovery, especially that filled with
EAF slag grain size lower than 50um. This behaviour suggests that the presence of a rigid amorphous rubber
the rigid slag particles promotes the elastic recovery after a large strain amplitude
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Figure80Fractional recovergf low strain amplitule storage modulus after the application of a high amplitude dynamic
strain ((1Hz, room temperature) of recycled NBR, and EAF slag filled NBR 10% slag [v/v] in different grain size.

3.4. Conclusion
The amount of rubber scraps derived from rubber goods productio n (gaskets, seals, dumpers etc..) consists of

about 20-30% by weight of the processed material, so it is necessary to enhance the potential of this material
by developing new recycling techniques as well as new market for recycled rubber products.

This is becoming an increasingly critical problem in the sector asthe recycling and reuse of general rubber
goods amount to only 1.5% of the total waste generated[130].

The recycling and re-processing of crosslinked elastomers are difficult due to th e three-dimensional chemical
network. This network makes the material insoluble and non -melting after the vulcanization takes place.

The re-processing of crosslinked elastomers is optimal when the crosslinks formed during the vulcanization
(C-S and SS for sulfur curing) are cleaved without damaging the C -C bonds of the macromolecular chain
[130],[132],[133] Unfortunately, it is very difficult to only cleave crosslinks in the devulcanization process
and the damaging of C-C bonds of the principal macromolecular chain usually occurs.

The process of devulcanization and degradation are both interconnected with each other. It is impossible to
only cleave crosslinks or to only cleave the main polymer chain during a process. Both the devulcanization
and degradation take place during the process. It is important to limit the degradation and increase the
devulcanization to enhance the chances of rubber recycling or reusing.

In the present research the NBR scraps are recycled viacalendering process at room temperature with no
additives. Obviously, as the fraction of recycled rubber increases, the possibility of creating complex
geometries decreases due to an evergreater degree of crosslinking, however for simple geometries and for
specific applications it is possible to replace even only partially virgin rubber with recycled industrial waste.
This rubber recycling method, according to the b est knowledge of the authors, is not reported in any literature
work and it doesn z require any specific tool since the calender (or open mixer) is a machine of common use
in the rubber industry.
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The main findings can be summarized as follow:

1) Influence of the recycled rubber fraction at equal process(calendering and compression mould ing):

1 The crosslink density determined by the Flory -Rehner equation on swelling data decreases slightly
for a 20% recycled NBR before settling on an increasing trend. Thisbehaviour could be attributable
on one side to the mechanical devulcanization and on the other side to the increasing amount of
material subjected to a double compressionmould ing process.

1 ATRFT-IR spectra analysis by PLA revealed no changes in NBR chemical stucture as a result of

oxidation and/or aging.

The capability to recover an imposed deformation remains unaffected up to an 80% recycled NBR

The elastic modulus slightly increases in tension, while it remains about constantin compression .

The hardness measured both ins Shore A and mIRHD remains within the tolerance of 60+/-5 points.

The presence of 20% of recycled NBR does not affect significantly the tensile stress and strain at break

that are reduced for higher amount of recycled NBR.

2) Influen ce of production methods:

1 Calendering process on uncured virgin NBR improves the mechanical properties due to a better

= =4 4

distribution and dispersion of carbon black.

1 Compression mould ing does not affect the crosslink density and elastic modulus but makes the
material stiffer at high strain both in tensile and compression loading.

3) Influence of EAF slag contentin different grain size ranges:

9 The crosslink density of recycled NBR is unchanged after the calendering processwith respect to the
NBR scrap. The compression mould ing leads an increase in the crosslink density for each material,
but especially in that filled with the finest slag grain size (lower than 50pm).

1 The addition of rigid filler particlesincreasesthe com posites hardness. In particular, at equal EAF slag
content (10%v/v), the filler grain size affects the hardness value. The hardness of the recycled NBR
filled with slag grain lower than 50um is higher than that filled with the same amount of slag in a
grain size between 50 and 10Qum.

1 The low amplitude storage modulus plateau is higher for filled NBR, and in particular, the material
filled with 10%v/v slag lower than 50um is that showing the highest one.

1 The presence of EAF slag makes recovery faster everttough after a fast recoverythe storage modulus
settles to a constant value lower than that initially measured. The EAF slag filled materials shows a
slightly higher andfaster fractional recovery, especially that filled with EAF slag grain size lower than
50pm.

1 The obtained results suggest the existence of aninteraction between NBR and EAF slagrelatedto filler
surface area.

With a view to circular economy, this study shows good results in the valorisation of industrial rubber waste
through a simple technology.
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4. EAF slag as carbon black replacement for NBR

Carbon black is the most widely used reinforcingfiller for rubber. The studies of the reinforcementmechanism
of carbon black can be dated back to 1960s. However, the knowledge of its mechanism still remains
fragmentary today. While normally the addition of particle charges in polymeric matrices increases the elastic
modu lus but reduces elongation, in elastomeric matrices the addition of carbon black increases bothmodulus
and elongation at break. With the presence of carbon black, the physical properties of rubber compounds, such
as tear and tensile strength, given can beimproved. Carbon black increases the hardness and viscosity of
rubber-based compounds andit is considered the most efficient additive among all filler materials [324].
Since the carbon black production derived from the partial combustion of heavy hydrocarbons , its carbon
footprint is enormous [325]. It has been estimated that the production of 1 ton of carbon black implies the
emission of 2.4 tons of carbon dioxide, compared to 0.8 tons of carbon dioxide per ton of cement during
production [326]. Carbon blackis made up of over 90% pure form of elemental carbon, which is made up of
tiny, mostly spherical carbon atoms that fuse together into groups called aggregates. Several aggregates then
group together as agglomerates which break down during the mixing period of the rubber. No rmally, the
diameter of the carbon black particle ranges from 10 nm to 500 nm[325].

Given the increased demand for rubber quality and the rising price of raw rubber and other component
ingredients, the rubber industry has made great efforts to limit costs and incr ease competitiveness. There are
several concerns regarding the traditional petroleum -based carbon black filler. On the one hand, the price of
hydrocarbons sees a gradual increase every year. The cost of the raw material represents 3@5% of the total
selling price of carbon black. On the other side, due to the non-degradability of the petroleum -basedcarbon
black filler, it can cause serious environmental problems. The conservation of the environment is a permanent
issue, much research is undertaken with the aim of reducing the dependence of the carbon black raw material
on fossil fuels and transforming it into a sustainable material base. For these reasons, sustainable alternatives
to carbon black are beingstudied such as rice husk ash, peanut shell powderetc.

In this study the EAF slag is proposed as substitute, or partial substitute to carbon black. A standard NBR
(carbon black filled) has been comparedwith an NBR filled with EAF slag 100% and an NBR filled with EAF
slag 50% and carbon black 50%First of all for a safe reuse of the slag it is necessary to maintain under control
the leaching behaviour, so that the leaching of slag incorporated into the rubber matrix has been measured
confirming that NBR shields the slag particles preventing them from leaching. Then the comparison between
the tree compounds has been caried out in terms of processability (rheometric curves and complex viscosity),
mechanical properties (hardness, tensile test, compression test, stress relaxation and permanent set) yeelling
behaviour, thermal conductivity and tribological behaviour. The filler -rubber interaction has investigated as
bound rubber, immobilized rubber fraction, and non -linear dynamic effect confirming the existence of slag-
NBR interaction. From a mechanical point of view, it was found that the EAF slag filled NBR has the same
mechanical properties of standard NBR with the same hardness. These preliminary results are promising to
continue the research for the best compound formulation according to the final application.

4.1. Materials
This characterization aims to compare the effect of slag as a substitute for carbon black at the same percentage

by volume. This choice was made both to be able to investigate some characteristics more in depth, such as
the slag-NBR interaction without the interference of the carbon black effects, and because the theory of
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composites evaluates the filler effect in percentage by volume as the volume occupied by the two phases and
their interaction surface are the determining factors in the characterization of composites. Given the large
difference in density between carbon black and slag (1.8 g/crm? and 3.7 g/cm3respectively), the formulation
with the same percentage weight would introduce further variables, in addition to the large difference in
particle size (3 orders of magnitude).
Three NBR composites were compounded by the industrial compounder Ligom Spa (Grumello del Monte,
BG, Italy):

1 Standard NBR 60 ShA

1 NBR 100% Slag

1 NBR50% Slag 50% Carbon black
The detailed recipe isgiven in Table 22.

Table22Recipe of standard NBR, NBR 100%slag and NBR 50% slag at equal filler content by volume.
NBR 100% NBR 50%

NBR60 STANDARD SLAG SLAG

A?SOABO Description phr Yowt Yowt %owt
P.E3330GRN EUROPRENE 3330 GRN 60,00 31,9% 23,3% 27,0%
P.NDN3350 NIPOL DN 3350 33,90 18,0% 13,2% 15,2%
CA.210 ZINC OXYDE 5,00 2,7% 1,9% 2,2%
CA.106 STEARINA 0,50 0,3% 0,2% 0,2%
PL.219 POLIPLASTOL 15 0,50 0,3% 0,2% 0,2%
AN.110 ANOX HB 1,00 0,5% 0,4% 0,4%
AN.113 MB2 1,00 0,5% 0,4% 0,4%
AN.721 WAX RIOVAX 721 1,80 1,0% 0,7% 0,8%
CA.257 CARBON BLACK SRF 772 60,00 31,9% - 13,5%
PL.214 MESAMOL 14,00 7,4% 5,4% 6,3%
AC.66 RHENOGRAN S 80 0,40 0,2% 0,2% 0,2%
AC.MMTCS POLYMER NBR TCS 10,00 5,3% 3,9% 4,5%
EAF slag -- - 50,2% 29,0%

Filler content [%v/v] 21% 21% 21%

Density [g/cm”3] 1,20 1,63 1,43

In order to compare the mechanical properties of the EAF slag filled rubber compounds, a standard NBR 45
Shore A and a standard NBR 50 Shore A have been also characterized by compression test, tensile test,

dynamic mechanical test and wear test.

EAF slag was supplied by the ASONEXT Spa (Ospitaletto BS, Italy) steelmaking plant. Slagging and cooling
were performedin a standard way, i.e. without specific procedures aimed at confer specific characteristics to
the slag.

EAF slag has been ground by the manual pulverizing mill HSM 100 provided by Herzog (Osnhabrick,
Germany) for 40 seconds and then sieved to obtain a grainsize <100 pm.

The compounds were then compression moulded at 160°C to obtain test plates with a dimension of 200x200x2
mm from which samples for mechanical tests are obtained by mechanical punching and cylinder samples

diameter 12mm thickness 6mm.
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It wa s found that the hardness of the slag filled composites is lower than that carbon black filled. Since the
hardness is a property by which the rubber compounds are classified, mechanical tests were also conducted
on standard NBR with hardness equal to NBR 100% (named NBR 45, 455 SHA) slag and NBR 50% slag
(named NBR 50, 5@5 SHA).

4.2. Methods

4.2.1EAF slag characterization

4.2.1.1. X-ray fluorescence spectroscopy
EAF slag chemical composition was determined by X -ray fluorescence spectroscopy carried out by the Thermo
2EDPI OUDPI PEaw 1+aw/ $1%. 1, A7 wx UOY BialuEthamaMasachuse@OuUnite®d UT 1 U w
States). EAF slag chemical composition is reported inTable 24.

4.2.1.2. SEM-EDXS analysis
The morphological and elemental analysis of the phases is the analysis performed by the Scanning Electron
Microscopy (SEM) integrated with Energy Disper sive X-ray Spectrometry (EDXS)[240].
A slag sample polished according to the standard metallographic procedure was analyzed by a SEM-EDXS
(SEM Leo Evo 40, Carl Zeiss, Oberkochen, Germany; EDXS microprobe Link Pentafet Oxford mod 7060;
Oxford Instruments, Oxfordshire, U.K.) . In Figure 81the SEM-EDXS analysis utilizing back-scattered electron
(BSE) mode is reported.

4.2.1.3. Leaching behaviour
The leaching test was conducted both on the composite materialsand on the free slagin a grain size lower
than 100um (as in the composites) and in a grain size lower than 4mm (according to the standard CEN - EN
124572[72]). The results are reported in Figure 83. The composite material plate was cut to a particle size of
less than 4 mm and the skhg dust lost from the cutting surface was removed to evaluate only the inertizing
effect of the polymer matrix (Figure 81). Asfor the characterization of free slag, the amount of tested composite
was calculated to maintain the 90 g of slag in a ratio of 1:10 with the liquid, according to the standard [72].

-
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Figure81 Samples subjected to the leaching test. a) free EAF slag (grain size lowdiGfan); b)free EAF slag (grain
size lowerthadmm); c) NBR filled 100%slag cutin particle size of less than4@)MBR filled 50%slag cutin particle
size of less than 4 mm)standard NBR cut in particle size of less than 4 mm.

4.2.2Compound Characterization

4.2.2.1. Thermogravimetric analysis (TGA)
The correctness of the slag and carbon black amount in the different compounds were verified retrospectively
by thermogravimetric analysis (TGA). TGA scans are shown in Figure 84.
Samples of about 10mg mass were placed in a platinum crucible and heated in a thermobalance at rate of 10
°C/min from ambient to 560°C in Nitrogen atmosphere. When the sample mass became constant the sample
is kept for 2 minutes at 300°C, and in Oxygen atmosphere is heated up to 800°C at 10°C/min in order to
facilitate the carbon black and ashes content measurement.

4.2.2.2. Rubber process analysis (RPA)
The influence of EAF slag on the processability characteristic is assessed by the parameters extrapolated by
the rheometric curves, determined by Rubber Process Analyzer (RPA) D-MDR 3000
(Montech Werkstoffpruefmaschinen GmbH, Germany). The preheating tem perature of the rheometer plates
is 160°C andan oscillating force is applied to the sample with fixed oscillatingamplitude. Testingtimeis about
20 minutes. Three measurementsfor each compound were tested.
The rheometric curve gives indications about the vulcanization kinetics, therefore it is possible to evaluate the
degree of crosslinking (%) through the normalization of the rheometric curves accordingto Equation 34.

OQQIEODI €1 | ome %—QC—QU—

Equation34

Where Miis the measured torque at each time (i), and Mmin and Mmaxare the minimum and the maximum
detected torque respectively associated to 0 and 100% degree of crosslinking.

By RPA the flow behaviour of the compounds was investigated in frequency sweep. The viscosity has been
Eil Ol UODPOI EwbOwobU E b O&&ISDféebuer@yIf= 4 L THc0 a5t HY) Yanplitudes sweep 0.1°
The sample is preheated for 4 minutes prior measurement.

Viscosity has been determined in frequency sweep in 2 modes: without presharing during preheating the
amplitude sweep is 0.201°,f= 0.5 Hz; with presharing during preheating the a mplitude sweepis 3°, f=5 Hz).

4.2.2.3. Hardness test
The compounds' hardness was measured according to the Shore A scale. The Shore A measurements were
carried out by an automatic hardnesstester Shore PC type A provided by Gibitre Instruments (Bergamo, Italy)
according to the standard 1ISO7619-1 [276]. Hardness test results are shown inFigure 89.

4.2.2.4. Compression test
Compression tests were performed on three samples for each material by a dynamometer (mod. 3366)
provided by Instron (Pianezza, TO, Italy) atroom temperature and a strain rate of 10 mm/min on cylindrical
specimens with a nominal diameter of 12mmand a height of 6mm. Three loading and unloading cycles at 25%
deformation were performed before the compression stress strain curve.The compression test was performed
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accordingtothe standard ISO 7743121]. Three measurements each compound were performed. Compression
test results are shown in Figure 90and Figure 91.

4.2.2.5. Stress relaxation
Stress relaxation is assessed in compression by a dynamometer (mod. 3366) provided by Instron (Pianezza,
TO, Italy) at room temperature on cylindrical specimens with a nominal diameter of 12mmanda height of 6
mm. The stress relaxation is assessed as the stress loss [%)] after 600 secon®&86 imposed strain.

4.2.2.6. Permanent set
The permanent set is determined in compression (compression set). It was determined by imposing a
compression deformation of 25% on cylindrical samples (nominal diameter 12mm and a height of 6 mm) for
24h at 100°C. The compression set was detenined according to the standard 1SO 815(test method A).
Compression set was performed o three samples each materiaJ the results are shown in Figure 94.

4.2.2.7. Tensile test
Mechanical tensile tests were performed by an Instron dynamometer (mod. 3366) at room temperature and a
cross-head rate of 100 mm/min on test pieces of 50 mm length (distance béween the grips of about 30 mm)
and 4 mm width according to the standard ISO 37:2017 type 2[197]. The considered strain is the optical one
in order to exclude the influence of the sample edges. The measurement is performed three times for each
EOOxOUOEB w8 OUOBT ZzUWOOEUOUUWIT EVWET 1 Oaifih diveinzar@dpdhderce wU T 1 w
with the initial linear section. Tensile test results are shown in Figure 95and Figure 96.

4.2.2.8. Dynamic mechanical analysis
Dynamic mechanical analysis performed by a Dynamic Mechanical Thermal Analyser Q800 by TA
instruments (New Castle, United States) in the tensile mode at room temperature and a frequency of 1 Hz by
varying the applied strain amplitude between 0,01% and 50% to observe the low and high amplitude plateau
of the storage modulus. This test was performed twice on specimens of nominal dimension 2x5x30mm.
Storage andloss moduli as function of strain amplitude are shownin Figure 97. The Payne effect, asthe storage
modulus percentage reduction from the low deformation amplitude plateau to the high deformation
amplitude plateau is shownin Figure 98.

4.2.2.9. Swelling test
For the swelling test rectangular samples of about 500mg were cut and immersed in toluene and
tetrahydrofuran (THF) in sealed glass tubes for 48 hours at room temperature. The swelling coefficient is
determined according to Equation 11.
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[185], [189], [190]
(Equation 12and Equation 16).
Three samples were tested for each material; the swelling coefficient and the crosslink density of carbon black
filled NBR, 100% EAF slag filler NBR and 50% EAFslag filled NBR are shown in

4.2.2.10. Bound rubber content
The bound rubber content was determined by extracting the unbound materials such as the compounding
ingredients and free rubber in toluene for 7 days (the solvent wasrenovated after 4 days) at room temperature,
followed by drying under suction for 24h at 40°C.
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The uncured samples of about 250mg were wrapped in filter paper of known weight. The samples were
weighed before immersion and after drying . Known the filler and rubber fraction (by TGA,) the bound rubber
content (BRC %) was determinedaccording Equation 22 The bound rubber content results are shown in Figure
100.

4.2.2.11. Differential scanning calorimetry
The calorimetric glass transition was determined using differential scanning calorimetry (DSC).
, TEU0UI Ol OUUwPI Ul wEEUUDPT EwOU0wWPOwWUT T wUI Ox1T UEUUUI wUEOT |
DSC (Model: Q100 provided by TA instruments (New Castle, United Stateg). The samples were then cooled
i UOOwUOOOwWUl Ox1 UEUUUT wOUOWNNY S" wEOQwhySw' yOPOWEOEwWI | OE wE
cycle and the measurement was carried out during subsequent heating at 10°C/min. The difference of heat
flow betw een the sample pan filled in by sample and the empty reference pan was recorded with increasing
temperature at the heating rate of 10°C/min.
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 to the glass transition, the heat capacity has been normalized to the polymer fraction as shown in
Equation 238 w, " xdwBDUwWEI Ul UODOI E w b &acEwithUréspestitd)tBelglass transiterOT 1 w O
temperature (Tg). . " xq wDUWET U1 UODOI E wb OmECwithiréSpedt to Ehe glddd trargitord T 1 w Ol
temperature (Tg).# 2" WUEEOWE OEw, " x d 3 1 FAgur¥ DOadd Figune104 wUT O Owb Ow
4.2.2.12. Thermal conductivity
The guarded heat flow meter DTC-300 (TA Instruments, New Castle, USA) operates at steadystate and
employs a heat flux transducer to measure the heat flow through the specimen. A sample with a diameter of
n 50 mm and a maximal thickness of 2 mm is mounted bl UP1 I OWEQwUx x1T Uw? 1 OU~> wEOE WE |
Consideringthe low thermal conductivity of rubber compounds,i.e., 0.15 ¢ 0.4 W/mK [327], a sample thickness
of 144 mm is recommended, as otherwise it can take a long time before thermal equilibrium is reached. In
addition, the contactresistanceis kept low by applying a pneumatic load of 0.16MPaand in case of no smooth
UUUI EETl wUOT 1 UOEOWEOOEUVUEUDYDPUAwWXxEUUI wbUwUUI Edw#UUDPOT wlT
x OEUT OwO0T UOUT T QU0 wWUT T wUx1 EDOI OOwUOwWUT 1 wOOPI|tereacB@OE 2> wx (
thermal equilibrium, the temperature difference across the sample DT and the resulting heat flow 0 are
measured. Considering the gathered results, the sample area A and thickness d, the thermal conductivity | is
EEOEUOEUI E wE &seéafuativpm3s.Uz UwOE b w
0Q
=W"Y

Equation35
The heat flow meter method corresponds to ASTM E1530[328]with an indicated accuracy of +-5%. Based on
the investigation of the thermal conductivity of seven rubber compounds [327], one sample is sufficient, as the
deviation is in general significantly smaller than specified in the ASTM E1530 standard.
Thus, one sample with a diameter of 50 mm (thickness between 1- 2 mm) was punched out of each crosslinked
NBR test plate to measure the thermal conductivity at 35 °C.
Thermal conductivity results are shown in Figure 103.
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4.2.2.13. Tribological properties
The wear tests were conduded on a CSM Instruments High Temperature In single way and reciprocating
configuration . A 5 mm diameter flat pin (100Cr6) was used as a counterpart. Anormal load of 5 N, a sliding
speed of 80mm/sec, and a total sliding distance of200m were applied at ro om temperature. During the test,
the friction coefficient as a function of the sliding distance was recorded. After an initial peak the curve settles
on a constant value taken as the steadystate coefficient of friction. Known the test parameters and initi aland
final weight of the sample, the specific wear rate (Ws [g/(Nm)]) was calculated accordingto Equation 25. COF
and Ws values are shown in Figure 104.
Finally, the wear mechanisms were studied by SEM LEO EVO 40 VPS equipped by EDS probe SEM images
of wear truck are shown in Figure 105.

4.2.2.14. Injection moulding trials
Thanks to the Italian Gasket Spa company (Paratico, BS, Italy), injectionmould ing tests were carried out in
order to evaluate the processability of the compound not only at the laboratory level but also at the level of
the industrial production process. The Process parameters adopted for the injection moulding trials of the
compounds are reported in Table 23and images of the moulded rubber parts are shown in Figure 107.

Table23Process parameters adopted for the injection moulding trials of the compounds.

PROCESS PARAMETER NBR60 0% SLAG NBR 50% SLAG NBR 100% SLAG
INJECTION PRESSURE [bar] 120 125 140
INJECTION SPEED [%6] 80 90 95
SCREW SPEED ROTATION [9%6] 20 20 20
BARREL TEMPERATURE [°C] 65 65 65
INJECTION TIME [sec] 5 12 30
CURING TIME [sec] 85 75 75
CURING TEMPERATURE [°C] 190 180 180
CYCLE TIME [sec] 114 n/a n/a

4.3. Results and discussion

4.3.1EAF slag characterization

4.3.1.1. X-ray fluorescence analysis
The chemical composition of the slag is strongly influenced by the production process and the raw materials
used during the smelting process. As far as the mineralogy of the slag, its composition is very similar to that
of effusive rocks; the microstructure is strongly influenced both by the chemical composition of the slag in the
molten state and by the cooling rate [242], [329], [330]
The chemical composition of the EAF slag used as filler in this study is reported in Table 24. The
main components of slagsare iron oxide (Fe-Os) and calcium oxide (CaO) andthe basicity index I1B2 =
CaO/SiCzis equal to 3.2. It is important to note that if the basicity factor calculated as IB4 (CaO + MgO)/(SiO2
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+ Al203) is is greater than 1 (as in this case), the glass can form. The glass phase shelves the heavy metals and
prevent them from leaching [242].

Table24 EAF slag chemical composition determined bya)(fluorescence spectroscopy (XRF) and basicity indexes. All
amounts are reported in [%owt]

SiG; | Al2Os | Fe&Os | MnO CaO MgO P20s TiOz |CrOs| S | NaO | K20 F

94 6,4 33,8 6,9 30,2 59 0,5 0,4 6,1 | 0,1 04 0,0 0,1
Basicity[] | CaO/ALOs[-] | Al.0¥/Si0:[-] |IB2 CaO/SiQ[-]| B4 CaO+MgO)/(SiQ+AIz0s) [-]
0,7 4.8 0,7 3,2 2,3

4.3.1.2. SEM/EDS analyses
The literature reports the effects of slagging procedures on the mineralogical and morphological structure of
EAF slags [69], [242]. The crystalline phases of EAFRC slag usually identified are larnite (Ca:SiOy),
brownmillerite (Ca 2(Al, Fe)20s), wistite (FeO), calcium silicate, silicon aluminates, gehlenite (CaAl (AISIO 7)),
bredigite (Ca7Mg (SiOs) 4), magnetite (FesO4), magnesioferrite (MgFe204) and manganese oxideg331].
The mineralogical phases identification is shown in Figure 82 . At low magnification it is possible to see a
homogeneous microstructure with a few drops of steel (brighter); at high magnifications the chemical
composition of the various phases was analysed by means of an EDS probe in order to determine their
mineralogy. There are 4 phases: 2 mains oflarnite and iron oxide; in smaller quantities chromite and very
small areas of brownmillerite.

g
3
m

lectron Image 1
Spectrum (o} Mg Al Si Ca Ti V Cr Mn Fe Phase

1 35,9 75 7,2 345 6,0 0,7 0,6 7,5 Brownmillerite

2 21,7 31 99 08 79 2,2 6,9 47,5 Iron Oxide (MgWuestite)

3 355 0,7 143 26 279 52 06 1,1 1,2 10,9 Brownmillerite

4 245 7,6 3,6 0,7 45,9 4,1 13,7 Chromite

5 33,1 16,7 40,7 1,3 8,2 Larnite

6 20,2 45 038 2,3 3,2 98 59,3 Iron Oxide (MgWouestite)

Figure 82 SEM backscattered electron (BSE) image of slag microstructure [%wt] with its ED¥®@lysis on
metallographically polished sample.

4.3.1.3. Free slag and composite material leaching behaviour
The leaching behaviour of EAF slag both, free and incorporated into the NBR matrix is shown in  Figure 83. It
was found that, against expectations the, the EAF slag in coarse grain size (lowe than 4mm) leaches more
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than in fine grain size (lower than 100um), especially Cr and V. This could be attributable to the high
heterogeneity of the slag and to its sampling; neverthelessitis noticeable that the leachingof slag incorporated
to NBR is well below the threshold limits imposed by the Italian legislation both as for material reuse
(Ministerial Decree 5/4/06[245]) and for disposal as inert material (Ministerial Decree 30/8/05[246]). As regard
pH and electrical conductivity , itis possible to notice that free slag presents the highest values, in particular
the eluate electrical conductivity of fine EAF slag is markedly gr eater than that of slag in grain size lower than
4mm. As regards the compounds, the electrical conductivity increases proportionally to the EAF slag content.
025 — ———————
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Decree 5/4/06 ; pH [ 10,7
0.15 12,35
S PR 11
£
0,10
' 78
o 285
0,05 Conc[luc;;wny W 349
L T 2 145
0.00 . e e o _ 074
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Figure83 Leaching test CEN EN 1245Zresults of EAF slafgrain size <4mm), free EAF sl§grain size <0.1mm)
NBR filled with EAF slag at 30%v/v (grain sizeédd mn), EAF slag block incorporated into NBR and standard NBR.

4.3.2EAF slag and carbon black filled NBR characterization
4.3.2.1. Thermogravimetric analysis (TGA)

Sametimes the formulation of the analysed materials is not known, for this reason it is necessary to perform
measurements to identify the components of the material and the quantities. In this case, the TGA allows to
verify ex-post that the formulation of th e compounds was consistent with the nominal ones, especially the
guantification of carbon black and ash (including slag) is of interest. The percentage weight loss as function of
temperature allows the identification of 4 main constituents of the compound: the first weight reductionin the
range of about 200-400°C is associated to volatile fraction; the second weight reduction is associated to the
polymer fraction (400-550°C); the last reduction is associated to the carbon black conten{550-600°C)before
the scan assesses at a constant value which is associatédthe ash fraction. It was found that NBR consists in
about 3% ashes to be subtracted to the ash content of slag filled NBR to obtain the slag content. It was found
that the actual carbon black and slag content coincides with the nominal ones (Figure 84).
As regards the standard NBRs at different nominal hardness (45, 50 and 60 SHA), the carbon black content
was determined and it was found to be equalto 20%, 23% and 30% by weight respectivelyat equal ash content
(3.5 %wt)
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Figure84 Thermogravimetric scan of carbon black filled NBfR\60, SHA50, SHA45100% EAF slag filled NBR and
50% EAF slag filled NBR((LO ° @min, 25-550°C in Nitrogen atmosphere and 5800° C in Oxygen atmosphere)

4.3.2.2. Rubber process analysis
Figure 85shows the rheometric curv es of carbon black filled NBR, 100% EAF slag filled NBR and 50% EAF
slag filled NBR as transmitted torque as function of time at 160°C.
The rheometric curve provides indications regarding the processability characteristics (phase 1), the curing
kinetics (phase 2), and the physical properties (phase 3) of the tested materials.
The processability characteristics are related to the compound viscosity, the curing kinetics to the degree of
crosslinkingand the physical propertiesto the mechanical behaviour o f cured material. Frome the comparison
of the rheometric curves of carbon black filled NBR, 100% EAF slag filled NBR and 50% EAF slag filled NBR,
the most evident difference is the reached maximum torque that increases with decreasing the slag content;
this suggests that the mechanical performances of the slag filled NBR will be lower than the standard NBR
with no added slag (as confirmed by mechanical characterization).
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