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1- Introduction

Pelletizing is an intermediate process of producing direct
reduction or blast furnace raw materials during the steel
production cycle. Iron ore fines, adhesive, and water, are
converted into agglomerates of a certain size by rolling,
during pelletizing process. Factors affecting the quality of
pellets include particle size distribution, specific surface
area, particle shape, wettability of particles, adhesive
content, and dough moisture content. The crystalline
composition of particles is also effective in pellet
production if it includes clay components of adhesive
materials. The purpose of this study is to compare the input
feed grinding mechanism and its effect on the strength of
the produced pellets. By examining the quality of the raw
pellet produced in the two grinding methods of ball mill
and HPGR and examining the microstructural changes
caused by these two types of grinding on the cooked pellet,
the effect of each of these factors on the final strength and
properties of the cooked pellet has been evaluated.

2- Materials and Methods

To investigate the effect of the grinding process type on the
properties of pellets produced in two different factories of
No. 1 and 2, which use ball mill and HPGR, respectively,
tests were conducted at different stages of the production
line to measure the mechanical, physical, chemical,
surface adsorption, and microstructural properties of the
materials.

3- Results and Discussion

The results of the chemical analysis of the feed entering
plants 1 and 2 indicate the presence of a higher percentage
of FeO, sulfur, and magnesium oxide in the feed entering
the pelletizing plant 1. Ball milling process results in a
finer grain size and consequently a much higher
percentage of grain sizes below 45 microns compared to
HPGR milling, which can lead to increased water
absorption and higher pellet recovery rates. This can also

be seen in the higher distribution of finer particles in the
feed of plant 1 shown in Figure 1.

Plant No. 1

25 38

Figure 1: Particle size distribution of feed entering the mixer
based on the particle flow rates

Plant No. 2
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45 63
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o O O O o

o O O o
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o PN WD g o N O ©

Figure 2 (a, b) shows the results of SEM analysis of
raw pellet samples. The distribution of different phases of
magnetite (Mag), calcium oxide (Cal) and bentonite clay
(Cly), pyrite (Py) and quartz (Qtz) is seen in the raw
pellets. The distribution of smaller magnetite particles in
plant 1 (Figure 2a) which was ground by ball milling is
evident, which is in accordance with the statistical results
of particle sieving in Figure 1. Also, the morphology of the
particles produced in both plants has sharp edges and the
particles are not spherical. According to specific surface
area results, the particles produced in plant 1 using the ball
mill have a much higher specific surface area (1988
g/cm?3). Although the difference in specific surface area in
the BET results is only 3%, if we compare the results with
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the particle size distribution analysis in Figure 1, it is
observed that the finer particle size distribution in the ball
mill grinding method led to the formation of finer particles,
which is more in accordance with the Blaine analysis.

EHT=2000kV  WD= 16mm

Photo No. 5733  Time :10:13:58

Figure 2: SEM image of the cross-section of raw pellets from
a) Plant No. 1 and b) Plant No. 2

The average moisture content of the pellets in plant 1 is
7.3% and in plant 2 is 7.8%. The drop number of the raw
pellets in the pelletizer 1 is 3.7+1.4 and in the pelletizer 2,
the drop number is higher and is 5+1.9. The higher
moisture content in plant 2 means more water removal
during drying, a higher void fraction, and a lower density
after drying, which can lead to a decrease in raw strength.
The average compressive strength of raw pellets in the wet
state in plant 1 is 0.98 + 0.41 kg/pellet and in plant 2 is
0.76 + 0.38 kg/pellet, and the dry strength of raw pellets in
plant 1 is 3.5 = 1.09 kg/pellet and in plant 2 is 3.7 + 1.96
kg/pellet. Based on the strength measurement results, the
pellets produced in Plant 1 have higher wet strength
(WCS), while the dry strength (DCS) and fired strength
(CCS) of the pellets produced in Plant 2 are higher. The
higher wet strength can be attributed to the finer grain size,
higher specific surface area, and higher plasticity of the
feed particles entering Plant 1, because according to SEM
results, the particles have similar morphology and the
shape of the particles did not have a significant effect on
their strength or compressibility. The higher dry strength

in Plant 2 can also be attributed to a better distribution of
the cohesive clays with higher moisture content. The
higher average fired strength of the samples produced in
Plant 2 can also be attributed to the lower sulfur fraction in
the chemical composition of the feed entering Plant 2.
Based on the results of the abrasion and sphericity tests
shown in Table 4, the pellets produced in Plant 1 had
higher abrasion resistance and the percentage of intact
pellets remaining after abrasion was higher in this plant,
which is consistent with microscopic observations of finer
particles and more uniform porosity distribution in the
pellets from Plant 1. In addition, the products from Plant 1
also had better sphericity, indicating less deformation of
the pellets due to a more uniform distribution of the molten
glass phases formed.

4- Conclusions

The particles produced by the ball mill method are finer
and have a higher specific surface area (1988 g/cmd). In
addition, a more uniform distribution of fine particles is
seen in the products of this type of grinding, which is also
evident in the results of electron microscope analysis of the
pellets before the firing process. It can be argued that this
better distribution leads to a better distribution of the
molten phases in the firing process, and as a result, the
formed molten glass phase is uniform and the amount of
particle deformation has decreased, so that the abrasion
resistance and sphericity of the pellets produced by the ball
mill method are higher with the average of 0.824.




(’—’/G)’f‘f;r;r‘f;){}ﬂj‘jjjjjkdwu%

O
i g0 95398l (weigo “‘2

1w /1] i S 21 8959 3 AT ool
&-//"Z/’J/obéb https://jmme.um.ac.ir/ o 8Y g8 g AT Lo

DAS Ko (o939 5kB-bo 3ty (695 585 S5 0 55iS 5 § 1S B 3810 58T )y
sl s
<r>§ﬁs‘ Cemedle (Y)WL“'GL rb‘s <~>w Sl 3l
DOI: 10.22067/jmme.2025.90387.1162
sl Sy oS 7 MU ol 0l oty o 2 lh S ol S S S pairmn o3 Sulo 2 Al s sl s oS il i ol s SOSS
ISEM S 4 splotlng s sla Ul 5 plSomianl (oS ill pizeass o plo BET 5 ol i) 52 4 ot b (£ Sl 5 Cusby Olie isibiils
Loy ok A7 3 glivalls 45 s DL a o] b ks ST ey oIS g g S Ol e 5 il Canplie 5 L plonil ol a5 plt (Lol ST
Al S a9 bedd 4y LS oy s mbw BET Osojl b o Lol isls (19AA /) VL ol ofus b 5 ol s SIS LS sl
oplod (Sl S S0 (53005 STpst  Consl 0330 (555 b o plitell [ 0 ()Tl 255 93 Loy ol i D03 (55458 50 o] (S50 ma
b sl s gy D3l e s L S (ol sy (Sl et G o i ST 5 3,858 O I 5 YL sy (Db oS
22 62,3 WCS) sl o S Sl s iYL plOntiad | o plod W15 3 od )y S 3)ls O ol 155 0l Ly (slad S o 2o
S oplat Wl Sladl i oy /Y ol o asdle .ol iV T oplad 4l lS s S (CCS) oy plSonin 5 (DCS) St oSzl 45 U~

el GYLHPGR il gy 0 o 7 (lodlliS 0 G 4 0330 /ATE 10T S 5,5 Olpno 5 LlolilydS O 3,50 G0 [y sl il Can

ghuals (e HPGR g&-/ai Sll S (Gowls” Sojilg

Studying the Effect of Grinding Mechanism and Composition of Golgohar Concentrate on the
Microstructure and Mechanical Properties of Pellets

Abouzar Eskandary Nasab Kazem Tahmasebi Gholam Hossein Akbari

Abstract The effect of the raw material composition and the grinding process (using ball mill and HPGR) in the
Golgohar Complex on the properties of the final pellet was investigated. Tests were performed on the mixer input feed,
including raw material composition analysis, granulation, moisture content, and specific surface area measurement
(using two methods: Blaine and BET). Additionally, strength measurement and microstructural analysis (conducted
using SEM) were performed on both raw and fired pellets. Furthermore, the abrasion resistance and sphericity of the
pellets were evaluated.The test results showed that the particle size produced by the ball mill was finer and had a
higher specific surface area (1988 cm?/g). The morphology of the particles produced by the two milling methods was
irregular and non-spherical, with no significant difference between them. The input feed of Pelletizing Plant No. 1 had
a higher percentage of FeO, sulfur, and magnesium oxide.Microstructural studies of the pellets indicated a better
distribution of fine particles and non-magnetic phases in those produced in Plant No. 1. Additionally, the pellets from
Plant No. 1 exhibited higher wet compressive strength (WCS), while those from Plant No. 2 had higher dry compressive
strength (DCS) and fired compressive strength (CCS). Moreover, 96.3% of the pellets from Plant No. 1 passed the
Drum Abrasion Test without crushing, and their sphericity (0.824) was higher than that of the pellets produced by the
HPGR method.

Key words Pellets, Iron recovery, HPGR, Magnetite, Granulation

A2l VEFYYY OT (500 2l VE YV e L b
Ol 0l S b S ol dgd olBils (g5 e o slpe wdige i ) Wl (1)
Email: tahmasebi@uk.ac.ir Ol Ol S 0l S by dugd olS0s (55580 5 olge wdige yides o stas o 55 (V)

Ol Ole S Ol S by dogd ol8ils (5550 o olge wdige i oolial (F)



https://jmme.um.ac.ir/article_46720.html?lang=fa
https://jmme.um.ac.ir/article_46720.html?lang=fa
https://doi.org/10.22067/jmme.2025.90387.1162
mailto:tahmasebi@uk.ac.ir
https://orcid.org/0000-0001-6612-6798

e S S S oS S Al ('j:-f&’x;ﬁ"uwz

53 Bl el 3lge s il Jola 8155 O3 5k
(83508 S olawd Lol [6] cul e duS W) p
R P
LSl eS Al 3,858 e Nipd S L i ane A
Sbe Ol cpizman 25, Vb 5 U8 CdS B sl /Y
St Slaesl 3l 5305 St ST 65505 S 55 ol
Sge Sl o s LA L s el KA il oS
Sl e ¢St 5wy S il byl (sl 4
3L5 e 31l S ol 3 s sad el L3 duS
P osh Rl 35 o paw s [13] 55 eslind
L B ol ol JuS ST e mi Sld (Sus
JUESN 5 & e 3 AL andls (o5b b, L asl adlns
3 S5 s el dalgt sy w0 OF (gsy p pbOKE 5 S5
7] 555 0 iy S plSomtul J2alS Easly ol WS

Lot 5 Els lgr 38 s e (3Ll S o) S s
Lo ax o Ko eSS 8 s 05St c kil
IRl s el a8 skl L ez (il SsdnS]
3B s G Rl L s s S 56 gles
9 O5enSt 358 55 50 Olej B e 3 g B wl...é\ HEYgES
Oy 04 S Vb Lol g e ol s
dalp 5 el xS GullS) 5 5 Ges O5S] 358 oy
U5 D3 ey e 4 OpellenST G ol s S
Lol Sy anSe sladls sl ax a sl (Ko 3
dalgt i GullSl Ce o i &Sl)c\adﬁlzw
a5l alsm 2z LIS 51 A W5 sl Vsane onlplo 35
I8] L,8 o 13 (b Siuls 5 Sl

S w oy S Sl 2 S Jf Foe 53
Sl Sl 5 G Ghal L) ojles 3lualaS
SAe Slol ahs 4 Y osled (lud kS Wbl @ $3505
BENCHEHIPS RV -V LS 5,8 o Sose VU LS
Gos obd Lale s &8 cal sl (I8 gl
bkl s 4 LS ooy b Rl b S
bl oS s SIS sl s 55 ol S sk
338 oo 515 Dl bl b S W5 g S a8l e Sl

R VPR TSI Ipe JURCH - SPS K I I NSOV PR |

PRV

bl adsl slge a5 sl danly sl p gsledas
S gl ol SV b A5 s o o il 0,8 L eites
L bae o slST & Qe 31 s Ol 5 oy ol e 4
Cool 23 o US &S Wpd e s jasie o5l
Sl Lol CobB (3l sl slpe 3 3N 5 ol
B3 5 oS ol el (5L plSnal b glad S W g
Sl3 0xd (65,5 bl pi e S0 0As (955 @ ol
I RPN NP I I INC R PO P PN JPUN
el duS Wy sl [1] cul @550 Jials a4 Ll
OF 31 oV doys o3l & Sngspl slse fols ool Ko
Lile oS 5 gladglms b ol ey Sn FY 51 58 S
4 Sl kS slaalSaws 55 (558 S5 w4 plis S
o 52 (20 538 W ol WaS B sk e 050 5 1
Sl s 5 S35 Sy Col (Sen bt daS 4S5
Of & duS SOl = iyl ol 5 CudS 35
3 Sl S bt WA e de e s ssE LS
Do o5 Sosb 4y 258 4y Gupw 5 S Il B 5,8
A K D3 g Gl 30 5 O s Ol 2alS
WS O 3 e bl Jral sl relomal Glase )b 515
[3] bl oslel S 03 55 slowsl S 5 0T 45 a5 g5k &

CaiSe O gonldenS| pal Ko glad kS W 5 aul b b
Crye s S e sbml B Gl e sleS DS o
0355 33 oS s Mgt 55 45 250 e AT IS
Gl diS dol b pman 4] 305 ol jen 4 1) it (gL
Glasl8 358 sl LS ) Jslsite mhas sl 4 e
sl oS s ol Gl 5 leddS o8 s S|
Ll GlaeysS lp cmle St ag Spd 0 it
o LS SO 5 pled (S ol
Loolea¥ss il b o g lekily 05 Vb 5 (g5lwesl
s B s e s @lednS b Ol ole Gls
) s bl o) 8 5 O3l L2 WAS Sl plralr
[5] ol s3laddS sllse s

G35 Olse SLsdaS o b e )
GAE 5 oB ol IS8 ek clu Wy gdudls

S5 S Ll e Casbs Aoy 5 s Ol ()3

H""¢j.}iju4u.iﬁj‘fﬂdb

e s sy o plige & i



3 oS Gl el kel kbl 5 e
Loy sdes b 4 a5 wledd S5 ol gl 5 s =
by oladss [13] Wsd o end BWI) Ly I8 sl
5 4 Shey ln S Gbalal g Bl s
Ll (@551 cp2eS G o 5 Olos op 2eS 53 calio &l o100
5ol @S e coles i glels, Gl @S
Sold Olyen co5lncS 4y IS G O ad gkxe g
Sl p e i 53 Sush Ol 5 Ll (255 e
5ol Ko [14] Llodd g 5 ooy 30t sla SIS S 5
Sl il gla i, ) gslasl LT K
e Sl a5 L oS Wles S &l amSe el sla SIS
ool il daler VU el sdol 3 zsles Osles
5 $5A Glacad SRl B S s Lol gl ol
B O
ol o LS o LS Jases jlid 53 &S il s HPGR bl
G 1 laauya Ll o al e tix 5 bl (gilulis L
S 5 Gl S Gl b hls i By, 4 S YO
G ges Sale glwl [ELKa 5 e fwizmen [15] duas
Ol a8l olgniy sy S Ol 4 L, (VRM)
e G S hls & s VU o0 5 551 s
Sl ey e SLKes 5 3Ll [16] Wles S &I
dus Wy ol s s HPGR il = 5, L1y e JU
L S CodS oS 5l 0l ol Slidos s L3 S alie
WS oo GRS 3 Abis s ok g SIS
S bl Lol 2 Al Oliise o5 8 ol L
edd SV ol oot OF Cdlaze 5 VL 035 o p s
ol 3 odd s OLd 655 2 JSE pimen ol
[12] clods adaS SVL S ks a4 e S
KB b b i ek wll Qlae 4 a5
A5 slaane 5 Db Sl 58 (IS g, sl
e 5 oS e Jalse g 0 mlaS S 3OS D3 s
ol B e Gl gyl 5l lg duS cis s
200 Sl 5 3555 St uls 2 03l i 2asy
ot U8 CdS s b Cl Jpare AAS S

YO 5l 5SS AL (gl IS gl s ls
2
VAv ’; b Rl L3 o3y eaw L (KBO=YOUM) 05,Se
b g @S Glal Jpame 53 o3 I [6] el
‘QMA\‘YL dl.ﬁun.b)) Q\‘)J 6))(’56&‘;%”?1’[‘.504,(3
5 e o O Sy 8 S LdS w0
23 odg e Cb.w u;;;“\).e\ .J)ﬁf:‘ja rS uu] LSL"‘L;:W“";’
wo s Sl el JialS b Lais gld IS gl
)Lflv U;}) 9 l; b 0338 o9 Cb‘” ol Q:‘iL"“ E) \AAJ)K
Gao i 8 358 s b () S8 bl s L e
6J:§b)‘..«\dl U;J}) 92 Lfl\ "\"»’-LQJLS‘ Um BET Lcjk.w
BE JLIA)\).EMLMJ&AJ‘)‘ o}ijcla.u)" \) Ls_}')b&ﬂ slael
LSL?.MTQC‘L{ASJGS/Jg@:?“aL})Jm;Q)ﬂw)J{
. Z o . N cm? =
L.v [ys e LgﬁSa)‘..bl 378 cﬁw ‘ML'QSA YA P d\d}ls
2
[9] Ll e AD ~";

Soslp Slameime 3505 S pherd S5 i

L ol BET Ao,

W5 S g G layza g s 13 Sl SIS Al K
SN s al 53,8 0 o oy Sl oo 53 o
Cdos 5V b e 38l 550 5 Cad Vb ea g3l 2550 L L
Dliios 31 (6ol alansly men a4y ol OF 05l 5 51 30
3Ol iyl F5 5 daS CldS sp sl A s
sdy die sb s (S5 gl bl e b
e b be s plerd S5 i ok [10] RLSes
5 el 5l K s 5 Sl e ol S35l <3 o3l
w3350 \YVO CO L IYO °C engdoes 5 on slos Lo
5 Lkl s bdas gl A oshess Vol
Sbe ol ga, badas ol 5t [11] ) SKes
Sl oS sl Ol WOl Giiew s iles S s p 1 O
e il 5 G pdblsl 2als 4 s U8 3 o5l
DSUSen 5 53kl ol Lad kS s e (55123 plSouna
o b Bl iy 5 adsl sl D3 oll I [12]
L 5SS ohs o3lil ol glaasl jolul 5 5 Lles S
ey SYL bt (ol il 4 s VU ohs e

il 0l (5 5SS 55 Ol

]F'F‘_});)L«‘Jr‘ﬂj‘_{wdl‘m



e S S S oS S s f/&f&’ﬂ%«;@z

oslitad YU Slis Sl bl 5 gl gl bl als =
Aol slaosesl Ws b Ciloie blie 53 S
ae olblags 5 e Sl (ol (S ol
503 gl 5 Se3ll (el BT Il 53 .3 S o) s
S35 Shs oo 055 YO 51 S Sl dss
e S3LedlS il S Y 5 ) slad gl s
2 bl O s 4ot &l pll S S June
Yoo ) Jole 5o \WWAA Jlu 5 5 5 sls 5 ccigunsl ol a
L FeO 5 sl Ol 5JUT Jsds cpl 55 ool ol o351
L3855 0Tl et plnil (Ol 28) 5 omed B0
Lo)s 5 b s 4 ens aw 5 Leco CST44 oKans
Wl 4 S ool 5 LSS w03 S YO IS S

Jw)joPGRJ&JJL U’“ﬂbf U’i’j) EEEBE ol J\.:.‘ji
5 @ fSoml ) Jelse nl 5SS ST s ey

RGO PSS WA th.))l oLl Q&q Ju8 u.pb;—

I TPIRRe
Slesl G5 SLl Ol S8 o Sbas 25,4
Sl ol Sslie LK dops L (Sdee S))
Sy 5 ) oled Jlogl 51 oyled S8 & (934,35
Bade el ¥oosled JlogT 51T ol S8 4 65555
SLALS ol (555 s gl S ) gl

s 3l i 0 Y 5 ojled G 3 53 el A5

Vooled S, 4 35,5 STyes WG Y Jsas

V JuS b LT VduS ples 5L
0,55 FO 5l xS Sl3 s eﬂjmcfw MO uss | S usys | FEO us s | JsFe us s o
(7)
AY/0 YY\Y \TAl V/eY YO/0 2dle A/ Y
N YV£4q \TAN V/eY YO/0 2dle A/ Y
AY/\ YVO- Y/ ' /AV Yo/4 $8IV A/ ¥
AY/0 Yiva Y/Y Voo Yo/8 ddid ke
Y osled G, 4 g4, ST JUTY Jsas
Y S S 5T Y daS lecs 5T
. b gl o5 o
O 5l j2aS Silyd Ao s o MO s do 3 L3 Fe .-,s y
05,5 em? S FeO ;s
(7)
fEIv \YY- VIV AR YYIV FYIY AN/
ArdA) \YPY \/VE Y YY/# FYIY AA/-Y
A \YYF VoY <IYA YYIY Y10 AN+ ¥
514 YO \ISA AR Y/ YV | eSile

H‘"‘¢j.}p‘ju‘ﬁjwdb

o s Siplia okige &




sl 4 s Gl T o Ll ol adsl slse
AS o SaS Ll dul b s ssd e U8 s i O e
ot 2550 02l 53555 Ol > IO Ol ) e sDle
5 e ST L adaly 3 el Ao HV A= s 5 S
Lo s /0 U yo 5 5l Al 55 (S 5 s O Ol e
o3 Al S Ol 4 oax ST e ST 5
4 3l 032 Y oDl Ll e oS uslde 5o Lel 550 o
Shaae LB Slads 4 5 w8 SaS duS g p il sy
G 18] dalse il b o el S Ol ae b Ll
ool 2 J12] 5 590 3UT G 3 0l S350
Jor Jb bl g8 IS 8,5 55 (1) 5 (1) slad s U
5 5ol ol g e Vo L (Sie gl b alis o
GAVL Sl 05,50 ¥O Sl 28 &ils 631l dsys OF Cilaze
Fr o ol ol Sl LBl 4 NS e oS ol el
L USe L e b apd e S VL il
$2305 Shg 3y sbaails L old 51 5V 55 IS
A3 5l sal (1) ISE 53 68 Ko pla a8

Sale 5 e JU bl 55 s a5 1,3 SEM LT
G YO o3l Lo Shd ple ol ol eals Lol (V) I3 s
(05,5 YA S 55 05,5 YO S (s55) 05,500 YA
Sy eSS Sl e Slheslinal s 4 il Sl
31 eslizal SEM o 58s oo 53 40505 0115 mlane (65
UGl pde 5 Ol ST 4 e S S S
L ol 3 5ol ol 1 as 0 333 (653 5 5 gaS
aglie QG a5 350 (6 S sk a0l 0ol o I8T 51 o
Sifshose Bld Sl spd aal s A 53 s 505
B R Ao G ¥ i WO B Co Y B WA P 5
sl by aass IS8 4 Sl P80 raen
Ll (SE s S Sl Sl ail e

slpe 3 5L (SKidshue 5 oltlen, gl w2

Gy S bug edd g gbdaS kel 5 ol
s s el Tescan Vega TS5130 .y, s,
a3 S o g LALS SIUT lp MIP g 530 5 158l 5
50k o 5 b S s $2505 St iy s A
Wgad O el Oy iy opl 53 A (g Selll (55
Ao Ol KaS wos spd e ol L S W6 s
o Seslie sy p sk 4 5 e el dised Zasb)
dljs.c,jjffled\jd.)fosliel sde Ggasl 5 AuS @
DS Ol s e Sl s US WS Slebs sl O el
SLAAS (555 258 0 denle 345 0 L) saxe tLéS)l 3
“ JI&J..LMl o 9 C,\_.vJJS Q\J:A é;e)‘.b\ S 0k 459;-4“
S U'i\ » a_})AS« C,;ij o jg JL.AU eK.’;.ub S8
Cgb e a8 I 4w s (golid <=l§>=:..4l &S el
A 6\2:‘ (CCS) ouis C,\z-_'o' B (DCS) s S (WCES)
5 () BSls! slaolans by (g Lid plSouul LT
oSl LT ool o plnil (51 2l plos olSaws
DL C.,ﬁjf Q)y 4.1?],4 Adw 2 [y e \,}u* A.S.X'g Ls)L"‘"Q
bl ISl e b daS sae Y Obsl U sl Al e
Sl gl Ol w0  (SlSl 5 S5 0sk 5 0o 85
“ 4.'9_5,‘;.': ubv.b‘ L Q).A)T gj_<..v_.> d}f 93 3 e fbd
s S daS 038 s Ol o (Sl O s

WSS e 835

C.."u}@u

5 ) osled Gal S 4 53555 S aberd U =k
Slas ol skl Y 5) osled Jslhr 3 e 5 w4 &S Y
SOl 02 e AT 555 S FeO 51 NG o s s s
SV e el S ssled ledhS b5 635
Sl a4 Ll e (FEO) gy K5 ool s
GAVL oL 5l 2 b s sl O sl JuS s L
b Tl s coler 5 Sl 4 e

2 i sl g e ST 558 Ol 035 VL

]F'F‘_});)L«‘\ﬁ‘ﬂjwdlw



e S S S oS S Al IS b e A

LIPSy Y 4l

100
90

8
7
6
5
4
3
2
1
0
25 38 45 63 75 90 125

(05,58) & oo 83141

O3 (g8 (e LoD
O OO0 OO oo o

<l L;)xﬁjaqﬁwb‘ﬁf&ﬂdijj‘jsbkg&bs a)'\.l.'»' G))J \ Jg.;

SEMMAG: 500x  DET: SE Delector

SEM MAG: 500 x DET: SE Detector TR R — - SRR S —
HV: 20.0kV DATE: 02/19/20 200 um Vega ©Tescan HV: 20.0kV DATE: 02/19/20 200 um Vega @Tescan
VAC: Hivac Device: VEGA TS5130MM VAC: HivVac Device: VEGA TS5130MM

SIS Gl (G VU HLed gll (ol 2o Sa YA YO o 3101 L 3 SEM s ¥ IS5

44‘\;'-‘)[5‘534.36:‘5)‘9 6\))>)| BET J:SLT}(AJJJMJK;L:A)J:LJNJLTGUA \‘J}J}

WS aoys | (L Led sl ¥ ojles 4l IS | (1l (sbwl) Vo )lets il )15 | axly | oy o (y05]

! Y00 YAAA _— Blaine
g
cm?
Y 1avyy Y.YSF - BET
g

Ogee BET JJUT 5550 53 a5 b, cdites 65V o5 b iy s 4 ol owcu.ﬂ}gui = () Jsar

L1 e ST Ll I o Olis 4 o3 elaw 3D bl ol 63 5wt |y b8 s Sl 5 BET
sdalio (oS amlio (V) S5 s O3 o3Il w55 ST SaS w0 ) ogled G 5 ek g oy b LT
Sl Sl 2 Ghsy s oLy el SR RETS Gk stz (VL Sl o3y e gl sl IS skl
S O SIS 4 gl LB b o Gl S ala ghls IS sl s et A5 S5 58 BET LT

’f'f‘jJ;Ju‘wwjdw(le .J/J.Aj&j)}ﬂ.&ddww‘;jﬂb



JSE 53 SIS 55 s b S b Aoy LT

VYo b slar K 4 (ols phged el sl 63,1 (1)
Sl il Bl Ly S Dy pe a5 Conl ol ol 55,5
53 Sasby SSle b s add S Cusb, pslie o
Y ooslad G5 55 5 dess VT L i ) sled als,lS
e s @L:S et 3 g 0 03l QLIS Ao s VAL Bl
O3l sde s e edalin (F) ISS 5s dduS (g, Ol
2 YVELY L) eled ledaS s s S
O VA Ol 4 5 SYL Ooldl sae ¥ ojled giledaS
JuS S col glads slas a4 YL 0ol sus ol
3t oS 5l ST O 355 0 Lay une gusl 5l el
Cosby VL Olee a0 Ol oo 1 Y Sl 53 0T 03 5YL 5
Yol JuS s e weenatl Caolr O Ol
Ol Gl om0 Y 68 s 5VL b ol o
A5 I s i Sl S 5 00 S e
il e LIPS el &S cl Oas S 5 e
iy B sl 4 usby 00558 50 bt el
Olopon 3l Cusby Wl o,S o Sose B die b s
G Gl 53 35 g el ol RalS w4 e Al
Aoss /0 5l laie SLIS 55 53 b Ol D

s Al g oSl 535 1 s BB S S o

8/4

8/2

7/8

716

Moisture %

714
712

6/8

6
Sample Number (day)

el b SIUT i, bl s miy oS (el 0l e
S b sy 53 0 dd (S eIl 03y e B Ol e
S el e ch.w o3Il s Gl b e el YL
Bl s g Seslul gla sy caale 4 Ol e | e
sl s oy oslie bl g ajwcla.w&;{u;))
ok gl as ol 05 Vs 5 AS e o Seslul e
ooy 8S I sl S sl 4 anly ol (5 Sl
Lile it 8 Cdxly 5 ol Olpe gl » BET
o Gy ol se Oy ple pedle 5ol O350
okid oy e (Sl s g beim s S 5 S
Sl o5y mhw 8 30 s bl 50 e
oo b awslie 53 g 3> a6l 5 BET ) Lug i
22 AL b ens e rizmes Lol S5 sl ok
JCSISERGHPEESIRY 5 @b b sl 5o ) oled Al
03 SIS Ll a4 el A S S ol (1)
Gl oy o s e Ol Sn L) eled w8
oSl Sl il (Rl s cenle s 4 (STle
33 S 55 Sn g 5 ol i S 55 Sen 55 Jlaz!
ol 63,90 2L el s S ol SV on e 2l
W Ol (1) K8 ol s oSyl bl () s 3
BET o35 o Blodd 51 Ll ctiten 5 ) &l 53 ot

LI Sl G| (V) Jgds)

8 10 12 14

LK 55 50 Slalis D)0 4 ol JuS b Sl ged VS

]F'F‘JJSJL«‘J“JJJ_;L{.,«JLW



e S S S oS S Al (';':J&’x.jﬁ"sz

ool ) gl IS
V oSk
100

90
80
70
60
50
40
30
20
10

Frequncy

—— v 4 8
—A—r;tfgt:,,

Drop Number

S s 5 O3kl sae glalie lases B IS

2O el Gl VS8 a0 Sl Sls SYL 65
IS 5wl elie g5dsh5e I3 SEM LT Ll
il Ol (5,dseST5 b plomtal sy ol T Sl
Olfi o oo 1) Y 4;L>')L§,>g,<;;>'-rl§>=:ml O34 YL Ll
2l Cd VG Coghy Lok ) 20l S s
Wy glatpes Coy plominl :SKle 035 SV roas
;.,:Sjjszjfjfj:,éjws«f()\f“uab\‘41\;'-)\5)35.)\.';
Sl Gl Y el Sl 4 63555 Sl slens
5 Gl D5 G feS s a4 5SS S
¢&w|gﬁm6w\&@dﬁ):ﬂ6udjj}§g
okt A5 sl g oy o O35 Soml Jds 4 sde S
g s OWE WIS nl s SEle bl baw g
6&@1wﬁvt{o\jsdgwi;\)mjw,suhﬂs4:.'e)§
o 3 VG o35 mlaw & L HPGR. 2ls 5 g5 53
Slales 53 a8 5513 5505 Sl ey (glad o0 o Al 35 sls
Qev °C sy 53 Ko o) gori B ez, Yoo °C 5 NG
b ad ! r&.>=‘l.w\ b gl gl opl 5o dad s )
a Sea g Lol caws Gl by Sah cosel
s 4 Sl WSO slge pd S Wledew 5 sleba
w\ﬂ,;«p‘[\q]gﬁwgf&@\am@w,a\,s
Shd) g Blas 53 sla3l8 T~ wles edgdoe pl s
Slon 5l pal ST S 5 D 5 Sl sl 4 s
GcS sl Ll 5 olad Dot 4 i 33 cnKe &

J).J:GA UJS‘))J'.L)

Szt 5 (WSC) 5 S plSomal 05051 s (0) ST

oSl as e Ol duS cbwses gy, |, (DSC)
Sl e 5 S el daS golis el
5 dAS 5 e SHS AN E R LY okl gledaS
VEEOYA e 4 Y olld gludals LS8 s
b s ol S alwnal 5 il e JUS 2SS
2 pSAS O VAL ) okt alls s Sis
2 eSSV NG L Y bl abtlS s 5 duS
bt sai (CCS) sy Sl s (pizman il o 4JUS
B Ve o3Il Loy e o3 ase JUS sae Yo sluws (g5, S
53 Sl ol plamil (gl phiged S5 i b e e VY
WA aldss (555 b s w85 5 Slamlin Slosai L (P) JSS
) esdle il sl en sl SlLIS a5l ay JUS sus
oSk b oS e ahd 5 pbralr o gy o
o 5 ) esled GBS s S e SIS YA oIS
pouiul SSle b S CoSs w5 ol o 5
s a Yool ALl s JuS p@g YOq
03,51 sl LS o edaline (A) 5 (V) o)led sla K
5 Lledd o35l Wsad Sope w (W) 5 (V) JSE 3 el
Sl 53 0l A5 slads sed 55 plSominl ks 51 (okone
A5 S plSomtal (6 S o3Il s bl Az Y )
JuS = s VL ol Vbt LS s el
5 (DCS) i plSomtul &5 Jl= 3 ki ls (WCS) sb e
el VLY ol 6118 3 JuS (CCS) oy plSomia

gl 5 Do Saby, 4 Ol e ) 5 plomal Do SV

H""¢j.}iju4uﬁ;ﬁj‘fﬂdlw

e s sy o plige & i



) a8 - i
—— S L
400 Eles) 400 ) @l
300 o 360
5 2 250
2250 £
E >
= =z 200
=200 -
D = 150
=150 a
o 100
100
50
50
0 =7 A
0 A -1/0 0/0 1/0 2/0 3/0 4/0
-1 01 2 3 45 6 7 8 9 101112 13 WCS (Kg/pellet)
DCS (Kg/pellet)
Histogram of CCS 1, CCS 2
Normal
35 Variable
— g ccst
0 E=3 CCS2
Mean StDev N
] 239 78.61 180
25 2559 89.64 180
> T
()
S 20 / T %
- —1 /1
o 15 7J_ Y\
s /7— MY
L *a
— —— LS
10 //{ I *
7 N !
5 g
Y
= .
0 == | e =
% & X 40 &
CCS (Kg/pellet)
Yool b8 50 3 5 ) osled 68 T L (CCS s = Slamlis Jlages 7 S
Kgf
-400.0 _|
- 87 A
Qo AL ‘ /F
g 2000 : H » |
S — e
50,0 e —ﬁ I
0'80 0.2 0.4 - 0.6 0.8 1.0 1.2 1.4 1.6 1.8 -20
EXTENSION mm

Voslad SlIS 55 S 5 p S S YA plSoual :Sle L i8S conSo abi 5 glralr - 50 e v SS

AZ}"J&))}"“;{“W@/“:’ ,F'Fij);jw‘ M‘;_}L{wtﬂw



e 50 S S ST S 5 Sl il i

-500.0

-450.01
-400.0;

-350.0

-300.0;

-250.01

-200.0;
-150.0

mOo®O™

A

i
||

-100.0

-50.0}

Tk

0'8.0 02 04

06
EXTENSION

8 1.0

YAJWMB)S)AAJKJ;C;}L;YOQrm‘wiapbﬂ.\jw@)@‘&bb_jﬁw /\J.i.i

s
Signal A=QBSD  Date 4 Jan 2020
Photo No.=5728  Time 9:4946

EHT=2000kv WD= 16mm

EHT=2000kV WD= 16mm  PhotoNo.=5733 Time:10:13:58

Ye)l.a.i A.vl?-)ls(k-)}\ a)wbb)g(d\rbdﬁdﬁbcﬁ»u)‘sEM ]L‘yﬂj E\L}g.i

old S5 Ll el (Mag) cxe 5 s (Hem)
ol 35 g0 ek 53l STl sl 0S5 G
e Lasl gl s bies eds 1S5 cobes
S8 JuS by, NS Sl s ol sl sl
S ool 58y gl s Sy gsl Yool
A5 sz (F dodr) hle 4 Caslis Doy Sl

JSJA._;-‘}S’UY oJWAJL})LS)JoM

56T 2B (- 5 (o) el S
ol 1y el JuS sladises 5ISEM gy Sl Sy S
(el 2251 (Mag) Ko calises glasl 5 5 s e
03 Q2) 35518 5 PY) cu,e (Cly) cisy )y 5 (Cal)
A S Db @5 sl nl el i ek O
bl S (W8 S ) eyl ablS s oK
2B L Gl 3 oS el s5ete 03 SIS bl s,
el (V) K3 53 3 e bl
SaS e gl a0 (V) S8 s
() 5 ) esled )6 5o Gope S0 Sy S
e Sl aslas ol lel el el el
Coles (LB gslie gl coy Sl e gbadaS

7F'F;J):JL¢.:;U,:JJWJL”

e s iy le oige L




JJS/MM.&—WL«#FLL{— w‘dii.(w/‘).ij/

Signal A=QBSD  Date :1 Jan 2020
Photo No. = 5708 Time :11:38:35

o SR
\%‘:"‘*‘Q ¥

EHT=2000kv  WD= 15mm

Date :1 Jan 2020
Time :13:17:29

(u)\' A)MCUJS}(J\)\ A)Mdu)gduﬂutg%};“)éw)ﬂA{Ja){fﬁjl.,d AR Jg.;

CosS 5 ol Sl S el il Sla sAYL
23 edd Wy sbadaS oss e ooks (F) Jsds 3 &S
doys gege SYL e a4 cwglie glhls ) o led alx S
Sl VL SISl 3 Gl Sl g ele e sl S
D3 e 5o Sr Dlali b Gl > b ol oS
oolad L8 SaddS s JeslsS Jo5 mis 5 S5
S ) oplad b8 Y pame ol s esdle il e )
Sl o auS Ous da by S elas Ol S Wl 30 (6 e
Al e ol L85 ladd Olde slasl sl oS5 L
S ete 0 edle S VL b & sl

2 kel oK ix o G s S le Ol

ol b Jile o s Al Lol oad 009l (F) Jgoor
oot s aS SdaS Aoy Tl 5 asy JuS Ll
Jsdor 53 iomen a3 e 0L 1) Lhokile Il by ol
b gl B3lsp b ay A oy S oy ) p (F)
A Jsame Sl JUS e W (g, 2 MIP i,
P LI PO P 03,550 Lao3ll s 31 5 w8
plosil (V1) JSC5 s ot 03,41 sladaS o s el
oy Ml B Cups Sl ) sde ol el
CasS Sl e SSGap) sde a4 duS oy S oSSl

,F'F‘JJ;‘)MA s ;‘}qu/;j[w



e S S S oS S Al (';':J&’x.jﬁ"sz

oSle 03 VL oman el VAYY S Sle Ol 4
@Ol oy Y au)ls)sauaﬁjj;duawgéﬂf&»wl
4 6o Shy aled S5 3 3858 S S
Tort e 23S S gaS 58 sl el ¥ eslad bl
LS 55 eSS Js Sen 5 shellp 12 GBS

4l o5l

Wet crushing strength
(WCS)

Dried crushing strength
(DCS)

Cold crushing strength
(CCS)

Vertical roll mill (VRM)
High pressure grinding
rolls (HPGR)

Ball mill

Anomaly

Bond work index (BWI)
Blaine

Dompler

Concentrate

Gangue

Pellet
Magnetite

Scanning electron
microscope (SEM)

Hematite

€ gad (g lid r&z:.,;l
b

Sy 4 ged (S,LEB fl.<.>=:,.al
ol

3508 Sile (sl

Sy i Sade gl
SIS sl

(dre 55) Jlosil

Lg S

als

o sl

S la b)) K
(Odxe

NEtY

P S S
=TS

Coilen

e Al 4 e el W5 ol el ol CliS
Ob 5l B0 gla ST als 5 anl b e edd 5 Le
[20,21] 555

doys s el oK it o M s daS b Ol ¥ Jsi

Lol cus,s
Y oo by ails I8 Voo les Al I8 WK Y]
YA AA Al
w/f N Tl
- IVOA -IAY¥ Cag,S duoys
S S s

5 ) oled ledaS a5 il gla ise o

5 SO (S et ST S S pamna ¥
bl Al el SN e (55 ol ) 0
3503 sl slse glacd S 5 Sl 0l ol sla Ul
Sl SIS g s il 5l ol 3 g5 s
Al ol JSAT L 65 S 8 OB LY 5 e
SLIs 5 e3p S5 S Glal Jogy 4 et W5 ol
GSe3kl kzes (VAM glem®) g NG b o e
93 Ledd W O3 sl DL BET g, 4 059 Cho.ﬂ
oo Sosp s polie S gl 5 ke Jb b B,
93 05 el A olyd BET o3 ck..ﬂ 035 Son3h s
S Ll b ods A5 D3 O3y S s e Sl
O3 3 i sbee i 5 S 5 Sen 3y 4 015 e |
ol pesdle ol Sl S bl By w4 ekd A
ol SV g 53 Wby, D3 Sl GFEH S s
S S AT i 53 6 b ey S gy
el ggia 3 Sy Al ) S bdaS s 5y )
e e e e sl S S N Ol e
Sl 5B a5y el S duld s Ol glasl
D3OS da B Oy 5 035 S A edd ST ladnd
Olgee 5 sl 4 Ceaglin oS (G146,8 4 ol 03 S Iy ialS
5 A S sl B, b eds a5 glaalaS oy S

&1y

[1] N. Tohidi, R. Vaghar, Load of iron and steel production furnaces. Tehran University Publication, 2021. (In Persian)

H""¢j.}iju4uﬁ;ﬁj‘fﬂdlw

e s sy o plige & i



https://fidibo.com/book/154420-%DA%A9%D8%AA%D8%A7%D8%A8-%D8%A2%D9%85%D8%A7%D8%AF%D9%87-%D8%B3%D8%A7%D8%B2%DB%8C-%D8%A8%D8%A7%D8%B1-%DA%A9%D9%88%D8%B1%D9%87-%D8%AA%D9%88%D9%84%DB%8C%D8%AF-%D8%A2%D9%87%D9%86-%D9%81%D9%88%D9%84%D8%A7%D8%AF

[2] K. Motamedi, S. Zandvakili, A. Hajizadeh, “A review on the effect of concentrate characteristics and the effective
crushing method on pellet quality,” Iran National Conference on Materials Engineering, Metallurgy and Mining,
2018, pp. 1-17. (In Persian) https://civilica.com/doc/769023

[3] K. Meyer, Pelletizing of Iron Ores. Germany, Springer-Verlag, 1980.

[4] F. Przemystaw, J. Mroz, “Ability for self-pelletization of iron ores and magnetite concentrates,” Journal of Iron and
Steel Research International, vol. 18, no. 6, pp. 1-7, 2011. https://doi.org/10.1016/S1006-706X(11)60069-1

[5] P. Karimi, A. Noori Kuhbanani, S. M. Mousavi, “Investigating the effectiveness of HPGR and pelletizer combined
circuits in the preparation of iron pellet factory feed, case study: factories of line 4 and lines 5, 6 and 7 of iron
concentrate production of Gol Gohar Mining and Industrial Company,” First international conference on materials
engineering, metallurgy and mining, 2021, pp. 1-11. (In Persian). https://civilica.com/doc/1250616

[6] S. Niksirat, M. H. Shahid Kalombari, M. R. Abutalebi, M. Adeli, “Investigation of the properties of raw pellets
produced from iron ore concentrate of Chagharat mine by disk pelletizing method,” Seventh joint conference of
Iran Metallurgical Engineering Association and Scientific Association Casting Iran, 2013, pp. 1-5. (In Persian)
https://civilica.com/doc/224307

[7] S.K. Kawatra, V. Claremboux, “Iron ore pelletization: Part II. Inorganic binders,” Mineral Processing and
Extractive Metallurgy Review, vol. 43, no. 7, pp. 813-832, 2022. https://doi.org/10.1080/08827508.2021.1947269

[8] K. Motamedi, S. Zandvakili, A. Hajizadeh, “The effect of softening mechanism of iron concentrate of Gol Gohar
mine on quality indicators of raw pellets produced,” Journal of Mineral Resources Engineering, vol. 1, no. 5, pp.
143-160, 2020 (In Persain). https://doi.org/10.22067/jmme.2025.90387.1162

[9] A. Abazarpoor, M. Halali, “Investigation on the particle size and shape of iron ore pellet feed using ball mill and
HPGR grinding methods,” Physicochemical Problems of Mineral Processing, vol. 53, no. 2, pp. 908-919, 2017.
http://dx.doi.org/10.5277/ppmp170219

[10] J.A. Pal, S. Ghoari, A. Ammasi, S.K. Hota, V.M. Koranne, T. Venugopalan, “Improving reducibility of iron ore
pellets by optimization of physical parameters,” Journal of Mining and Metallurgy, Section B: Metallurgy, vol.
53, no. 1, pp. 37-46, 2017. https://doi.org/10.2298/IMMB151206014P

[11] M. Iljana, T. Paananen, O. Mattila, M. Kondrakov, T. Fabritius, “Effect of iron ore pellet size on metallurgical
properties,” Metals, vol. 12, no. 2, pp. 302, 2022. https://doi.org/10.3390/met12020302

[12] A. Abazarpoor, M. Halali, R. Hejazi, M. Saghaeian, V.S. Zadeh, “Investigation of iron ore particle size and shape
on green pellet quality,” The Canadian Journal of Metallurgy and Materials Science, vol. 59, no. 2, pp. 242-250,
2020. https://doi.org/10.1080/00084433.2020.1730116

[13] H. Hanumanthappa, H. Vardhan, G.R. Mandela, M. Kaza, R. Sah, B.K. Shanmugam, S. Pandiri, “Investigation on
iron ore grinding based on particle size distribution and liberation,” Transactions of the Indian Institute of Metals,
vol. 73, pp. 1853-1866, 2020. https://doi.org/10.1007/s12666-020-01999-5

[14] W. Guo, Y. Han, Y. Li, Z. Tang, “Impact of ball filling rate and stirrer tip speed on milling iron ore by wet stirred
mill: Analysis and prediction of the particle size distribution,” Powder Technology, vol. 22, no. 378, pp. 12-18,
2021. https://doi.org/10.1016/j.powtec.2020.09.052

e 5 sig e wlige & VFe¥ o3 Sla i i 5 oo Sl


https://civilica.com/doc/769023
https://civilica.com/doc/769023
https://civilica.com/doc/769023
https://civilica.com/doc/769023
https://pdfcoffee.com/pelletizing-of-iron-ores-kurt-meyer-pdf-free.html
https://doi.org/10.1016/S1006-706X(11)60069-1
https://doi.org/10.1016/S1006-706X(11)60069-1
https://doi.org/10.1016/S1006-706X(11)60069-1
https://civilica.com/doc/1250616
https://civilica.com/doc/1250616
https://civilica.com/doc/1250616
https://civilica.com/doc/1250616
https://civilica.com/doc/1250616
https://civilica.com/doc/224307
https://civilica.com/doc/224307
https://civilica.com/doc/224307
https://civilica.com/doc/224307
https://doi.org/10.1080/08827508.2021.1947269
https://doi.org/10.1080/08827508.2021.1947269
https://doi.org/10.1080/08827508.2021.1947269
https://doi.org/10.22067/jmme.2025.90387.1162
https://doi.org/10.22067/jmme.2025.90387.1162
https://doi.org/10.22067/jmme.2025.90387.1162
https://doi.org/10.22067/jmme.2025.90387.1162
http://dx.doi.org/10.5277/ppmp170219
http://dx.doi.org/10.5277/ppmp170219
http://dx.doi.org/10.5277/ppmp170219
https://doi.org/10.2298/JMMB151206014P
https://doi.org/10.2298/JMMB151206014P
https://doi.org/10.2298/JMMB151206014P
https://doi.org/10.2298/JMMB151206014P
https://doi.org/10.3390/met12020302
https://doi.org/10.3390/met12020302
https://doi.org/10.3390/met12020302
https://doi.org/10.1080/00084433.2020.1730116
https://doi.org/10.1080/00084433.2020.1730116
https://doi.org/10.1080/00084433.2020.1730116
https://doi.org/10.1080/00084433.2020.1730116
https://doi.org/10.1007/s12666-020-01999-5
https://doi.org/10.1007/s12666-020-01999-5
https://doi.org/10.1007/s12666-020-01999-5
https://doi.org/10.1007/s12666-020-01999-5
https://doi.org/10.1016/j.powtec.2020.09.052
https://doi.org/10.1016/j.powtec.2020.09.052
https://doi.org/10.1016/j.powtec.2020.09.052
https://doi.org/10.1016/j.powtec.2020.09.052

e 50 S S ST S 5 Sl il i \

[15] B. McNab , A. Jankovic , D. David, P. Payne, “Processing of Magnetite Iron Ores — Comparing Grinding
Options,” In Proceedings of the AusIMM Iron Ore Conference, 2009, pp. 1-12.

[16] M. Reichert, C. Gerold, A. Fredriksson, G. Adolfsson, H. Lieberwirth, “Research of iron ore grinding in a vertical -
roller-mill,” Minerals Engineering, vol. 15, no. 73, pp- 109-15, 2015.
https://doi.org/10.1016/j.mineng.2014.07.021

[17] Z. Zhang, B. Kumar, “The Characteristics and Reduction of Wustite,” Iron Ores and Iron Oxides - New
Perspectives, chapter 4, IntechOpen publication, 2023. https://doi.org/10.5772/intechopen.1001051

[18] S. Dwarapudi, T. K. Ghosh, A. Shankar, V. Tathavadkar, D. Bhattacharjee, R. Venugopal, “Effect of pellet basicity
and MgO content on the quality and microstructure of hematite pellets,” International Journal of Mineral
Processing, vol. 99, no. 14, pp. 43-53, 201 1. https://doi.org/10.1016/j.minpro.2011.03.004

[19] C. Scharm, F. Kiister, M. Laabs, et. al, “Direct reduction of iron ore pellets by H2 and CO: In-situ investigation of
the structural transformation and reduction progression caused by atmosphere and temperature,” Minerals
Engineering, vol. 180, p. 107459, 2022. https://doi.org/10.1016/j.mineng.2022.107459

[20] A.H.M. Najafabadi, A. Masoumi, S.M.V. Allaei, “Analysis of abrasive damage of iron ore pellets,” Powder
technology, vol. 331, pp. 20-27, 2018. https://doi.org/10.1016/j.powtec.2018.02.030

[21] J.A. Halt, M.C. Nitz, S.K. Kawatra, M. Dubé¢, “Iron ore pellet dustiness part I: factors affecting dust generation,”
Mineral Processing and Extractive Metallurgy Review, vol. 36, no. 4, pp. 258-266, 2015.
https://doi.org/10.1080/08827508.2014.928876

TFeF oo dplosd o i s oo L Slpe s sy sllin pokign &


https://www.academia.edu/download/42520887/Processing_of_Magnetite_Iron_OresCompari20160209-16868-h30tce.pdf
https://www.academia.edu/download/42520887/Processing_of_Magnetite_Iron_OresCompari20160209-16868-h30tce.pdf
https://doi.org/10.1016/j.mineng.2014.07.021
https://doi.org/10.1016/j.mineng.2014.07.021
https://doi.org/10.1016/j.mineng.2014.07.021
https://doi.org/10.5772/intechopen.1001051
https://doi.org/10.5772/intechopen.1001051
https://doi.org/10.5772/intechopen.1001051
https://doi.org/10.1016/j.minpro.2011.03.004
https://doi.org/10.1016/j.minpro.2011.03.004
https://doi.org/10.1016/j.minpro.2011.03.004
https://doi.org/10.1016/j.minpro.2011.03.004
https://doi.org/10.1016/j.mineng.2022.107459
https://doi.org/10.1016/j.mineng.2022.107459
https://doi.org/10.1016/j.mineng.2022.107459
https://doi.org/10.1016/j.mineng.2022.107459
https://doi.org/10.1016/j.powtec.2018.02.030
https://doi.org/10.1016/j.powtec.2018.02.030
https://doi.org/10.1016/j.powtec.2018.02.030
https://doi.org/10.1080/08827508.2014.928876
https://doi.org/10.1080/08827508.2014.928876
https://doi.org/10.1080/08827508.2014.928876

l

A
Ferdowsi University
of Mashhad

Journal of Metallurgical and Materials
Engineering

$

Iron&Steel
Society of Iran

Evaluation of Red Mud and Mg-Fe Spinel as Catalysts in the Conversion of Free Fatty Acids

to Biodiesel*
Research Article

Elaheh Kosaripour!, Behgam Rahmanivahid?

, Hamed Nayebzadeh?

1- Introduction

Biodiesel, as a renewable fuel with numerous advantages
over fossil fuels, has garnered significant attention in
response to the diminishing reserves and limitations of
fossil fuels. With fossil fuels providing about 80% of
primary energy and the environmental concerns arising
from greenhouse gas emissions, replacing them with
biodiesel—which is non-toxic, possesses good lubricity, a
higher cetane number, and an elevated flash point—can
contribute to environmental protection and sustainable
economic growth.

Since vegetable oils are not directly suitable for diesel
engines due to their high viscosity, low oxidation stability,
and reduced volatility, chemical modification through
esterification has been proposed. In this process,
triglycerides are converted into fatty acid alkyl esters in the
presence of short-chain alcohols such as methanol or
ethanol and a catalyst, because the fatty acid composition
directly affects the physical and chemical properties of
biodiesel.

In the present study, to address the challenges of
conventional biodiesel production technologies—namely
high costs and moisture sensitivity—novel catalytic
methods and technologies have been examined. Among
these innovative approaches is the utilization of industrial
by-products such as red mud—a material containing iron,
silica, calcium, and aluminum—as a cost-effective
catalyst, as well as the use of magnetic catalysts based on
MgFe, O,  spinel, which are preferred over
heterogeneous catalysts due to their high efficiency and
ease of separation. Furthermore, novel synthesis methods,
such as solution combustion synthesis that harnesses the
heat from chemical reactions, have been proposed for
obtaining catalysts with enhanced mechanical, chemical,
and thermal stability. Finally, the paper details the
synthesis procedures, characterization (using XRD, BET-

BJH, FTIR, and FESEM analyses), and evaluation of the
catalysts’ performance in biodiesel production.

2- Experimental

In this study, the catalysts of interest were prepared using
two methods. In the first method, red mud (a waste product
from the Iran Alumina Company-Jajarm) was dried for one
day at 110°C without any pretreatment (sample one). For
the second sample, an initial solution was prepared by
combining iron and magnesium nitrates as oxidizing
precursors with glycine as the reducing agent. To this end,
the metallic nitrates and glycine were mixed in 60 cc of
water and stirred until completely dissolved, then heated
to 60°C to form a gel. The gel-like mixture was
subsequently placed in a vertical furnace at 400°C; within
1 to 2 minutes, as water was expelled and white smoke was
produced, a foam catalyst (MgFe, O, spinel) was
obtained.

Subsequently, the synthesized catalysts (red mud and
MgFe, O, spinel) were employed in the esterification
reaction for biodiesel production. The reaction was carried
out in a 100-cc autoclave reactor at 120°C, with a molar
ratio of alcohol to oleic acid of 1:4, using 6 wt.% catalyst
for 4 hours. The biodiesel conversion percentage was
determined by titration and acid value measurement
according to the following equation:

Conversion % = ((Acid Value (oleic acid) — Acid Value
(methyl ester)) / Acid Value (oleic acid)) x 100.

3- Results and Discussion

The XRD analysis results of the synthesized samples
showed that red mud is a complex mineral compound
containing various metal oxides such as Al, Oz , SiO, ,
and Fe, O3 . Additionally, the analysis confirmed that the
MgFe, O, spinel was successfully synthesized,
indicating that magnesium and iron oxides were not
formed separately within the spinel structure, likely due to
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the high temperature involved in the solution combustion
synthesis process.

FTIR analysis corroborated the XRD findings, revealing
that the structure of red mud is highly complex with
numerous metal-oxygen bonds, while the characteristic
bonds in the spinel were also verified. FESEM analysis
(with images shown in Figure 1) demonstrated that red
mud exhibits very low porosity, essentially being non-
porous, whereas the MgFe, O, spinel sample is
composed of numerous pores, indicating its porous nature,
despite some slight particle agglomeration.

BET-BJH analysis results were in good agreement with
the FESEM findings. They showed that the red mud
sample had a specific surface area of approximately 8.003
m?/g and a pore diameter of 67.017 nm, whereas the
sample produced via solution combustion synthesis
exhibited a specific surface area of about 62.568 m2/g and
a pore diameter of 2.205 nm. The esterification reaction
(conducted at 120°C, with an alcohol-to-oil ratio of 14, 6
wt.% catalyst, and a 4-hour reaction time) indicated that
the MgFe, O, spinel achieved a higher conversion rate
compared to red mud (Figure 2, up). In repeated
utilization, an initial decrease in spinel performance was
observed, which later stabilized (Figure 2, down). The high
specific surface area and porous structure clearly justify its
superior performance.
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Figure 1. The FESEM analyses of synthesized samples.
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Figure 2. Synthesized samples performance in biodiesel
production

4- Conclusion

The magnetic MgFe, O, spinel catalyst was designed,
synthesized, and studied to evaluate its improvement in
biodiesel conversion compared to the red mud catalyst.
The primary goal of this research was not only to observe
its positive impact on the final biodiesel conversion rate
but also to determine the most suitable catalyst for
biodiesel production through the esterification reaction.
The findings indicate that the MgFe, O, spinel catalyst
achieves significantly higher conversion efficiency
(approximately 22% more) than the red mud catalyst due
to its porous structure and higher specific surface area.
However, the lower cost and abundance of red mud (a
byproduct of aluminum production) make it an
economically favorable alternative. Ultimately, if
conversion efficiency is considered the primary factor, the
MgFe, O, spinel catalyst is a strong candidate for
biodiesel production via esterification. Nonetheless,
industrial catalyst selection must also take economic
considerations into account.
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Evaluation of Red Mud and Mg-Fe spinel as Catalysts in the Conversion of Free Fatty
Acids to Biodiesel

Elaheh Kosaripour Behgam Rahmanivahid Hamed Nayebzadeh

Abstract: In the present study, MgFe2O. spinel synthesized by the combustion method using glycine fuel and red mud
obtained from the Jajarm alumina plant were evaluated as two Fe-based catalysts in the esterification process for
biodiesel production. To investigate the physico-chemical, and structural characteristics, XRD, FTIR, BET, and
FESEM analyses were performed for both samples, and then both samples were used as catalysts in the esterification
reaction. The results of the analyses and reactor tests showed that the nano-catalyst synthesized by the combustion
method with glycine fuel was very favorable in terms of physical-chemical-structural properties and catalytic
performance in the biodiesel production reaction. Under the same reaction conditions, the conversion of the spinel
catalyst was 84.6%, while under the same conditions, the conversion rate for red mud was 62.7%. Thus, the red mud
and magnesium ferrite spinel (synthesized by the combustion method with glycine fuel) catalysts competed with each
other, with the Mg-Fe spinel catalyst performing much more effectively and showing better results compared to the red
mud catalyst for the esterification reaction of oleic acid. The results indicated that despite the red mud catalyst being
cheaper (a waste product from the aluminum production process), the MgFe,O. spinel conversion for producing
valuable biodiesel fuel was higher. However, it seems that further research is needed for an economic comparison of
these two catalysts.

Key Words Nanostructured catalyst, biodiesel, red mud, ester exchange reaction, MgFe,Q, acetylene, combustion

synthesis.
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1- Introduction

There is a huge number of published results and researches
on the mechanical properties and wear behavior of
aluminum-based nanocomposites. According to these
researches, the wear behavior and mechanical properties
of the nanocomposite are improved by adding a
reinforcing phase. The aim of the current study is to
produce hybrid nanocomposites with AIA380 matrix
reinforced with graphene nanosheets (0, 0.25, 0.5, 0.75 and
1 wt.%) and silicon carbide nanoparticles (0.5 wt.%).
AIA380 alloy is chosen as the matrix material due to its
hardness and good wear properties. In addition, it is a
lightweight alloy compared to brass, copper and steel
alloys. AIA380-GNPs-SiCnp nanocomposites  were
produced by a combination of powder metallurgy and
spark plasma sintering (SPS) furnace. AIA380 with and
without graphene nanosheets and silicon carbide
nanoparticles will be subjected to wear tests to evaluate the
wear resistance.

2- Experimental

AIA380 aluminum powder with an average particle size of
20 um was used as raw materials. Different percentages of
graphene nanosheets (0.00, 0.25, 0.50, 0.75, 1.00%) and a
fixed percentage of SiC nanoparticles (0.5 wt.%) were
added to the A380 aluminum alloy powder. The AIA380
and GNPs-SiC np mixture was then milled in a high-
energy ball mill for 10 h at 250 rpm with a ball-to-powder
mass ratio of 1:10 under argon atmosphere. Stearic acid
flakes (2 wt.%) were added as a process control agent. To
prevent overheating and sticking of the powder mixture,
ball milling was continued for 30 min with a 15 min rest
period in each milling cycle. The samples were subjected
to SPS process at 540°C with a heating rate of 50°C/min
and a pressure of 40 MPa for a holding time of 10 min and
then cooled by a water circulation system in the furnace.
The mold size used for sintering the samples was 15 mm x
10 mm. Three samples for each percentage were prepared
using the process described above. Scanning electron
microscope (SEM) was used to perform SEM images and
EDS analysis of the nanocomposite powders and samples

(model: TE Scan Mira 3- Czech). Hardness test according
to ASTM E10 standard was used to investigate the
resistance of the nanocomposite to plastic deformation
(ESEWAY 7500, force 30 kg and indentation diameter 2.5
mm). Dry sliding wear tests according to ASTM G99
standard were performed using a pin on a disc adjusted at
room temperature. The counter plate used was a 100Cr6
steel disc with a hardness of 62 Rockwell C. Pins with a
diameter of 5 mm and a length of 10 mm were in contact
with a steel disk. All samples were tested at a rotational
speed of 250 rpm, which corresponds to a speed of 0.5 m/s,
under nominal loads of 10 N. A constant sliding distance
of 1000 m was chosen to test all samples. The mass of all
samples before and after the wear test was recorded using
an electronic balance (Make: GR200-AND) with an
accuracy of 0.1 mg.

3- Results and Discussion

Table 1 shows the hardness results of unmodified and
nanocomposite samples. The slight improvement in
hardness of nanocomposite samples can be the result of
effective dispersion of graphene nanosheets and SiC
nanoparticles in the matrix. As expected, the hardness
values of nanocomposite samples are higher than those of
unmodified samples.

Table 1. Hardness results of different nanocomposite
samples.

Sample Hardness (Hv)
A380 105
Al A380-0.5%SiC-0.25% GNPs | 141
Al A380-0.5%SiC-0.5% GNPs | 175
Al A380-0.5%SiC-0.75% GNPs | 121
Al A380-0.5%SiC-1% GNPs 115

The coefficients of friction (COF) under 10 N loading
conditions for different nanocomposites with different
weight percentages of graphene nanosheets and a fixed
percentage of silicon carbide nanoparticles are shown in
Table 2. It is observed that at a given applied load, the
friction coefficients are the highest for the unreinforced
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nanocomposites. The friction coefficients decrease with
increasing weight percentage of GNP. This is due to the
presence of reinforced nanoparticles in the nanocomposite.
The highest amount of damage to the sample is for the case
where no reinforcement is used. Hence, the amount of
residual wear products should be the main reason for the
large COF. The reinforcement of graphene nanosheets has
reduced the COF due to its self-lubricating property.
During wear, the graphene nanosheets separate from the
nanocomposite and create a lubricating layer on the
surface between the two materials, which reduces the
friction coefficient. The more graphene nanosheets are
uniformly dispersed within the matrix, the more it
improves the stiffness of the nanocomposite, reducing the
coefficient of friction and reducing the amount of wear. In
addition, for nanocomposites, due to their higher
mechanical properties, it is easier to maintain the stability
of the surface oxide layer, thus resulting in relatively less
fluctuation.

The wear results for A380 aluminum alloy for
unmodified and nanocomposites are shown in Table 5.
Table Y shows the weight loss. These results were obtained
at a constant load (10 N) and a constant disk rotation speed
(250 rpm). It is observed that the weight loss decreased
with increasing graphene content. From Table 5, it is clear
that the addition of graphene nanosheets and SiC
nanoparticles to A380 aluminum alloy reduced the weight
loss compared to the unmodified aluminum alloy. This can

be attributed to the uniform distribution and dispersion of
graphene nanosheets and SiC nanoparticles in the
nanocomposites modified with 0.5 wt. % graphene.

Table 2. Coefficient of friction for AIA380 alloy and
nanocomposites for different weight percentages of

graphene
Sample Coefficient of

friction

A380 0.689

Al A380-0.5%SiC-0.25% 0.521
GNPs

Al A380-0.5%SiC-0.5% GNPs 0.455

Al A380-0.5%SiC-0.75% 0.561
GNPs

Al A380-0.5%SiC-1% GNPs 0.571

Table 3. Weight loss as a function of GNPs content for
unrefined and refined nanocomposites

Sample Weight loss(mg)
A380 6
Al A380-0.5%SiC-0.25% GNPs 2.4
Al A380-0.5%SiC-0.5% GNPs 2
Al A380-0.5%SiC-0.75% GNPs 2.1
Al A380-0.5%SiC-1% GNPs 2.3

Fig. 1 SEM images of worn surfaces of (a) pure AIA380, (b) 0.25 wt. %GNP, (c) 0.5 wt.% GNP and (e) 1.0 wt.% GNP tested
under 10 N applied load.




33 Journal of Metallurgical and Materials Engineering, 36, 2. 2025.

4- Conclusions
Figure 1 shows the wear morphology of the investigated
nanocomposite under 10 N loading conditions. The degree
of surface damage of the graphene/Al A380 composite
decreases with increasing the reinforcement content up to
0.5 wt. %. In this case, the graphene layers come to the
surface and act as a lubricant during wear, reducing the
wear rate and friction coefficient. According to these
results, the more graphene content is greater than 0.5 wt.
% of graphene, the greater the wear rate due to the
reduction in hardness and the separation of agglomerated
particles that have weak bonding energy with the surface,
so lubrication is not performed well.
In this study, A380 aluminum matrix nanocomposites
reinforced with GNPs-SiC np were produced and the
microstructural, mechanical and tribological behavior of
these nanocomposites were investigated. The experimental
findings are summarized as follows:
1- The optimal amount of nanoparticles is 0.5 wt% GNP.
2- When the weight percentage of the nanocomposite
reaches more than 0.5 wt%. The aggregation of GNPs
at the grain boundary causes brittleness, porosity, less
surface bonding and consequently a decrease in
mechanical properties.
3- The addition of nano-reinforcement significantly
improved the wear resistance of the nanocomposites.

4- However, excessive increase in the amount of graphene
causes aggregation and agglomeration, thus increasing
the COF and wear rate.

5- The wear resistance of the produced nanocomposites is
higher than that of the base sample and the weight
reduction of the base sample is 3 times compared to the
optimal sample. The friction coefficient due to the self-
lubricating nature of graphene for the base sample and
the nanocomposite containing 0.5 wt.% graphene is
0.689 and 0.455, respectively, which indicates a
decrease in the friction coefficient. Also, the hardness
of the samples increases from 105 Vickers for the base
sample to 175 Vickers for the sample containing 0.5
wt.% graphene.

6- There was a transition of the wear mechanism from a
combination of lamellar wear, adhesive wear and
abrasive wear to mild abrasive wear with an increase in
the reinforcing content of graphene nanosheets up to
0.5 wt.%.

7- Increasing the graphene content was beneficial for the
formation of MML during the dry sliding process,
which can not only protect the worn surface but also
reduce the COF of the nanocomposites.
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Investigating Wear and Mechanical Behavior of A380 Aluminum Hybrid Nanocomposite Reinforced
with Graphene Nanosheets and SiC Nanoparticles

Mohammad Alipour

Abstract The purpose of this research is to investigate the microstructure and wear behavior of AIA380 alloy
nanocomposite reinforced with graphene nanoplates (GNPs) and SiC nanoparticles produced by ball milling and spark
plasma sintering furnace (SPS). The percentage of SiC nanoparticles was fixed and the percentage of graphene
nanosheets was considered variable. Graphene nanosheets with percentages of 0.25, 0.5, 0.75 and 1% by and SiC
nanoparticles at 0.5% by weight were added to the nanocomposite. The presence of dispersed GNPs with high specific
surface area significantly increases the strength and hardness of composites. Microstructural studies of the alloy showed
that the addition of GNPs up to 0.5 wt% reduced the grain size, but the addition of a higher amount of GNPs (1 wt%) did
not significantly change the grain size. At higher GNP values, the presence of graphene agglomerates at the grain
boundaries is a favorable path for crack growth. The optimal amount of nanosheets was 0.5% by weight. The wear
resistance of the produced nanocomposites is higher than the base sample and the weight reduction of the base sample
is 3 times compared to the optimal sample. Due to the self-lubricating nature of graphene, the friction coefficient for the
base sample and the nanocomposite containing 0.5% by weight of graphene is 0.689 and 0.455, respectively, which
indicates a reduction in the friction coefficient. Also, the hardness of the samples increases from 105 Vickers for the base
sample to 175 Vickers for the sample containing 0.5% by weight of graphene.

Keywords Aluminum-based nanocomposite, Wear behavior, Mechanical properties, Microstructure, Graphene, Silicon
carbide.
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1- Introduction

Zirconium diboride is one of the reinforcing materials in
which its mechanical and abrasion properties have
attracted the attention of industries and researchers . The
effect of addition of zirconium diboride (ZrB,)
nanoparticles on the microstructure and tensile properties
of AI5083 aluminum matrix composite was evaluated in
the current research. AlI5083-5 wt.% ZrB, and Al5083-10
wt.% ZrB, nanocomposites were produced at 1000°C
using in situ-stir casting method. The casted samples were
subjected to hot extrusion process to homogenize the
distribution of the reinforcement particles in the matrix.
Besides, the ZrB, nanoparticles synthesized using
zirconium oxide (ZrO), potassium tetrafluoro boride
(KBF4), and molten aluminum. X-ray diffraction (XRD),
optical microscopy (OM) and field emission scanning
electron microscopy (FE-SEM) were used to investigate
the microstructure, surfaces and fracture mechanism of the
prepared composites. The mechanical properties results
showed that addition of 10% by weight of ZrB- particles,
increased the ultimate tensile strength by 18.2% and
reduced the strain by 19.5%. The additional extrusion
process reduced the porosity and increased density, as
well.

2- Research Method

In this research, industrial 5083 aluminum alloy (produced
by Iran Aluminum Company), industrial cryolite powder
(NasAlFs) with dimensions less than 80 microns, industrial
zirconium oxide (ZrO,) powder with a purity of 98% and
dimensions less than 60 microns, and potassium
tetrafluoroborate salt (KBF4) with a purity of 98% and a
dimension of less than 80 microns were used as row
materials. During the composite manufacturing stage,
ZrO2, NasAlFs and KBF4 powders were first mixed and
ball-milled in the 2:1:1 ratio, respectively, at a speed of 80
rpm. Aluminum 5083 was melted at a temperature of 1000
°C. After adding the mixed powders, stirring was

continued for 10 minutes with a mechanical stirrer at a
speed of 70 rpm. Table 1 shows the coding of
manufactured samples. After the melt was prepared, it was
poured into a mold as an ingot. The cast samples were cut
to a length of approximately 45 mm and subjected to hot
extrusion in a 1:9 extrusion die made of w360 hot-work
tool steel at a temperature of 500 °C. By applying a pressure
of 700 bar, the length of the sample reached approximately
270 mm. The extruded samples were subjected to tensile
testing according to ASTM E8M standard.

Table 1: Fabricated samples

Sample Sample
name
AI5083 S1
AIl5083-5%ZrB; S
AI5083-10% ZrB; S3

3- Results and Discussion

The in-situ formation of titanium diboride reinforcing
particles in the 5083-aluminum matrix was evaluated by
EDS results of Fig 2. Figure 3 shows the field emission
scanning electron microscope image of the nano-sized
particles of the zirconium diboride. Figure 4 shows the
stress-strain diagram of AI5083 as a control sample and
Al5083-10wt% ZrB, nanocomposite after hot extrusion
process. As can be seen, the strength and elongation
percentage of Al5083-10wt% ZrB, nanocomposite have
increased.
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Figure 3: Size of zirconium diboride nanoparticles.
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Figure 4: Stress-strain diagram
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Investigation of the Microstructure and Mechanical Properties of Al5083-ZrB,; Nanocomposite
Fabricated by Stire Casting

Masoud Motamedi yegane Ali Alizadeh

Abstract This study, the effect of adding zirconium diboride (ZrB,) nanoparticles on the microstructure and tensile
properties of AI5083 aluminum matrix composite was studied. AI5083-5wt% ZrB, and AlI5083-10wt% ZrB;
nanocomposites were produced by situ-stir casting at 1000°C using in-situ synthesis. Then, the samples were subjected
to hot extrusion for uniform distribution of the reinforcements in the matrix. The ZrB, nanoparticles used in this study
were processed in situ using cryolite (Na3AIF6), zirconium oxide (ZrO2) and potassium tetrafluoroboride (KBF4) in
molten aluminum. X-ray diffraction (XRD), optical microscopy (OM) and field emission scanning electron microscopy
(FE-SEM) were used to investigate the microstructure, surfaces and fracture mechanism of the samples, and tensile
testing was used to evaluate the mechanical properties. The tensile test results showed that the addition of 10% by weight
of ZrB2 particles, compared to the sample without reinforcement, increased the ultimate tensile strength by 18.2% and
reduced the strain by 19.5%. Also, the additional extrusion process reduced the porosity resulting in increased density.

Keywords In situ synthesis, Aluminum 5083, stire casting, Zirconium diboride nanoparticle.
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1- Introduction

In recent years, the polymers have been considered as
effective inhibitors of the corrosion process of various
metals. Natural polymers as economically affordable
inhibitors recently have attracted lots of attentions. The
agar gel composition, which can be extracted from
seaweed, contains two polysaccharides called agarose and
agaropectin. Agarose has high solubility in water due to its
hydroxyl and ether groups. The presence of a significant
number of oxygen heteroatoms in the structure of this
neutral polymer increases the electron density around the
molecule and hence, agarose can be a suitable inhibitor for
preventing metal corrosion in aqueous environments. On
the other side, the presence of halides in the polymer
structure improves their inhibitory efficiency against metal
corrosion. The large radius of the halide ion makes it easier
to polarize and improves the adsorption of the inhibitor on
the metal surface. The electron density of halides makes
them a good electron donor. Among the different halides,
iodide with a large radius and low electronegativity could
be considered as a suitable choice for inhibitor production.
Accordingly, in the current research the agarose was used
as a polymeric inhibitor of iron corrosion in acidic media;
and the improvement of its inhibitory activity in the
presence of different ratios of iodide were investigated.

2. Experimental

Inhibitor samples were prepared by mixing agarose and
potassium iodide in 0.5 M hydrochloric acid for 4 h with
different mass ratios of agarose to Kl as 0:4, 1:3, 2:2 and
3:1 and were named AG, AG-l, AG-2l and AG-3I,
respectively. At the end of the mixing time, the obtained
precipitates were filtered using a Buchner funnel and grade
1 Whatman filter paper and washed with double distilled
water to remove excess acid concentrations. The
precipitates were dried at 50°C for 12 h. Iron pieces with a
thickness of 1 mm and an area of 1 x 1 cm? were cut and
were mechanically polished with 150 to 2000 grit
sandpaper. Acetone was used to remove organic

contaminants from the iron surface. Gravimetric and
microscopic studies were performed on these samples. A
three-electrode  system connected to a SAMA
electroanalyzer was used for open circuit potential (OCP)
and Tafel polarization analysis. An N302 Atuo lab PG
STSTE instrument was used for electrochemical
impedance spectroscopy. The morphology of the iron
surface was examined using a scanning electron
microscope (SEM). The topography of the iron samples in
the presence of inhibitors was monitored using an atomic
force microscope (AFM).

3. Result and Discussion

The results of polarization studies for iron samples with a
unit surface area in 0.5 M sulfuric acid in the presence of
inhibitors are given in Table 1.

Increasing the iodine to agarose ratio in the inhibitor
structure increases the electron density and enhances the
inhibitor performance. The presence of the inhibitor
changes the slopes of the anodic and cathodic branches of
the Tafel curve. According to Table 1, the simultaneous
change in the anodic and cathodic slopes with increasing
inhibitor concentration confirms the effect of the inhibitor
on both half-reactions of corrosion. It is concluded that the
introduced inhibitors are of mixed type. Electrochemical
impedance spectroscopy was investigated for iron samples
in 0.1 M sulfuric acid solution in the absence and presence
of wvarious inhibitors at open circuit potential and
frequency range of 0.10-10 kHz. Based on the observed
results, the circuit [Rs(QRcr)] is proposed as the equivalent
circuit; where R represents the solution resistance, Rer is
the charge transfer resistance, and Q is a non-ideal
capacitor. The produced double layer planes between the
electrolyte, non-parallel  electrode surface and
heterogeneous and rough electrode plane resulted in the
unsymmetric and elliptical Nyquist semicircle; in other
words, a non-ideal capacitor has been formed.
Gravimetric studies were performed for iron samples in the
absence and presence of inhibitors at 20 °C for 2 h.
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Table 1 - Tafel polarization parameters for iron corrosion in the absence and presence of 9 mg/l inhibitor in 0.5 M sulfuric acid

solution
Inhibitor | OCP Ecor Ba Be Rp lcor C.R. | %l.E. 0
(V) (V) (V/dec) | (V/dec) | (Q) | (mA/cm?) | (mpy)

Blank -0.600 | -0.681 0.10 0.12 55.28 0.389 177.67 - -
AG -0.585 | -0.687 0.08 0.10 78.40 0.235 107.43 | 39.59 0.36
AG-I -0.603 | -0.647 0.13 0.09 100.5 0.226 103.50 | 41.90 0.42
AG-2| -0.605 | -0.646 0.09 0.07 85.42 0.197 90.13 49.36 0.49
AG-3I -0.595 | -0.652 0.09 0.09 123.7 0.158 72.15 59.38 0.59

The mass loss in the presence of inhibitor was reduced
compared to blank solution. The order of inhibitory
efficiency was AG-3I>AG-2I>AG-I>AG. Adding KI
increased inhibitory efficiency of AG.

4. Conclusion

Agarose-iodide samples with different ratios were
prepared; and effect of iodide on agarose as iron corrosion
inhibitor was investigated in acid. As a result, the
inhibitory performance of agarose was significantly
improved in the presence of higher proportions of
potassium iodide. The results showed that the introduced
inhibitors are mixed inhibitors with physical adsorption
ability. EIS results showed that iodide-containing
inhibitors increased the charge transfer resistance by
changing the electrical double layer structure. EIS results
showed that iodide-containing inhibitors increased the
charge transfer resistance by changing the electrical
double layer. Based on the results of Tafel polarization, the
surface coverage for the four inhibitors AG, AG-I, AG-2I,
and AG-3I had an increasing trend of 0.36, 0.42, 0.49, and
0.59, respectively, at a concentration of 9 mg/l of the
inhibitor. It seems that the incorporation of iodide into the
polymer structure improves the electron density of the
polymer. Based on gravimetric studies at different
temperatures and the values obtained for AS#, in the
mechanism of the corrosion process in the presence of
inhibitors, the rate-determining step is the metal
dissolution step.
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The Synergistic Effect of lodide on the Inhibitory Activity of Agarose towards Iron Corrosion
Zohreh Moradi Zahra Yavari Salameh Nematiyan

Abstract In industry, the polymers are known as efficient corrosion inhibitors. Among them, the natural polymers are
of interest with easy access and low price. In the present work, the corrosion inhibition efficiency of agarose was
investigated due to the presence of numerous oxygen atoms in the structure, which are capable of protonation in acid.
The polarizability and electron density of agarose were enhanced by adding iodide to its structure. Therefore, the
corrosion rate of iron samples was investigated in sulfuric acid and the agarose - potassium iodide mixture with different
mass ratios (AG, AG:l, AG:2l and AG:3l) as inhibitors. The efficiency of four introduced inhibitors was compared with
different techniques such as: Tafel polarization, gravimetry, electrochemical impedance spectroscopy, atomic force
microscopy and scanning electron microscopy. Based on the gravimetric results in the presence of 0.5 g/l inhibitor, the
percentage of corrosion inhibition increased from 44.14% for AG to 88.68% for AG:3l. lodine-containing polymer to
improve surface Coverage acted as a mixed inhibitor by physically adsorbing on the surface and affecting the anodic and
cathodic half-reactions of corrosion. The presence of iodide in the structure of agarose increases the electron density of
the inhibitory polymer and strengthens its inhibitory function.

Keywords Agarose, Tafel Curve, Mixed Inhibitor, Gravimetric Analysis, Surface Coverage.
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1. Introduction

Resistance Upset Butt Welding (RUBW) is a vital solid-
state process for joining steel rebars, offering high
efficiency and strong bonds. However, achieving optimal
weld quality necessitates precise control over process
parameters. This study addresses the gap in comprehensive
parameter optimization by systematically investigating the
effects of welding current, upset pressure, and rebar
diameter on mechanical properties and microstructure.
The primary objective was to determine optimal
parameters for superior weld quality using statistical
design (CCD) and advanced optimization (PSO), coupled
with microstructural analysis and computational validation
via JMatPro software.

2. Materials and Methods

Steel rebars (12mm, 14mm, and 18 mm diameters) were
cut to a length of 100 mm, and their end surfaces were
prepared using a flat sander to ensure uniform contact and
reduce contact resistance. The welding of the specimens
was performed using a TECHNO TAK BM12 resistance
upset welding machine, which allows for adjustment of the
welding current in the range of 2850 to 9000 amper. The
input voltage of the machine was kept constant at 380 V
for all experiments. The welding pressure was selected
within the range of 0.99 to 2.79 N/mm2. The main process
parameters included rebar diameter, welding current, and
applied pressure. To investigate the effects of these
parameters, a central composite design (CCD) method was
employed, resulting in 20 experimental combinations. For
tensile testing of the samples, specimens were prepared
according to ASTM E8M standard. The tensile tests were
conducted at room temperature with a crosshead speed of
2 mm/min. Figure 1 also shows images of the fracture
surfaces of the base metal and welded metal rebars after

tensile testing. After inputting the ultimate tensile strength
values of the welded specimens into the design of
experiments software, the CCD-based predicted results, as
presented in Table 3, were obtained and compared with the
experimental data. Microstructural analysis was performed
using optical microscopy to characterize the weld interface
and heat-affected zone (HAZ). JMatPro software was
employed to  predict phase transformations,
complementing experimental observations. Optimization
was driven by both CCD-derived regression models and
the Particle Swarm Optimization (PSO) algorithm, with
results compared for robustness.

3. Results and Discussion

The experimental findings demonstrated a significant
impact of welding current, upset pressure, and rebar
diameter on both UTS and elongation. ANOVA indicated
a highly accurate quadratic model for UTS prediction and
a suitable linear model for elongation. The optimization
identified ideal parameters for 18 mm rebars as 8460 A
current and 1.64 MPa pressure, yielding an impressive 628
MPa UTS and 25% elongation. The PSO algorithm
effectively validated and reinforced the optimal parameter
sets found through CCD, confirming their efficacy.
Microstructural examination revealed fine acicular ferrite
grains at the weld interface, contributing to enhanced
properties. The HAZ displayed a coarser ferrite-pearlite
structure, a typical response to the thermal cycle. JMatPro
predictions of phase compositions closely aligned with the
observed microstructures, validating the computational
approach and enhancing the understanding of
metallurgical transformations.
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welding current; (b) as a function of electrode diameter and

. . . welding pressure.
Table 1. Experimental ultimate strength and elongation

values of welded samples compared with those predicted Base metal
based on CCD method

Sampl Ultimate Ultimate  Elongation  Elongati
es strength strength  (experiment on
(experiment  (predicte al) % (predicte
al) (MPa) d) d) %
(MPa)

S1 574 573.53 20 19.91
S2 573 572.8 20 19.89
S3 572 5713.53 20 19.26
S4 574 573.38 20 19.93 Coarse grain
S5 574 574.61 20 20.48 region
S6 601 601.52 22 21.97
S7 601 600.41 22 22.54
S8 602 602.4 23 22.61
S9 600 598.87 24 22.81 Weld Interface
S10 601 601.48 22 22.24
S11 602 602.01 22 22.01
S12 603 603.8 20 21.71
S13 601 601.48 22 22.24
S14 602 601.81 22 22.24 Coarse grain
s15 601 600.79 22 2171 region
S16 619 618.48 23 23.83
S17 622 621.92 25 24.21
S18 622 622.87 24 23.31
S19 615 614.78 25 24.48
S20 620 620.53 24 24.64

Base metal
Fracture Location

Figure 3. Optical micrograph showing the variation of
W Weld line microstructure in the RUBW joint interface of steel
rebar with 12 in diameter.

4. Conclusion
This research successfully optimized Resistance Upset
Butt Welding parameters for steel rebars, significantly
improving joint mechanical properties. The integration of
CCD and PSO proved highly effective in identifying
optimal conditions, leading to maximum ultimate tensile
strength and elongation. Microstructural —analysis
) elucidated the formation of desirable phases (acicular
;§;§§§§§§'§§:,§;;;~.,g;: ferrite) at the weld interface and provided insights into
e HAZ characteristics, corroborated by JMatPro. This study
offers valuable practical guidelines for achieving high-
quality steel rebar welds, with potential for further research
into fatigue behavior and application to diverse steel
grades.

Figure 1. Fracture surfaces of the rebars: (a) in the base
metal, (b) in the weld
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Figure 2. Effect of input parameters on the final strength of
welded samples: (a) as a function of electrode diameter and
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Optimization of Resistance Upset Butt Welding Parameters of Steel Rebars: A Study on Mechanical
Properties and Microstructure

Hoda Mirseifi Hamed Ghohani Arab Mahmood Sharifitabar

Abstract This study investigates the effect of resistance upset butt welding (RUBW) process parameters on the joining
of steel bars with different diameters. The conducted evaluations included microstructure, ultimate tensile strength (UTS),
elongation, and localized hardness of the welded specimens. Parameter optimization was performed using Central
Composite Design (CCD) and Particle Swarm Optimization (PSO) algorithms. The maximum ultimate tensile strength of
628 MPa and an elongation of 25% were achieved under optimal conditions for an 18-mm-diameter rebar, a welding
current of 8460 A, and a welding pressure of 1.64 MPa. Analysis of variance showed that the quadratic model provided
accurate predictions for ultimate tensile strength, while the linear model was accurate for elongation. The PSO algorithm
was used to determine the optimal input parameters, and its results were compared with those from the CCD method.
The JMatPro software was used to analyze the phase types and compared with experimental observations. The results
showed that the joint interface contained needle-shaped ferrite grains and the heat affected zone exhibited a coarse-
grained ferrite-pearlite microstructure.

Keywords Solid-state welding, Design of experiments, Optimal Response, Hardness distribution, Variance analysis.
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1- Introduction

Soft robots are a group of robots that usually made of
polymer materials, have a completely flexible body, and
can adapt to different conditions. Inspired by the
biodiversity in nature, many efforts have been made to
build soft robots to achieve unique features such as light
weight, low cost, and high flexibility. Soft robots
remarkable adaptability, sensitivity and agility. A major
challenge in developing soft machines that reach their full
potential is the creation of controllable soft bodies using
materials that integrate sensors, actuators, and computing
to enable these robots to perform the required behaviors
.Phase change elastomer-material composite (PCMEC)
actuators are composed of a fluid and soft elastomer
matrix. This fluid is distributed in the form of micro-
packages in the polymer matrix. As the temperature
increases, the phase change in each package causes the
matrix to expand. This class of actuators is promising
candidates for soft robotic applications due to their high
strain generation potential, low cost, and easy fabrication
procedures. In the present study, a composite was
constructed silicone as the matrix and ethanol as the phase
change material. By applying an electrical voltage and
passing a current through the wire, heat is generated. The
activation and deformation mechanisms of the mentioned
silicon-ethanol robot are the heat absorption of ethanol and
the vapor pressure increase in the silicon matrix.
Therefore, the uniformity of the heat distribution process
in the composite is effective on its response speed.

2- Materials and Manufacturing Method
Two-component silicone (T25 China) and 96% ethanol
(Merck, Germany) were used as raw materials. Nickel-

chrome wire model Spark was selected from China were
used to manufacture composite samples. Silicone and
ethanol were thoroughly mixed in the optimal percentage
by mechanical mixing, then hardener was added to the
mixture and injected into a mold with a nickel-chrome coil
in its central part. Finally, the mold was placed in a sealed
container saturated with ethanol for 4 to 5 hours to cure the
sample in an environment with a temperature below 200 .
To investigate the behavior of the composite actuators, a
voltage was applied to each ends of a coil embedded
centrally within the sample. When current passed through
the coil, its resistance generated heat, which caused a phase
change in the ethanol packages due to the heat distributed
within the composite. The evaporation of ethanol produced
the vapor pressure, leading to elastomer expansion and
displacement. To record the displacement, the samples
were photographed during the activation and release
cycles. After that, the displacement of each sample was
recorded using image processing codes in MATLAB
software.

The pore sized and distribution within silicon matrix
was examined after three working days (each working day
included 10 activation and rest cycles) using Field
Emission Scanning Electron Microscopy (FESEM) with a
German LEO device, model VP1450, operating voltage
KV 20. Samples were completely dried at ambient
temperature following cross-section cutting, and a thin
layer of gold was applied to their surfaces.

3- Results and Discussion
Three samples with different coil diameters were

examined according to Table 1. The difference of
temperatures in the surface and core of CPCMO.5,
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CPCMO.8, and CPCM1 samples was recorded as 95°C,
25°C, and 21°C, respectively, during 30 working cycles.
The average performance time of the CPCMO0.5 sample
increased from 120 seconds on the first day to 150 seconds
on the third working day. While the performance of the
other two samples was the same. The weight loss curve of
the samples after three working days also shows that the
CPCM1 sample with 55% residual ethanol in the structure
had a more favorable performance (Figure 1).

Table 1) Information on manufactured samples

Volume
Internal .
. Total fraction
Coil velume sample located
Sample | diameter | of the P o
(cm) coil volume inside
3 (cm®) | the coil
(em?) (%)
CPCMO0.5 0.5 1.767 20.25 8.725
CPCMO0.8 0.8 4.523 20.25 22.335
CPCM1 1 7.068 20.25 34.903
110 .
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Figure 1) Residual ethanol content curve after each working
day for three samples CPCMO0.5, CPCMO0.8 and CPCM1.

As the heat source in this type of robot is a nickel-
chromium coil, the rate of heat transfer and temperature
increase occurs faster near the coil. Therefore, the phase-
change material near coil starts to change phase earlier and
the areas far from the coil absorb heat later due to the
insulating properties of the matrix. As a result, in some
places the ethanol has changed its phase and created strain
in the sample, while some places have not yet absorbed
enough heat. This also increases the response speed until
the appropriate strain is reached, in order to create
sufficient heat at all points of the composite. Uniform heat
distribution, providing better speed, also reduces weight

loss. Therefore, using optimal heat transfer in the robot is
very effective in creating better performance. This robot
can have a longer lifespan without performance loss using
uniform heat transfer.
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Investigating the Performance of Silicon-Ethanol Soft Robot with a Focus on Heat Distribution
Conditions
Mahboubeh Ghasemzadeh Namaghi ~ Hojat Zamyad = Mohsen Haddad Sabzevar ~ Samaneh Sahebian saghi

Abstract [In the present study, a composite soft robot was constructed using silicon as the matrix and ethanol as the
phase change material. The purpose of constructing this soft robot is to create strain performance in the robot. Given
that the activation mechanism of the silicon-ethanol robot is the absorption of heat by ethanol and the creation of vapor
pressure in the silicon matrix and, as a result, strain; therefore, the effect of the uniformity of heat distribution in the
composite on its response speed was investigated. The results of this study, using electrical excitation testing, weighing
with a balance, imaging of the microstructure by electron microscopy (FESEM), and processing of images related to the
displacement of the samples by MATLAB software, showed that the heat distribution conditions in the silicon-ethanol
composite are very important in the performance speed and life of the composite. The sample with a coil diameter of 1
cm (equal to 34% of the volume of the sample placed inside the coil to the total volume of the sample) had stable
performance during different cycles during operation. The difference in temperature between the center and surface of
the sample was approximately 21°C, and the average response time over three working days was 161 seconds. For the
sample with a coil diameter of 0.8 cm, the difference in temperature between the surface and the center was 25°C, and
the average response time over three working days was 165 seconds. For the sample with a coil diameter of 0.5 cm, the
difference in temperature between the surface and the center was 95°C, and the average response time over three working
days was 143 seconds.

Keywords soft actuator, silicone, phase change material, heat transfer.
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