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Pellets in the basicity range of 0.2 to 1.6 were produced from specular hematite concentrates 
using bentonite or peat moss as a binder. Specific pellet basicities were achieved through the 
addition of (1) limestone and (2) a combination of dolomite and limestone. Mineralogical study 
and microanalysis of the bonding and crystalline phases were done using scanning electron 
microscopy (SEM) and energy dispersive spectroscopy (EDS). In limestone-fluxed pellets with 
bentonite as a binder, although formation of calcium ferrite was noted at the basicity of 0.8, 
its formation in appreciable quantities was delayed until the basicity of 1.6. For the pellets 
produced with a combination of dolomite and limestone, even at the basicity of 1.6, only minor 
amounts of this phase were present. In these pellets, some magnesioferrites were formed which 
did not conform to the stoichiometric composition (MgO'Fe203), but they were quite deficient 
in MgO. The silicate glass phases, which essentially provided the bonding in the pellets, showed 
a two-zone structure: (1) magnesian-ferruginous and (2) glass containing high quantities of Si 
and Ca. However, in pellets with only limestone addition, the zoned structure was less prev- 
alent, probably due to low Mg content. The results indicate that using peat moss in conjunction 
with limestone, pellet sticking can be minimized at higher basicities. The factors influencing 
the pellet bonding and the change in the physical and chemical properties of these pellets are 
discussed. 

I. INTRODUCTION 

IN recent years, increasing attention has been given to 
the use of fluxed pellets as blast furnace iron-bearing 
burden material. The reason is that suitably produced 
fluxed pellets can meet progressively stringent quality 
requirements in terms of physical strength, reduction be- 
havior at low and high temperatures, swelling charac- 
teristics, softening temperature, and narrow range of 
temperature within which softening takes place. In gen- 
eral, the quality of pellets is affected by the type and 
nature of ore or concentrate, gangue and other additives, 
and their subsequent treatment to produce pellets. These 
factors result in variation in the physicochemical prop- 
erties of coexisting phases, structure, distribution, num- 
ber of pores, etc., in the pellets. The properties of the 
pellets are, therefore, largely governed by the form and 
degree of bonding achieved between ore particles and 
also by the stability of these bonding phases during the 
reduction of iron oxides. Hence, characterization of the 
bonding a,ad crystalline phases is of prime importance in 
understanding the basis for the production of pellets of 
desired quality. 

A limited number of investigations have been done on 
the bonding in fluxed hematite pellets in the basicity range 
of 0.5 to 1.0. tl-71 It is important to note that the condi- 
tions and parameters to be controlled are typical of a 
given concentrate/ore. It is in this context that this re- 
search was undertaken for a typical Canadian specular 
hematite. 
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In general, the bonding in fluxed pellets is achieved 
primarily through melt formation during induration. The 
bonding phase consists mainly of silicates formed from 
the melt. The various components contributing to melt 
formation are the gangue of the concentrate, lime and 
magnesia of the fluxes, bentonite, and iron oxides. Lime 
and magnesia react with the gangue and/or with the iron 
oxides. When they react with the gangue, they form part 
of the intergranular melting phase. The lime also si- 
multaneously reacts with Fe203 to form different calcium 
ferrites. These melting phases interact with each other 
and dissolve a variable amount of iron oxides. While 
very fine particles of the ore components are easily dis- 
solved, the larger ore particles are attacked at the acute 
angles and faces, causing a certain amount of surface 
smoothing. On cooling, the iron oxides and their com- 
pounds precipitate from the melt, and calcium ferrites 
and silicates of various compositions are formed de- 
pending on the local chemistry. 

In this paper, the effects of basicity, the type of flux 
(limestone and dolomite), and the type of binder (ben- 
tonite and peat moss) on the bonding mechanism of pel- 
lets produced from specular hematite concentrates are 
examined. The changes in both physical and reduction 
properties of pellets are also discussed. 

Special emphasis has been placed on using peat moss 
as a binder as it is noncontaminating and is abundantly 
available near the iron ore mines in Quebec. 

II. EXPERIMENTAL 

A. Raw Materials 

The chemical compositions of the raw materials used 
for this study are given in Table I. In this paper, all com- 
positions and additions of all raw materials are given in 
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Table I. Chemical  Composit ion of  Raw Materials 

Raw Material Size Fe SiO2 A1203 CaO MgO Na20 K20 

Iron ore 65 pct, - 4 4 / z m  65.35 5.05 0.33 0.033 0.03 - -  - -  
Dolomite 65 pct, - 4 4 / x m  0.22 1.0 0.14 30.30 20.75 - -  - -  
Limestone 65 pct, - 4 4 / x m  - -  2.0 0.6 53.00 0.5 - -  - -  
Bentonite 69 pct, - 4 4 / ~ m  2.41 64.43 18.42 1.5 2.00 2.22 0.6C 
Coke breeze (14.1 pct ash) 67 pct, - 4 4  ~m 2.45 5.45 3.03 0.98 0.03 - -  - -  

weight  percent  except  where  indicated.  The  pel le t  des-  
ignat ions  and weight  percents  o f  b inder / f luxes  in the raw 
mix  are given in Table  II .  The  pel le t  des ignat ions  are 
def ined  as fol lows:  the pref ix  let ter  "L"  refers only  to 
l imes tone  and "D" refers  to a combina t ion  o f  do lomi te  
and l imes tone  addi t ion;  the suffix letters "B"  and "P"  
refer  to bentoni te  and pea t  moss  addi t ions ,  respec t ive ly ,  
at specif ic  bas ic i ty  levels .  The  pel lets  were  p roduced  at 
bas ic i t ies  (B = (CaO + M g O ) / ( S i O 2  + A1203)) o f  0 .2 ,  
0 .8 ,  1.3, and 1.6. To assess the effect  o f  b inders ,  pel le ts  
were  p roduced  with addi t ion  o f  ei ther  bentoni te  (1 pct)  
or  pea t  moss  (3 pct) .  A t  a low bas ic i ty  o f  0 .2 ,  the pel le ts  
were  p roduced  with 1.8 pct  do lomi te  addi t ion,  fo l lowing  
the pract ice  adopted  at some Quebec  pel le t iz ing plants  
whi le  p roduc ing  ac id  pel le ts .  Al l  o ther  specif ic  bas ic i ty  
levels  were  obta ined  with  (1) l imes tone  and (2) a com-  
b ina t ion  o f  do lomi te  (9 pct) ,  the rest  being l imestone.  In  
the text ,  the pel le ts  p roduced  with ei ther  do lomi te  or  a 
combina t ion  o f  do lomi te  and l imes tone  have been  re- 
ferred to as do lomi te - f luxed  pel lets .  Add i t ion  of  9 pct  
do lomi te  cor responded  to a M g O  content  o f  approxi -  
ma te ly  2 .0  pc t  in f i red pel le ts .  In the case  o f  pel lets  pro-  
duced  with peat  moss  addi t ion,  it was found necessary  
to treat  the pea t  moss  with small  amounts  o f  N a O H  pr ior  
to mix ing  with other  raw mater ia ls .  I t  is be l ieved  that 
N a O H  cl .anges the surface character is t ics  o f  peat  moss  
in a cer tain p H  range and enhances  its capac i ty  for b ind-  
ing. ta,gj The  iron ore  concentra te  used in this s tudy con-  
ta ined 1.4 pct  coke  breeze ,  which  has been a s tandard 

energy-sav ing  pract ice at the major i ty  of  the pellet izi  
plants in Quebec .  

B. Green Ball Formation and Induration 

By using a disc pe l le t izer  o f  29-cm diameter  at an 
cl inat ion o f  42 deg at 20 rpm,  green balls  were prepan 
Wi th  these bai l ing condi t ions ,  approx imate ly  90 pct  
the pellets produced falls in the size range of  10 to 15 r 
in d iameter .  The green bal ls  were  dr ied in an oven 
383 K. The pellets were fired in a Lindberg furnace wh 
was p r o g r a m m e d  to reach  the f ir ing temperature  
1573 K. F igure  1 shows the pattern o f  thermal  t reatm 
and re la t ionship be tween  t ime and temperature .  In all 
the f igures ,  the tempera ture  is expressed in degr 
Celsius.  This  can be conver ted  to Kelv in  by  using 
convers ion  equat ion K = ~ + 273.15. For  the raw r 
terials used in this s tudy,  the weight  loss as a funct 
of  t ime and tempera ture  is shown in Figure  2. 

Fo r  pel lets  p roduced  with  only l imestone and bent, 
ite addi t ion at basici t ies  o f  1.3 and 1.6, the f ir ing te 
perature was reduced  f rom 1573 to 1548 K to av 
st icking due  to part ia l  mel t ing  o f  the pellets .  

C. Testing of Pellets 

Due to the l imi ted  quant i ty  of  pel lets  p roduced  in e~ 
category, only some of  the essential pellet properties w 
determined.  These  inc luded  compress ion  strength, 

Table II. Pellet Designation and Weight Percent o f  Binders and Fluxes in Green Pellet Mix (Dry Basis) 

Basicity Binder/Flux (Wt Pct) 

CaO + MgO Peat Moss 
SiO2 + A1203 Pellet Type Bentonite (55 Pct H20) Dolomite Limestone 

0.2 DB 1.0 - -  1.8 - -  
DP - -  3.0 1.8 - -  

0.8 DB 1.0 - -  9.0 0.1 
DP - -  3.0 9.0 - -  
LB 1.0 - -  - -  8.9 
LP - -  3.0 - -  7.4 

1.3 DB 1.0 - -  9.0 6.4 
DP - -  3.0 9.0 3.7 
LB 1.0 - -  - -  14.9 
LP - -  3.0 - -  12.8 

1.6 DB 1.0 - -  9.0 10.5 
DP - -  3.0 9.0 6.8 
LB 1.0 - -  - -  18.7 
LP - -  3.0 - -  16.1 
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isothermal reduction behavior at 1223 K, [H] swelling 
characteristics at 1223 K, t12] and porosity, t~3] 

D. Mineralogical Observation and Microanalysis 

For examination of  the microstructure of  fired pellets, 
polished sections were prepared for observation under a 
reflected light metallurgical microscope. The proportion 
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Fig. 2--Weight loss as a function of time and temperature of the raw 
materials used. 

of  various mineralogical phases was determined semi- 
quantitatively using an IBAS interactive image analysis 
system. The distribution of  major metallic elements, 
namely, Fe, Ca, Si, A1, and Mg, in the crystalline and 
the bonding phases was determined semiquantitatively 
using a JEOL JSM 820 scanning electron microscope 
with energy dispersive spectrometer. 

III. R E S U L T S  AND DISCUSSION 

The chemical compositions of  fired pellets are given 
in Table III. It is generally noted that pellets produced 
with only limestone and bentonite tend to have a com- 
paratively high FeO content as compared to other types 
of pellets. It is believed that in these pellets, because of 
comparatively low porosity and intergranular slag en- 
veloping the magnetite phase, the magnetite phase does 
not get sufficiently reoxidized to hematite, thus resulting 
in a higher FeO content. It is also believed that as the 
slag-forming conditions are better with limestone and 
bentonite, a certain part of the FeO may have been re- 
tained in the slag phase. 

It is noted from Table III that pellets produced with 
peat moss addition have slightly higher Fe content, since 
the chemical contamination resulting from peat moss is 
negligible. 

A. Pellet Mineralogy and Bonding Mechanism 

The major mineralogical phases observed in these pel- 
lets are hematite, magnetite, magnesioferrite, calcium 
ferrite, and glass. Hematite was the predominant phase; 
all other phases varied widely, depending on the basic- 
ity, type of  flux, and binder. 

The results of  microprobe analysis are given in 
Tables IV through VII. The analyzed elements are pre- 
sented in the respective oxide form in which they ac- 
tually exist in the pellets. Since Fe exists in both ferric 
and ferrous states and the determination of their respec- 
tive state is difficult, it is assumed that all Fe existed in 
ferric state unless otherwise specified. Average com- 
positions of major crystalline phases present in all types 
of  pellets are given in Table IV. 

Table III. Chemical Composition of Fired Pellets 

Pellet Fe 
Basicity Designation Total FeO SiO2 A1203 CaO MgO Na20 + K20 TiO2 

0.2 DB 64.50 0.13 5.75 0.35 1.55 0.49 0.08 0.10 
DP 64.81 0.30 4.95 0.42 1.25 0.47 0.11 0.10 

0.8 DB 63.00 <0.05 5.30 0.32 2.05 2.10 0.09 0.08 
DP 62.58 0.05 4.95 0.40 2.40 2.05 0.10 0.09 
LB 62.17 2.89 5.70 0.45 5.15 0.13 0.06 0.09 
LP 62.50 1.92 5.45 0.45 4.55 0.37 0.09 0.19 

1.3 DB 59.09 <0.05 6.05 0.50 6.30 2.48 0.06 0.13 
DP 61.29 0.27 4.92 0.40 4.65 2.03 0.08 0.09 
LB 59.88 4.84 5.95 0.65 7.85 0.14 0.04 0.09 
LP 60.80 0.13 4.95 0.35 7.00 0.12 0.15 0.08 

1.6 DB 58.16 0.13 5.55 0.45 8.25 1.86 0.05 0.17 
DP 59.36 0.13 4.72 0.33 6.10 2.11 0.06 0.09 
LB 59.41 0.20 5.05 0.40 9.05 0.18 0.06 0.06 
LP 60.87 <0.05 4.50 0.25 7.65 0.13 0.08 0.09 
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Table IV. Average Composition of Major Crystalline Phases Other than Magnesioferrite (SEM-EDS) 

Mineralogical 
Phase Fe203 SiO 2 CaO MgO A1203 Remarks 

Hematite (H) 99.50 0.39 0.10 - -  - -  all types of pellets 
Hematite (H) 

(crystallized in slag) 95.73 1.70 2.45 0.03 0.09 
Magnetite (M) 97.07 0.52 1.52 0.70 0.20 

(Fe304) 
80.18 5.92 12.73 0.14 1.03 

71.85 10.42 16.69 0.45 0.59 

Calcium ferrites (CF) 

Calcium ferrites (CF) 
(crystallized in slag) 

all types of pellets 
only limestone-fluxed pellets 

observed only at 
B = 1.3 and 1.6 

observed in pellets 
B _ > 0 . 8  

Table V. Average Composition of Glass Phase in Limestone-Fluxed Pellets (SEM-EDS) 

Pellet 
Basicity Designation Fe203 SiO2 CaO MgO A1203 

0.8 LB 11.64 41.33 46.71 - -  0.62 
27.61 34.69 36.61 0.12 0.97 

LP 17.66 36.94 45.40 - -  - -  
39.04 33.39 24.48 1.70 1.38 

1.3 LB 13.44 32.54 53.72 1 __ 
26.21 26.20 44.09 0.61 1.99 

LP 9.46 33.49 56.98 0.02 0.03 
36.00 27.35 36.09 0.18 0.20 

1.6 LB 10.12 28.00 61.34 - -  0.85 
29.90 23.35 46.69 - -  0.31 

LP 13.64 29.75 56.27 0.18 0.11 
33.01 22.77 43.78 - -  0.20 

Table VI. Average Composition of Glass Phase in Dolomite-Fluxed Pellets (SEM-EDS) 

Pellet Glass Phase Relative Proportion 
Basicity Designation (Zoned/Single*) Fe203 SiO2 CaO MgO A1203 in Glass Phase 

0.2 DB zoned pale gray 34.05 46.14 15.11 3.33 1.37 80 pet 
zoned dark 28.45 57.39 11.66 1.35 1.13 20 pet 

0.8 DP zoned pale gray 42.19 33.78 20.67 2.73 0.63 70 pet 
zoned dark 27.84 46.68 24.80 - -  0.68 30 pet 

1.3 DB zoned pale gray 40.30 25.13 32.17 1.63 0.77 50 pet 
zoned dark 17.60 38.60 43.80 - -  - -  20 pet 
single 15.30 29.74 53.27 0.99 0.70 30 pet 

1.6 DB zoned pale gray 33.63 26.41 38.11 1.05 0.81 25 pet 
zoned dark 21.47 32.05 45.45 0.36 0.68 15 pet 
single 10.18 29.81 57.96 1.51 0.54 60 pet 

*Glass phase in which no zoning is observed. 

Table VII. Average Composition of Magnesioferrite in Dolomite-Fluxed Pellets (SEM-EDS) 

Occurrence* 
Pellet (Pet Pellet Matrix 

Basicity Designation Fe203 SiO2 CaO MgO A 1 2 0 3  Exclusive of Pores) 

0.2 DB 96.11 - -  0.17 3.65 0.08 very little 
DP . . . . .  not observed 

0.8 DB 89.92 1,32 0.04 8.33 0.03 8 pet 
DP 91.29 0.81 0.43 7.36 0.12 9 pet 

1.3 DB 90.96 0.94 1.62 6.30 0.18 11 pct 
DP 91.89 0.33 1.28 6.36 0.14 10 pet 

1.6 DB 91.74 0.39 1.61 5.86 0.40 15 pet 
DP 93.72 0.12 1.30 4.76 0.10 17 pet 

*Surface area measurement by IBAS interactive image analysis system (numbers are area percentages). 
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Two different types of glass phase were noticed in these 
pellets; (1) a zoned glass phase consisting of pale gray 
and dark and (2) a single dark phase as seen under re- 
flected light. They were found to differ in composition, 
especially in the content of Mg and Fe. In the zoned 
glass phase, the pale gray phase was rich in Fe and Mg. 
However, with increased basicity from 0.8 to 1.6, the 
Fe and Mg content decreased, as did the proportion of 
zoned to the single silicate phase. Since the pale gray 
phase contained more Mg, this phase was predominant 
in dolomite-added pellets. Table V shows the most char- 
acteristic composition of the two types of glass phases 
in the order of their importance in limestone-fluxed pel- 
lets. Table VI shows the average composition of the zoned 
and single silicate phases in dolomite-fluxed pellets. Since 
the composition did not vary much with the type of binder, 
the composition for either bentonite- or peat moss-added 
pellet is given at any given basicity. It is evident that 
the zoned glass phases have a relatively high iron con- 
tent, more iron being present in the pale gray than in the 
dark phase. Similar observations were made by Nekrasov 
et al.,[ll and they described the phase as an association 
of wollastonite with hematite. 

It is quite apparent that due to the presence of mag- 
nesia, there is an unusual zoning in the distribution of 
the type of silicate bond and magnesium over the pellet 
cross section�9 

In the pellets with dolomite addition, some magnesio- 
ferrites were formed which do not conform to the stoi- 
chiometric composition (MgO'Fe203), being a phase 
which is highly deficient in MgO. Paladino t14~ has shown 
the existence of spinel (magnesioferrite) compositions 
which lie between MgO'Fe203 and FezO3, i.e., in the 
high-iron portion of the spinel field where excess spinels 
exist�9 It is expected that vacancies would occur in the 
iron lattice as in magnetite�9 The work of Koizumi and 
Roy tlSj also had shown that solid solubility of Fe203 in 
MgO-Fe203 is temperature-dependent, being essentially 
zero at near 1073 K and 90 mole pct at about 1648 K. 
These investigations clearly indicate the existence of 
magnesioferrite compositions which are highly deficient 
in MgO. From our investigation, it is believed that under 
localized reducing conditions, primarily due to incor- 
poration of coke breeze in the mix, initially the complex 
spinel of the type ((1 - x)Mg'xFe)O'Fe203 was formed. 
During cooling under oxidizing conditions, these spinels 
dissociated into magnesioferrite, which is deficient in 
MgO, and the ferrous iron changed into ferric state to 
form Fe203. However, elucidation of the exact mecha- 
nism of formation of magnesioferrite in these types of 
pellets requires further investigation. 

Microanalysis of the magnesioferrite showed the pres- 
ence of varied amounts of SiO2 and CaO, depending on 

�9 , / �9 

the local chemxstry, and certain amounts of ~luted MgO 
with increased basicity (Table VII). 

1. Basicity 0.2 
Typical photomicrographs of pellets at the basicity of 

0.2 with bentonite and peat moss addition are shown in 
Figure 3. On account of very low flux addition at this 
basicity (i.e., acid pellets), the bonding is provided by 
a consolidation of crystal bridges formed by small and 
ultrafine particles and bridging of relatively large he- 

matite crystals by a thin film of slag�9 The slag formation 
took place due to incipient agglomeration of ultrafine 
concentrates, gangue, and flux during pellet induration. 
A part of the ultrafine hematite recrystallized from the 
melt. The pellet structure was dominated by pores. With 
peat moss addition, more pores were formed, and the 
structure appeared more open-textured. The presence of 
free silica was often observed in the pellets (Figure 3(a)), 
showing its inertness at this basicity. Microprobe anal- 
ysis showed that the composition of slag did not differ 
very much with the type of binder but varied depending 
on the type of silicate phase�9 

2. Basicity 0.8 
Typical photomicrographs of pellets with bentonite and 

peat moss additions are shown in Figures 4 and 5. At 
this basicity, due to increased flux addition, the bonding 
by slag becomes imminent. The formation of slag in the 
porous structures and consolidation of pellets are due to 
surface tension forces operating through the increasingly 
fluid medium bringing the ore particles closer. However, 
it was observed that the decrease in porosity is still only 
marginal. It is presumed that following calcination of 
flux and their subsequent assimilation into the slag phase, 
a large number of pores are left behind in the pellet 
structure, since only partial and localized melting takes 
place in the pellet mass during the process of induration. 

The bond phase in the limestone-fluxed pellets with 
bentonite, as well as peat moss addition, consisted mainly 
of silicates formed from the melt, which were somewhat 
evenly distributed between the hematite crystals. The sil- 
icate bond was found to be highly heterogeneous in its 
mineral composition and structure. A small percentage 
of bonding phase was found to be calcium ferrites ap- 
proaching the range of compositions of silicoferrites of 
calcium and aluminum (SFCA). The main difference be- 
tween bentonite- and peat moss-added pellets was in the 
degree of porosity, which is much higher in the peat moss- 
added pellets. 

In pellets produced with dolomite addition, some 
magnesioferrite was formed, as described earlier. A typ- 
ical SEM photomicrograph (secondary electron) of major 
mineralogical phases is shown in Figure 6. The micro- 
analysis of these phases is given in Table VIII. The anal- 
ysis shows that magnesioferrites contain between 7 and 
9 pct MgO, with varied quantities of SiO2 and CaO. As 
noted earlier, zoning of slag phase was quite evident: (1) 
the pale gray phase is high in Fe203 and MgO, and (2) 
the dark phase is high in SlOE and CaO but low in Fe203, 
with virtually no MgO. Since MgO increases the liqui- 
dus temperature of the slag phase, relatively less slag 
was formed during induration. The distribution of Fe, 
Ca, Mg, Si, and A1 in the bonding phase varied widely, 
indicating that only localized melting has taken place. 
With peat moss addition, even though more pores were 
distributed in the pellet matrix, the elemental distribution 
in the bonding phase did not show any significant change. 

3. Basicity 1.3 
In the pellets with limestone and bentonite addition, 

the formation of calcium ferrites, particularly around 
pores, was noted (Figure 7(a)). The predominant crys- 
talline phase was hematite. Magnetite amounted to ap- 
proximately 10 pct, correlating well with the relatively 
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(a) DB 

(b) DP 

Fig. 3--Photomicrographs of pellets fluxed with dolomite: (a) DB 
and (b) DP (B = 0.2). Symbols used for identification of mineral- 
ogical phases are H--hemat i te ,  S - - f r e e  silica, and P- -pore .  

LB (a) 

(b) LP 

Fig. 4--Photomicrographs of pellets fluxed with limestone: (a) 
and (b) LP (B = 0.8). Symbols used for identification of mine 
ogical phases are H--hemati te,  G- -g l a s s  (single), and P - - p o r  

high FeO content noted for these pellets. The bonding 
phase consisted of  (1) silicates with a varied distribution 
of Fe, Ca, Si, Mg, and A1 and (2) a small amount of 
calcium ferrites with a varied distribution of Si and A1. 

Pellets with dolomite addition exhibited very little for- 
mation of calcium ferrites; the phase which resembled 
magnetite was essentially magnesioferrites (Figure 8(a)) 
of  the type described earlier. The bonding silicate phase 
displayed zoning. The pale gray phase contained a high 
percentage of Mg and Fe, and the dark phase was rel- 
atively low in both of these elements but high in Si and 
Ca. Peat moss-added pellets in both cases showed sim- 
ilar mineral assemblage but with a highly porous struc- 
ture (Figures 7(b) and 8(b)). 

4. Basicity 1.6 
At this basicity, pellets produced with limestone and 

bentonite exhibited appreciable calcium ferrite formation 
(Figure 9(a)). Hematite still dominated the pellet struc- 
ture. Unlike the pellets at the basicities of 0.8 and 1.3, 
the magnetite formation was significantly reduced. The 
bonding phase primarily consisted of calcium ferrites and, 
to a lesser extent, of silicate glass phase. 

Peat moss addition resulted in significant decrease in 
the calcium ferrite formation. The primary bonding was 
by silicate glass phase, with precipitation of small he- 
matite crystals (Figure 9(b)). A significant amount of  

hematite was retained in the glass phase. At this basici 
the pellet structure appeared to be more consolidated 
comparison to the peat moss-added pellets at otl 
basicities. 

Pellets with dolomite and bentonite addition exhibi 
similar mineralogical assemblage, as in the case 
1.3, but with much less zoning in the bonding pha. 
A typical pellet structure depicting the presence 
magnesio-ferrite and the formation of lamellar hemal 
on magnesio-ferrites is shown in Figure 10(a). W 
peat moss addition, the mineralogical makeup was 
same, but the pellet structure showed a high degree 
pore formation (Figure 10(b)). At this basicity, f 
silica was absent, indicating that all the silica present 
gangue in the concentrate was fully assimilated into 
melt. 

B. Pellet Physical and Reduction Properties 

The results of the tests conducted on these pellets : 
given in Table IX. It should be noted that it is diffic 
to produce pellets of acceptable green strength char~ 
teristics in a laboratory disc, since the pellets are 
compacted to a similar extent, as would be expected 
a much larger disc in a pelletizing industry or pilot pla 
Tests carried out on pilot scale on similar pellet mi: 
earlier t~6l have shown that both good green strength a 
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(a) DB (a) LB 

(b) DP 

Fig. 5--Photomicrographs of pellets fluxed with dolomite: (a) DB 
and (b) DP (B = 0.8). Symbols used for identification of mineral- 
ogical phases are H--hematite, MF--magnesioferrite, Gl--glass 
(pale gray), G2--glass (dark), and P--pore.  

(b) LP 

Fig. 7--Photomicrographs of pellets fluxed with limestone: (a) LB 
and (b) LP (B = 1.3). Symbols used for identification of mineral- 
ogical phases are H--hematite, CF--calcium ferrite, G--glass  
(single), and P--pore.  

f i red strength can be obta ined.  The  results  repor ted  here 
indicate  inferior  compress ion  strength and very  h igh  po-  
rosi ty ,  ref lect ing a low degree  of  compac t ion  in mos t  o f  
these pellets .  The  pel le t  phys ica l  and reduct ion proper-  
ties given here are, therefore, intended to show the trend. 

Fig. 6--Electron micrograph of pellets fluxed with dolomite 
(8 = 0.8). 

1. Porosity 
The  var ia t ion  of  poros i ty  as a funct ion of  bas ic i ty  and 

pel le t  type  is shown in F igure  11. 
Pel lets  p roduced  with pea t  moss ,  i r respect ive  of  f lux 

type,  tend to have high poros i ty ,  caused  by  burning of  
pea t  moss  before  any l iqu id-phase  fo rmat ion  has taken 
p lace  (Figure  2). Dur ing indurat ion,  insuff ic ient  l iquid 
phase  is fo rmed  to fil l  in the extra  pores .  

At  high basic i t ies ,  due to h igher  ava i lab i l i ty  o f  CaO,  

Table VIII. Microanalysis of  Mineralogical Phases as 
shown in Figure 6 (Dolomite/Bentonite Pellet at B = 0.8) 

Mineralogical 
No. Phase F e 2 0 3  SiO 2 CaO MgO A1203 

1 H 99.12 0.81 0.07 - -  - -  
2 H (reoxidized) 98.52 1.02 0.47 - -  - -  

3 MF 90.98 0.90 0.02 8.80 - -  
4 MF 91.17 1.07 0.10 7.76 - -  
5 MF 86.97 2.98 1.05 9.01 - -  
6 MF 90.52 1.10 0.29 8.08 0.01 

7 G1 (pale gray) 39.24 35.26 21.42 3.88 0.20 
8 GI (pale gray) 33.30 37.99 21.84 4.63 2.24 
9 G2 (dark) 16.24 48.53 34.35 - -  0.88 
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(b) DP 

Fig. 8--Photomicrographs of pellets fluxed with dolomite: (a) DB 
and (b) DP (B = 1.3). Symbols used for identification of mineral- 
ogical phases are H--hemat i te ,  MF--magnesioferrite,  C F - -  
calcium ferrite, and P - -po re .  

(b) LP 

Fig. 9--Photomicrographs of pellets fluxed with limestone: (a) 
and (b) LP (B = 1.6). Symbols used for identification of mine 
ogical phases are H--hemat i te ,  CF--calc ium ferrite, G- -g las s  ( 
gle), and P- -pore .  

more liquid phase is formed during induration, thus fill- 
ing in some of the pores created by the burning of peat 
moss. The results obtained also reflect this trend. 

It is also seen from Table IX that dolomite addition 
results in higher porosity in comparison to limestone ad- 
dition. MgO, being a major constituent of dolomite, raises 
the liquidus temperature of slag. t~71 Thus, there is less 
liquid formation at the induration temperature. 

2. Compression Strength 
Porosity appears to have a major influence on the 

compression strength of  pellets (Figure 12). Pellets hav- 
ing high porosity generally have low strength, viz., the 
pellets with dolomite and peat moss addition. The strength 
improves with increasing basicity, resulting from con- 
solidation of the pellet bonds and decreased porosity. The 
variation of pellet compression strength with basicity for 
all the types of pellets is shown in Figure 13. 

3. Reducibility 
The variation of reducibility with basicity and pellet 

type is shown in Figure 14. It is noted that the reducibil- 
ity reaches a maximum at basicity 1.3 and then 
decreases with increased basicity. 

To understand this phenomenon, the pellets were re- 

duced for 15, 30, 45, and 60 minutes, keeping the ol 
reduction conditions constant. A study of the mic 
structure of these reduced pellets revealed that in al 
the pellets, hematite-to-wustite transformation was c( 
plete during the initial 15 minutes. As the reduction t 
was increased, the extent of reduction from wustite 
iron varied depending on the basicity and type of pel 
The observations made and reduction mechanisms at 
ferent basicities are given below: 

(a) At basicities -< 0.8, the primary hematite grains w' 
were present in the unreduced sample have broken dc 
to smaller grains during the initial stages of reduct 
(Figure 15). This may be ascribed to the breakdow 
large hematite grains during the transformation to m 
netite and along the boundaries of impurities and/or 
perfections. As the reduction proceeds, nucleation of 
metallic iron takes place along the peripheral region �9 
proceeds inwardly. However,  even after 60 minutes' 
duction, a substantial amount of wustite is still ur 
duced. According to St. John et al.,[181 with very lox~ 
no CaO in the solid solution with wustite, a dense i 
layer is formed during the reduction of wustite to ir 
thus slowing down the reduction of wustite toward 
interior. 
(b) On the other hand, at the basicity 1.3, due to 
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Fig. 10--Photomicrographs of pellets fluxed with dolomite: (a) DB 
and (b) DP (B = 1.6). Symbols used for identification of mineral- 
ogical phases are H--hematite, MF--magnesioferrite, G--glass  
(single), G,--glass (pale gray), G2--glass (dark), and P--pore.  

at tack o f  bas ic  f luxes,  in par t icular  CaO,  the gra in  size 
o f  hemat i te  is re la t ive ly  smal l  in the  un reduced  pel let .  
This p rovides  a much larger  surface f rom an ini t ial  re-  
duct ion poin t  o f  v iew.  It  was also noted that  f ine intra-  
granular  pores  ex is ted  in the wust i te  phase  fo l lowing  the 
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Fig. 11--Variation of porosity as a function of basicity and pellet 
type. 
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Fig. 12--Relationship between compression strength and porosity. 

Table IX. Physical and Reduction Properties of the Pellets Produced 

Pellet Porosity Compression Strength Reducibility (dR/dt)4o Maximum Swelling 
Basicity Designation (Pet) (kg/Pellet) (Pet Reduction/min) (Pet) 

0.2 DB 32.50 186.4 0.49 25.40 
DP 40.09 115.9 0.60 23.35 

0.8 DB 32.72 195.6 0.62 28.46 
DP 41.14 120.4 0.82 24.35 
LB 31.71 204.5 0.64 31.23 
LP 37.04 210.6 0.76 24.79 

1.3 DB 30.25 190.9 1.34 11.47 
DP 40.91 127.2 1.75 21.99 
LB 28.44 200.0 1.24 26.64 
LP 30.92 222.7 1.27 16.34 

1.6 DB 23.55 268.7 0.83 12.66 
DP 30.34 200.0 1.40 10.52 
LB 22.65 279.5 0.73 12.33 
LP 23.65 281.8 0.75 12.66 
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Fig. 13 - -Var i a t i on  of  compression strength as a function of  basicity 
and pellet type. 

initial reduction stage (Figure 16). Metallic iron nu- 
cleated along the fine pores, and after 45 minutes' re- 
duction time, most of the wustite has been reduced to 
metallic iron. Another mechanism, as proposed by 
Nakiboglu et a l .  [19] during the reduction of wustite to iron, 
may also prevail. It has been suggested that due to the 
presence of CaO in solid solution in wustite, porous iron 
morphologies are obtained as the final reduction product 
as compared to purer wustite (e.g. ,  occurring at low ba- 
sicity), on which a dense iron layer is formed. 
(c) At the basicity 1.6, it is noted that in unreduced pel- 
lets, a predominantly secondary hematite phase exists. 
These secondary hematite crystals are often found to be 
large due to the coalescence of smaller hematite grains 
in a larger fluid medium during the induration process. 
In this case, therefore, the reduction mechanism in the 
initial stages is somewhat similar to that at low basici- 
ties. However, following 15 minutes' reduction time, the 
formation of the fine pores in the wustite was very pre- 
dominant. Toward the later stage of reduction, i .e . ,  from 
wustite to iron, the mechanism of  reduction as explained 
for basicity 1.3 prevailed. 

The excellent reduction properties exhibited by pellets 
produced with dolomite and peat moss addition at the 
basicity 1.3 are mainly attributable to high porosity and 
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Fig. 14 - -Var i a t i on  of  reducibility as a function of  basicity and pellet 
type. 

unreduced (a) 

,~,~r 

(b) 30 min. reduct ion 

mk 

(c) 45 min. reduct ion 

Fig. 15- -Pho tomicrographs  of  partially reduced DP peIlets at ba 
ity 0.2. Symbols used for identification of  mineralogical phases 
H - -  hematite, W - -  wustite, F e - -  metallic iron, S - -  free silica, 
P - -  pore. 

the phenomenon observed above. It is believed that 
combination of these two factors provides easy acc 
sibility of the reducing gases to the iron oxide surfac 
Despite the fact that at lower basicities (B -< 0.8) 
porosity of the pellets is quite high, low reducibilit 3 
noted for these pellets. It is believed that in addition 
the phenomenon explained above, the free silica and F 
react to form a fayalytic melt. The partial redistribut 
of this melt among iron oxide grains severely redm 
gas permeability and consequently lowers the rate 
further pellet reduction. In the presence of alkaL 
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(b) 15 min. reduct ion 

(c) 45 min. reductlon 

Fig. 16--Photomicrographs of  partially reduced DP pellets at basic- 
ity 1.3. Symbols used for identification of mineralogical phases are 
H - - h e m a t i t e ,  W - - w u s t i t e ,  Fe - -  metallic iron, G - - g l a s s  (single), 
and P - -  pore. 

compounds, particularly of Na and K, melt formation is 
further promoted, and this severely restricts the reduc- 
tion of iron oxides. On the other hand, at basicity 1.6, 
the significant decrease in the porosity in association with 
the fact that large coalesced hematite crystals result in a 
lower reducibility. 

In general, the lower reducibility observed for 
limestone- and bentonite-added pellets may be ascribed 
to relatively lower porosity and increased FeO content 
in the pellet. Mineralogical study indicates that a rela- 
tively higher amount of magnetite is present in these pel- 

lets, and a certain amount of slag envelops the iron oxide 
phase. This decreases the accessibility of the iron oxides 
to reducing gases. At the basicity 1.6, formation of cal- 
cium ferrites at the expense of highly reducible hematite 
may have contributed to relatively low reducibility of 
these pellets. 

To further account for the difference in reduction be- 
havior of pellets at different basicities, a more systematic 
study involving the effect of CaO and MgO on the re- 
duction mechanism is required. 

4. Swelling 
The results indicate that maximum swelling occurred 

at the basicity of 0.8 and was greatly enhanced for pel- 
lets produced with limestone and bentonite addition 
(Table IX). In general, it is also noted that with peat 
moss addition, the swelling reduces considerably. High 
porosity in the peat moss-added pellets appears to have 
a favorable influence on the swelling characteristics, t81 

Increased flux addition helps in bringing down the 
swelling to considerably lower levels. Earlier stud5 
ies U6ATl also confirm this trend. This is primarily attrib- 
uted to a stronger bonding phase which is able to absorb 
the stress during the transformation of hematite to 
magnetite. 

IV. CONCLUSIONS AND 
RECOMMENDATIONS 

FOR INDUSTRIAL PRACTICE 

1. The bonding in fluxed pellets produced from specular 
hematite consists of two silicate phases: (1) a zoned 
glass phase consisting of magnesian-ferruginous and 
the other with very little or no magnesium and low 
iron, and (2) a single glass phase containing high 
quantities of silicon, calcium, and aluminum. 

2. With increasing basicity, the solubility of iron oxides 
in the melt and the quantity of the magnesian- 
ferruginous phase decrease. 

3. Although the presence of calcium ferrites is noticed 
at the basicity of 0.8, no appreciable formation takes 
place until a basicity of 1.6. Appreciable amounts of 
calcium ferrites are formed only in pellets produced 
with limestone and bentonite addition. The bonding 
of pellets at the basicity 1.6 takes place by (1) glass 
and, to a lesser extent, by magnesian-ferruginous sil- 
icates, and (2) calcium ferrites. 

4. Melt formation during pellet induration through the 
additions of fluxes has a great influence on the met- 
allurgical properties of pellets. With the increased ba- 
sicity, while there is an improvement in terms of pellet 
strength and swelling characteristics, well-balanced 
metallurgical properties are obtained at the 
basicity 1.3. 

5. Dolomite addition is necessary to maintain a balance 
between various pellet properties. 

6. Pellet reduction properties can be enhanced by in- 
corporating peat moss as a binder, although such ad- 
ditions result in weakening of the pellets. 

7. High limestone addition can be tolerated if peat moss 
is used as a binder and the problem of pellet sticking 
can be minimized. 
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