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Abstract Composite briquettes or pellets consisting of

iron ore, carbon, and a binder are a source of direct reduced

iron (DRI). In the handling of green and reduced briquettes,

high strength is important to minimize briquette break-

down. The use of charcoal as a source of carbon, rather

than coal provides a way of introducing renewable carbon

into the ironmaking process. Composite briquettes were

made with Australian hematite iron ore, low volatile

charcoal and 2 % starch as a binder. The carbon-to-iron

mass ratio was varied between 0.18 and 0.26. The green

briquettes were heated to either 1300 or 1350 �C for times

varying from 3 to 15 min. After heating, the briquettes

were tested for compressive strength, density, and the

degree of iron metallization. The aim of the work was to

determine the key strength forming features of the bri-

quettes during heating and reduction. Dried green bri-

quettes, made with a starch binder, were found to be very

strong and required a force of at least 3800 N to yield

under compression. After heating for 3 min, the briquettes

lost strength rapidly before regaining strength at longer

heating times of 10 and 15 min. Increasing the C/Fe ratio

in the briquette mix decreased the strength and density, and

increased the iron metallization of the heated briquettes.

Briquette strength also increased with increasing time from

10 to 15 min and heating temperature from 1300 to

1350 �C. These observations can be explained in terms of

the distance between iron oxide particles in the briquette

mix. At low C/Fe ratios, iron oxide particles will be rela-

tively close together which facilitates the development of a

connected slag network which acts as a binder and

increases briquette strength.

Keywords Composite briquette � Charcoal � DRI �
Compressive strength � Slag � Iron metallization � Density

Introduction

Composite briquettes are solid mixtures of iron ore and

carbon often with a binder and flux additive. When heated,

the iron oxides are reduced through a series of gas–solid

reactions. The resulting sponge or direct reduced iron

(DRI) can be used as a supplementary iron source to a blast

furnace or as a feed material to an electric arc furnace [1].

Composite pellets or briquettes also find use as the feed

material for new generation iron-making technology such

as Fastmet [2, 3] or ITmk3 [4], which uses a rotary hearth

furnace-based process. These processes have been devel-

oped in order to make iron without requiring expensive

coke as needed in blast furnace iron-making and also to

improve process flexibility such as improved down-turn in

production rate.

Much work has been performed on the preparation and

characteristics of composite briquettes or pellets made

from iron ore and coal. Less work has been directed to the

properties of green and heated composites using charcoal

as the carbon source. The use of charcoal in composite

briquettes, sourced from sustainable biomass resources,

could be a convenient way of introducing renewable car-

bon into the iron-making process. Charcoal has a lower ash

content than coal and the ash is normally less acidic, i.e., it

has a relatively high CaO/SiO2 ratio [5].

The contributing editor for this article was Sharif Jahanshahi.

& Michael A. Somerville

michael.somerville@csiro.au

1 CSIRO Mineral Resources, Private Bag 10, Clayton South,

VIC 3169, Australia

123

J. Sustain. Metall. (2016) 2:228–238

DOI 10.1007/s40831-016-0057-5

http://crossmark.crossref.org/dialog/?doi=10.1007/s40831-016-0057-5&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s40831-016-0057-5&amp;domain=pdf


Jahanshahi et al. [6] and Mathieson et al. [7] have

estimated the amount of net CO2 emissions which could be

saved if charcoal were substituted for coal in various iron-

and steel-making operations. These savings range from

0.41 to 0.55 t-CO2/t-crude steel for the blast furnace tuyere

injection where charcoal replaced 100 % of the presently

injected coal to savings of only 0.02–0.11 t-CO2/t-crude

steel for charcoal added to the coke making blend at

2–10 % replacement levels. Mathieson [7] assumed that

unreduced iron ore/charcoal composites could replace

5–10 % of the iron charge to a blast furnace. At this level

of replacement, the net CO2 emissions would be reduced

by 0.08–0.15 t-CO2/t-crude steel which represents 3–7 %

of the total CO2 emissions from iron making, assuming that

the carbon was sourced from sustainable biomass

resources.

Many studies have been conducted on the reduction

kinetics of composite briquettes/pellets, and the key factors

affecting the rate of iron reduction have been determined.

Ghosh [8] summarized the work of many researchers and

concluded that the reduction of iron oxides by carbon

occurs via a two-step process, with the steps occurring in

parallel: The gasification of carbon (Eq. 1) and the reduc-

tion of iron oxides by the generated CO gas [Eqs. (2), (3),

and (4)]. The overall reaction is controlled by the rate of

carbon gasification. As the rate of carbon gasification

increases, through the effect of catalysts or use of more

reactive carbon sources, the rate of oxide reduction can

start to influence the overall rate.

C þ CO2 ¼ 2CO ð1Þ
3Fe2O3 þ CO ¼ 2 Fe3O4 þ CO2 ð2Þ
Fe3O4 þ CO ¼ 3FeO þ CO2 ð3Þ
FeO þ CO ¼ Fe þ CO2 ð4Þ

The overall reaction is a combination of Eqs. (5) and

(6). Equation (5) indicates that stoichiometric reduction of

hematite would require a C/Fe mass ratio of 0.161. How-

ever, at typical reaction temperatures and with some

available carbon to react with CO2 via Eq. (1), Eq. (6) may

occur, implying a C/Fe ratio of 0.323. In practice, C/Fe

ratios of 0.25 or more are required to achieve high degrees

of iron metallization, implying a combination of Eqs. (5)

and (6).

2Fe2O3 þ 3C ¼ 4Fe þ 3CO2 ð5Þ
Fe2O3 þ 3C ¼ 2Fe þ 3CO ð6Þ

In processes involving the reduction of a bed of com-

posite briquettes/pellets, heating occurs in a non-isothermal

system as some of the pellets will be shielded by material

closer to the heat source. Many workers [9–14] have

studied the reduction kinetics of this situation and

concluded that heat transfer through a bed could limit the

overall reduction rate. Sharma [13] showed that tempera-

ture had the strongest effect on reduction followed by time

and C/Fe mass ratio.

Dutta and Sah [15] investigated the reduction of coal–

iron composite pellets. They conducted smelting/reduction

experiments by immersing composite pellets in a liquid

iron bath at 1450 �C. The effect of C/Fe ratio in the pellets

and immersion time on the degree of reduction was

determined. Three stages of reduction were observed: The

first stage was a relatively slow incubation stage while the

pellets are heated. The second stage was relatively fast due

to the release of volatile matter from the pellets. In the final

stage, sintering and densification of the product DRI

decrease the diffusion rate of CO and H2 and hence restrict

the reduction rate before the pellet melts. The degree of

reduction of the pellets increased with an increase in the

C/Fe ratio of the pellets.

Fortini and Fruehan [16] and Halder and Fruehan [17]

reported on the reduction of composite pellets made with

charcoal. They showed that the reduction rate of composite

pellets made with charcoal is higher than that of compa-

rable pellets made using coal. The higher rate was attrib-

uted to higher reactivity of charcoal with CO2 and in turn to

higher internal pore surface area.

A number of problems have been reported when char-

coal is used in composite briquette and pellets. During

investigations into the reduction of composite pellets con-

taining charcoal, coke, and coal, Gupta and Misra [18]

found that charcoal resulted in higher iron reduction rates

and higher extent of reaction, but the composite pellets

tended to fall apart during heating due to the formation of

iron whiskers within the DRI matrix.

Work has also been performed on the formation of

composite briquettes/pellets made with coal and a range of

binders used to impart cold strength. These binders include

thermosetting resins [19], dextrin [20, 21], molasses,

sodium silicate, bentonite and starch [22], sponge iron

fines, lime and dextrose [23], Portland cement [24, 25],

alumina cement [26], and calcium aluminate [27]. The

general understanding is that the principal strengthening

mechanism of heated briquettes involves the formation of

interconnecting slag and metallic phases. Slag phases can

form from the combination of inorganic components in

coal or char ash, binders, and gangue from the ore. Metallic

phases can also form strength forming networks at high

levels of pellet reduction/metallization. In this work, starch

was used as a binder. Preliminary work showed that starch,

activated with a small amount of moisture, produced very

strong green briquettes after drying.

Longbottom et al. [28, 29] showed that the strength of

reduced coal/ironsand compacts was due to the formation

of a slag phase which forms from the mineral matter of the
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coal and gangue components of the iron ore. This slag first

coated the reducing iron oxide and sponge iron particles.

Slag from different particles then combined to form a slag

network between the iron oxide particles. Processing

parameters, such as increasing temperature and the addition

of fluxes which increased slag formation, were found to

greatly increase the strength of the reduced compacts.

Decreasing the distance between iron oxide particles by

increasing iron-to-carbon ratio in the compact mix or

decreasing the particle size was also found to increase the

strength of the compacts after heating.

The aim of the current work was to examine the struc-

tural features of heated composite briquettes made with

iron ore and charcoal and determine which features

imparted strength to the reduced briquette. This paper

presents work on the effect of heating time and carbon-to-

iron mass ratio (C/Fe) in the briquette mix on the strength,

density, and iron metallization of fired briquettes.

Experimental

The composite briquettes were made using an Australian

hematite iron ore, charcoal made from the pyrolysis of a

Eucalypt hardwood at 800 �C, with 2 % starch as a binder.

Twenty percent additional moisture was added to the bri-

quette mix to provide optimal strength. Table 1 shows the

composition of the iron ore, and Table 2 shows the prox-

imate and ultimate analysis of the charcoal (ISO standard).

The charcoal samples were pulverized in a ring mill for

about 10 s to ensure a well-mixed and very fine starting

material. The iron ore was crushed in a rolls mill to ensure

the lumps were eliminated but otherwise was used as

received. Table 3 shows the size range of the different

materials as measured by a Malvern Mastersizer. Ethanol

was used the dispersant for the iron ore and water for the

charcoal. The D10, D50, and D90 results refer to the size

(lm) at which 10, 50, and 90 % of the material, respec-

tively, would pass.

Differing amounts of charcoal and iron ore in the bri-

quette mix established the target C/Fe ratios (0.18–0.26).

Green briquettes were prepared by pressing about 30 g of

the briquette mixture in a 25-mm die and plunger at 5 MPa

pressure. Previous preliminary work established that a

mixture pressed at this pressure produced strong green

briquettes after drying at 105 �C. Cylindrical briquettes of
diameter 25 mm and with an aspect ratio close to 1 were

produced. These briquettes were prepared without addi-

tional fluxes.

After drying, the briquettes were heated at either 1300 or

1350 �C, for times varying between 3 and 25 min, in a

sealed vertical tube furnace under a flowing argon stream.

Figure 1 shows a schematic of the experimental arrange-

ment. A platinum wire and cradle arrangement was used to

hold and lower a single green briquette to the central

constant temperature region of the tube furnace for the pre-

determined time. The wire was clamped to the top endcap

to allow a secure hold of the position of the briquette and

also to allow the briquette to be moved within the furnace

tube. A thermocouple clamped to the bottom end cap

measured the temperature just below the briquette when it

was located in the center of the furnace tube. After heating,

the briquette was raised to a cool region at the top of the

tube where it was allowed to cool under flowing argon.

The cooled briquette was removed from the furnace and

stored in a moisture and oxygen-free environment prior to

determination of longitudinal compressive strength, den-

sity, and degree of iron metallization. Selected briquette

samples were also examined by scanning electron micro-

scopy (SEM) and individual phases were analyzed by

X-ray energy dispersive spectroscopy (EDS). Compressive

strength was measured using a Tinius Olsen single column

universal tester where the briquette strength was taken as

the force (N) required for the briquette to yield. Density

was calculated from the dimensions and mass of the bri-

quettes after heating.

The metallic iron content of heated briquettes was

determined by bromine/methanol extraction of the metallic

component. The digested sample was filtered and the

Table 1 Composition of the

iron ore used to make the

composite briquettes (wt%)

Fe SiO2 CaO Mn Al2O3 P S K2O Na2O LOI

61.6 4.3 0.26 0.34 2.25 0.058 0.013 0.038 0.11 2.71

LOI loss on ignition at 900 �C

Table 2 Proximate and ultimate analysis of the charcoal used to

make the composite briquette (wt%, db)

Ash VM FC C H N S Cl O

3.5 2.1 94.5 92.2 0.8 0.25 0.03 0.02 3.2

VM volatile matter, FC fixed carbon i.e.100-ash-VM, O 100-ash-C-H-

N-S-Cl, db dry basis

Table 3 Size range of iron ore

and charcoal (lm)
Material D10 D50 D90

Charcoal 2.7 9.3 380

Iron ore 0.48 5.8 21.0
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filtrate was analyzed for iron using standard ICP tech-

niques. The total iron content of the briquettes was deter-

mined by x-ray fluorescence (XRF) analysis of fused glass

disks. The level of iron metallization was the percentage of

the total iron present in metallic form.

Four series of briquettes were produced and are distin-

guished by their carbon-to-iron ratio in the briquette mix

(C/Fe), firing temperature, and the time at which the bri-

quettes were at the experimental temperature, i.e., heating

time. The conditions used in the four series are shown in

Table 4. The C/Fe mass ratio was calculated from the

analyses shown in Tables 1 and 2, using FC as an appro-

priate and conventional approximation for carbon content.

The C/O mole ratios were calculated from the fixed carbon

content of the charcoal and the oxygen content of the iron

ore associated with iron, assuming that iron was present as

hematite.

Results and Discussion

The heated briquettes in this work generally all had

strength greater than 500 N. Phenomena observed in other

work on composite briquettes made with charcoal, which

decreased strength after heating, such as the formation of

iron whiskers were not observed in this work. The strength

was related solely to the briquette microstructure.

Effect of Heating Time

Figure 2 shows the effect of briquette heating time at

1300 �C on the strength and density of briquettes (Series

1). The initial green briquettes (zero heating time) were

very strong and possessed compressive strength of about

3.8 kN. After heating for even a short time (3 min), the

strength decreased rapidly to about 200 N as the starch

binder was destroyed. The strength increased at longer

heating times of 10 and 15 min to about 1 kN, significantly

less than the initial green strength. In comparison, the

briquette density increased slightly from 1.3 to 1.7 g/cm3

as heating was increased from 3 to 5 min. Further heating

up to 15 min did not result in any further increase in bri-

quette density. Figure 3 shows that the degree of iron

metallization was about 45 % after 3 min of heating and

increased about 80 % after 5 min, but did not increase with

further heating. An examination of the briquette

microstructure after 10 min of heating (see Fig. 6) showed

that no charcoal remained. It seems that the plateau in iron

metallization may be due to insufficient charcoal in the

briquette mix.

Figure 4 shows a micrograph of composite briquette

particles from series 1 after 3 min of heating at 1300 �C

Brass collar

Brass end cap

Silicon tube and clamp

Platinum wire

Briquette in cradle

Ceramic work tube

Thermocouple

Brass collar

End cap

Argon inlet

Argon outlet

Fig. 1 Schematic diagram of the apparatus used to heat the green

composite briquettes (Color figure online)

Table 4 Experimental conditions used in the production of composite briquettes

Series Temperature (�C) Time at temperature (minutes) C/Fe (wt ratio) C/O (mole ratio)

1 1300 3, 5, 10, and 15 0.24 0.74

2 1300 10 0.18, 0.20, 0.22, 0.24, 0.26 0.55, 0.61, 0.68, 0.74, 0.80

3 1300 15 0.18, 0.20, 0.22, 0.24, 0.26 0.55, 0.61, 0.68, 0.74, 0.80

4 1350 10 0.18, 0.20, 0.22, 0.24, 0.26 0.55, 0.61, 0.68, 0.74, 0.80
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(C/Fe = 0.24). The internal regions of the particles are

composed mostly of FeO (labeled 2) grains with a small

amount of interstitial slag (labeled 1). There is also a small

amount of metallic iron along the outer edge of the particle

(labeled 3). The reduction of the original hematite in the

iron ore to wustite (FeO) occurred quickly, (See Table 5).

The initial FeO reduction could occur via the gasification

of charcoal particles close to the edge of the composite

particles due to faster heating. Subsequent reduction would

occur in the bulk of the composite particle due to the

gasification of interstitial carbon particles when the internal

temperature reaches a critical temperature (see Figs. 5 and

6). The low compressive strength of these briquettes is

likely due to void formation in the macrostructure and the

relatively small amount of slag which is available to bind

the particles.

Figure 5 shows a micrograph of a Series 1 briquette

after 5 min heating at 1300 �C. Unlike the microstructure

after 3 min, a continuous slag network is visible with rel-

atively small amounts of iron oxide. The central dark

feature is a void and not part of the microstructure. Large

amounts of metallic iron are also dispersed in the slag

network and are starting to coalesce. Dendritic iron oxide,

present within the slag phase, is assumed to form during

briquette cooling and is not thought to be part of the bri-

quette structure at the experimental temperature. The pro-

gression and development of the slag phase shown in

Figs. 4 and 5 are in consistent with the slag forming pro-

cess described by Longbottom et al. [29] during the

reduction of ironsand compacts.

Figure 6 shows a micrograph of a briquette after 10 min

heating at 1300 �C. In this case, the FeO domains have

disappeared and the dominant phases are metallic iron and

a continuous slag network. The metallic iron has continued

to coalesce and has started to form continuous networks.

No residual carbon is visible in this sample and its

unavailability may have limited the metallization to 80 %

(Fig. 3).

The compositions of the slags in the briquettes heated

for 3, 5, and 10 min are shown in Table 5. For all samples,

the slag compositions are iron-rich and close to the fayalite

composition (Fe2SiO4), with small amounts of alumina and

magnesia. This was fortuitous as the slag which naturally

formed had a low melting temperature and additional

fluxes were not necessary.

The slag from the briquette after 3 min heating is more

enriched in iron than the other slag samples. This may

decrease the melting temperature slightly. Slags close to

the fayalite composition will have a melting temperature of

close to 1200 �C and at the heating temperature of

1300 �C, the slag would be expected to be fully molten and

should readily fill the gaps between the FeO and iron

particles. When cooled, this continuous slag structure

would hold the briquette together and impart some

strength. The low strength of the briquette after 3 min of

heating can be attributed to the small amount of slag in this

briquette. At longer heating times, more slag has been
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Fig. 4 SEM back-scatter image of a composite briquette from series

1 after heating for 3 min at 1300 �C
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formed which would tend to increase briquette strength.

Higher levels of iron metallization would reduce the iron

content of the slag and could slightly increase the liquidus

temperature. This may restrict the formation of a continu-

ous slag phase. However with the range of 25–30 % SiO2

in the SiO2-FeOx-MgO system, small changes in the silica

content of slag have only a small effect on the liquidus

temperature. At longer heating times, a continuous metallic

network becomes prominent and this may also impart

strength to the cooled briquette.

These results broadly agree with the work of Tsujihata

[30], Gupta and Gautam [31], and Iguchi and Kamei [32].

Tsujihata attributed the mechanical strength of iron oxide

agglomerates to the bonding between hematite crystals

which are formed either by mutual diffusion or by slag

generation. These bonds breakdown as the agglomerates

are reduced. Tsujihata [30] showed that the crushing

strength of an iron ore agglomerate decreased from 180 kg

(1764 N) to about 30 kg (294 N) as the degree of reduction

increased from zero to 10 %. At high degrees of reduction,

a metallic bond was found to impart strength on the

agglomerate and pellet strength increased with the degree

of reduction. For this reason, a high metallic iron content of

pellets, greater than 70 %, is generally required in order for

reduced pellets to attain the strength required for use in

blast furnaces.

Gupta and Gautam [31] reasoned that the strength of

DRI could be increased by enhanced metallic or slag

bonding within the pellet. This could be achieved by higher

reduction temperature and longer sintering time which

would increase the fusion zone and increase the bond

contact area. These comments agree with the work of

Longbottom et al. [28, 29] on compacts made with iron

sand and the present work where a slag network developed

after a relatively short heating times of 5 min.

Iguchi and Kamei [32] investigated the swelling

behavior and crushing strength of individual composite

pellets during reduction in oxygen-containing nitrogen

atmospheres. As reduction continued, pellet strength

decreased to a minimum after about 2 min. At longer

reaction times the pellet strength increased. Ultimate pellet

strength increased with increasing reduction temperature.

Table 5 Composition and

identification of phases labeled

in Figs. 4, 5, and 6

Heating time (min) Label No. Normalized wt% Normalized atomic % Phase

Fe Si Al Mg Mn O Fe Si Al Mg Mn O

3 1 54 12 1.4 1.3 0.7 29 29 13 1.5 1.6 0.4 54 Slag

5 3 49 13 0.5 5 1.9 30 25 14 0.5 6.1 1.0 51 Slag

10 5 50 14 0.5 4.2 1.7 30 25 14 0.5 4.9 0.9 54 Slag

3 2 77 0 0.7 0.6 0 22 49 0 0.9 0.9 0 49 FeO

5 4 77 0 0.3 0 0 22 49 0 0.4 0 0 49 FeO

Slag (3)

Iron oxide (4)

Metallic Iron

Fig. 5 SEM back-scatter image of a composite briquette from series

1 after heating for 5 min at 1300 �C

Slag (5)

Metallic iron

Fig. 6 SEM back-scatter image of a composite briquette from series

1 after heating for 10 min at 1300 �C
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The rise in pellet strength was accompanied with an

increase in pellet density. This work agrees directly with

the present work where reduced pellet strength also

increased from a minimum at short heating times and

increasing heating times, and temperature increased bri-

quette strength through the development of a slag network.

Effect of Carbon-to-Iron Ratio in Briquette

Figure 7 shows that briquette strength increased with

decreasing C/Fe ratio. In general, stronger briquettes were

produced by heating at 1300 �C for 15 min and the weakest

by heating at 1300 �C for 10 min. At the highest C/Fe ratio of

0.26, all three conditions produced heated briquettes of about

the same strength (700–950 N). At the lowest C/Fe ratio,

briquettes from the second series (1300 �C for 15 min)

produced the strongest briquettes (5000 N).

The trends in Fig. 7 are consistent with the conclusions

of Longbottom et al. [29] who reasoned that strong reduced

compacts of coal and ironsand form when the original iron

oxide particles are close together. An incipient slag phase

forms between the particles and grows to envelope them.

Iron oxide particles that are close together facilitate the

connection of the slag phase and result in a stronger more

consolidated structure. Low C/Fe ratios in the briquettes of

this work would also decrease the distance between oxide

particles and hence will result in an increase in briquette

strength after heating. Factors which were investigated,

including higher temperature and longer heating time,

would facilitate the formation of the slag phase and hence

increase briquette strength.

Figure 8 shows that briquette density after heating

decreases with increasing C/Fe ratio. In general, denser

briquettes were obtained by increasing the heating tem-

perature from 1300 to 1350 �C and by increasing the

heating time from 10 to 15 min. At high C/Fe ratios, there

was little difference between the three sets of results.

However, at the lowest C/Fe ratio, the briquette from the

second test series (1300 �C and 15 min) produced a density

after heating of about 3.5 g/cm3, compared to about 2.5 g/

cm3 for the other two test series, but this may be within

experimental error due to difficulties in measuring the

dimensions of the reduced briquettes.

Figure 9 shows that the degree of iron metallization in

the heated briquettes increased with increasing C/Fe ratio.

The results from series 2 (1300 �C, 10 min) show lower

levels of iron metallization compared to the briquettes

heated to a higher temperature and held in the furnace for

longer. Briquettes from series 3 (1300 �C and 15 min)

showed slightly higher levels of iron metallization at low

C/Fe ratios compared to briquettes from series 4 (1350 �C,
10 min). At higher C/Fe ratios, the briquettes from series 4

(1350 �C, 10 min) had slightly higher level of iron met-

allization at about 80 %. Iron ore particles are reduced by

CO gas which forms from the gasification of charcoal with

CO2 gas according to Eq. (1). In briquettes with relatively

large amounts of charcoal, iron oxide reduction via Eq. (6)

is likely to occur to a greater extent. This will increase the

yield of metallic iron per unit of carbon reacted due to

increased CO formation.

Other researchers obtained higher levels of iron metal-

lization in the reduction of iron/carbon compacts than what

was obtained in this work through the use of higher C/Fe

0

1000

2000

3000

4000

5000

6000

0.16 0.18 0.20 0.22 0.24 0.26 0.28

Br
iq

ue
�e

 st
re

ng
th

 (N
) 

Green brique�e C/Fe 

1300 C,10 min
1300 °C, 15 min
1350 °C, 10 min

Fig. 7 The effect of briquette strength plotted against C/Fe ratio

0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0

0.16 0.18 0.20 0.22 0.24 0.26 0.28

Br
iq

ue
�e

 d
en

sit
y 

(g
/c

m
3 )

Green brique�e C/Fe

1300 C, 10 min

1300 °C, 15 min

1350 °C, 10 min

Fig. 8 The effect of briquette density plotted against C/Fe ratio

40

50

60

70

80

90

100

0.16 0.18 0.20 0.22 0.24 0.26 0.28

Iro
n 

m
et

al
lis

a�
on

 (%
) 

Green brique�e C/Fe 

1300°C, 10 min
1300°C, 15 min
1350°C, 10 min

Fig. 9 The effect of briquette iron metallization plotted against C/Fe

ratio

234 J. Sustain. Metall. (2016) 2:228–238

123



ratios, longer heating times or higher temperatures [10, 29,

33–36]. The present work did not cover composite bri-

quettes made with charcoal at higher C/Fe ratios than 0.26

as the focus was on the strength of heated briquettes.

However, investigations into the strength and iron metal-

lization of charcoal/iron ore briquettes made at high C/Fe

ratios would make a worthwhile area for future work.

The results shown in Figs. 7, 8, and 9 indicate that

briquette strength should show a positive trend with bri-

quette density after heating. The relationship is illustrated

in Fig. 10 which indicates that the briquette strength has a

high dependence on briquette density. Figure 11 shows the

variation of briquette strength with the degree of iron
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Fig. 13 SEM back-scatter image of a briquette with C/Fe ratio of

0.22 after heating at 1300 �C for 15 min
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Fig. 14 SEM back-scatter image of a briquette with C/Fe ratio of

0.26 after heating at 1300 �C for 15 min
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metallization. High-strength briquettes are associated with

relatively low levels of iron metallization (about 50 %). At

iron metallization levels greater than about 60 % the data

become scattered. For the conditions of series 3 (1300 �C
for 15 min) and to a lesser extent series 4 (1350 �C for

10 min), the relationship shows that the conditions that

produce higher strength briquettes result in lower levels of

iron metallization, presumably due to the slag formation

mechanisms previously discussed.

Carbon is consumed during reduction, tending to

increase porosity and lower briquette density as metal-

lization increases. However, it is observed that contraction

in overall dimensions also takes place. Overall, it seems

that as iron metallization increases the internal structures of

the briquette contract leaving higher porosity (more voids)

and a lower density. This increased porosity weakens the

briquette structure and reduces its compressive strength.

This progression can be illustrated in the microstructure

of heated briquettes from the third series (1300 �C and

15 min of heating). Figures 12, 13, and 14 show the

microstructure of the briquette with C/Fe ratios of 0.18,

0.22, and 0.26, respectively.

In Fig. 12, the dominant phases are metallic iron, iron

oxide, and a continuous slag phase. Reduction is incomplete

in this sub-stoichiometric C/Fe case. The smaller dendritic

iron oxide phases are likely to have precipitated from the slag

after the briquette cooled. Figure 13 shows a less consoli-

dated structure but still with plenty of iron oxide, i.e.,

incomplete reduction. The slag phase is continuous and

surrounds the iron oxide particles. The iron has started to

coalesce. In Fig. 14, the iron oxide phase is no longer, and the

remaining phases are metallic iron and the continuous slag.

The metallic iron has coalesced to a large extent and has

started to form longer range networks. Metallization was

80 %,with a significant amount of iron remaining in the slag.

Although the microstructures in Figs. 12, 13, and 14

represent a small fraction of the surface area of each

briquette, they are the representatives of the briquette as a

whole. In Fig. 12, the microstructure is consolidated with

few pores. In Fig. 13, the briquette structure is less massive

with large pores. In Fig. 14, the microstructure contains

smaller and narrower solid briquette pieces which lack the

cohesiveness of the microstructure of Fig. 12 or even

Fig. 13. This change in microstructure is consistent with a

decrease in briquette strength.

It is possible to calculate the proportion of slag in the

briquette structure by noting that silica reports only to the

slag phase. Hence, the amount of slag as a proportion of the

total briquette mass can be calculated from the amount of

silica in the original briquette mix (from iron ore and

charcoal ash), and the silica content of the slag phase

determined by EDS analysis. This information is shown in

Table 6 for some selected samples. Figure 15 shows the

calculated proportion of slag in the briquette as a function

of briquette strength. The slight positive slope indicates

that briquette strength increases with the amount of slag

formed. It is reasonable to conclude that this slag provides

a bonding phase which bounds the briquette together and

provides the briquette with compressive strength.

Table 6 Calculation of slag weight and proportion of slag in heated briquettes

C/

Fe

Temperature

(�C)
Heating

time (min)

Total SiO2 in

briquette (g)

SiO2 in slag

phase (%)

Amount of slag in

briquette (g)

Mass of heated

briquette (g)

Proportion of slag in

heated briquette (%)

0.18 1300 10 0.90 25.5 3.53 16.85 20.9

0.22 1300 10 0.88 25.7 3.43 16.62 20.7

0.26 1300 10 0.87 26.4 3.27 16.00 20.5

0.18 1300 15 0.90 21.1 4.24 16.57 25.6

0.22 1300 15 0.89 26.0 3.41 15.90 21.4

0.26 1300 15 0.86 22.2 3.87 15.05 25.7

0.18 1350 10 0.91 25.0 3.63 17.02 21.4

0.22 1350 10 0.90 25.9 3.47 16.28 21.3

0.26 1350 10 0.87 22.6 3.85 15.15 25.4
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Fig. 15 Graph of the proportion of slag in the briquette plotted

against the briquette strength

236 J. Sustain. Metall. (2016) 2:228–238

123



Conclusions

The dried green briquettes had high compressive strength

and required a force of at least 3500 N to yield. This strength

rapidly decreased during heating at 1300 �C to 200 N before

steadily increasing to 1000 Nat heating times of 15 min. The

density and degree of iron metallization of the briquettes

remained constant after 5 min of heating. The increase in

briquette heating was attributed to the development of a slag

phase which binds the metallic and remaining iron oxide

particles together into a coherent solid mass.

Increasing the C/Fe ratio in the briquette mix decreased

the strength and density and increased the degree of iron

metallization of the heated briquettes. Briquette strength

also increased with increasing time from 10 to 15 min and

heating temperature from 1300 to 1350 �C. These obser-

vations can be explained by the distance between iron

oxide particles in the briquette mix. At low C/Fe ratios,

iron oxide particles will be relatively close together. This

closeness facilitates the development of a slag phase and

hence increases briquette strength. The closeness of the

iron particles also increases the briquette density. The

higher amounts of carbon in the briquettes made at high

C/Fe ratio results in higher levels of CO gas generation and

hence higher levels of iron oxide reduction resulting in

higher levels of iron metallization. Briquette strength was

found to correlate positively with briquette density and

inversely with iron metallization.

The compressive strength of heated briquettes correlated

positively with the proportion of slag in the briquette. This

observation supports the conclusion that slag plays an impor-

tant role in providing strength to heated composite briquettes.

Overall, low VM charcoal was found to be a very sat-

isfactory reductant for use in carbon–hematite composite

briquettes, and conditions for the production of high-

strength, high-metallization DRI have been determined.
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