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SUMMARY

In order to meet the future demand of pellets lier blast furnace, the output of the grinding
circuit of the Tata Steel IIJmuiden pellet plant deeo be increased. As the power
consumption of the grinding circuit is already &t inaximum, the grinding itself and/or the
grinding strategy needs to be optimised, leading lhagher circuit output while still achieving

the required fineness.

Further processes within the pellet plant require grinding product to be of a certain
fineness which is currently determined by measuitiegBlaine number of the grinding circuit

output, which is a measurement of the availabl&asarwithin the grind.

At the IImuiden pellet plant, grinding is done iclased grinding circuit, meaning that only
particles smaller than a certain size are allowdé@dve the circuit. Particles that are to coarse
are screened out of the main flow of material adldack to the grinding mills.

The pellet feeds of the IJmuiden pellet plant demds of different ores. The compositions of
these blends are based on several factors suchvaslgbdity, price and iron content.
Properties that affect the grinding of the oreschsas initial fineness and grindability,

however, are not taken into consideration in thectien of ores.

Given this fact, a possibility to increase the gy capacity might be found in treating the
feed of the grinding circuit not as a single malerliike is done at the moment, but as a
collection of individual ores. This approach alloves a blending/grinding strategy to be
designed based on overgrinding softer ores andnigahe harder ores coarser while still
achieving the required overall fineness. As thisildaeduce the energy needed to achieve a

certain fineness, this would increase the grindiagacity.

Based on knowledge gained through a literaturgystun the binding mechanisms in iron ore
green pellets, the strength and plasticity of grpeltets is believed to be affected by such

variations in individual ore fineness within theedeed.

To study the influence of individual ore fineness green pellet strength and plasticity, an

experimental study was designed that involved tglind testing of green pellets balled from
Vii



four different feeds that only varied in individuade fineness. In addition, the influence of

strain rate on strength and plasticity of theseespellets was tested.
It was found that variations in individual ore firess had no significant influence on the
strength and plasticity of green pellets. Pellg@isptity and strength were found to be strain

rate dependent even for very low strain rates.

Based on these experimental results, recommendation further work and possible

improvements in pelletising process monitoring waweforward.
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1 INTRODUCTION

At IJmuiden efforts are made throughout the erdperation to optimise both production and
efficiency of the steel making process to meetghmving global demand of steel. At the
moment approximately 50% of the IJmuiden blastdomferrous burden consists of pellets
which are produced in a pellet plant from raw iosas that are shipped in from mines all over
the world. To meet future demand of pellets, thaltproduction as well as the quality of the
IJmuiden pellet plant needs to be optimised.

The pelletising process at IJmuiden can be dividdd three consecutive stages; the
drying/grinding stage, the blending/balling stagel ghe induration stage. The process has a
continuous character which means that the outpohefstage is the immediate input for the
next. Because of this, the total production as wslithe quality of the final product of the

process is directly affected by the performanceawh individual stage.

To ensure a good performance of the pellet planyraber of process parameters is closely
monitored within or in between the different pragassages. This monitoring is performed in
two ways, namely quantitatively and qualitatively.

Quantitative monitoring includes online monitoriafjprocess variables such as throughputs,
final production and additive quantities, whereagldly monitoring consists of periodic
sampling and testing of raw material inputs sucbrasfeed and water, intermediate products
such as green pellets, and fired pellets at theoémige process. Sample points are carefully
chosen in such a way that the output of these, testsbined with the online monitoring data,
is assumed to provide sufficient information to tha pellet production process as efficiently
as required.

One of the periodic qualitative tests performethim pelletising process in IJmuiden is that of
impact- and compressive strength of green peléteihg the balling stage. Both of these are
important green pellet properties in the furthdigbg@roduction process as green pellets have
to withstand a certain degree of impact stressnduinansportation after the balling stage as

well as compressive stress during the drying amlgfistages. Failure and/or deformations of



green pellets have a negative influence on bothatad production and quality of fired pellets

and should therefore be limited as much as possible

In general pellet plants are located near minessitied operate using a single ore. At
IJmuiden, pellets are produced from a blend of @fesvhich the composition is based on
several criteria such as ore price, availabilityl @hemistry and therefore varies over time.
The ores that make up these blends come from naithewer the world and between them
there can be a considerable difference in chaiatitsrsuch as mineralogy and grindability.

This allows IIJmuiden to use opportunities providgdthe market in optimising their pellet
feed in terms of chemistry and grindability. Howeveue to this constant variation in ore
feed properties, the pelletising process at IJmuidemore challenging, requiring additional
knowledge and tighter process managing comparedetular single ore pelletising

operations.

The capacity of the grinding stage is considereldetthe bottleneck within the pellet plant in
terms of production. Therefore, in order to optienilse entire process, increasing the capacity
of the grinding stage is required, while maintagnan output which still satisfies the demands

of the succeeding process stages in terms of gualit

In order to raise the output of the pellet planhding stage, an automation of the grinding
circuit by on-line automatic particle size measueatis considered. Quality control of the
ore feed leaving the grinding circuit is currentdpne by measuring the average Blaine
number over a time interval of approximately eigbtrs.

By monitoring the circuit on a much smaller timalgecand with a smaller measuring error,
online particle size measuring is expected to muakessible to control the grinding circuit
more accurate, resulting in a much more constadt ranre predictable grinding circuit
output. This decrease in variation and increaggedictability will create additional room for

optimisation.

A project was started of which the main goal wagdentify improvement opportunities that
would increase the pellet production at IJmuidehisTproject was divided into three

consecutive stages:



Main Goal: Indentify improvement opportunities to increasdgigiroduction

Stage 1: Quantify the effects of physical factors within thelletising
process
Stage 2: Indicate methods to increase the production ofgbelbf defined

quality at the current grinding capacity podsilat IJmuiden

Stage 3: Identify improvement opportunities in grinding arictuit

control to reach this maximum

This report covers the whole of stage 1 and pértiedvers stage 2 by discussing one

possible method to increase pellet production.

Stage 1

A thorough literature review was performed on tiveling mechanisms responsible for green
pellet strength and the main factors of influenoettwose. This literature review is discussed
in chapter 2. Subsequently, process data fromasiefour years of [Jmuiden’s pellet plant
were analysed to confirm the factors of influencegreen pellet compressive strength as
described in literature. This process data amalisidescribed in chapter 3. No strong
correlation was found between green pellet strerggid the assumed main factors of
influence. Several possible explanations of thiskveorrelation have been assessed. The

weak correlation found was attributed to measuemgrs and unmeasured process variations.

Stage 2

The knowledge gained from the literature reviewfgrened in stage 1 was used to indicate
possible opportunities to increase the pellet pctidn at IJmuiden in. This report discusses

one of these opportunities for improvement.

The grinding stage of the IIJmuiden pellet plarntaasidered to be the bottleneck in terms of

production. The feed of this grinding stage cosstfta blend of ores which vary greatly in

3



grindability. Grinding is done in a closed grindioigcuit, meaning that only particles smaller
than a certain size are allowed to leave the dirairticles that are to coarse are screened out
of the main flow of material and fed back to theading mills.

Given these facts, a possibility to increase thedgng capacity might be found in treating the
feed of the grinding circuit not as a single malerliike is done at the moment, but as a
collection of individual ores. This approach alloves a blending/grinding strategy to be
designed based on overgrinding softer ores andnigahe harder ores coarser while still
achieving the required overall fineness. As thisildaeduce the energy needed to achieve a

certain PSD, this would increase the grinding capac

The literature study showed that surface related abraracteristics such as wettability and
both particle roughness and shape are believedate lan influence on the green pellet
strength. A variation in individual ore finenessthim a blend would result in an unevenly
distribution of the ores over different size fracs. This means the relative available surface
area for each ore no longer matches the initialdbBmposition, changing the overall surface

related properties of the blend and potentiallygreen pellet strength.

Green pellets have to withstand a wide range afrstates during the pelletising process.
From the literature review, the influence of suefgroperties appeared not to be affected by
the used strain rate during testing, where theratien believed binding force, the viscous
forces of the binder, are believed to depend airstate above a certain strain rate. However,

experimental work discussing the influence of strate on green pellet strength is limited.

In order to investigate the influence of both indual ore fineness and strain rate on green

pellet strength the following hypothesis was formed

“The Compressive Strengthf green pellets balled with the use of a Ben&Binderfrom a

pellet feed with a Fixed Patrticle Size Distributiconsisting of a Blendf several iron ores, is

influenced by the Individual Fineness of Oreghin- and the overall Compositioaf the

blend. However, a Critical Strain Ragxists above which both variables loose this erfee”

To test this hypothesis, an experimental design @odedure were developed which are

discussed in chapter 4 and 5 respectively.



Three different ore blends, made from three differeres, were prepared with the same
overall particle size distribution but varying imdlual ore finesses. The desirable individual
ore fineness for each ore was obtained by blenstngples of that ore which had been ground
to different finenesses of known patrticle sizertistion. The three blends were then balled
with the use of a Bentonite binder into pelletsdeintical plasticity, porosity and with a equal

level of saturation. After balling the wet compiigesstrength was determined at two different

strain rates.

The experimental results are discussed in chaptémés found that individual ore fineness
had no significant influence on the green pellstrggth. The strength of pellets was found to
be strain rate dependent even for very low straiies: Also, based on the experimental results
recommendations for further work and possible impments in monitoring of the pelletising

process are discussed in chapter 7.






2 LITERATURE REVIEW

As described in chapter 1, the first stage of tlogept consisted of gain a good understanding
of the binding mechanisms within iron ore greergteland the main factors of influence on
green pellet strength. The first step of this stagesisted of a literature review which is

presented in this chapter.

2.1 GREEN PELLET BINDING MECHANISMS

The research done in the field of green pelletngtite until now can be divided in two
different eras. This division is marked by the iggmtion of a new dominant binding force in
green pellets resulting in a new and adjusted gpediet binding mechanism model. In this
chapter, both models, and the differences betwsetwo, are discussed.

2.1.1 Classical mode

The first efforts to explain green pellet strengire done by Firth in 1944. He concluded that
the binding mechanism in balling was driven by caotn of single grains by the weight of
the pellet itself during tumbling in a way similém briquetting. In 1950, Tigerschidld
recognized the role of water surface tension- apillary forces through experimental work
and labelled these as the dominant binding foncegaen pellets. These experiments formed
the foundation of later work by Newitt and Conwaynds (1958), Rumpf (1961) and
Schubert (1977). The combination of their findimgsulted into what can be considered the

classical green pellet binding mechanism model.

In 1961, Rumpf was able to do good estimations I ¢ompressive strengths)( of
conglomerates based on porosity, the size of the individual particles (x) and thiading

force between them (F) using:



> (Equation 2.1)

The classical model states that this green peiletifig force predominantly correlates with
the level of liquid saturation of the pellet. Intelenining green pellet strength, the attribution
of other binding forces such as vanderWaals-, ntagnand/or electrostatic forces was
considered negligible. Three different saturatitetes can be identified in which different
binding mechanisms are dominant; the Pendular (Bi§a), Funicular (Fig. 2.1b) and

Capillary state (fig. 2.1c) (Newitt and Conway-Jon£958).

Figure 2.1 Different states in saturated greerepell

(Newitt & Conway-Jones, 1958)

2.1.1.1 Pendular state

At low saturation levels (S < 0.25) the green pslkre in what is described as tPandular
state. In this state, the dominant binding force is thlasingle water bridges forming between
individual grains (Figure 2.1a). Figure 2.2 isl@se-up of one of the grain-grain interfaces in
Figure 2.1a in which all relevant parameters apellad.



|
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Figure 2.2 Water bridge between particles (Schyuiéit7)

Two mechanisms are held responsible for the tdtalibg force in liquid bridges between
wetting particles. The most important one is theilzay force resulting from the under
pressure created in the bridge because of theelite in curvature of fand R. In addition,

the contact force at the liquid — solid interfagselirected in such a way that is adds to the total
binding force. Based on this assumption it wasestahat the binding force in the pendular
state is a function of liquid surface tension, jgeetdiameter (x), filling anglep), separation
distance (a) and wettability op the solid (contaugled) in the form:

Foinging = F(8,0,% (Equation 2.2)

The binding force in liquid bridges can not be @gsed in a closed formula and therefore
needs to be calculated numerically (Schubert, 1977)

2.1.1.2 Funicular state

As the saturation level is increased (0.25 < S8),0nore and more liquid bridges merge to
form small capillary tubes. In thisunicular state, binding forces of both the capillary tubes
and the remaining single water bridges are resptmfr green pellet strength.



2.1.1.3 Capillary State

As the saturation level is increased even furtBer 0.8), the strength of the green pellet is at
its highest. All the pores of the pellet are fillih liquid creating one large capillary system.
Liquid bridges are no longer present and only #qallary forces are responsible for the pellet
strength. The binding forces active in tl@spillary state are approximately three times
higher than those in the Pendular state (Rumpfl)L9he capillary (under) pressure which is

responsible for the binding force can be expregséue formula:

P = LCOSH (Equation 2.3)
R
With,
Pc = Capillary Pressure [Nfh
y = Surface tension [Nfh
0 = Contact angle o€
R = Radius of curvature [m]

In the case of a completely wetting soltd<X 0), the radius of curvature (R) is equal to the

pore radius (r) and equation 2.3 can than be simeglinto:

=— (Equation 2.4)

Equation 2.4 describes the capillary pressuresimgle tube and is therefore not applicable to
green pellets in which the void dimensions are alatays tube-like and differ within the
pellet. To account for this, the hydraulic poreiuadvas introduced (Tigerschiold and lImoni,
1950). This theoretical radius is calculated usihg porosity £), solid density §) and
Specific surface (9:

&

m=————
Sm [pll-¢)

(Equation 2.5)
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A combination of Equation 2.4 and Equation 2.5 give
P =y5, b di (Equation 2.6)
£

From equation 2.6 it can be seen that, accordinghéo classical green pellet binding
mechanism model, the strength of green pelletsngate balling circuit (S > 0.8) is mainly

dependent on the fineness of the ore.

If even more liquid is added and the pellet becomessaturated, the pore openings at the
surface of the pellet will overflow, turning thelle¢ in nothing more than a water drop with a
suspended solid. The only binding force remainsthe water surface tension and the green
pellet strength drops to nearly zero.
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Figure 2.3 Classical relation between saturatiahtansile strength of

conglomerates, limestone<0,41) (Tarjan, 1966)
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2.1.2 Modern green pellet binding model

The classical binding mechanism model, as describedhapter 2.1.1, provides a good
overall understanding of the basic mechanisms wain pelletising. Most classical work
however, is limited to static experiments usingespdal bodies of a narrow size distribution
and low viscous Newtonian fluids alone, making tlsults of these experiments less
applicable to real case processes. In the lastdBeennia, increasing efforts have been made
towards understanding the mechanisms of real liégation processes and being able to
make quantitative predictions on these processedypbased on theory instead of laboratory
and pilot scale tests (Ilveson et al., 2001) In tbsearch, several additional factors influencing
green pellet strength and new insights to the pblbemding mechanism have come to light
which had previously been overlooked by ttlassical binding model. This chapter will
discuss these new insights, resulting in the modezan pellet binding model.

2.1.2.1 Bentonite Binder Properties & Viscosity

Bentonite is a mixture of clay that primarily costsi of the smectite class mineral

montmorillonite with the chemical formula:

(Na, Caa3iA| 1,67,Mgo,33)8i4010(OH)2 . hHO
Bentonite particles, as is typical for clay minsrare shaped like little sheets. These sheets

are held together by cations in between differagels. A bentonite unit cell, consisting of

two silica layers and one layer of cations is shawhigure 2.4.

12
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Figure 2.4 Bentonite unit cell. (Grim, 1968)

Through hydration of the cation layer, water canabsorbed by the mineral between the
silica layers. This makes the bentonite expand wpetting resulting in a thick viscous paste.
This characteristic makes bentonite very suitabtete use of binder in pelletising processes.
Due to isomorphic substitution of the®Aions, the overall charge balance of the crystal ca
be altered, which is compensated by the absorpfi@xtra cations, usually Nar Cd. Since
this increases the cation density and thereforeirttezlayer attraction, the crystal can not
expand as much as usual. Because of this highistaiese to expand, the bentonite crystals
become less capable of absorbing water (KawatraRapkle, 2003). Near the edges of the
bentonite particles the particle charge is goverogdhe existence of aluminol and silanol
groups which are dependent of the surroundingslalgdly and Ziesmer, 2003)

Because of the sheet like structure, shear stresf$es or during hydration can stretch
bentonitecrystals in a way comparable to a deck of cardaticrg long fibers that are believed

to make bentonite even more effective as a birldawéatra and Ripke, 2002).

As mentioned before, mixing bentonite with watesules in a viscous liquid making it
suitable as a binder in granulation processesathee work, water-bentonite mixtures were
found to be non Newtonian, shear thinning, thixpitdluid. This means that its viscosity not
only decreases under increasing applied stresaldnitover time after being agitated (Kok et
al., 2000; Kok, 2011).

13



2.1.2.2 Viscous forces and inter-particle friction

One of the biggest differences between the expeatisrleading to the classical pellet binding
mechanism model and real life pelletising plantghie addition of the binder Bentonite.
Bentonite is widely used in pelletising operatidrecause of its ability to, in some cases,
absorb up to ten times its own weight in waterytésy in a viscous liquid. The mechanisms
behind this are discussed in section 2.1.3.

Ennis et al. (1991) were one of the first to acklealge and describe the influence of binder
viscosity on granulation. They stated that, dueti® dynamic nature of pelletising, the
strength of liquid bridges also had to depend guidi viscosity. Experimental work on single
pendular liquid bridges (Ennis et al. 1990) showlreat binder viscosity indeed had a mayor
positive effect on liquid bridge strength. This wohowever, only focused on pendular
bridges which, as described in section 2.1.1.1 palg responsible for pellet strength at low
saturation levels.

The influence of binder viscosity along the ensiauration range was reviewed by Forsmo et
al. in 2006. This study also clearly showed anemmble influence of binder viscosity. In
saturation regions comparable to the ones presenactual pelletising processes, the
compressive strength of green pellets even dowdted an addition of 0.5% Bentonite.

Also, in more dry pellets the frictional forces wdrelieved to have a large contribution to
overall strength.

It was concluded that pellet strength is controligdhe capillary forces of the liquid bridges,
the viscous forces of the binder and the intemetién forces between particles (lveson et al.
2001).

2.1.2.3 100% saturation region and solid bridges

In the classical model, as can be seen in FigiBetBe maximum compressive strength is
reached at a saturation level of about 90%. Aftés, tthe capillary tubes within the pellet
overflow and the only remaining binding force isttlof surface tension of the water. Because
the classical model is based on smooth perfectrigahgarticles, all capillary tubes will
overflow at roughly the same time, resulting inuaden steep drop in compressive strength
for increases of saturation above the optimal ldveteal life however, the particle roughness

and uneven nature of the surface will cause thetgel overflow at different saturation levels
14



in different areas. In addition, the overflowedamstill possess a rather high bonding strength
due to the viscosity of the liquid. This results anmuch smoother drop in compressive
strength as the saturation is raised above the Kx@@tation level.

Also, an increase in saturation around the 100%rai@on level is found to lead to a
simultaneous increase in porosity rather than aflow of the pellet pores. This is further
explained in 2.2.3.1. Because of this behaviow, dperational balling area is found to be
around 110% saturation of the original pores (Farstral., 2006; Forsmo et al., 2008).

At low saturation levels (<50%), the bentonite é#s come out of solution and start
forming solid bridges. This leads to an exponentalease in compressive strength as the

saturation level is lowered.

These new insights and additions, combined witheffifiects of bentonite, as summarized in
Figure 2.5, alter the saturation/compressive stremglation considerably compared to the
one presented previously by the classical bindimghanism model in Figure 2.3. Also, it
should be mentioned that because of the concemirafibentonite under evaporation, Figure
2.5 represents the change in pellet strength udideéng of the pellet, where the old model

makes no distinction between drying and wettening.
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Figure 2.5 Modern relation between saturation aath@ressive strength of

conglomerates. (Forsmo et al., 2006)
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2.2 FACTORS OF INFLUENCE

The factors of influence on the pelletising of irore can be subdivided in three categories;
the quality and characteristics of the ore feed #edquantity and chemistry of both added
water and bentonite. This chapter will discuss mclv way these different factors influence
the iron ore pelletising process based on expetimhemork and the modern green pellet

binding model.

2.2.1 OreCharacteristics

2.2.1.1 Particle Shape

The shape of a patrticle is proved to be of infleean the dynamic strength of liquid bonded
granular materials by Iveson and Page in 2004.his $tudy it was found that powders
consisting of spherical particles resulted in dgbelith a lower strength than pellet formed by
irregular, even dendritic particles. This is in gdrance with the classical green pellet binding
theory since a more irregular shape implies a migpecific surface. According to equation
2.6 and equation 1.1, this automatically leadsgbér green pellet strength.

Also, in conglomerates formed from irregular shap@sh ore powders, the compressive

strength can be relative high due to the interlogKorces of the particles.

2.2.1.2 Wettability / Absorption

Based on equation 2.3 it is expected that a higle¢tability of particles is preferable for good
pelletising. This expectation was confirmed by therk of lwasaki et al. in 1967, who

concluded that the liquid bridge forces between wee particles which had been treated with
hydrophobic chemicals during flotation had decrdase

lveson et al. (2001) however described that aneas® in wettability also increased the
amount of water being sucked into the particle paesulting in the need of additional
watering. This additional watering has a negatiffeceé on the following drying process.

Therefore, the existence of an optimum betweenrettws phenomena was suggested. In a
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later study, Iveson also showed that in iron oreswiing for at least 95% of hematite and

goethite the contact angle increased as the hengatitent increased (lveson et al. 2004).

2.2.2 Particle Size Distribution and Specific Surface

Particle size and distribution as well as specsiicface are well known key factors of
influence on green pellet strength. For instangeiagon 2.1 directly correlates green pellet
strength with particle size. The theory behind tkishat, as average particle size decreases,
the number of particles, and therefore the numlbédiralings, present at the plain of failure
increases, resulting in a higher strength (Rum@81). A decrease in particle size also has its
effect on the binding forces itself as smaller sphénave a lower volume to surface ratio; as
particle size decreases, the specific surface aseie Equation 2.6 tells us this will lead to a
further drop in capillary pressure, resulting iroager bonds. This relation between particle
size and green pellet compressive strength has beefrmed in several studies (Meyer
1980; Sportel 1995). The results of one of thesdiss are shown in Figure 2.6.
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Figure 2.6 Influence of particle size and spedificface on green pellet compressive
strength (Meyer, 1980)

Apart from average patrticle size, particle sizetrigtion also plays an important part in
green pellet strength. According to eq. (1), powdef narrow size distribution produce

weaker pellets than expected judging on the avepagicle size alone. This is explained by
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the fact that powders of wider size distributioesuit in a better packing, due to smaller
fractions filling up the voids left between largemes, which results in a decrease in pellet
porosity. By decreasing the number of bindings gmest the plane of failure as well as the
available surface area, while simultaneously ingireathe diameter of capillary tubes (see
equation 2.1), an increase of porosity resultslowaer compressive strength.

In order to optimise the packing of powders dumgglomeration, research has been done on
the ideal size distribution based on the fillingwaiids between larger fractions by smaller
ones. It was found that in a binary particle syseeminimum in porosity could be reached if
the ratio betweethe two fractions was around 0.67. Also, In mudipbmponent systems a
minimum in porosity exists dependent of the pagtgike distribution (Ball et al., 1973).

In some cases a wide particle size distributioteroin combination with irregular particle
shape, can result in relatively strong green pelkte to the increase in interlocking forces

which counteract the compressive forces (Kristergeal. 1985).

As described above, all three principal factorsnfiience on pellet strength as described in
equation 2.1 are influenced by the particle sizgtyibution and/or specific surface. Therefore
much experimental work has been done in this pdatidield which all confirm the relations
mentioned above (Meyer, 1980; Sportel, 1995; Ivestal. 2001).

2.2.3 Water

The influence of water on the strength of greetepehas already been discussed in section
2.1. As an addition to this, in this chapter thituence of water content on the green plasticity

as well as the influence of water chemistry ongiedtrength is described.

2.2.3.1 Water Content, Saturation and Plasticity

It should be noted that the influence of water omeg pellet strength is based on the
saturation of the particle and not the moistureteoinof the mixture to be balled. In fact,
saturation is a function of moisture content, petlerosity and the absorption of water by

individual particles. This relation is easy to urglend and widely accepted for saturation
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levels encountered during drying (S<100), but theclmanisms at the saturation levels
encountered during actual balling are less welleustod.

Forsmo et al. concluded in 2006 that the saturatewel at which pelletising operations
operate are well above the theoretical 100%. At fwint saturation becomes insensitive to
moisture content. Any addition of water at thisgstavill result in an increase in porosity,
leaving the saturation unchanged. This increasadisture content does however have a big
influence on the green pellets plasticity. As maist content increases the green pellet
becomes more and more plastic increasing its imgtaehgth (drop number) and altering its
breakage pattern under compression from brittlendwe plastic. Compressive strength only
decreases slightly, since the dominant bindingefascstill that of the viscous binder. This
shift in breakage pattern, however, results in @ehuncrease in deformation during
compression. Based on these findings, Forsmo cdedlthat plasticity should gain the status
of a standard pellet quality test as it holds vial@anformation on whether a balling circuit is
running at its most ideal moisture and bentonielle

This behaviour of oversaturated green pellets asridieed above was observed earlier by
Maidorn in 1962 as can be seen in Figure 2.7. Heelier had no explanations for this

behaviour.
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2.2.3.2 Water Chemistry

The influence of water chemistry on green pellepprties described in literature particularly
focuses on its influence on bentonite. Severaligtudave shown that the effectiveness of
bentonite as a binder depends on the type of Gatiothe layer between bentonite platelets,
which are described in chapter 2.1.3. The most comeations present in water are’Nad
C&”. If the cation layer mostly consists of sodiumiaag, the silica platelets become capable
of moving more freely, resulting in a more effeetiinding. In this state the bentonite is
considered to be hyperactivated and less bentaiteeded to meet the same green pellet

requirements (Kawatra and Ripke, 2003).

2.2.4 Bentonite

As described in section 2.1.2.2 the influence aftbeite on green pellet strength is fully
acknowledged in modern literature. This chaptecudises the influence of bentonite dosage

and chemistry on the strength of green pellets.

2.2.4.1 Bentonite Dosage

In recent studies, the addition of bentonite to feled in pelletising processes has proved to
increase both the impact- and compressive strevfggfneen pellets as can be seen in Figure
2.8.
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Figure 2.8 Influence of bentonite dosage on gredietampact- (left) and
compressive (right) strength. Moisture content leetw8.7% and 9.3%.
(Forsmo et al., 2006)

Especially the positive effect on impact strengttop number) has been confirmed in several
studies (Sportel, 1995; Forsmo, 2006) and is doumied to the increase in viscosity of the
binder. This higher viscosity enables the binderbsorb a lot of the impact energy and
increases the plasticity of the green pellets. As be seen in Figure 2.8, this binding

mechanism starts being dominant for bentonite wahigher than 0.5%. Also, after this point

up, a distinct switch in the green pellet breakpagtern was observed from brittle to plastic
(Forsmo et al., 2006).

The influence of bentonite on compressive streragtdescribed in Figure 2.8 is not fully

accepted and several studies have concluded thesrice of bentonite addition on green

pellet compressive strength to be minimal. (Me$880).

This contradiction in outcomes can possibly be &ixygld by the difference in strain rate used
in the different experiments and suggests the eaxist of a critical strain rate. For strain rates
lower than this critical strain rate, the visco®fythe binder no longer resists the deformation
and therefore has no influence on the green psliength leaving the capillary force to be

dominant.
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2.2.4.2 Bentonite Chemistry / Viscosity

As described in section 2.1.2.1, bentonite is atunéx of different minerals, primarily
consisting of montmorillonite. As most clay minexalts chemical formula allows the
existence of various types of montmorillonite vagyin the type of ions present in the crystal
roster. The amount of montmorillonite in a certdbentonite and the type of this
montmorillonite determines how suitable it is abiader. The most important property of
bentonite with regards to pelletising is its swallicapacity. This capacity mainly depends on
the ability of the cation layer, to expand and abswater molecules.

This ability to expand is at its highest when tharge between the two silica layers is at its
lowest. For this reason, the ratio between singged N cations and double charged’Ca
cations in the cation layer is a good indicator tbé swelling capacity of a certain
montmorillonite and therefore its quality as a En@Kawatra and Ripke, 2002).

The change from calcium-bentonite to sodium-bemsoisi referred to as “hyperactivation” of
bentonite and can also be attained artificiallythy addition of NaOH (Saidi et al., 2001).

Not only bentonite dosage and type, but also theiwavhich it is applied is believed to be of
influence on the strength of green pellets.

Experiments using different types of mixing havewh that mixing types in which shear
forces are involved resulted in green pellets afhlar compressive strength. This was
attributed to the formation of long fibers duringxmg as the bentonite layers slide along
each other due to these shear stresses (KawatiRipke, 2001).

2.25 Strain Rate

Unlike the capillary forces and internal frictioorées, viscous forces are proven to be strain
rate dependent. In tests at different strain ratesusing binder of varying viscosities, it was

shown that a critical strain rate exists below Whice viscous forces are negligible and the
pellet strength is mainly dominated by the capylléorces as can be seen in Figure 2.9
(Iveson at al., 2002)
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Figure 2.9 Influence of strain rate on granule rsagss for binders of different

viscosity. Saturation 0.7. (Iveson et al. 2002)

The critical strain rate was found to be dependadrthe viscosity of the binder. The more
viscous the fluid, the lower this critical straiate¢ was found to be. These studies were
however conducted using narrow size distributiorredétively large glass ballotini. These
results are therefore not directly applicable tecdiee the influence of strain rate on iron ore

green pellets.

2.3 SUMMARY

Through the literature review described in this pteg a thorough understanding of the

binding mechanisms responsible for green pellength was acquired.

The total binding force responsible for green pedteength is believed to be the sum of three
different forces; capillary forces, frictional fas and viscous forces. Both viscous and
capillary forces are believed to increase for iasneg saturation levels lower than 100%. At
over saturation (saturation > 100%), pellet poyositreases resulting in a weaker and more
plastic pellet.
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A grinding strategy involving over grinding softeres and leaving harder ores coarse, as

presented in section 1, will affect the overallface related properties of the blend.

As frictional and capillary forces are dependent soirface related properties such as
roughness and wettability, such a grinding strategyelieved to influence green pellet
strength. The influence of these properties orepstrength however have never been studied

experimentally.

The contribution of capillary forces to the overpkllet strength are also believed to be
dependent of strain rate. As strain rate increagsspus forces within the bentonite binder
increase, reducing the influence of frictional aagbillary forces.

Viscous forces were found to be strain rate depenide strain rates above a certain critical
value. Experiments that confirmed this however,emgerformed using relatively large and
often unisized particles as well as Newtonian 8uicthaking their results not directly

applicable to iron ore green pellets.

In order to make a valid statement on the influesicthe proposed grinding strategy on green
pellet strength, the influence of strain rate aadation in individual ore fineness on green
pellet strength need to be further assessed. Tdrered hypothesis has been formulated and

tested. This experimental work is discussed ini@ea, 5 and 6.

The next step of stage 1 of the project was toinonthe findings from the literature review

using process data from the IJmuiden pellet plant.
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3 PROCESS DATA ANALYSIS

3.1 INTRODUCTION

During the literature study a thorough understagauas acquired of the factors of influence
on the strength of green pellets produced in pseEgesimilar to that of the IJmuiden pellet
plant. To confirm the assumption that the strergjtiJmuiden pellets was governed by the
same mechanisms as described in the literaturewethe relationships between IIJmuiden
green pellet strength and these main factors dfiente were analysed using 4 years of

process data.

3.2 DATA COLLECTION, INSPECTION AND FILTERING

The process input variables used in the data asalyere derived from the literature study.
All available process variables that were assuroedlive a considerable influence on green
pellet strength were taken into account. The datduvas obtained from the RADAR
database, which holds all measured process datathé period of January 2006 till
September 2010.

Each of the process variables is measured in ardiff way and/or on a different time scale.
Most measurements result in a single value, bues@st result in a collection of values as is
the case for the measurement of ore fineness wrrdeting the particle size distribution.
Before the particle size distribution of the growre feed, consisting of 32 entries, could be
used as an input parameter, a representative wagedeto be found to describe the

distribution in far less variables.
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3.21 Green Péllet Strength

The strength of green pellets is measured evergush A sample is taken from the product
pellets leaving one of seven balling circuits ofietithe 10mm — 12,5mm fraction is screened
off. The compressive strength of 25 pellets is mess by applying an increasing load on the
pellets up to the point of fracturing. The loadta point of fracturing is visually judged by

the operator and rounded off £50 grams. The aveoage25 pellets is reported as the Green

Pellet Compressive Strength in grams.

3.2.1 Water and Bentonite content

The pellet plant has three blending circuits in ahhwater and bentonite are added to the
pellet feed to create a mixture suitable for bgllithe weight percentages of added bentonite
and water are measured continuously and an houesage is stored for both values. These
values are reported as a percentage of added Beendmal water.

3.2.2 Blaine Number

The output of all three grinding circuits of themididen pellet plant grinding circuit is
sampled and collected every 10 minutes. Every,stofresponding to approximately every 8
hours, the Blaine number of this collection sampldetermined. This measurement is done

for all three grinding circuits and is reportectias Blaine number in cffgram.

3.2.3 Particle Size Distribution

The same collection sample used to determine tam&humber is also used to determine the
particle size distribution. The particle size dmaition (PSD) of the ground pellet feed is
measured using laser diffraction (provided by Syteg§a and consists of a cumulative series
with 32 entries. In order to be able to analysecthreelation between particle size distribution

and other process variables, the information carthin a PSD needed to be compressed to a
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much smaller amount of variables which would $tél representative enough for correlation
analysis. There are many methods available toritbesa PSD in one or more variables for all
kinds of different purposes (Schubert, 1989; Ki2902). The method that would best
represent the PSD characteristics that are of enfta on green pellet strength was not

explored. In this data analysis, the PSD has besarihed using a range of methods.

3.2.3.1 Size Fractions

From the literature review it was found that esakgithe amount of fine particles in the
pellet feed are of influence on green pellet stiienghis is due to the fact that small particles
have a relatively large impact on the specific acef of the pellet feed and the eventual
porosity of the green pellet. Because of thisfthetions <10pum and <25um were selected as
input parameters.

At IImuiden, historically, the 45um and 90um frawtare used to describe the particle size
distribution. Therefore, these fractions were atBosen as input parameter for the process

data analysis.

3.2.3.2 Percentiles

Cumulative particle size distributions of groundtemal such as pellet feed are known to
resemble distributions which can be described ueimg or more percentiles. Two of these
distributions are commonly used to describe griggiroducts;

Rosin-Rammler Distribution

The Rosin Rammler Distribution is based on the @&2entile (g2 and is defined as:

9 e

632

P(d) =1-exp[-
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Gates-Gaudin-Schuhmann Distribution

The Gates-Gaudin-Schuhmann Distribution is a distion based on the 5, 50 and 95

percentiles (gl dso, dos) and is defined as:

()= ()

0

with,

dsdso - 2d5d95 + d50d95
d520 - d5d95

do = d50

In both distributions, P(d) represents the proligbdf any value within a distribution to be
smaller than a certain value d. Constanéd k need to be determined empirically.

To study whether the particle size distributiorpefiet feeds could be described with the use
of certain percentiles, the average PSD of theutuwipall three grinding circuits for a period
of 2 months was compared to both Rosin-Rammlerribligions and Gates-Gaudin-
Schuhmann distributions for different valuesoond k. All percentiles used were estimated
using lineair interpolation of the original PSD . Because the first entry of the studied
PSD’s exceeded 5%, the 5% percentilg) (Was estimated at 1um for all PSD’s.

It was found that the <24um portion of the curvelldobe described as a Gates Gaudin
Schuhmann distribution with a k-value of 0.6 and #24um portion as a Rosin Rammler
distribution with aa-value of 1.2 with an error of <5% for all sizedt@ns, as can be seen in

Figure 3.1.
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Figure 3.1 Description of the average PSD of outfmm grinding circuits 1, 2 and
3 using Rosin-Rammler distribution for d > 24pm and

Gates-Guadin-Schuhmann distribution for d < 24um.

Because of this resemblance between the studiedsR®0D both the Rosin-Rammler and the
Gates-Gaudin-Schuhmann distribution, thes D Dgs and the [y were used as input

parameters for the data analysis.

3.2.3.3 Percentile Ratios

The ratio between certain percentiles is also usedktermine the steepness of a PSD. The
steepness of a PSD provides information about idéhwef the distribution. The width of the
PSD of a powder is believed to be of influence o ppacking of the powder which, in turn,
has an influence on porosity and therefore gredatmtrength. To account for this in the data
analysis of the PSD’s, the ratio of the 75 and 2&entile, Bs/D,s, was used as an input
parameter.

3.2.3.4 Sum of Size Fraction

Within the cement industry, another commonly usathmeter that describes a PSD is the
sum of all size fractions within a specific rangetioe cumulative PSD curve. This sum

increases as the particles within the PSD beconex nd/or the curve becomes less steep.
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As small fractions are believed to have a relagivegh influence on green pellet strength, in
this study the coarser end of the PSD (> 25um) ldhoe excluded when using this method.
The values of fractions are too high in relationthe smaller fractions, which would leave

variation in the smaller fractions unnoticeable.

3.2.4 OQutliers

Through consultation of a pellet process expertefh of the parameters a certain range was
defined within which a value could be considerelidvéscheepers, 2010). All values outside
this range were considered outliers and removed fiee data set. The ranges used for each

parameter as well as their units are listed in @&bl.

Table 3.1 Variables and ranges used during Datdy8isa

Variable Unit Used Range

Green Pellet Compressive Strength gram 500 - 1500
Water content % 8-12
Bentonite content % 0.2-0.8
Blaine cn? gramt 1000 - 3000
Particle Size Distribution

<10u %vol.

<451 %vol.

<90u %vol.

D50 n

D60.3 u

D95 p

Do

D75/D25 -

Cum. <25 %
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3.3 DATA GRIDDING AND STRUCTURING

Based on the literature review, the compressivangth of green iron ore pellets is suspected
to strongly correlate with the fineness of the asewell as the moisture and bentonite content
of that particular pellet. These parameters aréaa#n into account during this data analysis.
The measurements of these parameters however aeeaddifferent points in the process
and/or at different time intervals.

Because of this, the exact ore fineness and meistod bentonite content for a certain batch
of tested green pellets is unknown and needs &stmated. An estimation of the properties
of all tested green pellets was done by griddind averaging each of the data sets of the

parameters.

3.3.1 Discretevs. continuous data

The average quantity of bentonite and water addéket feed for the balling circuits is stored
continuously and an average value is generateq éwer. The measurements of green pellet
compressive strength and both Blaine number anticigasize distribution of the grinding
circuit output however, are measured approximatesry 8 hours.

In order to be able to study the correlation betwiese parameters, the discrete datasets of
compressive strength, Blaine number and Partigke distribution needed to be converted to a
continuous set. To do so, an hourly value was rgéee through gridding between existing
data points by using linear interpolation as désttiin Figure 3.2a and b. Gridding by linear
interpolation was chosen over other gridding meshadch as zero-order hold because
changes in the grinding circuit output were beleve occur gradually instead of abruptly.
Once hourly values had been generated for all eisatata sets, these were averaged over 8

hours (one shift), as described in Figure 3.2cénd
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Figure 3.2 Conversion of discrete (red) to contirsidata set using linear
interpolation of existing points (A and B), andgaling with other continuous data

set (blue) by averaging values within a certairetfinrame (C and D)

3.3.2 Timelag

Another difficulty faced when trying to estimatestBlaine number and PSD of a particular
batch of tested green pellets is that the greeletpsttength and the fineness of the feed are
measured at different stages within the pelletigomgcess. To ensure production during
grinding circuit downtime, ground pellet feed leayithe grinding circuit is not directly
mixed with bentonite and water but stored in silbise silo retention time was estimated at
roughly 8 hours (Scheepers, 2010). To accountiisrdelay in the process, the collected data
set of both Blaine number and PSD needed to betdtis +8 hours.
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3.4 MODEL SELECTION & RESULTS

After the data had been filtered, gridded and stinec!, three different modelling techniques
were used to test how well the green pellet strenfthe individual grinding stages could be
expressed in the variables ore fineness, wateenband bentonite content.

In order to study which representation of feed riess would correlate better, the correlation
between green pellet strength and the feed fineregg®sented by Blaine and PSD were
performed separately.

3.4.1 Multiple Linear Regression

The correlation between green pellet strength aedfineness, water content and bentonite
content was first tested by Multiple Linear Regm@ss(MLR) using Microsoft Excel

Software. The outcome of this correlation analisissted in Table 3.2.

Table 3.2 Correlation between Pellet strength fioeness, moisture content and

bentonite content based on IJmuiden pellet plaotgss data using MLR.

R
Blaine 0.21
Grinding Circuit 1
PSD 0.27
o o Blaine 0.21
Grinding Circuit 2
PSD 0.24
Blaine 0.15
Grinding Circuit 3
PSD 0.22

As can be seen in Table 3.2, none of the value®are higher than 0.3. This means that,
using MLR, only 30% of the variation within the uak of green pellet strength could be
explained by variations in the values of feed fe&s) moisture content and Bentonite content.
Based on this it can be stated that there is onhgrgt weak correlation between the four

variables.
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3.4.2 Partial Least Squares & Neural Networks

In order to see whether other modelling techniquesild be able to find a stronger
correlation, green pellet strength was describedh danction of moisture and bentonite
content and feed fineness from grinding circuit sing the Partial Least Squares method
(PLS) and using Neural Networks. During these aedy the fineness of the feed was
expressed in both Blaine number and PSD. The seslilthese analyses are listed in Table

3.3.

Table 3.3.Correlation between Pellet strength fioeness,

moisture content using PLS and Neural Networks

R
Partial Least Squares 0.15
Neural Networks 0.19

As can be seen in Table 3.3, the other two modgtiichniques also found a weak correlation

between the four variables.
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3.5 DISCUSSION

As shown in section 1.4, data analysis of the medata from the 1IIJmuiden pellet plant was
unable to confirm that any of the factors of inflae described in the literature where indeed
of influence on green pellet strength. Severalaeador the weak correlation between the
measured pellet strength and estimated ore finenagsisture content and bentonite content

were suggested and, where possible, verified.

3.5.1 Measuringerrors

One explanation for the weak correlation found migirthe data analysis could be that of
erroneous measurements. The error of the dataspwithin the initial data sets used in a
correlation study, such as the one described g ¢hapter, will automatically introduce an

error in the outcome of this analysis.

Especially the measurement of Blaine number andahgreen pellet strength were believed
to contain relatively high measuring errors causgdhe used equipment and the fact that

these measurements are relatively operator dependen

3.5.2 Unrepresentative data

Another factor that could have affected the acoyiE the data analysis is how well certain
measurement reflects the actual value. How reptasem a measurement is, is affected by
the measuring system itself, but also by the plafceneasurements in the process and the

frequency of measurement.

3.5.2.1 Point of measurement

The points of measurement within a process areced|yeimportant when studying the
correlation between quantities that are measurediffgrent stages of the process. When
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studying the correlation between a value A, meabatepoint 1 and a value B, measured
further down the process in point 2, any changes$ ticcur to value A after it has been
measured will have a negative influence on theetation. In other words, the measured
value of variable A in point 1 is than no longepnesentative for the value of A in point 2
because of unmeasured changes in the value oftAdlva occurred after point 1.

The values for Blaine and Particle Size distributised in this data analysis were measured
at the end of the grinding stage. These value$efmt fineness were then correlated to green
pellet strength which is measured further downgbketising process. This means, that any
changes to the fineness of the feed that occur &teving the grinding circuit are left

unmeasured.

At IJmuiden, the ground ore feed leaving the grigdcircuits is stored in silos. From
experience it was known that under emptying, therfess of the ore feed would increase
drastically. This phenomenon was studied and ooefil ( Scheepers, 2010). They both
contributed this phenomenon to the segregatiorhefsmall and large particles within the
feed, resulting in areas of relatively high and faveness.

These variations in ore feed fineness has intratlaceadditional error to the data analysis.

3.5.2.2 Measurement Frequency

Another factor which has an effect on how represtérég a certain measurement is, is the
frequency at which this measurement is done.

Processes such as grinding and balling circuitskagevn to have a self regulating nature,
resulting in a periodic variation called “surgingScheepers, 2010). In order to do a
representative measurement of the output of suatepses, the sampling frequency needs to
be chosen at least a number of times smaller tharfrequency of this natural variation in
order to obtain a good average value of the medsyuantity. Also, the larger the amplitude
of this surging is, the larger the error in the mwead average value.

In order to study the variation of the finenesshef grinding circuit, the Blaine number was
determined of samples taken from one of the gropdimcuit outputs every 20 minutes for
approximately 6 hours. During this 6 hour period,changes to the grinding circuit’s settings

were made. The results can be seen in Figure 3.3.
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Figure 3.3. Variations in Blaine of Grinding Cirt@utput on small time scale.
(Grinding circuit 3; October 13, 2010)

In Figure 3.3, it can be seen that a large vanagixists in the fineness of the grinding circuit
output. As described, the Blaine number of thedjng circuit was sampled every 10 minutes
and collected. Roughly every 8 hours this collecsample is analysed. This method should
give a good value for the average fineness of thmelipg circuit output. However, due to the

large variation shown in Figure 3.3, this averagéu® is believed to have a considerable

standard error.

3.5.3 Invalid Assumptions & missing variables

During this correlation study, certain techniquesravused and assumptions were made in
order to estimate the properties of a tested bafchreen pellets as accurate as possible.
However, by using these techniqgues and assumptowever an additional error was
introduced.

Especially the generation of hourly values from tthecrete data sets through linear
interpolation and the estimation of the retentimmet of the ground feed in the silo’s prior to

blending are believed to have introduced a conaldererror.
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In addition, it should be mentioned that only treriables that were believed to have the
largest effect on green pellet strength and thataatually measured were taken into account
in this data analysis. Minor factors of influencecls as ore type, water chemistry and

bentonite chemistry have been left out.

3.6 CONCLUSION

No strong correlation was found between green pesliength and feed fineness, water
content and bentonite content after data analysidnauiden pellet plant process data. Three
different mathematical methods all failed to findyastrong correlation. The weak correlation

found is believed to be the result of a combinatbarrors:

1) Because the exact Blaine value and particle digteibution of the feed of a certain
batch of tested pellets was unknown, these pnegeneeded to be estimated from

measurements of these values at different plactsiprocess.
2) The data set manipulation which had to be peréal and the assumptions that had to
be made in order to be able to do these estinsmaom believed to have introduced a

considerable error in the resulting data set.

3) Additional errors were introduced by the measyrsystems used and unmeasured

process variations.
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4 EXPERIMENTAL DESIGN

4.1 BACKGROUND & SCOPE

After completing a literature review on green pedigength as well as a process data analysis
of the IJmuiden pellet plant, discussed in respebti chapters 2 and 3, a thorough
understanding was formed on the mechanisms redperfsr iron ore green pellet strength.
Thereby, Stage 1 of the project had been completed.

The knowledge gained during Stage 1 could now leel urs Stage 2, of which the goal was

defined as:

“Indicating methods to increase the production @lgets of defined quality at the current

grinding capacity possible at IJmuiden.”

As mentioned before in Chapter 1, the main bottlknia terms of total production of the
IJmuiden pellet plant is the grinding stage. Thamefany increase in grinding circuit output,
that does not compromise pellet quality, is beliet@ proportionally increase overall pellet

production.

The fineness of the grinding circuit output is euwntty tested by measuring the Blaine number
which is an indication of the available surfacehwitthe grind. Through experience, ground
pellet feed with Blaine values higher than 200F/gnam are considered suitable for balling.
Because the IIJmuiden grinding circuit already ojgsrat its maximum power capacity, the
only possibility to increase the grinding circutitput is through optimisation of the grinding
strategy and/or the grinding itself. This studylwitly focus on increasing the grinding circuit

output by optimisation of the grinding strategy.

The pellet feeds of the IJmuiden pellet plant demdbs of different ores which are grinded in
a closed grinding circuit. The compositions of thééends are based on several factors such

as availability, price and iron content. Propertigst affect the grinding of the ores, such as
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initial fineness and grindability, however, are takten into consideration in the selection of

ores.

Given these facts a possible method to increasguption was to reduce the required energy
to grind a blend of ores to a desirable finenessobgr grinding the ores with a high

grindability and leaving the harder ores coarser.

Such a grinding strategy would however influeneeitidividual fineness of the different ores
within a blend. These differences in individual dieeness have no effect on the overall
composition of the blend in terms of weight ratimdavolume ratio; but will have a large
impact on the ratio of available surface betweendifferent ores in the blend.

Literature study showed that not only the partgtie distribution of the feed, but also certain
surface related properties such as roughness attabiliey are believed to have an influence
on the capillary forces within a green pellet. Asge forces are partially responsible for the
green pellet strength, changes in individual oneriess, and therefore overall roughness and

wettability, could have an effect on green peatl@npressive strength.

From the literature review it was also found thregt tontribution of capillary forces to overall
binding force of pellets balled with a bentoniteder appeared to be strain rate dependent. As
the strain rate increases, the viscous forces @fbihder become more dominant and the

relative contribution of capillary forces to thdlpestrength decreases.
Based on the literature review, a theory was formedhe way individual ore fineness could
influence the compressive strength of green pell€tss theory is summarized in the

following hypothesis:

“The Compressive Strengtif green pellets balled with the use of a BeneBinderfrom a

pellet feed with a Fixed Patrticle Size Distributiconsisting of a Blendf several iron ores, is

influenced by the Individual Fineness of Oreghin- and the overall Compositioaf the

blend. However, a Critical Strain Ragxists above which both variables loose this erfke”

In order to test this hypothesis an experimentahowwas designed.
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4.2 EXPERIMENTAL METHOD

In order to test the hypothesis an experimentafjiam was designed which can be divided

into two separate experiments.

The strength and plasticity of batches of pelléist wwere balled from an actual 1IImuiden
pellet feed with a fixed bentonite content but wdifferent moisture content were measured
to study the correlation between moisture contplasticity and pellet strength. Of one of
these batches, the compressive strength was daetsimat five different load speeds to study

the influence of strain rate on green pellet sttle@and plasticity.

The experimental method used to investigate thieiente of variations in individual ore
fineness within a fixed blend involved the balliagd testing of green pellets from different
feeds. Three different feeds were prepared by imgnthree different types of ore. These
feeds were prepared in such a way that the ovpaaticle size distribution as well as the
overall blend composition was kept the same fothe#e blends. However, the individual ore

finenesses of the different ores within the feedemaried between the three.

After preparation, each feed was balled into pelieting a lab scale pelletising disc under the
addition of a fixed amount of water and bentondtiter balling, the compressive strength and
plasticity of 25 of the pellets were determineddéferent load speeds. In addition, the
porosity and saturation level of the pellets wassneed after each test. This procedure was

repeated three times for each of the feeds.

During balling, all variables that were believed ltave an influence on the compressive
strength had to be kept as constant as possilolethis reason the balling procedure had been

standardized.
In addition, an actual pellet feed used in the gteplant with the same particle size

distribution but a different composition from theepared feeds was balled and tested

following the same procedures.
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During the experiments only the individual finene$she three ores were varied between the
feeds, while all other variables of influence oreagr pellet strength were kept constant.
Therefore, any differences in strength and/or megtin green pellets balled from different

feeds and tested at the same strain rate can Iditeetattributed to differences in surface

related ore properties such as roughness, shapsedtability.

The influence of strain rate was studied by meagutie compressive strength and plasticity

of each batch of green pellets using two diffeteatl speeds.
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5 EXPERIMENTAL PROCEDURES

5.1 INTRODUCTION

As described in section 4.2, the correlation betwewisture content, plasticity and pellet
strength was studied using test data from otheremxgntal work which was done to
investigate the ballability of a certain pellet deealled MH2630. Also, pellets that were
balled in the light of this other project were uskding this work to study the influence of
strain rate on pellet strength and plasticity. Wethodology and equipment used during these

tests are discussed in section 5.5.

The experimental work performed to study the inflees of individual ore fineness within a
blend on green pellet strength and plasticity imedl the preparation of different feeds,
followed by the balling and testing of pellets framese different feeds. The materials,
equipment and procedures used in all steps of dkEerimental work are discussed in
sections 5.2 to 5.5.

5.2 MATERIALS USED

The influence of variations in individual ore firess within a blend was studied using three
ores of a different nature that are commonly usetimuiden pellet feeds. An actual pellet

feed from the IJmuiden pellet plant was used aseaence.

521 Oresin A, B and C-feeds

As described in section 4.2, three different fesdee prepared of three different ores that had
a fixed overall blend composition and particle sirstribution, but were different in terms of

fineness of the individual ores within the blendheTores used to make up this blend had to
have very different properties. Therefore threded#int ore types were used for the feed

preparation.
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The ores used were a magnetite ore and two différematite ores. The two hematite ores
were different in the fact that one was build upnircoarse crystalline primary Hematite with
specular particles while the other hematite was eafled banded ore, consisting of bands of
silicates, hematite, goethite and limonite. Theotxnames and origin of the ores are
confidential and are named by ore type; Magnetidiiematite and R-Hematite. The

differences in ore properties are further discussed

5.2.1.1 Initial Fineness

The fineness at which the ores were delivered rauiden was very different. The initial
finenesses of the three ores was measured usiagnseg for the fraction larger than 250
and laser diffraction (Sympatec™) for the smallézes. Because screening and laser
diffraction measure respectively weight and volypeecentages, the two methods would not
form a representative PSD curve when combined.€fbis, the values in the region between
174p and 250u are left out. For each ore the PSDdetermined three times. The cumulative

particle size distributions of the raw ores used lova seen in Figure 5.1.
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Figure 5.1 Raw ore finenesses of the Magnetie, ®die and R-Hematite ores.

In Figure 5.1 it can be seen that the raw fineéske three ores is somewhat different, with
the magnetite being the most coarse.
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5.2.1.2 Chemical composition and wettability

The main difference between the three ores wags thaieralogy. In previous work, the
mineral proportions of the Magnetite and S-Hematite had been determined. In the same
study a hematite ore that is believed to be vemilar to the R-Hematite ore was also

analysed. The results of this study are shown iera.1.

Table 5.1 Mineral composition of ores used in fpegparation

Magnetite S-Hematite R-Hematite

Hematite FeO, 0.0 86.4 90.6
Magnetite FeO, 96.4 5.0 0.7
Goethite FeO(OH) 0.0 0 5.6

In this study the contact angle of the used ore® mot been measured directly. However,
from literature, it is known that the contact angfenagnetite, hematite and goethite are very
different (lveson et al., 2004; ) The contact asgbf pure magnetite, hematite and goethite

derived from earlier work are listed in Table 5.2.

Table 5.2 Contact angles of pure minerals derivechfliterature (lveson et al. 2004;

Potapova et al., unpublished)

Contact angle

©)
Hematite 53 (x10)
Magnetite 23 (x 15)
Goethite 8 (x 10)

It should however be mentioned that the contaclesngf especially magnetite ores is known
to vary due to chemical treatment during conceiomatContact angles as high as’ 3ave
been measured for magnetite concentrates (Potagi@la unpublished). The measured value

of contact angle is also know to vary significariibtween different measuring methods.
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5.2.1.3 Particle Shape and Roughness

Differences in particle shape and roughness betwethree ores after grinding was studied

using Electron Microscopy. In Figure 5.2 the thdiéerent ores ground to similar finesses

using Secondary Electron Imaging (SEI) are showfiguare 5.2.

Al
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Figure 5.2 EMP SEI images of ores used in ABC fg@dparation ground to similar fineness.
Magnetite (left), S-Hematite (center) and R-Henaatitght)

It can be seen that there is not much differengeanticle shape between the three ores when
ground. In the R-Hematite ore however much morghaand porous particles were detected.

5.22 MH2547

The MH2547 ore feed was used as a reference dtimngxperimental work on the influence
of individual ore fineness. All feeds prepared @veonstructed in such a way that they would
have the same particle size distribution as the B#H2ore feed. The patrticle size distribution
of the MH2547 ore feed is shown in Figure 5.2.
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Figure 5.3 PSD of MH2547, 3 measurements

The MH2547 is a blend of seven different ores.tiMee ores used to build up the A, B, and C
feeds are present in MH2547. Of the other four,dfege are very similar to one of the ores
used in the A,B and C feeds. The seventh ore hawieve more weathered ore, consisting
mostly of porous goethite. This ore has a highigartoughness and inner particle porosity as
can be seen in Figure 5.4.

30 um

00008121 |

Figure 5.4 EMP SEI Image of weathered ore in MH2fe€d
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Most ores used at IIJmuiden are similar to one liheetores used in the A,B and C feeds or
the weathered ore which is present in MH2547. Tlhadbcomposition of MH2547 expressed

in these four ores can be seen in Table 5.3.

Table 5.3 Blend composition MH2547

Ore type Fraction
(%)
Magnetite 20.1
S-Hematite 5.2
R-Hematite 66.8
Goethite 8.4
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5.3 FEED PREPARATION

As described in section 4.2, in order to test thygothesis, three different feeds with exactly
the same blending composition and particle sizeibligion, but with different individual ore
fineness needed to be prepared. In this work, th#2347 pellet feed was chosen as a
reference. Therefore, the particle size distributid all prepared feeds was kept the same as
that of MH2547, which is shown in section 5.2.

The blend composition was chosen at 33.3% Magne&RBe3% S-Hematite and 33.3% R-
Hematite based on weight for each of the threesieBdcause of their different densities this
translates to 33.1 vol.% Magnetite, 33.3 vol.% Srdgte and 33.6 vol.% R-Hematite.

While keeping the PSD and blend composition fixedhase values for all three feeds, the
fineness of the individual ores was varied betwiberthree different feeds.

In order to achieve this, a method to construgivan PSD needed to be designed that would
allow manipulation of the ratio between the thrédéerent ores within specific size fractions

of that particle size distribution.

For particle size distributions made up by reldtivarge particles, this could easily be done
by simply mixing specific screening fraction of &liree ores at different ratios. Practical
screening however is limited by a minimal screeze 9f approximately 40n. Given the
particle size distribution of MH2547, screening anting was therefore not an option and
another method needed to be developed.

The method that was eventually used involved gnigdill three different ores to a range of
finesses which were then mixed in different rafioseach feed. Hereby the individual ore
finesses could be varied between the feeds whilenpathe same overall particle size
distribution and blend composition. These two stagfethe feed preparation are discussed in

detail.
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531 Grinding

The first step of the feed preparation was to gatidhree ores to a range of five different
finenesses. Grinding was done using a lab scalentillknown as a Bond mill which is
discussed in section 5.3.3.

This type of mill is commonly used to determine trendability of individual ores and ore
mixtures (Karra, 1981). In these types of studtbs, difference in fineness between two
grinds is based on the difference in the 80 peilegrine 0. Therefore, during the feed

preparation, the § was used as indicate the fineness of the grinds.

The number of balls of a defined weight in the nwids fixed during all the grinding.
Therefore, for a fixed weight and fineness of thguit, the finesses of a grind was assumed to

be only effected by the number of revolutions.

The range of the finesses of the grinds of eacthaceto be chosen in such a way that some
grinds were finer than the MH2547 reference andesevare coarser. The MH2547 pellet

feed was found to have gdbf around 60um.

For each of the ores, the number of revolutionsleédo reach certain finenesses for a given
input weight were determined empirically by gringlach ore at a range of revolutions.

The particle size distribution of all grinds was tatenined using laser diffraction
(Sympatec™) which has a measuring range up to 350jharefore the range of finesses that
could be used was limited by the fact that all ipka$ needed to be smaller than 350um in

order to be still measurable.

For the finer grinds, the range of finenesses wagdd by the fact that in very fine grinds
particles tended to stick to the grinding ballsystag a cushioning effect. This cushioning
effect would affect the grinding, making the finea@®f very fine grinds less predictable.
Given these limitations, it was determined thatdifeerent ores were to be ground to grinds

with Dgg's between 40m and 12Qm.
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In Figure 5.5, the PSD’s and thegd3 of the used grinds for all three ores that were
eventually used during feed preparation are listed.
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Figure 5.5 PSD’s anddgs of grinds used during feed preparation

As can be seen in Figure 5.5, the weight of theitimpaterial was not constant between the

grinds. The large differences in input weight betwehe different ores can be attributed to
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the fact that the input volume was kept constamivéen the ores at approximately 700 cc.
Due to variations in initial ore fineness and speajravity, this led to variations in input
weight.

The input weight was limited by of the dimensiosfsthe bond mill to a maximum of
approximately 2.5 kg.

For the feed preparation, of all grinds, much nmoegerial was needed than was produced in
one grinding run. Therefore the grinds needed toepeoduced. The reproducibility of the
grinding runs was tested by comparing the gringiraguct of four separate grinding runs of

the same weight of the Magnetite ore at 4900 reéls.results are shown in Figure 5.6.
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Figure 5.6. Reproducibility of the Magnetite 49@9s. grind.

As can be seen in Figure 5.6, the grinding runygado be very reproducible. All other

grinds were assumed to have the same reprodugibilit
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532 Mixing

After the different ores had been ground to tharddsfinesses, three different feeds were
prepared by blending these grinds. For all feeds dberall blend composition was kept
constant at 33.1 vol.% Magnetite, 33.3 vol.% S-Himand 33.6 vol.% R-Hematite.

Through iteration using MicrosSftExcel, the ratios between different grinds forteace
could be varied in such a way that the weighted suwould best fit the particle size
distribution of MH2547 pellet feed. The parameteised to describe the particle size
distribution during this iteration were the <10pmda<25um fractions and thegd During
iteration the maximum error between the generagedd and the MH2547 PSD was 4%.

In each of the three feeds another ore had to mpka relatively large percentage of the
surface area within the feed. To accomplish tlusegach of the feeds, only the finest grind of
another ore was used in the iteration. By doingrs@ach feed, another ore would make up

most of the fines. The feeds that were eventualtpared are shown in Figure 5.7.
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Figure 5.7. Blend composition and individual omefises for all three blend used in

experiments.
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After the blending ratio between the different genwas determined for each of the three
feeds, the feeds were composed. In order to honseydme feeds after composition, the feeds
were treated in a Turbula™ mixer for five minutéfe maximum input of this mixer was
750g. Therefore, the feeds were prepared in batch&€s0g. For each balling experiment,
4.5kg of feed was needed. One balling feed wastbier made up from 6 of these small
batches. As an additional check, the particle dig&ibution of each of the prepared feeds
was determined using laser diffraction. The past®ize distributions of the used feeds are
shown in Figure 5.8.
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Figure 5.8. Measured cumulative particle size itistron of used feeds and
MH2547.

As can be seen in Figure 5.8, the particle sizeilligions of all feeds were very similar. The
particle size distribution of MH2547 seems to bmhdly finer, but the differences are

minimal.

5.3.3 Equipment used

The main equipment used during the grinding stdgihe feed preparation were the Bond
mill and the Turbula™ mixer.
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The Bond mill that was used to prepare the diffegginds is shown in Figure 5.9. The mill

has a diameter and length of both 12” and a fielution speed of 70 rpm. The amount of
steel balls with a specific diameter was kept camtstor all grinding runs and is shown in

Figure 5.9. After each grind the ball mill was emagtand cleaned.

Ball Diameter Number of Balls

@)

1.45 41
1.17 65

1 10
0.75 65
0.61 70

Figure 5.9 Bond ball mill used in feed preparation

The Turbula” powder mixer used is shown in Figure 5.10. The osmual

Figure 5.10 Turbula®© powder mixer used during fpeeparation.

The user manuals of both the bond ball mill and Thebula™ powder mixer have been
documented earlier (Tata Steel, 2010 (1); Tatal S26&0 (3) ).
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5.4 BALLING

Each of the different feeds was balled into pelietiig a lab scale pelletising disc under the
addition of water and Bentonite. The balling pragedwas standardized and kept the same in
all balling experiments. The balling procedure Wased on procedures described in earlier
work (Sportel, 1995) and consisted of three diffierstages; the addition of bentonite and

water to the feed, seed pellet production and thdyztion of pellets.

54.1 Bentonite and Water Addition

For one balling run, 4.5kg of dry feed was needsfore balling, water and Bentonite were
added to the feed. During all experiments, the grgege of added Bentonite and water were
kept constant at respectively 0.5% and 7.0 % basethe weight of the dry feed. The feed
was first mixed with the Bentonite using a smalidige” Mixer. After three minutes the
water was gradually added during another 3 minot@sixing.

After mixing the mixer was emptied and the moistaontent of the mix was determined by
measuring the difference in weight before and aitging.

Not all material was retrieved after mixing. RougBD% of the material stayed behind in the
mixer. The material that was retrieved from the eniwas weighted and 25% was used to

produce so called “seed pellets”.

5.4.2 Seed Pdllet Production

The material available for seed pellet producti@sapproximately 1 kg. After the pelletising
disc was slightly wetted using a regular water gpabout 400 g of material was brought onto
the disc. This material was balled under occasiaddition of water using a water spray.

After 3 minutes of balling, the disc was emptied &me fractions 5mm-6.85mm and 3.65mm-
5mm were screened off. The 5mm-6.85mm fraction ke# aside and the 3.65mm-5mm
fraction was returned onto the disc. This fractiaas balled further under alternating addition

of water and feed. This was repeated every 3 msnutéil no more feed was left.
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After all feed was used, the entire 5mm-6.85mmtioacwas returned onto the disc and
balled for two minutes without any addition of wassd/or feed in order to compact. After
this the 5mm-6.85mm fraction was again screened dfhis fraction was used as “seed

pellets” during further pellet production.

5.4.3 Pellet Production

After seed pellet production the pelletising disaswcleaned. After this, 250g of seed pellets
was brought onto the disc. Under the alternatet@addof water and feed, seeds were formed
into pellets.

During balling on a pelletising disc, pellets tetadgrow at a different rate, resulting in a

certain distribution in size. In order to keep tdistribution as narrow as possible after 6
minutes of balling the fraction <6.85mm was screkeo#; the oversize was returned onto the
disc. The same procedure was performed after 1Gtesrat a screening size of 20mm.

After 20 minutes of balling the pellets were balfedanother 2 minutes without any addition

of water and/or feed. After this the 12mm-12.5mucfion was screened off. This fraction

was used for testing.

5.4.4 Equipment used

During the balling stage, the main equipment used thie lab scale Lodige™ mixer and the

balling disc.

5.4.4.1 Balling disc

The settings of the balling disc used during allitig.experiments were fixed in order to keep
the balling process as constant as possible. ™weatid its properties can be seen in Figure
5.11.
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Disc diameter  (mm) 400

Disc depth (mm) 110
Disc angle | 47
Rotation speed (rpm) 15

Figure 5.11 Lab scale balling disc used duringitgl|

5.4.4.2 Lab scale Lodige™ mixer

The lab scale Lodige™ mixer used during this stisdghown in. The mixer was operated

following work instruction which had been formuldtearlier (Tata Steel, 2010 (3) ).

Sty =€ o ; . ; .'
Figure 5.12 Lab Sclae Lédige™ mixer used duringeexpents ouside (left) inside
(right).
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5.5 PELLET TESTING

After balling a range of properties of the 12mm&h2m fraction of the produced green
pellets was tested using different types of eqummaAll tests were performed within 30
minutes after balling to prevent the drying of thellets to have an influence on pellet

strength.

55.1 Green Pellet Compressive Strength and Plasticity

The green pellet strength and plasticity were mesbwsing a common USC test. The
instrument and the pellet strength and plasticétigwations are further described in section
5.5.3. This instrument is capable of testing thageessive strength of pellets at both constant
load rates (N/s = constant) as constant load sge®ds= constant).

The tests on the MH2630 pellets balled with différenoisture and bentonite content were
performed at a constant load rate of 2.7 N/s, wii¢he ISO standard.

As mentioned in section 5.1, loading tests wasoper®d on green pellets from other
MH2630 pellets to further investigate the influenake strain rate on pellet strength and
plasticity. These tests were performed at loaddpeé0.01, 0.05, 0.1, 0.25 and 0.5 mm/s.
During the experiments to study the effect of strate on green pellet compressive strength
and plasticity, the pellets were tested at twoed#ht load speeds. The ISO standard load
speed used to test green pellet strength is 0.2%smBased on this ISO value and the
practical limitations of the UCS instrument, theoteelected load speeds for the test were 0.5

mm/s and 0.05 mm/s. At each load speed 25 gre&tgef each formed batch were tested.

5.5.2 Additional Testing

The experiments were designed in such a way theaables that would have an effect on
green pellet strength and plasticity other thanititividual ore fineness were kept constant
for all formed pellets. As any variations in theseiables could lead to incorrect conclusions,

the moisture content, saturation and porosity sample of 25 pellets from each batch of
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formed pellets was tested. The methodology usedbbaa documented before (Tata Steel,
2011). In addition, the microstructure of formedlgte was studied using EMP/SEM and
Micro CT-scan.

55.3 UCS Tedst Instrument

During the tests performed on the green pelletgra¢instruments and methods were used.
In the case of green pellet strength and plastitiy raw test data needed to be processed in
order to be able to draw valid conclusions fromTihe instruments and steps of this data

processing are discussed below.

The Universal Compression Tests Instrument that wsesl to determine the strength and
plasticity of green pellets is a Lloyd LR-10k. Theemi- automatic instrument is capable of
lowering a piston from a fixed height onto a peléta constant load speed or increasing
force. The exerted force on the piston as a funatiothe travelling distance is recorded and
stored as a graph. In addition, key values in treply such as the Max Force and the
extension of the piston at first contact, at adéoof 1N and at breakage were automatically
collected and reported separately. A typical oufpuin the UCS instrument with these four

collected values highlighted is shown in Figure35s.1

i "
ki L

T b ) , I [ : : I
16.0 17.0 120 1an .o 210
Extensian (mm)

Figure 5.13 Typical UCS test Force-extension outpuve.
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From these four values and the properties of thgument, the compressive strength and

plasticity were calculated as described in theofeihg sections.

5.5.3.1 Green Pellet Compressive Strength

Traditionally, at IJmuiden, the green pellet sttbnig reported as the force (N) at which a
pellet breaks (point 1 in Figure 5.13). As greetigt®e do not all have the exact same
diameter, the stress in a green pellet at a givad is not constant.

To compensate for these differences in diametethigrwork, the compressive strength of
green pellets was described by the maximum yieldssta pellet can withstand before
breaking. The diameter was calculated by subtrgdhe extension at first contact (Point 2 in
Figure 5.13) from the max extension of 300mm. Tlexyield stress is calculated from the
Max Force using Equation 5.1.

4F
_ peak .
g, ... = (Equation 5.1)
mex 7D 2 pellet
With,

Omax = Max Yield Stress [N

Frax = Max Force [N]

Dpellet = Pellet Diameter [m]

5.5.3.2 Green Pellet Plasticity

At IImuiden, the deformation of a green pellet &aal of 1 N is reported as the green pellet
plasticity, known as the;gh (point 3 in Figure 5.13 ). This value only deseglihe non linear
part of the force-deformation curve.

Another description of the green pellet plasticgygiven by the steepness of the linear part of
the force-deformation curve. This description o&gpicity is commonly used in present
literature on green pellet properties (Forsmo e28l07).

In the force-deformation ratio however, pellet deder still has an influence on the
measurement. This can be corrected by transforrthegForce-deformation curve into a
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stress-strain curve, because the relationship leetvetress and strain is independent of
dimension. The transformation form Force into sneas shown before in Equation 5.1. The

transformation from deformation u, to strains shown in Equation 5.2.

&= EO (Equation 5.2)
With,

€ = Strain [

u = Deformation [m]

Do = Initial pellet Diameter [m]

The steepness of the stress-strain curve is kn@atheaYoung’s Modulus and is a material
constant. In this study the Young modulus was wigeatescribe the plasticity of green pellets.
Given Equation 5.1 and Equation 5.2, this Young®dMus E was calculated using thgod

the pellet diameter, the deformation at breakagg (Roint 4 in Figure 5.13) and the max

yield stressdmay by:

(Fpeak _1)
1 o
E= Ao _| 4 ™ = HFpea—Y (Equation 5.3)
Ae {Ub - d100:| D (U, — dyg)
D
With,
E = Young Modulus [N/
o = yield stress [N
€ = strain [
Fmax = Max Force [N]
Do = initial pellet diameter [m]
Uy = deformation at breakage [m]
thoo = deformation at load of 1N [m]
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5.5.3.3 Strain Rate

The influence of strain rate on green pellet stiiernvgas studied by performing UCS tests at
different load speeds. From the USC output da®tdtal loading time (.4 between initial
start of compression and breakage can be calcul#sda check, the load speed was
calculated by dividing the deformation at breakdégyethe loading time. The load speed
showed small variations. These variations are betido be caused by the fact that the UCS
instrument has to calculate the force needed tmrtin load speed based on the plasticity of
the sample. For the non-linear part of the forcigheation curve as seen in Figure 5.13, this
causes the instrument to miscalculate the needed for a certain load speed.

The strain rate was calculated from the pellet éi@mand calculated load speed using:

€= gbLkage (Equation 5.4)
bioad
With,
3 = strain rate £
Epreakage — strain at breakage []
tioad = total loading time [s]
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6 EXPERIMENTAL RESULTS & DISCUSSIONS

In this chapter the results of the experimentalkwas described in chapter 4 and 5 are

presented and discussed.

The results from tests performed on green pellaliedb from the MH2630 blend were used to

study the influence of moisture and strain rat@@en pellet strength and plasticity.

The insights that were acquired during this workpéé analysing the results of the tests
performed on the pellets formed from the MH2547ntlend the three different prepared
feeds in order to study the influence of individaeg fineness on green pellet strength.

In addition, the microstructure of green pelletidshduring the experiments is analysed.

6.1 WET COMPRESSIVE STRENGTH AND PLASTICITY

During ballability tests on MH2630, the blend waaléd into pellets under the addition of
varying amounts of bentonite and water. The maesstof each batch of pellets was tested at
a constant load rate of 2.7 N/s using the samepetpnt as described in section 5.4.3. In
addition, the average porosity and saturation pf@amately 100 pellets of each batch were
measured.

In Figure 6.1, the measured max stress and porastghown as a function of the measured
moisture content of three batches of green pettetswere balled under addition of the same
amount of bentonite (0.5%) but with different ntore contents.

Although all variables within a batch were presungedstant, there is still a lot of variation
between the values for max stress within one baltlese variations within a batch are
attributed to minor differences in saturation, i and bentonite content from the fixed

predetermined value between individual pellets.
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Figure 6.1 Pellet strength and porosity of MH26804ts, 0.5% bentonite.

For a fixed fineness of the feed green pellet migtis believed to be affected by pellet
porosity and saturation (Forsmo, 2007). Thereforegrder to account for these variations
between individual pellets, pellet max stress caméscribed as a function of plasticity. The

max stress as a function of pellet plasticity isveh in Figure 6.2.
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Figure 6.2 Pellet strength as a function of pléstior MH2630 pellets,

0.5% bentonite.

In Figure 6.2, two regions can be seen in which riflationship between max stress and

placticity of the pellets is very different. Forlagvely wet pellets, the max stress seems to
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decrease for more plastic pellets while for relindry pellets the max stress increases with
plasticity. The pellets formed with a moisture lewé 8.3%, seemed to be at the transition
point between the two. The relationship betweerstii#y and max stress for pellets at

different saturation levels has been been obseawneldexplained in earlier work (Forsmo et

al., 2006).

Saturation > 100%

Pellets are believed to be at their max strengtineys are just at the 100% saturation level. If
the saturation level is raised above the theolelid@% level, as is the case for the pellet of
9.5% moisture in Figure 6.1, the pellets porosity wcrease in order to adjust back to 100%
saturation. This increase in porosity will incredbe pellet plasticity and simultaniously

decrease pellet strength.

This difference in change in plasticity and pebétength is also witnessed in the type of
breakage. Wet pellets (S>100%) are found to breakerductile where relatively dry pellets

tend to act brittle as can be seen in Figure 6.3

| = <100%

Break! ||

3 =100%
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Figure 6.3 Different pellet breakage patterns.t@riior S<100% (left) and
plastic for S>100% (right)
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Saturation < 100%

For pellets with moisture contents of S<100% howgelFersmo et al. found that the plasticity
remained practically constant. This contradictsrésailts of this study. Possible explanations

for these different findings are discussed in seti6.2.3 and 6.4 .

At IIJmuiden, the average strength of 25 pelletsepgorted as green pellet strength. As
mentioned before, there is much variation in pedtleéngth within single batches. As these
variations are caused by differences in pellet @rigs such as saturation, porosity and
bentonite content, the distribution of pellet sg#nwithin a testes batch hold valuable
information on the consistency of the pelletisinggess. By only reporting this average
value, all additional information on process cotesisy is lost.

Therefore, during the experiments of this studgtee pellets were treated as single data

points.
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6.2 INFLUENCE OF STRAIN RATE

6.2.1 Green Pellet Plasticity

In order to study the influence of strain rate oaeq pellet strength, the maximum stress and
plasticity of pellets balled from the MH2630 feedwan average bentonite content of 0.7% ,
moisture content of 7.7% and porosity of 31.7% wested at load speeds of 0.01, 0.05, 0.1,
0.25 and 0.5 mm/s.

The Young Modulus of all tested pellets as a fuorctf the strain rates (calculated from the
load speed as described in section 5.5.3.3) athwmddach pellet was tested is shown in Figure

6.4.
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Figure 6.4 Plasticity of MH2630 pellets at differetrain rates.

0.7% bentonite, 7.7% moisture.

The plasticity of the tested green pellets seenitsetetrain rate dependent for the lower four
strain rates which means green pellets behave plastic. The variation in the measured
values of both strain rate and plasticity in thechbdested at 0.5m/s (strain rates around 0.03
st in Figure 6.4 ) make it hard to draw any valishclasions on the influence of strain rate in

that range.
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This increase in plasticity at lower strain ratesild be explained by the viscosity of the
bentonite binder. As strain rate decreases, so ttheelsinder’s resistance to flow, resulting in
a more plastic pellet. This theory is further batke by the fact that the plasticity-strain rate
curve is steeper for lower strain rates. This dates very well with the typical shear thinning

properties of the bentonite binder.

These findings help further understand the witnésii#erence in breakage patterns between
over saturated and under saturated green pelletsrilded in section 6.3.1. Wet pellets
(5>100%) have a higher porosity making it easiertii®@ bentonite binder to flow when a
pellet is compressed, resulting in a ductile brgekaith a low max strength. For more dry
pellets, the porosity is low and the high resistatazflow of the binder makes the pellet less

plastic.

6.2.2 Green Pellet Strength

After plotting the max stress of all tested pellagminst their plasticity, a clear correlation
between these two pellet properties was observedrabe seen in Figure 6.5.
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Figure 6.5 Max stress as a function of Young Modditr MH2630 pellets.

0.7% bentonite, 7.7% moisture.
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Based on these findings it was concluded that thmaiiant binding mechanism within the
tested green pellets at all tested strain ratssragn rate dependent. Therefore the bentonite
binder was believed to be of influence on pellegrggth for all strain rates.

In addition, the correlation between pellet plastiand pellet strength was studied with
plasticity described by theiq instead of the Young Modulus. When correlating giell
strength with the @, the correlation was found to be much weakér<R.20).

These result show that there is no region in whkichin rate has no effect on pellet strength as
was found in earlier work (lveson et al., 2002) hivit the range of applied strain rates.
lveson’s studies however were performed on peflaimed from relatively large unisized
spherical ballotini particles.

Because of this, the permeability of pellets usedveson’s work is believed to have been
much higher. Therefore, the binder had much maredom of flow, decreasing the viscous

binding forces.

6.2.3 Pellet strength testing

When studying the relationship between Young Moslidnd max stress in this study, it was
found that this was very different from the one rfduduring earlier tests, performed at
constant load rate. In Figure 6.6, the max stoés$ise pellets used during this study is shown
when tested at a constant load rate of 2.7N/s tadtanstant load speed of 0.25 mm/s.

It can be seen in Figure 6.6 that for pellets tkateconstant load rate the max stress is higher
for more plastic pellets. The exact opposite wasessed when testing the same pellets at
constant load speed. This can be explained byidoepasticity of the pellets demonstrated

in Figure 6.4 and the difference between the tworeethods.

71



0,16
0,14 - ..
0,12 —

0,1 1 . o oo
0,08 - . K
0,06 - A

Peak stress (MPa)

0,04 :

0,02 4

0,5 1 1,5 2 2,5 3

Young Modulus (Nmm™)

» constant load rate e constant speed

Figure 6.6 Max stress as a function of Young Modtr the same MH2630 pellets
tested at constant load rate (2.7N/s) and conspa@d (0.25mm/s), 0.7% bentonite,

7.7% moisture.

When testing green pellets at a constant load théeapplied load speed during the tests
depends on the plasticity of a pellet. Plasticqielare compressed at a higher strain rate than
more stiff ones in order to maintain a constantllcgte. As seen in Figure 6.4, a higher strain
rate results in higher max strength due to theogibg of the binder.

The max stress of the same MH2630 pellets as difumof the strain rates applied during

tests at a load rate of 2.7 N/s and constant Ipaddsof 0.25mm/s is shown in Figure 6.7.
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Figure 6.7 Max Stress as a function of strain fatéhe same MH2630 pellets tested
at constant load rate (2.7N/s) and constant sgg&e8rom/s), 0.7% bentonite, 7.7%

moisture.
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It is seen that for tests conducted at constart tate, the difference in strain rate has a large
influence on the measured max strength of thetgelle
Based on these findings it was concluded that,tdugeir viscoplastic nature, green pellets

should be tested at a constant rate of strainadstéa constant rate of stress.
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6.3 INFLUENCE OF INDIVIDUAL ORE FINENESS

As described in section 4.2, for each of the f@ads (MH2547 and A, B, and C-feed) three
batches of pellets were balled under the additibra @onstant amount of moisture and
bentonite. The plasticity and max stress of théepebf each batch were tested at load speeds
of 0.05 and 0.5 mm/s.

6.3.1 Moisture, saturation and porosity

In order to be able to draw any valid conclusiamsnf the conducted experiments, all factors
other than individual ore properties that were éaadd to have an influence on green pellet
strength and/or plasticity such as saturation, gioraand bentonite content had to be kept
constant between all batches.

The measured average moisture content, saturatidrparosity of all batches are listed in

Table 6.1. As can be seen the porosity and saiarkgvels of the A, B, and C-feed are very
similar. The porosity of the MH2547 feed howeversvaund to be somewhat higher. Also,

the moisture content of the pellets formed from\hd2547 feed were higher.

Table 6.1 Measured moisture content, saturatiorpanasity of all batched of
MH2547 and A, B, C-feed

Moisture Saturation Porosity
(% on wet) (%) (%)
1 7.4 87.6 30.5
MH2547 2 7.3 86.2 30.5
3 7.4 85.3 30.8
1 6.3 85.8 28.5
A feed 2 6.4 87.1 28.2
3 6.6 86.6 29.3
1 6.3 85.1 28.1
B feed 2 6.3 85.4 28.8
3 6.4 87.6 27.9
1 6.4 85.4 28.0
C feed 2 6.3 86.2 28.3
3 6.4 85.9 28.6

In previous work it was concluded that porous phes of hydrophilic ores such as goethite
can absorb moisture under wetting (Ilveson et &042 As decribed in section 5.2.2, the
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MH2547 contains around 9.5% of goethite which haselatively higher wettability and
higher innner particle porosity than magnetite hamatite.

The measuring method used to determine the padleisity (Tata Steel, 2011) does not make
a distinction between saturation of inter- or inmpanrticle pores. Because the value for
saturation is similar to the ones of the pellenirthe the other feeds, the interparticle
porosity of the pellets balled from the MH2547 fegdbelieved to be the same as that of the
pellets balled from the other feeds.

6.3.2 Pellet plasticity

The plasticity of the tested pellets from all ba&shs shown in Figure 6.8. It can be seen that
there is no significant difference in plasticitytween pellets of the four feeds when tested at
the same load speed. However, for the lower stai®, plasticity was higher for all four
feeds.

25
w15+ F T & _ T T ¥ 7
g ftt 'T -I J_
g
S 05

0

MH2547 A-Feed B-Feed C-Feed

= 0.5mm/s o 0.05 mm/s ‘

Figure 6.8 Average measured Young Modulus for peballed from MH2547 and
the A, B, C-feeds tested at different strain ragemor bars marke . (No data on'3

B-Feed at 0.5mm/s due to insufficient amount ofipied pellets)

This drop in plasticity for lower strain rates stwowhat the pellets from all batches are
viscoplastic.
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6.3.3 Pdllet strength

The measured max stresses for each of the bateheb@wn in Figure 6.9.
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Figure 6.9 Average measured Max Stress for pdilgiied from MH2547 and the A,
B, C-feeds tested at different strain rates. éveos mark &. (No data on '8 B-Feed

at 0.5mm/s due to insufficient amount of producelieps)

As can be seen in Figure 6.9, there is no sigmficlifferences in the measured max stresses
between the different feeds when measured at sirsti@in rate for both load speeds.
However, the max stress was higher for all batehlesn measured at 0.5mm/s than when
measured at 0.05 mm/s. This decrease in strendpbliesved to be caused by the decrease in
viscous forces.

In previous work it was found that the binding ®mwithin green pellets is the sum of the
capillary forces, viscous forces and frictionaldes (Forsmo et al., 2004). Out of these three,
only the viscous force of the binder is strain dépendent. The contribution of the viscous
force to total strength decreases with decreastragnsrate. In it can be seen that the
difference in strength between the pellets loade@lsaand 0.05 mm/s is similar for all tested
batches.

Based on these findings it can be stated that ifferehce in contribution of both capillary
and frictional forces to the total strength betwdenfour batches is insignificant. Therefore it
can be concluded that differences in individual ineness and overall blend composition

were found to have no significant effect on pedkeength.
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6.3.4 Reative Grinding Energy

Both the input weight and number of revolutionsewéry individual grind is known. Based
on these numbers each grind could be given a Vatube energy needed to create a certain
amount of that grind given by:

revs i
Eg — (Equation 6.1)
mass,,,
With,
Eq = Energy consumption [grath
R = Number of Revolutions [-]
Masspu = Input mass for grind [gram]

Using these [values for individual grinds, the maximal diffecenin energy needed to
prepare a particular blend from ores of differemdividual fineness but a constant overall
PSD could be investigated.

The maximum and minimum energy needed to prepéeedof the same blend composition
as the A, B, and C-feeds and the same overall BSDH2547 were generated. Through the
same iteration as described in section 5.3.2, thighted sum of all available grinds of the
three different ores was fitted against the PSMHBER547. This time however, the target was
not to find the best fit, but the minimum and maximof the calculated £alue. To assure
similar overall PSD, the values of d@nd 2% fractions as well as thegpof the created PSD
had to be within 5% of the ones of the MH2547 PSD.

The PSD’s of the individual ores and overall PSDboth the blend of minimum and

maximum overall gvalue can be seen in Figure 6.10.
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Figure 6.10 Ratio between different grinds andlteguPSD’s for generated

mixtures of the maximum and minimung-zalue.

It was found that the maximumyzalue was 12% higher than the minimum value.
These results add to the assumption that a grirstiagegy based on over grinding softer ores
and leaving harder ores coarse can definitely pegjtaffect the energy consumption of the

grinding circuit.

6.4 PELLET MICROSTRUCTURE

During the experiments, a large variation in ptaist and pellet strength was measured
within the batches. As mentioned before, this ¥emawas attributed to variations in

saturation, porosity and binder viscosity. Anotlplanation of these variations could
however be found in differences in the distributadrihese properties within a green pellet.

In Figure 6.11, a Backscatter Electron Image (B&la green pellet from one of the C-

batches is shown. It can be clearly seen that mwithé pellets there are various regions of
different porosity. The origin of these regions aedieved to be different and are further

discussed.
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B

Figure 6.11 Cross section (x12mm) of dried gredlepesing BEI showing
variation in porosity between different regiondtie pellet. Pores are shown as

black spots.

A. Due to inconstant feed and/or moisture addition
some areas are developed at a different growth rate
Due to the difference in compaction, variation
occurs in porosity within different regions of the

green pellet.

e MG
00008145 —— 100 ym

B. The core of the pellets have a relatively high
porosity due to the fact that during seed productio
the seeds were not compacted as much due to their

low mass.

00008141

: 4 C. During balling, air bubbles are trapped inside the
pellet, resulting in areas of relatively high psite.

—— 100pm

00008137
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In addition to the EMP images a green pellet frove $ame C-batch was analysed using a

Micro CT-scan. A cross sectional image of a péii@n the C-batch is shown in Figure 6.12.

Figure 6.12 Micro CT-scan Image of a dried greellepfrom the C-Batch. Pores

can be seen as black spots. Cross section is + 12mm

Once more, a non homogenous distribution of paageén. Porosity in the core appears to be
much higher than in the outer layers, probably tu¢he fact that the mass of the pellets
during seed production is to small to create thellef compaction during balling required to
drive all trapped air out.

This inhomogeneous porosity distribution within tiested green pellets is believed to have
an effect on the pellet plasticity and strengthonkrsection 6.1, it was found that pellet

plasticity and strength are closely related tofteedom of the bentonite binder to flow. This

is affected by the porosity of the pellet, but magven more by its permeability.

Pellets with the same porosity might have a veffedint distribution of pores resulting in
different permeability. Also, the permeability igfdrent between different regions within the
pellets. This will create zones of different plagyi and strength within a pellet. These
variations within a pellet are believed to be @ditiresponsible for the measured variation in
pellet plasticity and strength within a batch.
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As can be seen in Figure 6.12, growth of pelletetian a lab scale pellet disc or drum is
done by layering. In full scale balling circuitdet higher pellet plasticity and higher impact
velocities give way to other growth mechanisms saglthe coalescence of smaller pellets.
Such growth mechanisms are believed lead to peldts an even more inhomogeneous
distribution of porosity making these pellets werakThe type of growth is known to be

dependent of the deformability of the pellet (Ives al., 2001; Forsmo, 2006). Therefore,
measuring pellet plasticity could provide valuabiéormation in terms of balling process

control.
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7 CONCLUSIONS & RECOMMENDATIONS

7.1 GRINDING STRATEGY

Based on the experimental results , the hypothkatshad been formulated in Chapter 1 was

tested. The hypothesis was:

“The Compressive Strengthf green pellets balled with the use of a Ben&Binderfrom a

pellet feed with a Fixed Particle Size Distributiconsisting of a Blendf several iron ores, is

influenced by the Individual Fineness of Oreghin- and the overall Compositioaf the

blend. However, a Critical Strain Ragxists above which both variables loose this erfee”

From the experiments using the A, B, and C-feedas found that the individual fineness of

the ore had no influence on the green pellet strewhen tested at both 0.05 and 0.5 mm/s.

Also, no significant difference in both plasticignd strength was found between pellets
balled from these feeds and those formed from thi2B847 feed, which had a very different
composition. This also suggests that blend comiposihas no influence on green pellet

strength and plasticity.

During tests performed on the MH2630 pellets,asviound that even for strain rates as low
as 0.01 mm/s the pellet strength remained straen dapendent. The existence of a critical
strain rate at which viscous forces had no furthBuence on pellet strength as was seen in

earlier studies (Iveson et al., 2002) could notdxefied.

Therefore, for the range of strain rates used is study, the hypothesis fails. Individual ore
fineness and/or blend composition was found to hawesignificant influence on pellet
strength over the entire range of applied stratestaFor strain rates higher than the ones
applied during this study the dominance of the aiscforces is believed to be even higher, as
the resistance to flow of the binder will increase.
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The results of the experiments however do not oulethe existence of such a critical strain
rate at strain rates even lower than the onesexppliring this study.

It should however be mentioned that, because fifereince was found in pellet strength
between the batches in tests at both strain rtesgontribution of the viscous force to the
total binding force was the same in all testedegtellFrom this and the fact that the total
binding force is the sum of frictional, capillarpmdaviscous force, it can be concluded that
pellet strength at strain rates lower than the arsesl during this study are not influenced by

individual ore fineness and/or blend composition.

A simplified calculation of the grinding energy weel to construct an ore feed with the same
blend composition as the A, B, and C feed and &mesPSD of MH2547 from the raw ores
used in these experiments, showed that there @fsdlfference between the minimum and
maximum needed grinding energy. This differencewbeh maximum and minimum
grinding energy is believed to be even higher fotual blends, as ores in these blend
demonstrate much larger variations in grindabilihan the three ores used in these

experiments.

These results allow for further exploration of &nding strategy involving over grinding soft

ores and leaving harder ores coarser.

7.2 PROCESS MONITORING

Pellet strength within a batch of green pellets i@mnd to show much variation. This
variation is believed to be caused by small varatn saturation, bentonite content and other
pellet properties. Approaching green pellet strlengbt as a single average value but as a
distribution of data points will provide additionaiformation on the consistency of the

process.
A strong correlation was found between MH2630 peblasticity, described by the pellet

Young Modulus, and pellet strength?®.82). The current measure of plasticity used at
IJmuiden, the g, had a much weaker correlatiorf£R.201).
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The strong correlation between plasticity and sjtiens explained by the fact that both
guantities are functions of saturation, porosityl ascosity of the binder. This correlation
was earlier described by Forsmo et al. in 2006,ciwHed to the conclusion that pellet
plasticity should gain the status of a standardepejuality test as it holds valuable
information on whether a balling circuit is runniag its most ideal moisture and bentonite
level. Based on findings of Forsmo’s work and thseults of this study, the author of this
report shares this view.

In other work (Forsmo et all. 2007), it was fouhdt the ideal moisture level for balling best
correlated with the fineness of the feed when esgae by the steepness of the PSD instead of
the Blaine number. This, in combination with theoes in the measurement of pellet feed
fineness that are currently encountered as describechapter 3, suggest that online
measurement of the PSD of ore feed leaving thedigwincircuit could help optimising the

grinding circuit performance and therefore therenpelletising process.

Based on the result that green pellet strengthirésnsrate dependent it was concluded that
comparing green pellet strength measured at conkstad rate (N/s), as is currently done at
IJmuiden, can lead to false conclusions. It ischated and recommended that green pellet
strength should be tested at constant load spe&l. (m

7.3 FUTURE WORK

As described in section 1, this the work discussethis report is part of a larger project
which consists of three stages. Through a liteeataview and process data analysis, the first
stage of this project has been completed. Stageswtll ongoing as additional methods to
increase the pellet production can still be inagidatThe third stage, which is not included in
this work, is to study the feasibility of the pddeiimprovement which are identified in stage
2. In the case of a blend grinding strategy suctieasribed in this work, this would include a

redesign of the grinding circuit.
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During this study the influence of variations otlividual ore fineness within the pellet feed
on green pellet strength have been studied. Tleetadf the proposed grinding strategy on the
firing of green pellets should be further studied.

Also it was shown in this work that pellet strengthongly correlated to the freedom of flow
of the viscous binder. Through studying the miawagure of green pellets is was found that,
within a pellet, regions of different porosity armermeability exist. The mechanism
responsible for the pellet growth is believed toéha large influence on this. Therefore, the
relations between green pellet growth mechanisntrasiructure and strength should be
studied. The Micro CT scan has proven to be a #&mt useful instruments for such
measurement as it is much faster and requires nessh sample preparation than EMP

imaging.
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