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Abstract

Methods ofpelletization and direct reduction with local iron oxide
concentrates were explored. The strength of the pellets was tested and the strong pellets
weretested for reduction speeds in a quartz tube furnace. Two types of pellets were
tested, carbon infuseckltets and noscarbon pellets. The results of the tests were

inconclusive, but they provided a basis for future work to be done.



Introduction

This NSF project is another step in enabling the students to be able to create iron
and eventudy steel which will beused to manufacture a katanangrai sword. The
previous year was the initiation of tBamurai sworgbroject andended with
disappointingesults. An overambitious furnace design coupled with very little material
testingresude d i n only partially purified pellets.
work. In an attempt to gain a better grasp on the kinetics of reducing iron, a series of test
have been conducted to decide on a starting material and how long this seleatiedl mate

will need to reduce under different atmospheres and pellet composition.

The objective of this work is to determine a way to reduce native iron ore by
direct reduction in a primitive blast furnace. Research will be conducted on what native
iron orewill be best for pelletization and reduction into irdime goal of the pelitization
process is to produce pelletsamfproximatelyd-6 mm indiameterthat would be strong
enough to be put into a blast furnaResearch will then be conducted on makingrsir

pellets that reduce quickly.

Background Information

In order to create iron out of an iron oxide feed material the material has to be
reduced fully to elemental iron before it is melted. If melting occurs before the iron is
fully reduced the liquid phase will become slag, a solution of molten iron oXidesta
typical byproduct of steelmaking. This summer was devoted to further this knowledge to
enabl e next yearés metall urgical design tean
converted into steel. A base knowledge of direct iron reduction i®deede able to

reduce the iron oxides efficiently.



The thermodynamics of iron reduction can be seen from the standpoint of an
Ellingham diagram provided in Figue Notice the hematité-e,03) to magnetite
(FesOy) reaction is at the tophus this oide has the highest oxidizing potential.
Following down the diagim are the magnetite to stite and magnetite to iron reactions.
All of these reactions fall in the top region of the diagram whmtmonstratethat the
oxidizing potential for them is gi@ high and readily occur when above 1000°C where it
becomes preferential for CO to exist in the atmosphere than as\@éght percentage
ratios of iron to oxygen also follow this order of reduction. Hematite is 6&%iFe

and as it changes to magtetbecomes 72.3%Bwt until you reach iron.
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Figure 1: Ellingham Diagram



In direct iron reduction the feed material is pellets that are largely composed of
hematite. Th@orosity and size of the pellets as well as the atmosphere of the furnace
essentiallydetermine the reduction rate of iron pelle®his process works in three
modes, diffusion of carbon with oxygen to create CO, the oxidation of CO gases to CO
gases, aththe formation of water vapor.B from free hydrogen and oxygen within the
ore. The largest contributor to this process is by far the reaction of CO,toBD@ct
reduction processes as well as blast furnabé&sinthe carbon for these reactions from

coke sources that are poured in layers with the feed material.

As mentioned previously, porosity is by far the mo#tiential factor in the
redudbility of pellets. The greater porosity in a pellet the more surface area is exposed to
the atmosphereghus the faster the reactions are able to occur. Crystal structure of the
oxides also plays a role in this. Hematite has a crystal structure that is hexagonral close
packed, however magnetite and wustite are face centered cubic and this change in crystal
structure creates a 25% increase in volume (1). The affect of this factor can be most
easily seen when considering the three kinetic resistances involved with reducing iron
pellets with the carbon monoxide molecule. The first is the diffusion of the @@ in
pellet to its reaction point, next is the reaction from CO te,@@d finally the diffusion
of the CQ gasout of the pellet. In order to simplify the kinetics of our processes we
have chosen to keep the pelletkativelysmall in order to mitigatéhese factors.
Keeping the pellets small reduces the distance the carbon monoxide has to diffuse as well

as increasing the surface area of the bed of pellets.



Broader Impact

This summer 6s research has s hetuttios ome | i gh

and makingsteel Students have realized the difficulties of the process and how amazing
the feat of producing steel is without any modern technology. The Japanese produced
steel by using a irebearing river sand. A tatara, a large rectangulaace made from
clay, was used for the iron reduction and steelmaking. One batch of steel would take
about 25 tons of sand and charcoal with the tatara operating at a temperature of about
2500 degrees F for about 3 days. To control the amount afrcdissolved into the
steel, molten temperatures were never reached throughout the process. Japanese men
were able to determine the amount of carbon content based solely on the way the steel
broke apart.

Japanese swordsmiths used two different typeaseed in the making of a katana,
high and low carbon steel. The high carbon steel was shaped into a-thagpéd
channel, and the low carbon steel was shaped to fit and then placed inside the high carbon
steel. This is done to take advantage of thewfit properties of the two types of steel.
The low carbon core gives the sword its toughness and allows for shock absorption. The
high carbon outer shell allows the sword to maintain a rslaarp edge.

After the blade has been forged, the swordsmithcoat the blade with a clay
and charcoal powder mixture. Thickness of the mixture will be varied on the blade with
the dull edge having the thickest layer and the sharp edge having the thinnest. The blade
will then be reheated to a temperature ofualdid00 degrees F. This process gives the
blade a wavy design known as the hamon. To produce the curvature that the katana is
uniquely known for, the swordsmith removes the blade from the coals and immediately

guenches the blade in a water trough. Tifferént concentrations of carbon in the two



sections of the blade cause the bl adeos
three swords is ruined during this process. The blade then goes through a series of
polishing stones and is decorateith different metals and is fitted with a handle for

completion.

Procedure

This project consisted of three different parts. The characterization of two local
iron oxide concentrates and one commercial blast furnace pellet was the first part. The
nextpart consisted of creating pellets to be reduced to iron. The last part involved

running a series of experiments to reduce the iron oxide to metallic iron.

Characterization of Ores

Two different ores and one commercial pellet were characterized to determi
whatmaterialwould be bet for producing iron or steel in a primitive blast furnaidee
samplefrom Pacer Minerals (Custer, SIdas analyzed for particle size distribution and
mica content. There were four differesthges othe Racer sample. Thieulk material was
the starting point of the ore. Then, the ore was crushed in a jaw crusher to reduce the
particle size and to separdke mica from the magnetite. The ore was then separated
using a shaker table where smaller finer partiglasitatetowards the end of the table
and are deposited into pans according to size and shape. After the shaker table the
magnetite was separated from the mica using a magnetic separator. The aforementioned

agglomeration group did this work.

The four different stagesere each analyzed for particle size distribution. Stages

were labeled by name by what the last process of separagipinad gone through. The

cury



stages weraamed: after magnetic separator, after shaker table, after crusher, and drum
material.To gather aepresentative sample of the bulk material, the ore was put through
a series ofonessplitters.After magneticseparatarafter shaker table, and after crusher
were all split three times with the largdsinessplitter. They were then split three times
with the mediumJonessplitter. Finally, they were split two times with the snlalhes

splitter. The drum material was split three times with the ladystssplitter and then

split four times with the mediurdonessplitter. Due to particle size the drunaterial

could not be split with the smalleldnessplitter. A sieve analysis was then pemed on

the representative samples of each stage of the material to determine particle size for each
step of the process. Approximately 1000 grams of ore wag@authe top of a series of
sieves. The sieves consisted of 10, 16, 20, 50, 80, 100aid@00 U.S. Standard mesh
The shaker wasinfor 10 minutes in each of three trials for each mineral sample. The

ore in each of the sieves wasighedand recordeth a table.

A representative sample was also taken of each stage of the material to determine
the mica content of the materi@uantitative xray diffraction analysisvas performean

each sample.

To better understand what material would be best for reducing the iron ore or
pellet to iron, an experiment wasnductedo try and reduce each material to iiora
muffle furnace Three graphite crucibles were purchased and were each filled with one of
the different materials andrten. Crucible 1 contained th@a¢®er material and carbon
layered in about 124 alternating layers. Crucible 2 containeddbenmercially
availablepellets from Cleveland Cliffs and carbon. The carbon and pellets were layered

alternately although the difference in particle size of the pellets compared to the carbon



caused domogenousnixture of pellets and carbon throughout the crucible. Crucible 3
contained or¢hat remained after precipitation from tHemestakalewatering pocess

and carbon. This material was mixed throughout the crucible. The amount of carbon
added teeachcrucible was dependent stoichiometriccalculations to determine the

amount of carbon needed to fully reduce the ore in the crucibldem{bercentexcess.

Not all of the ore was &b to fit in the third crucibleso there was a greater excess of
carbon than was actuallyeded. The furnace was heated @CFC and the crucibles

were placed inside of the furnace. They were kept inside the furnaceifdrdurs. They

were then taken out of the furnace and placed inside of a steel container where they
would cool in a nitrogen atmosphere. This was accomplished by placing a crucible full of
liquid nitrogen in the steel container as well. After the crusibled cooled to room
temperature, the ore was taken out, weighed, and analyzed. Some samples were put up to
a grinding wheel to see if they sparked which would indinstalliciron present in the
matrial. Magnets were also placed near the materiabtddethe presence of iron.

Some of the pellets were gmai halfway, mounted in Bakeliteand polished. Samples

were also sent for a quantitativeray diffraction analysis.

Agglomeration

A number of different methods were tried before one worked well. Fitsiy a
gallonNalgene container with the bottom cut off was used as a tumbler to ball the fine
ore into small pellets. At first, water was poured on top of the ore in the container with
graduated cylinder, but thatd¢o the ore ballig up in large clumps. A squibbttle was
tried next. That gave better results, but still had some of the same problems. A spray

bottle produced the best results because thevaséhoroughly wetted andgglomerated
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into pellets ranging from-30 mm. These pellets onckgieddid not hold up under some

drop testdrom shoulder heighExperiments were then conducted by mixing different
binders into the ore. Bentonite was used as a binder but the patetaet strong

enough in the drop tests. Flour and sugar were also used as binders, but when the pellets
weredriedand sntered they fell apart. Polyvinflicohol (PVA) was also used as a

binder, but the PVA would not dissolve in water makingéffective as a binder for the

ore.

Work was then done looking into other methods of pelletization. One of the
methods looked into involved usiagneat grinder and putting thn oresludge
through it and small cylindrical pellets would formitial experimatation was done
with the meat grinder to see how the pellets wauldereand to see whether or not the
ore would easily feed through the meat grindlgtially, eight mass percent of bentonite
was added to the iron ore sludge and mixed thoroughly. TXtenewas then put
through the meat grinder, and the pellets were diiemin those result#, was
determined that the moisture content of the wet iron ore skigéurdemnwasbased on
the mass of the ore and not the mass of the water an@iterenassf the wet sludge was
taken and then the sludge was put into an induction furnace3fat After the sludge
had thoroughlyried, the mass of the dry ore was takimns was done three different
times.The percent of water in the sludge was figuratlhy the mass lost while drying.
Table 1 lists th@nalysisof the ore and water in the sludge for each of the three trials and

the averages for each.
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Table 1: Analysis of Moisture Content in Iron Ore Sludge

Initial Weight Weight of | percent | Percent
of Sludge (g) dried ore Water Ore
(9)
Trial 1 402.2 104.4 74.04 25.96
Trial 2 258.4 64.2 75.15 24.85
Trial 3 270.9 62.2 77.04 | 22.96
Average 75.41 24.59

Knowing the moisture cdant in the iron ore sludge, pellets containing varying
amounts of bentonite and carbon were created. Some pellets were sintered and others
were not, depending on the strength of the pellets. TasiW®&sthe different pellets

created and the sinteringgeess each went through.

Table 2: Pellet Composition and Sintering Process for All Trials

Pellet Composition Sintering Process
Trial Pellet Mass Mass | Bentonite| Carbon | Furnace | Temperaturg Time
Number| Description| Wet | Ore (g) | Added Added | or Forge (°C) (minutes)
Sludge 9 (9)
No Carbon,
1 NO 88.7 21.6 0 0 Forge 900-1100 30
Bentonite
No Carbon,
2 3% 397.7 97.8 2.9 0 Forge 900-1100 30
Bentonite
Carbon,
3 306 427.6 105.2 3.2 26.1 Furnace 700 75
Bentonite
No Carbon,
4 306 500.9 123.2 3.7 0 Furnace 750 75
Bentonite
No Carbon,
5 30 1099.3| 270.3 8.1 0 Furnace 750 90
Bentonite

Direct Reduction

A series of experiments listed in Taldlewerecompleted using a quartz tube

furnace shown inFigure2, in anattempt to reduce the iron ore to iron. The furnace
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consists of refractory brick inside of a steel casungre the right circle is in Figuée A

glass tube runs through the center of the furnace where an alumiridldabatith pellets

is pusled into the center where it can be heafedooling system is placed on either end

of the glass tube to prevent the tube from melting the corks that stop the gas inside of the
furnace from escaping. This cooling system can be seen in Rginekis repreented by

the three triangleg\rgon or cabon monoxide gas is attachedotoe end of théubeto

create a reducing atmosphere inside of the tube. On the other end of the tube, the gas runs
through a rubber hose into a bubbler that allows the user tmeefast the gas is

flowing through the tubelhe bubbler can be seen in Fig@rand is shown by the

square.In all of the experiments the furnace was started, the temperature roséGo 200

and then the temperature then rose evenly over 30 minutes@C1dMe furnace then

needs about 1 hour to calibrate to desired temperatur®nce that hour was up, the

samples were inserted into the furnace and either carbon monoxide or argon gas was
turned on depending on the type of pellets in the furnace. Basample had been in

the furnace for the required amount of time, the furnace was shut off and the gas was kept
on to keep a reducing atmosphere in the furnace. In the first two trials, the carbon
monoxide gas waallowed to flowand the boat was left the middle of the furnace. In
laterexperiments, once the furnace was shut off, the gas was switched to argon in order
to save the carbon monoxide for future experiments and to keep an inert atmosphere in
the tube. The boat was also pulled to one enHlefube in order to let it cool faster than

when it was in the middle of the furnace.
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Figure 2: Quartz Tube Furnace Setup for Reaction Kinetics Experiments

A test was alseonductedn a muffle furnace to try and reduce and then melt the
pellets. The muffle furnace was turned on and was heated up to aroufi@ 1®00
1075C. Three crucibles were then placed in the furnace for six hours. The contents of the
crucibles are listed in TadB. Once the crucibles had been in the furnace for six hours
the temperature was increased to around A280d held for one houo try and melt the
pellets. The pellets were not melted after we took them out after six hours, so carbon was
poured overhe top of the pellets to keep them insetbfrom the oxygen atmosphere and

put back in the furnace to cool overnight.
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Table 3:

Contents of Crucibles in Muffle Furnace Test

This section details the results of each of the three parts to this project:

Crucible # Type Pellet Mass Pellets Mass Carbon
Non Carbon,
1 3% 110.8 27.5
Bentonite
Non Carbon,
2 3% 107.8 26.8
Bentonite
3 Carbon, 3% 108.6 Carbon Present
Bentonite in Pellets
Results

characterization of the ores, agglomeration, and direct reduction.

Characterization of Ores

Table4 throughTable7 detail the particle size distribution for each of the four

different stages in the processeatracting the mica from the magneiitethe Pacer

sample Graphs of the particle size distributifor Table 4 through Table Gan be seen in

AppendixA.
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Table 4: Average Particle Size Distribution for After Magnetic

After Magnetic Separation

Separation

U.S. Standard Diameter Mass Mass % Cum ulative Cum ulative
Mesh (7 m) (9) Retained % Retained % Passing
+ 10 2000 0.00 0.00 0.00 100.00
+ 16 1180 0.67 0.07 0.07 99.93
+ 20 850 1.60 0.16 0.23 99.77
+ 50 300 36.20 3.62 3.85 96.15
+ 80 180 15.60 1.56 5.41 94.59
+ 100 150 63.07 6.31 11.72 88.28
+ 140 106 360.90 36.11 47.83 52.17
+ 200 75 271.00 27.12 74.95 25.05
- 200 0 250.33 25.05 100.00 0.00
Total 999.37 100.00
Table 5: Average Particle Size Distribution for After Shaker Table
After Shaker Table Average
U.S. Standard Diameter Mass Mass % Cumulative Cumulative
Mesh (7T m) (9) Retained % Retained % Passing
+ 10 2000 0.37 0.04 0.04 99.96
+ 16 1180 0.67 0.07 0.10 99.90
+ 20 850 9.00 0.90 1.00 99.00
+ 50 300 635.17 63.55 64.56 35.44
+ 80 180 202.07 20.22 84.78 15.22
+ 100 150 55.20 5.52 90.30 9.70
+ 140 106 49.40 4.94 95.24 4.76
+ 200 75 17.80 1.78 97.02 2.98
- 200 0 29.73 2.98 100.00 0.00
Total 999.40 100.00
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Table 6: Average Particle Size Distribution for

After Crusher Average

After Crusher

U.S. Standard Diarrleter Mass (g) Mas; % Cum ulgtive Cum uIaFive
Mesh (7T m) Retained % Retained % Passing
+ 10 2000 2.57 0.26 0.26 990.74
+ 16 1180 35.97 3.60 3.86 96.14
+ 20 850 98.17 9.82 13.68 86.32
+ 50 300 607.43 60.79 74.47 25.53
+ 80 180 133.30 13.34 87.80 12.20
+ 100 150 40.73 4.08 91.88 8.12
+ 140 106 36.93 3.70 95.58 4.42
+ 200 75 16.43 1.64 97.22 2.78
- 200 0 27.77 2.78 100.00 0.00
Total 999.30 100.00
Table 7: Average Particle Size Distribution For Drum Material
Drum Material Average
U.S. Standard Diameter Mass Mass % Cumulative | Cumulative
Mesh (1 m) (9) Retained % Retained % Passing
+ 10 2000 81.67 8.17 8.17 91.83
+ 16 1180 311.20 31.12 39.29 60.71
+ 20 850 230.17 23.02 62.30 37.70
+ 50 300 243.47 24.35 86.65 13.35
+ 80 180 78.30 7.83 94.48 5.52
+ 100 150 21.53 2.15 96.63 3.37
+ 140 106 15.10 151 98.14 1.86
+ 200 75 6.40 0.64 98.78 1.22
- 200 0 12.17 1.22 100.00 0.00
Total 1000.00 100.00
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Table 8shows the weight percent of thefdient minerals present in thader ore
at each step of processing the ore. This information was gathered by doiagtiéative
analysis from profilditted peaks. The calculations are based on peak area using
preferred orientation correction and the Brindley correction at five nscitre XRD

graphs andjuantitativeanalysis sheets can be seen in AppeBdix

Table 8: Quantitative Analysis of Pacer Material

Weight Weight Weight Weight
Sample Percent Percent Percent Percent
Magnetite Muscovite Quartz Hematite
After Magnetic 50.6 38.2 7.7 35
Separator
After Shaker Table 31 63.5 55 0
After Crusher 17.2 65.9 16.9 0
Drum Material 30.4 62.1 7 0.5

Initial XRD of the Homestake ore showed that the ore was amorphous or the
particles were too small to create an XRD pattemder the scanning electron
microscope very small crystals could be seen. Because of the small crystals present the
iron ore was determined b® limonite(FeO(OH)-nHO). The Homestake iron ore was
determined to be about 96% hematite by analyzing the iron oraflittescence scan in

the SEM.

The results from the three sampleshia muffle furnace are dsllows. The Racer
sample was put to the furnace as a powder and when it was removed it came out of the
crucible as one block as seen in FigairgVhen the bottom of the block was held to the
grinding wheel, it sparked indicating the presence of metallic ironnve@hmagnet was

touched to th€levelandCliffs pellets and the Homestake material, the material was

18



attracted to it. This indicated that the ore had at least reduced totiteagmst metallic

iron. The Cleveland Cliffs pellets and the Homestake mataabe seen in Figur8s

and4 respectivelyA quantitativeanalysis was done on the Cleveland Cliffs pellets. The
pellets were composed of 6% metallic iron, 77.4vt% wuestitg(FeO) and 16.2vt%
kirschsteinitg CaFé2Si0,). The XRD graphs and analgan be seen in Appendix A
guantitativeanalysis was not done on therdestake or pacer, althgh it is assumed that

all the Homestake ore was reduced to pure iron because only one peak showed up on the

XRD scan.

Figure 3: Pacer Sample After First Muffle
Furnace Test

“mee Tl ‘- SN TR SO ? o 3
Fl'gljre 4: Cleveland Cliffs Pellets after First
Muffle Furnace Test
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Figure 5: Homestake Material after First
Muffle Furnace Test

Agglomeration

Table 9lists the different types of pellets created and has aigésaorof the

strength of each.
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Table 9: Strength of Pellets Created

Trial Pellet Description of Strength of the Pellet
Number Description
No Carbon, When dropped from head height onto concrete,
1 No Bentonite pellets broke into smaller pieces. Did not crumble.
Pellets Could squeeze between your fingers and they would
not break apart easily.
No Carbon, After sintering looked as if they had reduced
2 3% Bentonite somewhat. These pellets were very strong. They
Pellets could be dropped from head height and would not
break apart.
Carbon, 3% These carbon pellets were extremely weak . When
3 Bentonite pressed on a bit, they crumbled apart into small
Pellets pieces. These pellets before sintering had more
strength than after sintering.
No Carbon, When dropped from head height onto concrete,
4 3% Bentonite pellets broke into smaller pieces. Did not crumble.
Pellets Could squeeze between your fingers and they would
not break apart easily.
No Carbon, When dropped from head height onto concrete,
5 3% Bentonite pell ets broke into smaller pieces. Did not crumble.
Pellets Could squeeze between your fingers and they would

not break apart easily.

Direct Reduction

Tablel10describes the type of pellets used in the quartz tube furnace along with

the gas used in each trial and the time the pellets were in the futrelse.shows the %

mass lost while in the furnace.
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Table 10: Description of Pellets and Experiments Run, and Mass Reduction in Quartz Tube Furnace

Trial Description of Time in Gas Used % Mass
# Pellets Furnace Lost
Non Carbon, About ) Carbon
1 329% bentonite 3hrs 20min Monoxide 12.15%
pellets
Non Carbon, About Carbon
2 32% bentonite 2hrs Monoxide 10.38%
pellets
3 Non Carbon, No 4hrs Carbon 14.85%
Bentonite Pellets Monoxide
4 Carbon, 3% ehrs Argon 26.74%
Bentonite Pellets
5 Non Carbon, 3% 6hrs Carbon 20.56%
Bentonite Pellets Monoxide
Discussion

Performing the initial characterization tests on the different ores provided a basis
for determiningivhich material sbuld be used to create irofhe XRD andysis of the
four steps of the Pacer material showed thette was still 45.9% material that was not
iron ore. The crushing of the ore separated some of the mica from the magnetite, but the
shaker table did not seem to do much in reducing the amount of mica in the ore. This
other material igssentiallyall impurities and affects how theaPer material would
reduceThere is also an inconsistency with the data for the after crusher sample. The data
shows only 17.2% magnetite in theepwhere the drum had 30.4%. An unrepresentative
sample must have been takeu placedn the XRD machineThe firstmuffle furnace
test that was ptarmed showed what material should be focused on in the pelletization
process.A quantitativeXRD analysiswas not done on the Homestake ore because only
iron showed up as a peak. Sonmse caused iron oxide to show up but not a significant
amount to note A quantitativeanalysis was not done for the Pacer material either. This

was due to a large unknown peak being presewastissumed to be graphite. Graphite
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crucibles were usedd some of the graphite could have fallen off the side and gotten
into the sampleAfter examiningthe wistite and iron peaks on the XRJpaph, one can

see that the vaiite peak is much greater than the iron one. Iron is more than twoasmes
good of a rélector than watite is, which means that@v less iron is present than stite

is.

When pellets were first made, the ore was dried and ground to a fine powder.
When water was added to the ore, the consistency of the ore was never the same than that
of the initial material. The consistency of the initial material was a sticky sludge where
the consistency of the-gydrated ore was more of a wet grainy texture. The pellets
formed from the ground, dried ore would not hold together nearly as the initdiede
in pellet form.When first making pellets with the meat grind&¥ bentonite was added
by mass not taking into accouht water content in theon ore sludgeOnce this was
realized, calculations weperformedand around 32% by mass was actuatiged to the
dry ore. This posed problems with the reduction of the ore in the quartz tube furnace. It is
believed that the bentonite hindered the reduction of the ore and did not allow the ore to

reduce as much as it could of.

When iron oxide is dirgly reduced by carbon or carbon monoxide, the oxygen
that is bonded to the iron comes off of the iron and is cordvéstearbon dioxide as seen
in Equations 1 through 4n the experiments ran the tube furnacthe carbon dioxide
should have left theube furnace and resulted in a loss of mass. This loss of mass can be
correlated to the amount of reduction the ore went through. The lower the percent mass
loss the less reduced the material should be and the higher the percent mass loss the more

reduced e material should be.
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FeOs; + CO- 2Fg0O;+ CO, (Equation 2}

Fe;04+ CO- 2FeO + CQ (Equation 2)
FeO + CO- Fe+CQ (Equation 3)
FeOs; + 3C- 2Fe + 3CO (Equation 4)

In the final muffle furnacéest, it is believed that the pellets were not heated
sufficiently to melt them or that not enough carbon was added in order to lower the
melting point of the iron. Once the carbon for reducing the ore is used, the excess carbon
can diffuse into the irorotproduce steel. By having a eutectic amount of carbon present
in the steel the melting point can be significantly reduced f¥68%°C to 1147C as seen
in Figure6. Having a greater than 10% excess of carbon of the crucibles could have

further lowered thenelting point of the iron.

Iron -carbon phase diagram T5C
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Auslc#\ilc + cementite+ledeburite : Cementite + ledeburite
! - 800
! 1333°F(723°C) !
0.025% \  p8s% X Vi
! | -
21T ao= 1187w @70°C) 500
I Z 1 Nl
752 fF E:; i § AL - 400
E g I
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32 & 2 - 200
= | = | FeaC
& ! & |
32 | ) | 1 1 1 0
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Carbon,%

Figure 6: Iron Carbon Phase Diagram
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Conclusions

Strong pellets containing small amounts of bentaroidd be formed using a
meat grinder. These pellets did not reduce well, but further experimentation could be
conducted on making strong quick reducing pellets. Experimentation could be done on
reducing the bentonite content of the pellets. fEseailts otthe direct reduction were

inconclusive. Further experimentation should be done in this area.
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Appendix A: Graphs of Particle Size Distribution for Pacer Material
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d graphs for XRD for Pacer Ore
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Appendix B

Quantitative Analysis from Profile-Fitted Peaks

FILE: [089-0448.raw] After Mag Sep
SCAN: 2.5/70.0/0.02/0.6(sec), Cu(40kV,40mA), I(max)=525, 06/09/09 01:41p
PROC: [New Quantitative Analysis]

29

Phase ID (4) RIR  Wt% Wt(n)%  Vol(n)% #L 1%-Ir) POC
[ Magnetite - Fe30, 513 50.6 (16.0) 50.6 (16.0) 36.4 (136) 6 6.7  <None>
[ Muscovite-2M1 - KAL(SizAl)O44(OH,F), 052 38.2(12.1) 382(12.1) 50.3(188) 3 6.8 <None>
[J Quartz - Si0, 341 77(24) 77(24) 108(40) 1 01 <None>
[0 Hematite - Fe,05 324 35(11) 35(1.1) 25(09) 1 00 <None>

NOTE: Calculation Using: Peak Area, POC: Preferred Orientation Correction, Brindley Correction = 5.0 microns

2-Theta FWHM Height H% Area(al) A%  I(r)  I(p) 1%-I() (hkl)
18.314 (0.018) 0.194 (0.025) 42(4) 111 582(64) 86 51 51 35 (111)
30.091 (0.005) 0.242 (0.006) 112 (2) 29.4 1752 (43) 258 248 248 1.0 (220)
35.431(0.008) 0.257 (0.016)381 (15) 100.06802 (359) 100.0 100.0 100.0 0.0 (311)
43.094 (0.010) 0.242(0.026) 102 (7) 26.81865 (157) 27.4 248 248 2.6 (400)
56.963 (0.013) 0.257 (0.046)124 (13) 32.52453 (327) 361 431 431 -7.0 (511)
62.528 (0.007) 0.294 (0.025) 108 (5) 28.42440 (154) 359 620 620 -26.1 (440)

8.974 (0.012) 0.183(0.018) 62(5) 69.6 688(72) 100.0 100.0 100.0 0.0 (002)
17.881(0.019) 0.123 (0.016) 32(5) 362 213(39) 309 20.0 200 109 (004)

26.674 (0.019) 0.136 (0.025)129 (22) 100.01064 (219) 100.0 100.0 100.0 00 (101)

goEaaosaaag

)

26.934 (0.028) 0.131(0.043) 89 (20) 100.0 622 (231) 90.3 100.0 100.0 -9.7 (0086)
)
)

33.180 (0.016) 0.175(0.044) 24 (3) 100.0 310(60) 100.0 100.0 100.0 0.0 (104)
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FILE: [089-0447.raw] After Shaker Table

Quantitative Analysis from Profile-Fitted Peaks

SCAN: 2.5/70.0/0.02/0.6(sec), Cu(40kV,40mA), I(max)=1101, 06/09/09 04:01p
PROC: [New Quantitative Analysis]

i

Phase ID (3)

[] Magnetite - Fe304
] Muscovite-2M1 - KAly(Si3Al)O4(OH, F);

O Quartz - Si0,

RIR
5.13
0.52
3.41

NOTE: Calculation Using: Peak Area, POC: Preferred Orientation Correction, Brindley Correction = 5.0 microns

Wt%
31.0(3.3)
63.5 (6.7)

5.5 (0.6)

Wt(n)%
31.0 (3.3)
63.5 (6.7)

5.5 (0.6)

Vol(n)%
19.6 (2.6)
73.5(9.7)

6.8 (0.9)

#L
4
3
1

1%-1(r) POC
2.6 <None>
12.9 <None>
0.0 <None>

2-Theta FWHM Height H% Area(al) A% I  Ip) 1%-I(r) (hkl)

[ 18.286(0.012) 0.158(0.014) 86(6) 9.7 846(76) 87 51 51 36 (111)
[ 30.052(0.005) 0.179 (0.007) 184(6) 20.7 2127 (89) 21.9 248 248 -29 (220)
[0 35.417 (0.001) 0.161(0.003) 888 (12) 100.0 9700 (159) 100.0 100.0 1000 0.0 (311)
[J 43.050 (0.015) 0.166 (0.034) 253(39) 28.5 2766(536) 28.5 248 248 37 (400)
[0 8.842(0.004) 0.253(0.005) 279(4) 90.3 4083(86) 100.0 100.0 100.0 0.0 (002)
[ 17.831(0.012) 0.151(0.013) 79(7) 255 750(71) . 184 200 200 -1.6 (004)
26.900 (0.007) 0.149 (0.007) 308 (15) 100.0 2568 (154) 62.9 100.0 100.0 -37.1 (006)
[] 26.555 (0.015) 0.203 (0.016) 156 (10) 100.0 2000 (159) 100.0 100.0 100.0 0.0 (101)
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