South Dakota School of Mines and Technology

Department of Materials and Metallurgical Engineering
Met 426
Final Exam
April 29, 2013
1.
In the design of a high-temperature calorimeter employing molten iron at 1600°C the feasibility of using a quartz crucible has been considered.  However, the extent of the solution of the crucible into the iron must be ascertained in as much as contamination of the molten iron by silicon cannot be tolerated to an extent greater than 0.5%. To prevent oxidation of the iron melt the calorimeter is filled with purified argon for which PO2 =10-10 atm.  Calculate the %Si in the iron, resulting from solution of the crucible, under the conditions outlined above.


Si(l) + 02(g) = Si02 (B-quartz)
G EQ \o(\s\up6(o),\s\do4(R))  = - 227,700 + 48.70 T


Si(l) in iron;
 EQ \o(\s\up2(°),\s\do6(Si))   1873°K = 0.00132*
log fSi = 0.07 [% Si]*
      MW Si = 28.09

*Hultgren et al.

2.
Compare the effectiveness of the following deoxidation methods for 100 ton steel at 1600°C, containing, initially 0.3% C and 0.006% 0.


(a) Adding 1000 lb. of ferrosilicon (80% Si).


(b)Vacuum degassing at 50 mm. Hg pressure.



C + 0 = C0(g)

K1600 = 500


Si + 20 = Si02(c)
K1600 = 3.5 X 104


Activities of Si, 0, and C in wt% (f​C, fO, fSi all unity).

3.
One hundred tons of steel at 1550°C is to be treated to remove oxygen.  The oxygen content goes from 0.008 to 0.002.  The carbon content is 0.3 percent.  Try the following treatment.

(a) Vacuum treatment.  Effective pressure 500 microns.  Cost of treatment $30 per ton.

(b) Argon flushing.  Cost of argon 30 cents per cubic foot.  Cost of treatment $3.00 per ton.

Which is the most economical method and can the desired result be obtained by either method?

4.
A rimming steel, poured at 1600°C, contains 0.1% carbon, 0.017% oxygen, and an unknown quantity of hydrogen.  The steel starts to solidify at 1500°C and to evolve a gaseous mixture of C0 and H2 at 1 ATM. total pressure.

(a) The composition of the gas evolved

(b) The % Hn in the steel when poured.

C  + 0  = CO(g) 
K​1500 C = 438
0.5 H2(g) = H 
K​1500 C = 24

Where the concentration of the dissolved carbon and oxygen is expressed in wt.%, the hydrogen in parts per million, and the concentration of the C0(g) and H2(g) is expressed in atmospheres.

5.
Determine G° at 1600°C for the

Si + O2 = SiO2
For the following combinations of standard states:

Combination
Si

 O2

SiO2

1

pure l

1 atm

pure l


2

    "

     "

pure s


3

    "

1 torr

pure l


4

    "

     "

pure s


5

1wt %

1 atm

pure l


6

   "

     "

pure s


7

   "

1 torr

pure l


8

   "

     "

pure s

Si(l) + 02(g) = Si02 (B-quartz)
G EQ \o(\s\up6(o),\s\do4(R))  = - 218,600 + 47.40 T

Si(l) in iron;
 EQ \o(\s\up2(°),\s\do6(Si))   1873°K = 0.00132*
log fSi = 0.07 [% Si]*            MW Si = 28.09
* Hultgren et al.

6.  
A steel melt contains 0.4 wt% C at 1600°C.

(a). Estimate the wt% O dissolved in it

    
(b) What is the maximum wt% Mn that could exist in the above steel melt?

7.  
Find the final wt% 0 remaining in a steel melt produced in an acid open hearth furnace lined with Si02 after the below treatments.  The activity of the Fe0 in the slag before its removal from the melt was 0.5 relative to pure liquid Fe0.  T = 1600°C.

(a)
Addition of 10 pounds of ferrosilicon per ton of steel.  The ferrosilicon is 80 wt%Si.

(b)
vacuum degassing at a pressure of 10-3 atm.
(c)
sparging with 10 cubic feet of argon at STP per ton of steel.

8. 
A mass balance on the blast furnace shows that if all the sulphur entering the blast furnace in the burden and fuel became dissolved in the hot metal that the hot metal would contain 1.0 wt% S.  If the temperature of the blast furnace hearth is 1500°C, how much sulphur would be expected in the hot metal if

(a) 
500 pounds of slag are produced per 2000 pounds of hot metal, and the slag's composition is 5wt% A1203, 40 wt% Si02, and 55wt% Ca0 and Mg0.  Assume equilibrium.

(b) 
Approximately what %S in the hot metal would be expected under actural non-equilibrium conditions?

9. 
Compare the effectiveness of the following deoxidation methods for 100 ton steel at 1600°C, containing, initially 0.3% C and 0.008% 0.


(a) Adding 1000 lb. of ferrosilicon (80% Si).


(b) Vacuum degassing at 50 mm. Hg pressure.


(c)  Flushing with argon - total volume 100 ft3

C + 0 = C0(g)

K1600 =500


Si + 20 = Si02(c)

K1600=3.5 x 104

Activities of Si, 0, and C, in %, fc, fo, fSi all unity.

10.
The Dortmund Horder degassing process employs a degassing vesseland action as shown in the diagram.

(a)
If the vessel holds 1/5 of the total quantity of steel, develop an equation relating the lowering of the hydrogen content to the number of times the vessel is raised and lowered.  Assume that the steel in the vessel reaches equilibrium with the vacuum and that it is perfectly mixed with the remainder each time the vessel is raised.


(b)
For the following gas contents:




Initial %H = 6 x 10-4



Final % H = 1 x 10-4

and for a vessel holding 1/5 the total steel quantity estimate the minimum number of times the vessel must be raised.  Solubility of hydrogen in steel at 1600°C = 27 parts per million.

Available vacuum 100 microns.

11.  Determine by calculation the maximum wt % 0 possible in steel at 1600°C containing


a) no carbon


b) 0.20 wt % carbon

12.  A steel heat at 1600°C is in equilibrium with a slag containing SiO2 with an activity of 0.2, relative to pure solid silica.  How much Si is in the steel if the steel contains 0.2 wt % C and is in equilibrium with C0 gas at1 atm.

13.  A steel heat at 1600°C contains 0.1 wt % 0 and 0.05 wt % Si.  What will the final wt  % Si be if 10 lbs FeSi (80% Si) are added per ton?

14.  How much argon per ton would be required to deoxidize a steel heat by sparging containing 0.2 wt % C to the same oxygen content achieved by vacuum degassing at 0.001 atm?  The initial heat is in equilibrium with CO gas at 1 atm.

15.  A 100-ton heat of steel at 1873°K containing 0.20 wt % C is in equilibrium with C0(g) at 1 atm.  What is the wt % 0 dissolved in the steel?

16.  How many pounds of ferrosilicon (50 wt % Si) are required to remove 80% of the oxygen in 100 tons of steel containing 0.01 wt % 0 at 1873°K?

17.  How many cubic feet of argon would be required to remove 90% of the hydrogen in steel containing 0.0008 wt % H at 1873°K?

18.
A basic open hearth furnace with a pure, solid Mn0 hearth is charged with  hot metal containing 0.2 wt % Mn.  No scrap is added to the furnace.  After the refining period, the steel contains 0.10 wt % Mn and the activity of Si02 in the slag is 0.1 relative to pure, solid Si02.  What is the final wt % Si?

19.
A 100-ton heat of steel at 1873°K containing 0.005 wt % 0 and 0.20 wt % C is to be deoxidized to 0.001 wt % 0.

(a)
Can this level be achieved by vacuum degassing at 0.01 atm?

(b)
How many pounds of ferrosilicon (50 wt % Si) are required to achieve this oxygen concentration?

(c)
How many cubic feet of argon at 298°K and 1 atm would be needed to achieve this concentration?

20.
What is the Si distribution in the BF at 1500 °C if the slag contains 45 % CaO, 10 % Al2O3, 10 % MgO, 35 % SiO2.
21. Calculate the activity, relative to pure liquid, of FeO in the blast furnace at 1550 °C.  What wt % FeO does this correspond to if the slag basicity, V, is 1.5?

22. Redraw Figure 2.90 in the text using a coordinate of Log {[%Mn]/(%Mn)} and comment on the relative change in the Mn distribution with T.

23. What does Figure 2.89 reveal concerning the relative stability of Mn silicates vs MnO-CaO compounds?

24.  A BF slag contains 50 % CaO and MgO, 10 % Al2O3, 1 % MnO, and 40% SiO2.  What [%Mn] is expected in the 1500 °C hot metal containing [%Si] of 0.2?

25. Estimate the (%S) in a BF slag at 1600 °C with a basicity (B) of 1.0 if the hot metal is running 0.04% S.

26. In essentially all slag-metal pseudo-equilibrium constants a conversion has been made to convert a slag component’s mole fraction to its weight fraction.  This would require knowing the moles of slag per unit weight of slag.  A typical BOF slag contains 50 % CaO, 25% SiO2, 16% FeO, 6% MnO, and 3% MgO.  Compute the gram moles in 100 grams of this slag.  How does your result compare to the number of gram moles are typically assumed in the steelmaking industry?  (See text.)

27. Layout the computations and assumptions needed to find [ppm O]/(% FeO) from thermodynamic data and an Fe-O phase diagram (or data for the solubility of O in Fe vs T: see p 684 in Hansen, Constitution of Binary Alloys , McGraw Hill Book Co, New York, 1958. (Ref section Devereaux Library)

28. What would be the expected partition ratio, [%Mn]/(%Mn), in a steelmaking operation at 1600 °C if the slag composition is 50 % CaO, 25% SiO2, 16% FeO, 6% MnO, and 3% MgO.  What is the expected [%Mn]?

29. What would be the expected partition ratio, [%Cr]/(%Cr), in a steelmaking operation at 1600 °C if the slag composition is 50 % CaO, 25% SiO2, 16% FeO, 6% MnO, and 3% MgO.

30. What would be the expected partition ratio, [%P]/(%P), in a steelmaking operation at 1600 °C if the slag composition is 50 % CaO, 25% SiO2, 16% FeO, 6% MnO, and 3% MgO if a 1040 steel is produced.

31. One hundred tons of steel at 1600 °C containing 0.04% S are to be desulfurized by the addition of 75 lbs Al of which 1/3 reacts with dissolved O leaving 2/3 in solution.  What slag weight is needed to reduce the final % S to 0.001 %?  The slag composition is 56% CaO, 4% SiO2, and 40% Al2O3.

32.  A steel heat at 1600 (C containing 0.6% Mn and 0.02% Si is deoxidized by adding 2 lbs of FeSi (80% Si) per ton.  

a) What is the final expected [%O]?

b) What is the final expected [%O] if so much Si, say 0.5%, were addedso  as to saturate the system with silica?

33. A steel melt at 1600 (C containing 0.2 % Si is to be continuously cast. What is the maximum [%Al] that could be tolerated in the melt without risking nozzle plugging via 3MnO(Al2O3(3SiO2    

34. Describe how a Cr/Cr2O3 oxygen potential probe is constructed and operates.

35. A 200 ton Al-deoxidized steel melt covered with 10 tons of slag, contains 0.04 % Al.  What fraction of total

a) Si

b) Ti

is in the slag?  Assume the slag is a lime saturated calcium aluminate melt containing very low silica (<5 %).

36. What happens to Si and Ti oxides in steel slag with the addition of Al?

1. For the topochemical reduction of FeO by the reaction



FeO + CO = Fe + CO2
KEQ
a)
Which is the correct mathematical relationship between F, the molar fraction of a spherical pellet with an oxide core of  r in a partially-reduced pellet of radius ro.  You may assume the molar density  remains constant.
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b)
It is said that the molar rate of FeO reduction, dnFe, can be described for a spherical pellet by the equation
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Describe the rationale for the equation and the meaning of r and .

c) What is the overall driving force for the reduction process?



Use the following position notation: 




B – Bulk Gas;  




S – Outer pellet surface; 


Rx – Reacting surface

d) Describe the five kinetic resistances encountered in a reduction model of FeO with a porous Fe product layer?

e) Which is the correct relationship between effective diffusivity (De), diffusivity (D), tortuosity (), and porosity ().
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f.
Write the value of resistance R1 for a particle of radius ro.

2.
To remove 99% of the oxygen from a 100-Ton 1050 steel melt covered by a slag (with aCaO=0.7),
a) requires what volume of argon (@STP)?

b) requires what level of vacuum in atm?

c) requires what mass of FeSi (50%)?

3.
Layout as in MathCad the solution for the shaft reactor length.  Assume the slopes of each of the dependent variables are as follows and already are placed on the MathCad solution sheet.  The reactor is 160 long and 1000 increments are to be used to integrate the “--dot” equations.  Use the terms and function names provided below.



TSO: = given

Tgdot(TS,TG,X,Y): = given



TGO: = given

Tsdot(TS,TG,X,Y); = given



XO: = given

Xdot(TS,TG,X,Y): = given


YO: = given

Ydot(TS,TG,X,Y): = given

1.
Describe briefly with a sketch and some labels each of the following processes: (25)
a) BF (Blast Furnace)

b) BOF (Basic Oxygen Furnace)

c) EAF (Electric Arc Furnace)

2.
Describe/answer each of the following in a sentence or two: (25)
a) What does the term Coke Rate mean?

b) What is the difference between topochemical and diffuse reduction?

c) How has USA iron production changed over the last 50 years and why?

d) What is the economic impact of stoves in the operation of a BF?

e) Why was oxygen introduced from the top of the BOF compared to the historical way air was introduced into the Bessemer converter?

f) What is continuous casting?

3.
Find ∆G° at 1873 K for the change in standard state for the reaction. (20)

Ni(l)
=
Ni(1 wt % in Fe)
4. What CO to CO2 ratio would be required to achieve an equilibrium wt% C of 0.4 at 
1000 ºC?  (20)

a) Assume that fC = 1 

b) 
How does the computation change if fC is not assumed to be unity but rather the real solution behavior is used?  (Be quantitative but only recalculate if time permits.)

5.
Refer to Figure 2 below. (10)
a) Do the data for the Fe-Ni system at 1873 K conform to Darken’s quadratic formalism?  Why or why not?

b)
What is the mathematical relationship between the slope (say b) on a Darken Plot at infinite dilution and the interaction coefficient
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Table 1. Solution Thermodynamic Properties of the Liquid Fe-Ni System at 1873 K. (ref: Hultgren, Desai, Hawkins, Glieser, and Kelly, Selected Values of the Thermodynamic Properties of Binary Alloys, ASM, Metals Park, Ohio, 1973, p.852.)
	xNi
	aFe
	Fe
	aNi
	Ni

	0.0
	1.000
	1.000
	0.000
	0.617

	0.1
	0.897
	0.996
	0.068
	0.675

	0.2
	0.794
	0.992
	0.138
	0.692

	0.3
	0.693
	0.990
	0.209
	0.697

	0.4
	0.587
	0.978
	0.285
	0.721

	0.5
	0.470
	0.941
	0.373
	0.745

	0.6
	0.343
	0.858
	0.481
	0.802

	0.7
	0.218
	0.726
	0.614
	0.877

	0.8
	0.116
	0.581
	0.756
	0.945

	0.9
	0.045
	0.454
	0.888
	0.987

	1.0
	0.000
	0.355
	1.000
	1.000


Table 2.  Molecular Weights

	Element
	MW

	Ni
	58.70

	Fe
	55.85
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Figure 1. Activities in the Liquid Fe-Ni System at 1873 K.
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Figure 2. Darken Plot for the Liquid Fe-Ni System at 1873 K.

Problems 1 – 3 refer to the following situation:

A 200 ton steel melt of 0.3 wt% C and 0.0067 wt% 0 at 1600°C needs to be deoxidized to remove 99 % of the oxygen. 

Data:


C + 0 = C0(g)

K1600 =500


Si + 20 = Si02(s)

K1600=3.5 x 104

Activities of Si, 0, and C, in %, fC, fO, fSi all unity.

1. 
What is the minimum amount of ferrosilicon (50% Si) that needs to be added?  You may keep the current slag having an activity of SiO2 of 0.1 or replace it with a slag that will have an activity of SiO2 of 0.001, both relative to pure solid SiO2.

2.
What vacuum (pressure in atmospheres) must be reached in a vacuum degasser?

3.
What volume (in liters, STP) of argon is needed?

4.
Describe why argon and Si are used in the AOD process for making stainless steel.  Use the Ellingham Diagram in your description. 




5. Write the equations that describe a kinetic model (of your choice) for steel carburization that includes 

· solid diffusion resistance

· gas diffusion, and 

· reaction kinetics.  

There is no need to derive an overall rate expression.  Only write the mathematical expressions describing each part of the model and label each.  A sketch would be a good idea. 

1.
Show how to compute the FeO/Fe3O4 line on the Fe-O-C Diagram.

2.
What reaction controls the oxygen potential in 


a) the BF?


b) Steelmaking processes?
3.
Verify the numbers in Eq. (2.4.9) in Table 2.9 given for ppm hydrogen dissolved in molten Fe as a function of pressure.  Note: 1 ppm = 10-4 %.
4.
Approximately how long would it take to reduce an Fe3O4 pellet in H2 at 800 (C if the pellet diameter is 


a)
1.5 cm?
b) 4.5 cm?

5.
Calculate the [%O] in a steel heat at 1550 (C in equilibrium with a slag that contains equal molar amounts of CaO and SiO2 and 20 mole percent FeO.

6.
A BF is operating at PCO = 0.5 atm, 1500 (C and a slag of composition CaO = 45%, MgO = 15%, and SiO2 = 40%.  What is the 


a)
[%Si]/(%SiO2)?


b)
[%Mn]/(%MnO)?

7.
What are the major reactions that control the deposition of C at the steel surface during carburization?
8.
A 100 ton steel melt at 1600°C containing 0.5 wt% C in equilibrium with CO at 0.8 atm needs to be deoxidized to remove 99 % of the dissolved oxygen. 

a)
What vacuum (pressure in atmospheres) must be reached in a vacuum degasser?


b)
What volume (in liters, STP) of argon is needed?

9.  A V/V2O3 reference electrode is to be used to measure the oxygen potential of molten steel heats.  Describe how to construct a plot of cell potential vs. [wt %O] at 1600 (C. 

10.
A 100 Ton steel melt at 1600 C is covered by a slag containing 12 wt% FeO.  If the steel heat contains 10 wt% Cr, what percentage of the total Cr is in the slag?  There are 10 tons of slag.

1. Sketch an iron blast furnace (shape is important) and 

a) Label five parts of the blast furnace with proper technical jargon.

b) Give proper technical jargon for three terms used to describe the input/output flows.

c) List the primary impurities and their approximate wt% in the product.

d) What refractories are used in the construction of the BF?

2. Sketch a BOF and label/describe four facets of its design (i.e. – capacity in tons, refractories, motion, charge composition, additions, etc.).

3. Sketch a label a partially reduced pellet of magnetite reduced at temperatures above 567 (C.  Assume topochemical reaction(s).
a) Describe at least four possible resistances in the series reduction process and 
b) Write the overall driving force of the process in terms of the surrounding gases CO and CO2 pressures:
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4. Find ∆G° at 1600 K for the change in standard state for the reaction. See data attached.

V(S)
=V(1 wt % in Solid Fe)
5. What is the pressure of CO gas in equilibrium with Fe and Fe3O4 at 800 K?  Assume total pressure of CO, CO2, and O2 is 1 atmosphere. 

6. Refer to Figure 2 below.

b) Do the data for the Fe-Ni system at 1873 K conform to Darken’s quadratic formalism?  Why or why Not?

c) It seems that the data for the Fe-Ni system could reasonably be interpreted to conform to lines A or B.  Here is a question about the consequences of choosing line A or B. 

Which line would result in an interaction coefficient of Ni in Fe of zero and why?

1.
Draw



i) 
a silica network with no basic components



ii)
a silica network with an added basic component showing its effect on the network
2.
What type of slag would be needed (if a special slag is needed) and why for 


a)
A CaO lined furnace?


b)
The removal of P?


c) 
The removal of Si from steel

3.  What are the five resistances to topochemical reduction reaction of a solid by a gas?  Draw a sketch.

4.
Write a specific (per unit area) stoichiometric-based chemical reaction rate for the production of CO gas from a carbon surface reacting with diatomic oxygen: C + O2 = CO2.
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5.
Either a or b

a) 
Derive the relationship between the outgoing solid temperature and the outgoing gas temperature for a countercurrent shaft reactor.  The incoming solid and gas temperatures are known to be 
[image: image8.wmf]o
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. You may use Cps and Cpg for the gas and solid molar heat capacities and Gs and Gs for the solid and gas molar fluxes.
OR
b) 
Derive the equation for dX/dt for the nickel shaft reactor.  Use Gs and Gs for the solid and gas molar fluxes.  

6.
What is the overall “driving force” for the reduction of an oxide with hydrogen to form water vapor?  Define all terms.
7. 
Explain why it is said that a series reaction process rate may be described using Ohm’s Law?

8.
Find at least two different kind of errors in the below MathCad program.  Circle the error and label the error “1” and “2”.  Then describe the problem and corrective action.  The errors may be a coding error or mathematical formulation error (incorrect derivation – harder to spot).
Reactor Model 
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