
AN ABSTRACT OF THE THESIS OF 

David Ross Trammell for the M. S. in Chemistry 
(Name) (Degree) (Major) 

Date thesis is presented 23' 

Title THE DIFFERENTIAL COMBUSTION OF CARBON 

IN CAST IRON 

Redacted for Privacy 
Abstract approved 

i (Major professor) 

A method is described for the simultaneous determination of 

graphite and combined carbon in cast iron. Combustion at controlled 

temperature, in the presence of cupric oxide and in an atmosphere of 

nitrogen oxidizes graphite to carbon dioxide. Elevation of the temper- 

ature and switching to an atmosphere of oxygen serves to oxidize the 

remaining carbide to carbon dioxide. The liberated carbon dioxide is, 

in each case, measured conductometrically withaLeco Conductome- 

tric Carbon Determinator, modified to be self-balancing by means of 

a Brown Servo Amplifier-Motor System. A continuous record of cell 

resistance versus time, provided by a recording potentiometer, indi- 

cates the rate of evolution of carbon dioxide and completion of combus- 

tion by attainment of constant cell resistance. The alloying constitu- 

ents are found to have a profound effect on the temperature of differ- 

ential combustion. 



THE DIFFERENTIAL COMB TJSTION OF CARBON 
IN CAST IRON 

by 

DAVID ROSS TRAMMELL 

A THESIS 

submitted to 

OREGON STATE UNIVERSITY 

in partial fulfillment of 
the requirements for the 

degree of 

MASTER OF SCIENCE 

June 1963 



APPROVED: 

Redacted for Privacy 
Professor of,emistr 

In Charge of Major 

Redacted for Privacy 
Charman of Department of Chemistry 

Redacted for Privacy 

Dean of Graduate School 

Date thesis is presented '/i /- 

Typed by Jolene Wuest 



ACKNOWLEDGMENT 

I wish to express my thanks to Dr. Harry Freund for his help 

and advice in the work described in this thesis. I would also like to 

express thanks to fellow graduate students who offered constructive 

criticism and advice many times during this work. 



TABLE OF CONTENTS 

Page 
INTRODUCTION i 

APPROACH TO PROBLEM 5 

THEORY AND DISCUSSION 6 

Factors Affecting Stability of Cementite 6 
A1 Temperature of Iron-Carbon Phase Diagram 8 
Conductivity of Ions in Solution 10 
Calculation of Theoretical Calibration Curve 12 

INSTRUMENTATION 21 

Theoretical Operation of Conductivity Bridge 21 
Leco Induction Furnace 24 

Temperature Control 25 
Calibration of Furnace 25 

Z-Phase Reversible Induction Motor 31 

EXPERIMENTAL 35 

Construction of Self Balancing Conductivity Bridge 35 
Te sting Stability of Self Balancing Conductivity Unit 37 

Operation of Self Balancing Conductivity Bridge 40 
General Description of Apparatus 41 
Operation of Induction Furnace and Conductance 

Bridge 44 
Standardization 47 
Differential Combustion 52 

Oxygen and Nitrogen 52 
Cupric Oxide and Nitrogen 52 
Combustion Technique Using Cupric Oxide 

and Nitrogen 52 
Selection of Temperatures for Differential 

Combustion 56 
Description of Cast Irons 56 

RESULTS AND DISCUSSIONS 59 

Description of Experimental Data 59 
Discussion of Experimental Data 67 

Source of Errors 75 



SUMMARY AND CONCLUSiONS 

BIB LXOGRAPH Y 

APPENDICES: 

Appendix I 
Appendix II 
Appendix IiI 

Page 

79 



LIST OF FIGURES 
Figure Page 

1. Hydrogen Ion Concentration of Measuring Cell as a 
Function of Carbon Dioxide Entering the Cell. 15 

2. Fraction of Carbonate Species as a Function of 
Hydrogen Ion Concentration. 17 

3. Conductivity Bridge and Voltage Wave Forms. 22 

4. Circuit Diagram for Power Chasis of Induction Furnace 
and Installation of Variable Auto Transformer. 26 

5. Placement of Thermocouple and Loading of Crucible 
for Calibration of Furnace for Differential Combustion. 
Work 27 

6. Calibration Curve for Induction Furnace in Degrees 
Centigrade as a Function of Plate Current in Milliamperes. 29 

7. Wave Forms of 2-phase Induction Motor 32 

8. Wire Connection of Servo-amplifier and Servo-motor to 
Terminal Strip. 36 

9. Circuit Diagram of Self-Balancing Conductance Bridge, 
Voltage Divider Circuit and Servo-amplifier. 38 

10. Traces Obtained when Checking the Stability of Servo- 
system. 39 

11. Schematic Diagram Showing the Oxygen System and 
Relative Placement of Compenents of the Conductometric 
Carbon Analyzer. 42 

12. Standard Curve for Resistance of Measuring Cell as a 
Function of Mg. Carbon, Burned in Induction Furnace. 48 

13. Standard Curve for Resistance vs. Mg. of Carbon. 50 

14. Typical CombustionCurveUsing Cupric OxideandNitrogen 55 

15. Plot of A1 Temperature as a Function of Percent Silicon 
and Carbon. 71 



16. Comparison of Experimental Calibration Curve against 
Theoretical Calibration Curve. 78 

17. Plot Showing How the Temperature at Which the Cast Irons 
Were Differentially Cornbusted Varies with Phosphorous 
Concentration. 80 

18. The Effect of Alloy Elements on the Stability of Cementite. 87 



LIST OF TABLES 
Table Page 

I. Calibration Data for Induction Furnace 28 

II. Data for Standard Curve 6-19-62 49 

III. Data for Standard Curve 7-5-62 51 

IV. Analysis of Samples Used in Combustion Work 57 

V. Data from the Differential Combustion of Bureau of 
Standard Cast Iron 107 b. Certificate Values, % 
Graphite 1. 88, % Total Carbon 2. 76 60 

VI. Data from the Differential Combustion of Thorn 
Smith Cast Iron TS 610, % Graphite 2.61, % Total 
Carbon 3.29, August 31, 1962 62 

VII. the Differential Combustion of Thorn 
Smith Cast Iron TS 611, % Graphite 3. 17, % Total 
Carbon 3.64, August 31, 1962 63 

VIII. Data from the Differential Combustion of Thorn 
Smith Cast Iron TS 614, % Graphite 3. 07, % Total 
Carbon 3.74, August 31, 1962 for first three and 
September 10, 1962 for last 65 

IX. Data from the Differential Combustion of Thorn 
Smith Cast Iron TS 617, % Graphite 3. 15, % Total 
Carbon 3. 90, September 10, 1962 for samples 13-20 
and September 17, 1962 for samples 9-14 66 

X. Tabulation of Results on DifferentialCombustion Work 68 

XI. Differential Combustion Work Done by W. Koch and 
I-i. Masissa 68 

XII. Comparison of Experimental Data with Composition of 
Cast Irons 69 



Table Page 

XIII Effects of Alloying Elements on Stability of 
Cementite. 86 

XIV Data from the Differential Combustion of Bureau 
of Standard Cast Iron lO7b. 1. 88% Graphite and 
2. 76 % Total Carbon, Combustion Carried Out 
Using Oxygen and Nitrogen Gas Mixtures 
September 21, 1962. 94 



THE DIFFERENTIAL COMBUSTION 
OF CARBON IN CAST IRON 

INTRODUCTION 

The quantitative determination of graphite and combined car- 

bon in cast iron gives a greater indication of the physical properties 

of cast iron than does any other determination. The usual method of 

analysis is to find total carbon by burning the cast iron in oxygen and 

weighing the carbon dioxide absorbed on Ascarite (30, p. 209). Gra- 

phite is determined by dissolving the cast iron in dilute nitric acid in 

which the combined carbon is soluble. The graphite is filtered and 

burned to carbon dioxide (29; 30, p. 212). The combined carbon is 

determined by the difference between total carbon and graphitic car- 

bon. Combined carbon may be determined colorimetricallyby solu-. 

tion of the cast iron in nitric acid and comparing the color with the 

color produced by a similar standard iron. Adjustments are made 

until the two solutions appear to the eye to be the same shade of color 

(23, p. 232). This method has nothing to commend it other than speed 

because its accuracy is commonly open to considerable question. A. 

Jarnieson (13) refined the method by using mixed acids to dissolve the 

cast iron; then measuring the light transmitted by the solution in a 

Fisher Electrophotometer with blue filter number 425. This method 

proved to be rapid and apparently not too sensitive to operating vari- 

ables. T. S. Harrison (12) developed a colorimetric method for 
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determining combined carbon by means of the Spekker Photo-Electric 

Absorptiometer. He observed that a solution produced by dissolving 

cast iron in dilute nitric acid obeys Beer's Law when read with violet 

filters, but the intensity of color produced by a given sample varies 

with experimental conditions. J. G. Donaldson (9) has developed a 

rapid accurate method for determining combined carbon in which the 

cast iron or steel is dissolved in a dilute nitric, sulphuric and phos- 

phoric acid mixture. The combined carbon is oxidized by boiling with 

a solution of ammonium persulfate and silver nitrate catalyst and 

passing the evolved carbonaceous gases through heated copper oxide. 

After removal of sulphur dioxide and water the carbon dioxide is ab- 

sorbed on Ascarite and weighed. Results were found to have better 

precision and accuracy than obtained by the other methods of analysis. 

The method is not applicable for chromium steels or any other steels 

and irons not soluble in the acid mixture. 

The method of absorbing carbon dioxide on Ascarite precludes 

the use of a large sample or samples high in carbon. J. K. Stanley 

(26) developed a rapid method of determining minute quantities of car- 

bon in metals by refining the "freezing out method". The cast iron is 

placed in the furnace and the system evacuated before heating pure 

oxygen is used in the combustion. The water and sulphur trioxide or 

sulphur dioxide are frozenout with dry ice and the carbon dioxide is 
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frozen with liquid air. The frozen carbon dioxide is heated to room 

temperature and expanded into a known volume and the pressure ob- 

served. Edward L. Simons (25) has improved on the Lindberg 

Volumetric Carbon Determinator in which the amount of carbon di- 

oxide produced in combustion is calculated from the difference be- 

tween two gas volumes, one measured before and the other after ab- 

sorbing the carbon dioxide in potassium hydroxide solution. Conducto- 

metric methods for determining carbon dioxide consists of dispersing 

the carbon dioxide into a barium hydroxide or sodium hydroxide solu- 

tion containing a trace of nonionic wetting agent (8; 15; 20). The 

change in resistance of the solution is measured and is realted to the 

amount of carbon dioxide dissolved in the solution. Koch and Malissa 

(1 4) devised a method which consists of following the conductivity of 

the conductivity cell, with a recorder, as carbon dioxide reacts with 

the base in the cell. This allows the observation of rates of evolution 

of carbon dioxide from carbon containing materials. The Koch and 

Malissa paper included a small section pertaining to the differential 

combustion of graphitic carbon and combined carbon in cast iron. 

Since the abstract made no mention of differential combustion, no ef- 

fort was made to obtain the paper immediately. Ultimately the paper 

was received but not until the work in this thesis had been completed. 

In accurate low level work the conductometric method is as 



4 

satisfactory as the "freeze outt' method and much faster, and for work 

where the level of carbon is high the conductometric method is as ac-. 

curate as weighing the carbon dioxide on Ascarite. This advantage is 

achieved by readily changing the concentration of bas in the absorb- 

ing solution if the range of carbon being analyzed changes. 

The analytical procedures described above are for the deter-. 

mination of either total carbon, graphite or combined carbon on a 

single sample. To obtain a complete analysis, i.e. combined and 

graphitic carbon, two samples must be used. If meaningful results 

are to be obtained on these analyses, the samples have to be uniform, 

and in the case of cast iron reproducible samples are especially diffi- 

cult to obtain. When cast iron is sampled by taking turnings or dril- 

lings, "fines" consisting of finely divided carbide and graphite are 

formed, especially if the cast iron is high in carbide carbon and is 

brittle. These fines create a problem when one attempts to divide 

the material into suitable uniform portions for making the two ana- 

lyses. 

The purpose of this thesis is to find an analytical method 

whereby both graphite and combined carbon may be determined on a 

single sample. 
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APPROACH TO PROBLEM 

Differential combustion should provide a means for distinguish- 

ing between graphitic and combined carbon. Graphite is more easily 

oxidized than combined carbon, hence ought to be determinable in the 

presence of combined carbon. The carbon dioxide can be absorbed in 

a solution of sodium hydroxide contained in a conductivity cell. Re- 

placement of hydroxide ion with an equivalent amount of carbonate 

plus bicarbonate increases the resistance of the electrolyte. The 

change in resistance is a function of the amount of carbon dioxide en- 

tering the cell and is measured by making the conductivity cell one 

leg of a Wheatstone bridge. 

The analysis is carried out with a Leco Induction Furnace 

coupled with a Leco Conductometric Carbon Determinator. The 

Conductometric Determinator is converted to a self balancing unit 

that produces a d. c. millivolt output signal related to the resistance 

of the measuring cell. The output signal, fed into a strip chart re- 

corder, gives a record of the rate of evolution of carbon dioxide dur-. 

ing the combustion. 



THEORY AND DISCUSSION 

Factors Affecting the Stability of Cementite 

To achieve the proposed analysis the combined carbon has to 

be stable enough to allow the oxidation of graphite. The combined 

carbon in cast iron is in the form of cementite, FeC, (10, p. 37), 

and its stability is dependent upon temperature and alloying elements 

in cast iron. Thermodynamically cementite is the unstable phase in 

the iron-cementite-graphite system (10, p. 40 and 154). The rate of 

decomposition of carbide is not noticable until temperatures corres- 

ponding to approximately 725°C. to 750°C. are reached (31; 24). 

Some elements have a marked effect on cementites stability (5). A 

number of empirical relations have been developed relating the effect 

of alloying elements on graphitization. When cementite decomposes 

into graphite the process is known as "graphitization". 

a) Phosphorous (27). Phosphorous above 0. 20 percent will 

retard graphitization by the formation of iron phosphides, 

which render the iron hard and brittle. The reason given 

by some investigators is that the decomposition of cemen- 

tite depends upon it's diffusion to a site to decompose (31). 

The embrittlement and hardening of the iron would defi- 

nitely retard the migration of cementite. 
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b) Manganese (27). Practical work shows that manganese 

in excess of the percentage defined by the equation: 

% Mn = 1. 7(%S) + 0. 25 

will cause the stability of cementite to increase. 

c) Sulphur (28;22). The sulphur content will not affect the 

rate of graphitization if the manganese content is not be- 

low the percentage defined by the equation (27): 

% Mn= l.7(%S)k 0.15 

If the sulphur i1s above this percentage it will increase the 

stability of the cementite considerably and make the iron 

brittle. 

d) Silicon (22). Without silicon in cast iron and no other 

element present, that will cause graphitization, the stabi- 

lity of cementite is high. The effect of silicon is to speed 

up the rate of graphitization by forming sites for precipi- 

tation of graphite. 

e) Copper and Nickel (22). These have about the same ten- 

dencies to increase the rate of graphitization. An incre- 

ment of one percent is supposed to multiply the rate of 

decomposition by about three times. 

f) Chromium (22; 2). This is the best and most active re- 

tarder of graphitization, 0. 30 percent will cause the time 
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for a given amount of graphite to precipitate to triple and 

in some cases it has been found to have a greater effect. 

g) Molybdenum (22). Molybdenum is also a good retarder of 

graphitization. Not much evidence is available for molyb- 

denum but it has been reported that 0. 65 percent of molyb- 

denum in cast iron at 9000 C. decreased the migration rate 

of cementite to 1/3 of that without the presence of molyb- 

denum. Based on this the effect at lower temperatures 

should be even greater. 

The effects of temperature and alloying elements on graphiti- 

zation indicates graphite can be oxidized in the presence of cementite 

up to 7500 C. The presence of certain alloying elements will raise 

this temperature and decrease the rate of graphitization. The effects 

in most cases are empirical and will vary with the composition of the 

cast iron investigated. 

Appendix I contains a theory on why some elements stabilize 

cementite while others increase the rate of graphitization. 

A1 Temperature of Iron-Carbon Phase Diagram 

The phase diagram for the iron-carbon system defines phase 

transitions as a function of temperature and concentration. An im- 

portant transition takes place at the A1 temperature. Below this 



temperature the alloy consists of cementite and iron. Whether ce- 

rnentite forms a solid solution with iron or whether an elemental iron- 

carbon solution is formed above the A1 temperature is a matter of 

controversy. The following statement taken from Alloys of Iron and 

Carbon page 110, (10), suggests some of the confusion. 

The argument is sometimes made that, therefore, 
since cementite is known to separate from austenite, it 
must be present as such in solid solution. (Austenite 
is a solid solution of iron and carbon). This view, how- 
ever, appears faulty for the separation of cementite 
from austenite is simply a demonstration of the fact that 
cementite, as a phase, is able to form and grow under 
the existing conditions, but the conclusion does not f ol- 
low that it, as a molecule was therefore present in 
solid solution. On the other hand, many find it hard to 
imagine that such a large molecule as cementite, Fe3C 
(the unit cell is 4Fe3C) is present as such in solution; 
carbon diffuses through austenite at quite an appreciable 
rate and it is difficult to conceive of the large cementite 
molecules being able to diffuse through the iron lattice, 
whereas the small carbon atoms should be easily able 
to do so. However, it has been pointed out that carbon 
atoms which diffuse may result from a small percentage 
dissociation of cementite while the major portion of the 
carbon in the austenite remains associated with the iron 
as cementite. 

In this paper the phase transition that will be assumed to take place 

will be cementite forming a solid solution of elemental carbon and 

iron. Therefore differential combustion has to be carried out at 

temperatures below this phase transition. 
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Conductivity of Ions in Solution 

The electrical conductivity of a solution is dependent upon the 

concentration and the nature of the ions present (1 7, p. 1 68). The 

conductivity of a solution will increase as the concentration of ions 

increases. A given ion, 0H, H+, CO3, Na+, etc. , will have a 

characteristic mobility in solution. The higher the ionic mobilities 

of the ions,the higher will be the conductivity of the solution. 

The conductivity of a solution is defined as the reciprocal of 

the resistance of the solution. The resistance is determined by apply- 

ing an a. c. voltage across two electrodes immersed in the solution 

and measuring the resistance between these electrodes with a Wheat- 

stone bridge. The resistance of a solution between two electrodes of 

area A and Ïcm. apart is given by: 

R = p(E/A) (1) 

The proportionality constant p, called the specific resistance of the 

solution, is equal to the measured resistance of a solution in a cell 

which has a cell constant, (2/A), of unity. The cell constant is deter- 

mined by measuring the resistance of a solution for which p is known. 

The reciprocal of the resistance of a solution is defined as the 

conductance of the solution 

1/R = (1/p)(A/i) k A/ (Z) 
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where (k) is called the specific conductance, and is expressed in re- 

ciprocal ohms per cm. Therefore the conductance is expressed in 

reciprocal ohms per cm., or mhos per cm. 

The equivalent conductance A is the specific conductance of a 

hypothetical solution which contains one gram-equivalent of solution 

per cm3. Expressing the concentration, c, in gram-equivalents per 

1000 cm3, 

A = 1000 (k/c) = 1000 1/A(1/R)(1/c) (3) 

The equivalent conductance of a particular ion in a solution 

containing a single salt is related to the equivalent conductance of a 

salt by the equation 

X. = tA (4) 
i i 

where t is the transference number of the ion and is defined as the 

equivalent ionic conductance. Since by definition 

equation 4 becomes 

t+ + t_ = i 

+ X_ =A (5) 

If the solution contains more than one salt the total conductance is 

given by 

1/R = A/1000tc.X. (6) 
i i 

where c is expressed in equivalents per liter. 

The resistance of a solution can be calculated by means of 
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equation 6 if the cell constant, the equivalent ionic conductance, and

concentrations of each ion are known.

Calculation of Theoretical Calibration Curve

The initial resistance of the sodium hydroxide solution in the

conductivity cell, before carbon dioxide is dispersed into the solution,

is calculated using equation 6. As the carbon dioxide is dissolved in

the sodium hydroxide it reacts to produce carbonate and bicarbonate

ions, the concentration of each depending upon the equilibrium con

stants of carbonic acid.

Replacing of the highly mobile hydroxide ion with the less mo

bile carbonate and bicarbonate ions results in an increase in resis

tance. To calculate this new resistance the concentrations of OH",

CO " and HCO " are required.

These calculations are simplified by first establishing the de

pendency of the pH, on the amount of carbon dioxide entering the cell.

The concentration of each species present is then calculated using

this hydrogen ion concentration, the equilibrium constants and the

amount of carbon dioxide.

The dependency of pH, of the sodium hydroxide solution, on

the amount of carbon dioxide dissolved in the solution is calculated

using equations 7 and 8. Equation 7 satisfies the electroneutrality of
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the solution, 

(Na+) + (H+) = (HCO3) + (OH) + (CO3) (7) 

the sodium ion concentration in equation 7 is set equal to the initial 

NaOH concentration. 

Cinitial NOH+ (H+) = (HCO3) + (OH) + (CO3) 

Equation 8 is written to give a balance of the carbon in the solution 

where C, c is equal to the molar concentration of carbon dioxide 

entering the solution. 

c = (H2CO3) + (HCO31 + (CO3) (8) 

Using equation 9 and 10, 

(H2CO3) 
(H+)2(CO3) 

K1K2 (9) 

(Ht) (CO ) 

(HCO3) (10) 
Ka z 

substituting them into equation 8 to get it into terms of carbonate, 

hydrogen ion concentration and Kal and KaZ gives equation 11, after 

factoring out (CO3). 

Ct, c = (CO3) 

[ 
+ 

(H+) 
+ 

(H+)Zl 
(11) 

KaZ Ka1KaZ] 

Taking equation 7 and substituting equation 10 for bicarbonate con- 

centration and K/(H+) for hydroxide concentration gives 12, after 

factoring out (C031. 



14 

C. NaOH = (CO 
[(H+) 

+ 21+ 
K - (H+) (12) initial I K Laz 

The ratio of equations 11 and 12 gives equation 13, which expresses 

the dependency of the hydrogen ion concentration on the amount of 

carbon dioxide entering the solution: 

Cinitial NaOH 

Ct,C 

(Hf) +21 
a2 K w 

= 
1 + 

(H+) 
+ 

(H+)Z + CtC(H+) 

L 
KaZ KaiKaZ j 

The values for the constants: 

K 4.86x107 al 

K2 = 6. 66 x 

Kw 2. 82 x 

These values were obtained from reference (4) page 42-43 and are 

for 38° C. 

(13) 

A trial and error solution is employed for finding the hydro- 

gen ion concentration that will satisfy this equation. Converting to 

pH and plotting against the weight of carbon absorbed yields the curve 

plotted in Figure 1. 

Using equation 8 and getting bicarbonate and carbonate in 

terms of carbonic acid concentration gives equation 14. 

CtC = (H2CO3) [1 + + 
KaiKa2l (14) 

(Hf) (H)2 

This equation can be rewritten where Q is defined by the terms within 
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O 0. 50 LOO 1. 50 2.00 2. 50 3.00 3. 50 4.0 
Mg. Carbon 

Figure 1. Hydrogen Ion Concentration of Measuring Cell as a Function of Carbon Dioxide 
Entering the Celi. LT' 
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C 
, 

(H2CO) Q 

H2CO3 = i/o 

HCO3 
[Kall 

"°LTd 
(15) 

Pai'a2 
i 

= "°L 
+)2 

From these equations the fractions of each species present, depend- 

ing on the concentration of hydrogen ions, can be calculated, and the 

results are plotted in Figure 2. 

Figures 1 and 2 are reduced considerably and would have to 

be plotted on a much larger scale to permit accurate work. If three 

mg. of carbon is burned and the carbon dioxide absorbed in the solu.. 

tion, the final pH will be approximately 9. 8. At this pH, Figure 2 

reveals that forty mole percent of the carbon dioxide will form car- 

bon.ate ion and sixty mole percent bicarbonate ion. The final concen- 

tration of hydroxide, carbonate and bicarbonate ions may now be cal- 

culated. 

The calculation of the theoretical curve may now be corn- 

pleted. Equation 6 is expanded; 

i A 
r 

i A OH)\ + (CO )X + (HCO3 +(Na - l000lL 0H 3 C0 HCO3 
+)xj(16) 
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Figure 2. Fraction of Carbonate Species as a Function of Hydrogen ton Concentration. 
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Equation 16 with the calculated concentrations will give the resistance 

of the sodium hydroxide solution. The values for the equivalent ionic 

conductances at 4Q0 C. are: 

ion 
Temp. corr 1 [dx°1 

X° coefficient X4oc mho cm 25°C. gr. eqii. 

OH 198 0.0160 ¿45.5 

Na+ 50. 1 0. 0209 65. 5 

HCO3 44.5 0.0200 57.8 

CO3 69. 3 0. 0196 89. 7 

The equivalent ionic conductances for hydroxide, sodium and 

bicarbonate ions were obtained from Lingane (17, p. 181), and the 

value for carbonate from C. B. Monks paper, (19). Temperature 

correction coefficients areused to adjust the equivalent ionic conduct- 

ance to 400 C. The correction terms for hydroxide and sodium were 

obtained from Lingane p. 181. The correction terms for carbonate 

and bicarbonate were not available so they were estimated. The cor- 

rection term for carbonate is set equal to the sulfate value because 

of the similarities of the two ions. The correction term for bicar- 

bonate ion was picked according to the magnitudes of the ionic conduc- 

tances in Lingane p. 181. 
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For the solution of equations 13 and 16, the initial concen- 

tration of base is required. The sodium hydroxide solutions were 

made by dissolving the base in water sparged with nitrogen. The con- 

centration was not equal to theoretical but an accurate value obtained 

by titration is: 

CNaOH = 4. 12 io moles/liter 

The final value needed to solve equation 16 is the cell con- 

stant of the measuring cell. The constant is obtained by filling the 

cell with 0. 100 normal KC1, measuring the resistance, and using 

equation 2 to calculate the cell constant. The cells are in a water 

bath held at 39. 8°C. to 40. 0° C. The specific conductance, k, of the 

KC1 at this temperature is obtained by measuring the KC1 solutions 

resistance with a conductivity cell that has a cell constant of 1. 00. 

equation 2 

R 66.0 ohms 
(0. 100 N KC1, 40. 0°C. 

hR = k(/A) 

k = (/A)(1/R) 

k = 1. 00 (l/R) 

k = 1. 00 (h/66. 0) 

k = 0. 0152 ohm /cm ; 0. 100 N KC1, 40° C. 

The resistance of each cell in the conductance bridge with 

the 0. 100 N KC1; 40° C. 
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R . = 18.2 measuring cell 

R =14.7 reference cell 

From these resistances the cell constants are calculated 

(Q/A) = 0.0152 x 18.2 = 0.276 measuring cell 

(i/A) = 0.0152 x 14. 7 = 0. 223 reference cell 

The checking of the cell constants by experiment and calcu- 

lations are in Appendix II. 

A plot of the caluculated theoretical curve relating the resis- 

tance to the absorbed carbon dioxide is shown in Figure 16. 
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INSTRUMENTATION 

Theoretical Operation of Conductivity Bridge 

Figure 3 is a simplified version of a conductivity bridge. 

The bridge is designed so that the voltage output e0 is zero when the 

potentials at B and D are the same. If there is no inductance or capa- 

citance in any part of the circuit the potentials at B and D are given 

by: 

r R 
eB = eALRR (17) 

r _ (RRC+R3) i 
e =e 

D A L(RRC + R3) + RMC] 
(18) 

Strictly, at the balance point in an a. c. Wheatstone bridge 

the impedance, Z, of the various arms rather than the resistances are 

balanced, the exact relation for equation 17, 

e - e r 
Z2 

B - ALZ + z2 

The impedance is related to the resistance and reactance X by 

Z= 

X= (fJ 2iTC) 
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Potentials at A, B and D Are Taken with 
Respect to Point C, Instrument Ground 
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Figure 3. Conductivity Bridge and Voltage Wave Forms. 
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where f is the frequency of the a. c. , L is the inductance, and C is the 

capacitance and the a. c. input signal varies sinusoidally. By proper 

mechanical design of the severa], resistances and cell it is relatively 

easy to make the inductive reactance negligible small. The chief 

difficulty is the capacitance of celi itself, which can be minimized, 

but never entirely eliminated, by proper cell design. If the capaci- 

tance of the cells balance, their affect will cancel out leaving the 

initial equations. 

The output voltage of the bridge is defined by 

e =e -e (19) 
B D 

R1, R2 and R3 are adjusted to produce equal potentials at B and D. 

For the conductivity bridge to work with a reversible induc- 

tion motor and servo-amplifier unit, the output of the bridge must 

have a phase shift of 1800 crossing the balance point. This is illus- 

trated by Figure 3, which shows the wave forms for voltages at B, D 

and e 
o 

If the resistance of the measuring cell increases the poten- 

tial at D will decrease according to equation 18, the bridge is then out 

of balance giving an output, eB > eD. The bridge is balanced by in- 

creasing the resistance, R3, in leg CD. 

If the resistance of the measuring cell decreases, equation 

18 shows that the potential at D will increase, resulting in eD greater 

than e . This will result in wave forms at D larger than at B. When 
B 
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the two are subtracted the values for each point of the instantaneous 

wave forms will change sign, giving the output wave with a 180° 

phase shift from the input wave. 

Leco Induction Furnace 

The Leco Induction Furnace operates at a frequency of 13. 7 

megacycles, with a power output of 1. 4 kva (15). An induction fur- 

nace is a high frequency oscillator, which produces a varying magne- 

tic field. A conducting material placed within a varying magnetic 

field will develop an induced voltage which gives rise to circulating 

currents that are trapped within the mass of the material in the field. 

These 'eddy currents" produce heat energy equal to the product of 

the square of the current times the circulatory path resistance. 

Ferrous materials have an additional heating effect, from 

hysteresis losses. Iron and other magnetic materials can be thought 

of, as being composed of tiny magnets. When such iraterials are 

placed in a varying magnetic field, the individual "magnets" (mole.. 

cules) will continually try to align themselves with the field, thus con- 

stantly reversing their direction and generating heat by collision 

(molecular friction). Once a metal is brought above its "Currie 

point" it is no longer magnetic and there are no hysteresis losses, 

approximately 720°C. for iron. 
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Temperature Control. The control of the temperature of a 

conductor in the field of the induction furnace was accomplished by 

controlling the power reaching the oscillator tube. A variable auto- 

transformer, V. A. T. , was placed in the input side of the plate trans- 

former of the power rectifying tubes (1 5). Thus by controlling the 

voltage reaching the rectifiers the power reaching the oscillator tube 

may be controlled. Figure 4 shows a circuit di.ìgram for the power 

chasis of the induction furnace illustrating placement of the V. A. T. 

in the circuit. A switch permits the V. A. T. to be used or by-passed. 

Calibration of Furnace. The temperature calibrations were 

made by placing a chromel-alumel thermocouple in the center of the 

bottom of a crucible. The thermocouple was covered with a thin layer 

of refractory material, fused alumina, to prevent the sample from 

coming in contact with the thermocouple. The samples never were 

taken to temperatures high enough to melt and come in contact with 

the couple. Figure 5 shows the placement of the thermocouple in the 

crucible. A hole was ground through the bottom of the crucible, the 

thermocouple inserted and held in place with cement. 

The potential produced by the thermocouple was measured 

against a cold junction at 00 C. The measuring instruments were a 

50 mv Brown recorder and a Wheatstone bridge. Table i shows the 

data that were obtained for current settings and Figure 6 is a plot of 
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Calibration of Furnace for Differential Combustion Work. 
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Table 1. Calibration Data for Induction Furnace. 

Date 40 Ma. 50 Ma. 60 Ma. 70 Ma. 80 Ma. 90 Ma. 

10-16-62 320°C 422°C 561°C 770°C 992°C 1070°C 
341 432 609 769 891 1018 

462 571 687 805 946 
604 685 840 960 

729 827 927 

10-19-62 780 1060 
1131 

980 

10-24-62 436 530 697 833 942 
570 665 780 920 

720 830 890 

10-31-62 496 638 829 974 
524 670 794 911 
555 692 814 1036 

691 830 980 

Average 330 438 558 707 839 948 
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plate current against the averages of the temperature measurements. 

This curve is used to estimate the temperature of the samples at any 

current setting. In all cases the combustion work was carried out 

using exactly the same conditions that were used in calibration. The 

sample consists of one scoop of CuO, approximately 0. 65 grams, in 

a layer on the bottom with two scoops of iron chip, approximately 

2. 27 grams, on top of cupric oxide. 

Initially the V. A. T. was set at a certain percentage of maxi- 

mum output, but reproducible results could not be achieved. In the 

course of a number of experiments it was noted that the plate current 

would stay fairly constant for a given temperature reading. Accord- 

ingly temperature calibrations were made by holding the current at a 

constant level. 

As long as the current is held constant the temperature will be 

constant, but as the samples were heated the current fluctuated. This 

fluctuation makes it necessary to constantly correct the V. A. T. set- 

ting. The work would be easier if a servo-mechanism could be con- 

nected to the V. A. T. so as to correct for the variations. If the modi- 

fication is made. it should improve the results, as the correction by 

the operator does not always come when it should. 
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2-Phase Reversible Induction Motor (6) 

When a conductor cuts the lines of force produced by a magnet 

a current is induced in the conductor. The current induced in the con- 

ductor creates lines of force around the wire conductor. The lines of 

force produced around the conductor will increase the lines produced 

by the magnet on one side and decrease the lines on the other side. 

The resulting force is in opposition to the motion of the conductor. 

If, instead of the conductor, the magnetic field is moved, the effect 

will be the same and a force is produced which moves the conductor 

in the direction of the magnetic motion. If the conductor is free to 

move it will follow the magnetic field. 

The moving magnet is achieved electrically by creating a ro- 

tating magnetic field. The rotating field in the two phase induction 

motor is produced by having the two phases 900 out of phase. The ac- 

tion of these two phases to produce a rotating field can be explained by 

referring to Figure 7. The top figure shows the phase relationship of 

the currents in the two windings, with the current in phase A lagging 

the current in phase B. The arrows on the stators indicate the direc- 

tion of the magnetic field. At time (1 ) the current in phase B winding 

is maximum while current in phase A winding is zero. The two poles 

of phase B in the stator are magnetized N and S, producing a magnetic 
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field in the direction shown by the arrow on the rotor. The rotor will 

align itself with this field. At time (2) the currents in both windings 

are positive and of the same magnitude and the resultant of the two 

fields will produce a magnetic field 450 from the perpendicular and 

the rotor will be rotated clockwise to this new position. At time (3) 

when current in winding phase B is zero and current in winding A is 

maximum only two poles of phase A are magnetized and a field rotated 

900 clockwise from that at time (1) is produced. At time (4) the sta- 

tor A and stator B have the same induced currents with A at a positive 

value and B at a negative value this produces a resultant magnetic 

field 1 35° from that at time (1) forcing the stator to this new position. 

At time (5) only stator B has current but it is negative, this produces 

a 1 80° clockwise rotation from position (1). Time (6) both stators 

have equal currents and negative, producing a magnetic field 2250 

clockwise. Time (7) stator A has a negative current and B has none, 

this produces a magnetic field 270° from that at time (1 ) forcing the 

rotor to this new position. At time (8) both stators have the same cur- 

rent with A negative and B positive, producing a magnetic field 31 5° 

from that at time (1 ) forcing the rotor to this position. Time (9) has 

the same current relationships as time (1 ) showing that a complete 

revolution has been made. 

The rotation was in the clockwise direction with the current in 

B leading the current in stator A. If the reverse were true, current 
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in A leading the current in B, the rotor would be forced to rotate in a 

counter clockwise direction. This phase reversal in A and B can be 

accomplished if the input to the servo-amplifier changes by 1 800 

With a d. c. signal to the servo-amplifier this is accomplished when 

the sign of the signal changes, from positive to negative or from neg- 

ative to positive. With an a. c. signal this phase reversal occurs when 

the a. c. wave has a 1 800 phase change. 

It has already been shown in the case of the conductance bridge 

that on one side of balance, output voltage is in phase with line voltage, 

and on the other side of balance the voltage has a 1 80° phase shift. 

This bridge in conjunction with the servo-amplifier and motor will 

work thusly; when the bridge is out of balance which produces a sig- 

nal in phase with line voltage the servo-motor will rotate in one direc- 

tion. As the bridge is brought back in balance the signal will gradu- 

ally go to zero. When zero potential is reached, with no input to the 

amplifier only one stator will be excited in the motor. This will force 

the rotor in one direction one half cycle and in the other the other half 

cycle, resulting in no movement of the rotor. Now if the bridge is 

brought past balance in the same direction a 1 800 phase shift from the 

previous voltage output will be produced. This will cause a similar 

phase change in the output of the amplifier, forcing the motor to re- 

verse its direction. 
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EXPERIMENTAL 

Construction of Self Balancing Conductivity Bridge 

The output from the conductivity bridge of the Leco Conducto.- 

metric Carbon Determinator is fed into a Brown servo-mechanism 

amplifier. The signal is amplified and used to drive a two-phase re- 

versible induction motor, which turns a potentiometer to balance the 

error signal from the bridge. 

In the usual operation of the Brown servo-amplifier unit a 

d. c. voltage input is used (7). The d. c. voltage is fed into a chopper, 

timed by line voltage, to produce a 60 cycle per second alternating 

current. In this work the input signal is already a. c. , therefore the 

chopper is not needed. To determine if the servo-amplifier would 

work with an alternating current input, a simple bridge arrangement 

was built. The bridge was designed so that it could be balanced and 

moved on both sides by varying the resistance of decade boxes. 

A three turn potentiometer was used for fine adjustments of the cir- 

cuit. The results of the work were that the amplifier responded to 

the a. c. input and to phase changes of the input. 

Figure 8 shows wire connection for the motor and amplifier 

and the color code. The numbers on the diagram correspond to the 

posts on the terminal strip. The lead from the motor to the amplifier 



White 

Black 

Yellow 

Red 
J Ye 

4 

CHASIS 

I 

HOT 

GROUND 

p 
LINE 

p 
NEUTRAL 

GreenIU 

Redi Yellowl !vory Bi MOTOR 

AMPLIFIER -' 

I 

Figure 8. Wire Connection of Servo-amplifier and Servo-motor to Terminal Strip. 
(j) 
o' 



37 

is connected through a four prong plug and socket. 

Figure 9 is a drawing of the final circuitry showing the servo- 

mechanism amplifier, the Leco Conductomeric Carbon Determinator 

bridge and the voltage divider circuit. 

Testing Stability of Self Balancing Conductivity Unit. The 

stability of the servo-mechanism is tested by replacing the conducti- 

vity cells with standard resistors. A three-turn 200 ohm potentio- 

meter is placed in series with the measuring cell resistor and is con- 

nected to a motor from the Industrial Timer Kit. The motor speed 

and gears were selected so as to drive the center tap of the potentio- 

meter at a rate of approximately 1 00 ohms in five minutes. Figure 

i Oa shows traces produced on the recorder by this arrangement. The 

traces are of constant slope and there is no indication of instabilities 

in the servo-mechanism. The response of the unit was rapid and ap- 

pears to follow the changing resistor without any indication of inertia 

slowing the response. To test the servo-mechanism under conditions 

approaching actual operating conditions, the cells were filled with 

sodium hydroxide solution and the variable resistance was placed in 

series with the measuring cell. Gas was bubbled through the solution 

as would be the case in an analysis and the resulting curves are shown 

in Figure 1 Ob. It is also apparent from these curves that the servo- 

mechanism does not have any harmful instabilities and that the 
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response is rapid. The wavy characteristic indicates a tendency for 

the unit to oscillate slightly. An oscillation of this type does not in- 

terfere with the analytical results, but indicates that the servo is re.- 

sponding and seeking out the balance point. A possible explanation is 

that the capacitive effects of the cells do not balance, causing a phase 

shift in the signal and insensitivity at the null point (1 7). 

Operation of Self Balancing Conductivity Bridge 

The bridge circuitry is balanced with the coarse and fine adjust. 

The potentiometers in the bridge and voltage divider circuits are then 

at zero. There is no input signal from the bridge to the amplifier; 

therefore no output to the servo-motor. When a sample is burned and 

carbon dioxide starts entering the measuring cell the resistance of 

the cell starts increasing. The increase in resistance unbalances the 

bridge producing an 'error signal". The "error signal" is amplified, 

and drives the servo-motor. By a mechanical link the motor turns the 

potentiometer in the bridge, in the proper direction to balance out the 

"error signal". As the mechanical link turns the potentiometer in the 

bridge another link turns the potentiometer in the voltage divider cir-- 

cuit an equal amount. The divider circuit has zero output before carbon 

dioxide enters the cell. The outputofthe divider circuit goes from zero 

volts to 2. 5 mv. at the maximum, which corresponds to a resistance 
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change of 1 00 ohms in the bridge circuit. The signal from the divider 

circuit is fed into a Z. 5mv. strip chart recorder. The chart is gradu- 

ated in loo units, corresponding to 100 ohms change in the bridge. 

When the resistance of the measuring cell changes mor e than 1 00 ohms 

a precision resistance decade box is placed in series with the refer- 

ence cell. The total resistance is found by adding the resistance 

added from the box and the strip chart reading. 

General Description of Apparatus 

Figure 11 is a schematic diagram showing the oxygen system 

and the relative placements of components of the Conductometric 

Carbon Determinator (1 6). 

Oxygen leaves the tank through a two stage regulator. passing 

into a catalyst heater where hydrocarbons and carbon monoxide are 

converted to carbon dioxide. The carbon dioxide and water vapor are 

removed by Ascarite and Anhydrone in the purifying tower. Purified 

oxygen is used to drive sodium hydroxide solution from the storage 

bottle to the cells. The pressure is measured by a gauge with an 

automatic release set at five pounds per square inch. Before entering 

the combustion tube the purified oxygen passes through another purify. 

ing system, consisting of concentrated sulfuric acid, Acarite and 

Anhydrone. The purifying tower has a flow gauge and needle valve 
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for flow adjustments. The oxygen enters the combustion tube at the 

top and oxidizes the sample. The combustion products pass through a 

filter to remove solid particles. The gases then pass through a trap 

to remove all oxides of sulphur, then through a catalyst furnace to 

oxidize carbon monoxide. The input flow meter and stopcock i are 

used to adjust and measure the flow rate of gases entering the measur- 

ing cell. The gases then flow through a mercury valve which is sup- 

posed to prevent back flow. The carbon dioxide and oxygen are dis- 

persed as fine bubbles through a frit into the sodium hydroxide solu- 

tion. The remaining oxygen passes to the atmosphere through a caus- 

tic trap which prevents the atmosphere from working its way back 

into the cell. 

The measuring cell contains a gas pump to circulate the solu- 

tion and insure complete and rapid mixing, and has an overflow stop- 

cock near the top, stopcock 5. A coil wrapped around the measuring 

cell preheats the sodium hydroxide solution before it enters the cell. 

In the original apparatus an oxygen storage bottle was used to 

level out fluctuations in the oxygen pressure. The storage bottle was 

removed to allow rapid changes in the composition of gases flowing 

into the combustion chamber. 
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Operation of Induction Furnace and Conductance Bridge 

Thirty minutes before combustion work is started the servo.- 

mechanism amplifier is turned on to insure stability of the servo- 

amplifier. Samples containing iron and cupric oxide are ignited in 

the furnace to remove carbon dioxide and carbon that may be absorbed 

on the combustion tube. The measuring cell is filled and the elec- 

trodes placed in the cell to condition them to the solution, for they are 

stored in dilute sulphuric acid when not used. Gas is flowing through 

the system at a sufficient flow rate to keep the sodium hydroxide solu- 

tion from backing through the frit. 

The pre-combustion of the combustion tube is continued until 

the resistance of the measuring cell becomes constant. This indicates 

that all the absorbed carbon dioxide has been driven out of the system. 

A blank reading is then obtained by burning everything in the 

crucible except cast iron. The major portion of the blank is due to 

the iron chip and will vary from one jar of accelerator to another. 

The crucibles and lids may give a little carbon but this is usually in- 

significant as they are ignited in a muffle furnace at 950°C. for at 

least two hours and then stored in a desicator under vacuum in the 

presence of Ascarite and Anhydrone. 

The sample is placed in the furnace, the oxygen is turned on 
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at the needle valve and the flow rate is set low. Valve 3, Figure 11, is 

turned to the six o'clock position, filling the cell above the closed 

overflow. To have reproducibility in filling the cell the flow rate of 

gas entering the cell has to be constant each time, and low enough to 

prevent foaming of the sodium hydroxide solution. Stopcock 5 is 

opened, allowing the solution level to drop. Frothing at the top of the 

solution will cause too much to drain, hence must be avoided. 

After the solution level is correct and stopcock 5 is closed, the 

needle valve on the purifying train is opened and stopcock i is used to 

adjust the flow rate indicated by the input flow meter. After stopcock 

i is adjusted the needle valve on the purifying train is used to stop and 

change the flow of gases. The needle valve is set to allow a higher 

flow rate than stopcock i because when a sample ignites there is a ra- 

pid increase in the demand for oxygen. If the needle valve is used as 

the limiting point of flow not enough oxygen can enter the combustion 

tube creating a vacuum in the tube. This would cause the flow in the 

measuring celi to reverse unless stopcock i is closed. Closing stop- 

cock i at this point makes it difficult to adjust the flow rate after the 

combustion slows. These problems are eliminated by using stopcock 

I as the limiting point on the flow of gases. Using stopcock i as the 

limiting point, there was never a case where the solution in the meas- 

uring cell backed through the frit due to combustion, even though at 
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ignition the input to the furnace jumped from 300 ml./min. to 1 500 ml./ 

min. 

The gas is allowed to flow until all carbon dioxide entering 

the system is evacuated. This is indicated by no further change or 

movement of the servo-mechanism. The potentiometer in the bridge 

is then zeroed by using the coarse and fine adjust. The recorder will 

now also read zero. 

Before the sample is ignited the voltage divider circuit has to 

be set so it has an output of 2. 5 mv. at 1 00 ohm change in the measur- 

ing cell. A decade box is placed in series with the measuring cell and 

the bridge adjusted to zero. The decade box is then set at 1 00 ohms. 

If the pen of the recorder does not go to 100 ohms, the range adjust 

potentiometer is adjusted until the recorder reads 100 ohms. Stand- 

ardization of the voltage divider circuit does not have to be repeated 

again for the day if mercury cells are used in the divider network. 

The following procedure is used with the combustion of stand- 

ards and total carbon analysis: the sample is ignited and the power is 

left on for about five minutes using oxygen and full power. The gas is 

allowed to flow until there is no further change in resistance of the 

measuring cell. The oxygen is shut off at the needle valve and the cell 

is drained, a new sample is placed in the furnace the gas turned on 

and the cell refilled. The cycle is repeated. 
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Standardization 

Investigation indicates that the experimental resistance ob- 

tamed by burning a known amount of carbon and dispersing it into the 

sodium hydroxide solution will differ from the calculated resistance. 

Therefore the use of the Conductometric Carbon Determinator as a 

quantitative tool makes it necessary to develop a standard curve so that 

a definite change in resistance will correspond to a known quantity of 

carbon. 

The standard curve is obtained by burning Bureau of Standard 

cast irons 7 g and 107 b and sodium carbonate and recording the re- 

sistance. The standard curve is Figure 1 2 and the data are in Table 

II. The standard curve has the same shape as the theoretical curve. 

On July 5, 1 962 it was observed that the standard curve 

changed, where before a mg. of carbon would give a change of 30 

ohms it would now give around 60 ohms. The same results were ob- 

tamed by every solution after this. The theoretical curve is more 

nearly approximated by this new standard curve in Figure 1 3. The 

data are in Table III. 

The sodium hydroxide solution is prepared using water that 

has bc-en sparged with nitrogen or oxygen for at least one hour. The 

water is used to dissolve five grams of sodium hydroxide and one to 
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Table Il. Data for Standard Curve 6-19-62. 

Mg.0 R Mg.0 R Mg.0 R 

Na CO O. 79 24. 8 2. 59 106. 0 4. 06 169. 5 
2 3 

96 30. 3 2. 02 79. 5 2. 00 76. 8 
1.14 39.0 2.03 79.2 l.2 42.2 
2. 11 82. 8 1.68 61. 6 i. 52 52.9 
2.00 76.8 2.53 101.8 2.32 93.7 
2.26 89.4 2.47 102.3 2.33 93.7 
2.90 121.9 2.16 85.2 2.03 77.4 
3.67 158.0 1.79 69.4 
2.52 104.6 3.31 139.0 
1. 95 76. 5 2. 92 123. 5 

1.84 72.0 3.68 159.0 
4.36 177.8 2.61 111.6 

1.22 42.2 
1.85 67.4 
1.25 45.8 

7g 0.54 15.6 3.27 138.2 
1. 15 36. 9 3.78 159. 1 

1.69 61.0 4.39 174.6 
2.22 86.2 4.93 190.3 
2.67 108. 1 5.42 203.4 

107b 5.31 193.5 1.56 52.5 2.49 91.1 
2. 15 82.6 2.33 86. 1 2.75 111. 9 
3.77 155.6 1.01 33.4 3.00 128.5 
0.60 18.2 1.25 40.3 3.50 147.4 
1.13 35.3 1.49 51.3 3.77 155.7 
1.79 66.4 1.73 71.0 4.29 176.0 
3.17 134.7 2.00 81.8 3.99 165.7 
0.79 22.3 2.26 91. 1 4. 59 186.4 
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Table 111. Data for Standard Curve 7-5-62. 

Mg.0 R Mg.0 R Mg.0 R 

0. 54 29.4 1.29 84. 0 1. 00 64.2 
1.12 71.1 1.26 83.7 0.54 30.4 
1.66 112.2 1.77 125.6 1.53 103.6 
2.11 151.5 1.52 107.3 2.68 187.3 
2.86 193.3 1.39 95.7 2. 99 199. 5 

0.24 13.4 1.10 71.0 3.22 210.6 
0.81 50.3 0.85 52.7 1.74 125.1 
1.38 93.2 0.55 32.9 3.40 219.0 
1. 95 136. 6 0.28 14.4 3. 63 228. 6 
0.68 40. 5 0. 19 9.4 3.77 235. 5 

0.97 62.5 1.25 82.0 4.23 250.4 
1.22 80.0 0.98 61.7 4.42 256.6 
0.40 21.1 0.71 42.5 
1.50 102.1 0.41 21.5 
2.21 161.3 0.91 55.7 
2.49 177.7 1.10 70.8 
2.34 168.2 0.68 40.9 
2.60 185.0 1.23 77.6 
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two ml octyl alcohol (2-ethyihexanol) and rinse it into the major por- 

tion of the water. The octyl alcohol decreases the surface tension of 

the water, so when the carbon dioxide oxygen mixture comes through 

the frit very small bubbles are formed, thus increasing the efficiency 

for absorbing carbon dioxide. These solutions must be prepared two 

weeks in advance to give the solutions time to stabilize. 

Differential Combustion 

Oxygen and Nitrogen. Samples that were oxidized with mix- 

tures of nitrogen and oxygen, in which the partial pressure of oxygen 

was varied, gave unsatisfactory results. However, Appendix III con- 

tains later results that were obtained after a few problems were 

solved. 

Cupric Oxide and Nitrogen. One of the problems in the oxygen- 

nitrogen work was getting the samples to heat long enough to insure 

complete combustion of the graphitic carbon. After a sample had been 

heated in the stream of oxygen the iron chip would eventually oxidize 

to such an extent that heating would stop. Cupric oxide which will 

heat in an induction field was added to the crucibles along with the 

iron chip. With the cupric oxide in the crucible, no matter how low 

the oxygen was turned, the carbon in the cast iron was stili being oxi- 

di z ed. 
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The use of cupric oxide to oxidize the graphite in cast iron, 

with nitrogen as sweep gas was investigated. Methods of loading the 

crucibles and current settings were varied. The optimum results are 

obtained with cast iron placed on the bottom of the crucible and a 

scoop of cupric oxide used to cover the cast iron. Two scoops of 

iron chip are used on top of the cupric oxide to couple with the induc- 

tion field. This arrangement allows the sample to be heated without 

the cast iron coming in contact with the iron chip. Visual observation 

of the iron chip indicates that some of the iron chips are at higher 

temperatures. With the cupric oxide between the cast iron and iron 

chip, the cast iron receives more uniform heating. 

Combustion Technique Using Cupric Oxide and Nitrogen. The 

crucibles are loaded with cast iron, cupric oxide and iron chip. A 

porous cover is used which allows nitrogen to sweep the crucible. 

The crucible is placed in the furnace and the measuring cell filled as 

previously described. The crucibles and covers are always handled 

with tongs to prevent contamination. It is very important that before 

combustion is started the gas system is purged of all oxygen from the 

previous combustion. 

The variable auto transformer is set so that when the furnace 

is turned on, the current will be below the desired current for the 

combustion. The furnace power switch is closeçi and during a period 
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of two to five minutes the power is raised to the desired level. This 

prevents sudden increases in the temperature of the sample, which 

might oxidize the combined carbon. After the proper current reading 

is obtained the current must be watched for it has a tendency to in- 

crease as the sample comes to temperature. This current reading is 

maintained until the change in resistance of the measuring cell drops 

to less than two ohms in 1 5 minutes. After this period the rate of in- 

crease will be negligible. The time to reach this position on the corn- 

bustion curve will vary with sample size and temperature of combus- 

tion. The experimental times varied from 45 minutes to 1 05 minutes. 

Figure 14 shows a typical combustion curve. When the curve levels 

off, the power of the furnace is increased, oxygen is turned on and 

the nitrogen off. When the curve again starts to level and the crucible 

is glowing red hot the combustion is complete. The glowing crucible 

indicates that the cupric oxide is heating and has brought the sample 

to a temperature high enough and long enough to insure burning off all 

carbon. The heating will continue as long as power is on the induction 

coils. When it is apparent that the combustion is complete the oxygen 

is turned off and nitrogen is used to sweep the remaining carbon di- 

oxide and remove the oxygen for the next combustion. 

The resistance at which the curves first leveled out is pro- 

duced by the graphitic carbon. The second plateau, obtained by 
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combustion in oxygen at a higher power, is equivalent to total carbon. 

The blank value is subtracted and the weights of graphitic and total 

carbon are read from the standard curve, Figure 1 3. 

Selection of Temperatures for Differential Combustion. The tempera-. 

ture at which a cast iron sample is burned is obtained by burning the 

cast iron at various temperatures and studying the resulting combus-. 

tion curves. A temperature setting that is correct will give a curve 

similar to Figure 1 4. This temperature is the maximum temperature 

which oxidizes the graphite without oxidizing the cementite. A tern- 

perature that is too low will give a curve that increases very slowly 

and usually will not burn off all the graphite. A high temperature will 

result in a curve that increases rapidly, burning off the graphite al- 

most immediately. But, there is no definite break in the combustion 

curve differentiating between graphite and cementite. This curve will 

be similar to the first part of the combustion curve in Figure 1 4. A 

temperature too high may also result in a curve similar to Figure 1 4, 

but the rate of increase continues at about five ohms per 15 minutes 

until all the carbon is oxidized. 

Description of Cast Irons. The samples used in the differen- 

tial combustion of graphite and combined carbon are National Bureau 

of Standard 107 b and Thorn Smith cast irons 610, 611, 614 and 617. 

Hereafter, when referring to these samples the Bureau of Standard 
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sample will be referred to as N.B. S. 107 b and the Thorn Smith as 

TS61O, TS611, TS614andTS617. 

Table 1V. Analyses of the Cast Iron 

P Mn S Si Gih. Total Cu Ni Cr Mo Va 

TS 610 0.20 0.52 0.092 1.96 2.61 3.29 

TS 611 0.29 0.57 0.087 2.48 317 3.64 

TS 614 0.55 0.50 0.096 2.03 3.07 3.74 

TS 617 0.46 0.52 0.089 1.77 3.15 3.90 

N.B. S. 107 b 0.06 0. 52 0.068 1. 35 1.88 2.76 0. 25 2. 12 0. 56 0.75 0.008 

The Bureau of Standard sample is taken as the standard and it 

is assumed that there is no error in the values given for graphitic 

and total carbon. 

The Thorn Smith samples, with the exception of TS 610 are 

not as homogeneous as sample 107 b. TS 610 consists of thin turn- 

ings which are partially broken into smaller portions. There are 

very few htfinesu present and it appears to be fairly homogeneous. 

Good results should result from its combustion. 

TS 611 consists of irregular sized chips with turnings in evi- 

dence, there are "fines present. The sample should give fairly re- 

producible results. 
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TS 614 and TS 617 consist of large thick turnings, large chips, 

many tifinesH and powder. From the nature of these samples, their 

consistency is doubtful and the results are likely to be poor. The 

consistency of TS 614 is a little better than that of TS 617. 

The physical properties of these samples can be related to 

their composition, especially in the case of the phosphorous. Sample 

107 b is the most consistent with TS 610 and TS 611 following in that 

order. TS 614 and 617 have phosphorous contents over the allowable 

maximum. This excess phosphorous makes the cast iron brittle, 

which is evidenced from the condition of the samples. This brittle- 

ness prevents the taking of homogeneous samples. 



RESULTS AND DISCUSSION 

Description of Experimental Data 

The data from eleven combustions of cast iron N. B. S. 107 b 

are in Table V. These combustions were run using the procedure 

described for combustion of graphitic carbon with cupric oxide. 

The current setting found to give the best results was 70 ma. 

which corresponds to approximately 7100 C. A current setting of 60 

ma. was too low to give rapid combustion and 75 ma. causing oxidation 

of the combined carbon. 

Samples 6, 7 and 8 were run at 75 ma., approximately 780° C., 

which burned off carbide carbon. Sample two which was run at 65 ma., 

gave consistent results with 70- ma. combustions but required much 

additional time. In the case of samples 9, 10 and 11 the temperature 

was increased slowly to 70 ma. explaining the longer time for combus- 

tion of graphitic carbon. The temperature wasn't held long enough on 

sample 13. Complete combustion of the graphitic carbon would have 

taken place if the combustion would have been extended. 

The next sets of data are for the Thorn Smith samples using 

the same procedure as was used in the combustion of the Bureau of 

Standard sample. 



Table V. Data from the Differential Combustion of Bureau of Standard Cast Iron 107 b. Certificate 
Values, % Graphite 1. 88, % Total Carbon 2. 76. 

Wi:. Mg. C from Exper. % C Calculated CurrentSetting Time 
Sample Certificate Mg. C from Exper. Data Plate Ma. Min. 

1. 0.0242 G* 0.45 0.36 ---- 60 84 
T* 0.67 0.70 2.89 

2. 0. 0290 G 0. 55 0. 52 1. 79 65 80 
T 0.80 0.83 2.86 

3. 0.0293 G 0.55 0.56 1.91 70 54 
T 0.81 0.84 2.87 

4. 0. 0400 G 0. 75 0. 73 1. 83 70 68 
T 1.11 1.12 2.80 

5. 0. 0403 G 0.76 0.75 1.86 70 68 
T 1.11 1.17 2.90 

6. 0. 0396 G 0.74 0.90 ---- 75 54 
T 1.09 1.12 2.80 

7. 0. 0401 G 0. 75 0.98 -- -- 75 54 
T 1.11 1.12 2.79 

8. 0. 0405 G 0. 76 0. 89 75 54 
T 1.12 1.17 2.88 

9. 0.0311 G 0.57 0.58 1.86 70 68 
T 0.86 0.89 2.86 

10. 0. 0320 G 0.60 0.58 1.81 70 80 
T 0.88 0.89 2.78 

11. 0. 0510 G 0.96 0.93 1.82 70 80 
T 1.41 1.40 2.75 

12. 0.0337 G 0.63 0.61 1.81 70 57 
T 0.93 0.93 2.76 

13. 0.0201 C 0.38 0.30 70 44 
T 0.55 0.56 2.79 

Standard Deviation 
Average G 1.84 +0.039 

T 2.83 +0.053 

* G denotes data for graphitic carbon 
T denotes data for total carbon 
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The data for TS 610 are in Table VI. The servo acted errati- 

cally on sample three, the power went too high on sample five and 

sample number six was a standard. Samples three, four, eight, nine 

and ten flared when the power was raised to 60 ma. The flaring is 

a rapid increase and decrease in temperature. The flaring was ac- 

companied with an increased gas flow rate into the combustion tube. 

The measuring cell resistance also increased rapidly. The increased 

flow rate indicates either oxygen was left in the system from the pre- 

vious combustion or the regulator valve was not stopping the oxygen. 

Due to the low temperature of the samples and the quick drop in tern- 

perature little of the carbide carbon was oxidized. Samples run on 

September 17, 1962 were burned using the same conditions. Number 

15 flared on ignition but the other two samples gave good agreement 

with theoretical values. The current setting at which TS 610 is burned 

for best results is 75 rna.;775° C. 

Data for the combustions of TS 611 using cupric oxide and 

nitrogen are found in Table VII. The erratic data can be attributed to 

the condition of the sample. A few samples did not ignite after the 

power was increased and the oxygen turned on. The samples would 

burn momentarily and then stop heating. Normally the samples would 

ignite and burn vigorously, completely melting and oxidizing the iron 

chip and stay hot until the furnace is shut off. Incomplete combustion 
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Table VI. Data from the Differential Combustion of Thorn Smith Cast Iron TS 610, % Graphite 2.61, 
% Total Carbon 3.29, August 31, 1962. 

Wt. Mg. C from Exper. % CCa]culated Current Setting Time 
Sample Certificate Mg. C from Exper. Data Plate Ma. Min. 

1. 0.0387 G* 1.01 1.00 2.58 75-80 94 
T* 1.27 1.29 3.33 

2. 0.0418 G 1.09 1.12 2.68 75-80 68 
T 1.38 1.30 3.11 

3. 0. 0372 G 0.97 0. 87 ---- 75-80 54 
T 1.22 1.10 

4. 0. 0460 G 1.20 1.25 2.71 75 25 
T 1.51 1.49 3.23 

5. 0. 0421 G 1.10 1.24 2.94 75-78 40 
T 1.38 1.31 3.11 

7. 0.0429 G 1. 12 1. 12 2.61 75 94 
T 1.41 1.44 3.36 

8. 0.0305 G 0.80 0.86 2.82 70 54 
T 1.00 1.00 3.28 

9. 0.0365 G 0.95 1.00 2.74 70 54 
T 1.20 1.19 3.26 

10. 0.0215 G 0.56 0.56 2.60 70 47 
T 0.71 0.67 3.12 

Standard Deviation 
Average G 2.68 ±0. 087 

T 3.24 ±0.10 

Combustion Date September 17, 1962 

1. 0.0254 G 0.66 0.65 2.56 75 
T 0.84 0.84 3.30 

15.0.0346 G 0.90 1.04 --- 75 
T 114 1.12 3.24 

16. 0.0354 G 0.93 0.94 2.65 75 
T 1.17 1.16 3.28 

*G denotes data for graphitic carbon 
T denotes data for total carbon 
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Table VII. Data from the Differential Combustion of Thorn Smith Cast Iron TS 611, % Graphite 
3. 17, % Total Carbon 3.64, August 31, 1962. 

wt. Mg. C from Exper. %C Calculated Current Setting Time 
Sample Certificate Mg. C from Exper. Data Plate Ma. Min. 

1. 0.0229 G* 0.730 0.70 3.14 80 110 
T* 0.83 0.77 3.36 

2. 0.0349 G 1. 11 0.95 2.72 80 110 

T 1.27 1.20 3.44 

3. 0.0247 G 0.78 0.76 3.08 70 54 

T 0.92 0.90 3.55 

4. 0. 0253 G 0. 80 0. 74 2. 93 80 82 

T 0.92 0.90 3.55 

5. 0.0175 G 0.56 0.55 3.14 80 80 
T 0.64 0.65 3.71 

6. 0. 0176 G 0.56 0.48 80 54 
T 0.64 0.65 3.69 

7. 0.0197 G 0. 62 0. 62 3. 15 90 68 
T 0.72 0.74 3.76 

8. 0.0319 G 1.01 0.97 3.05 80 60 
T 1.16 1.28 4.01 

9. 0.0355 G 1.13 1.08 3.04 90 110 

T 1.29 1.23 3.47 

10. 0. 0211 G 0.67 0.70 3.32 90 80 

T 0.77 0.76 3.60 

12. 0.0221 G 0.70 0.72 3.26 80 111 

T 0.80 0.85 3.85 

13. 0.0220 G 0.70 0.69 3.14 85 81 

T 0.80 0.79 3.59 

Standard Deviation 
Average G 3.13 +0.11 

T 3.67 ±0.195 

* G denotes data for graphitic carbon 
T denotes data for total carbon 



occurs because while the graphitic carbon is being oxidized the cupric 

oxide is being reduced to copper. If the time for the combus- 

tion of graphite is excessively long the major portion of the cupric 

oxide will be reduced. Now when the oxygen is turned on and if the 

power is increased too rapidly the iron chip will oxidize before the 

copper has a chance to oxidize and the sample will stop heating. Pri- 

manly the heating in the final stage of combustion is due to the cupric 

oxide. If the power is increased slowly there will be sufficient time to 

oxidize the copper and the sample will heat long enough to insure corn- 

plete combustion. Saniples one and two are examples of incomplete 

combustion. 

The optimum current setting for differential combustion of 

o TS 611 should be between 80 and 85 ma., 860 C., as a current setting 

of 90 ma.is too high. The sample burned at 85 ma. gave excellent re- 

sults. 

The data for TS 614 are listed in Table VIII. The results are 

somewhat erratic but the average percentages are close to the values 

given for the cast iron. The average deviations account for the devia- 

tion from the certificate values. The current setting to give proper 

burning was 85 to 90 ma. , 975e c The difficulty in the analysis of 

TS 614 is related to getting a homogeneous sample. 
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Table VIII. Data from the Differential Combustion of Thorn Smith Cast hou TS 614, % Graphite 

3. 07, % Total Carbon 3. 74, August 31, 1962 for First Three and September 10, 1962 

for Last 12. 

wt. Mg. C from Exper. % C Calculated Current Setting Time 
Sample Certificate Mg. C from Exper. Data Plate Ma. Min. 

1. 0.0217 G* 0.67 0.63 2.90 80 80 
T* 0.81 0.74 3.41 

2. 0.0303 G 0.93 0.98 3.23 80 172 

T 1.13 1.07 3.53 

3. 0.0316 G 0.97 ---- ---- 80 120 

T 1.18 1.07 3.38 

1. 0.0211 G 0.65 0.62 2.95 80 108 

T 0.79 0.73 3.46 

2. 0.0241 G 0.74 0.72 2.99 85 105 

T 0.90 0.93 3.86 

3. 0.0240 G 0.74 power went too high 
T 0.90 0.82 3.42 

4. 0.0430 G 1.32 1.32 3.07 80 150 

T 1.61 1.53 3.56 

5. 0.0354 G 1.09 power went too high 
T 1.32 1.33 3.76 

6. 0.0309 G 0.95 0.73 85 84 

T 1.16 1.14 3.69 

7. 0.0390 G 1.19 1.13 2.90 80 126 

T 1.46 1.40 3.59 

8. 0.0267 G 0.83 1.13 88 120 

T 1.00 0.97 3.63 

9. 0.0252 G 0.77 0.74 2.94 90 121 

T 0.94 0.97 3.85 

10. 0.0213 G 0.65 0.70 3.29 90 123 

T 0.80 0.81 3.80 

11. 0.0223 G 0.69 0.73 3.27 90 108 

T 0.84 0.82 3.68 

12. 0.0147 G 0.45 0.43 2.93 85-89 63 

T 0.55 0.54 3.67 

Standard Deviation 
Average G 3.05 0.155 

T 3.64 ±0.155 
* G denotes data for graphitic carbon 

T denotes data for total carbon 



Table IX. Data from the Differentail Combustion of Thorn Smith Cast Iron TS 617, % Graphite 
3. 15, % Total Carbon 3.90, September 10, 1962 for mples 13-20 and September 
17, 1962 for Samples 9-14. 

Wt. Mg. C from Laper. Cunent Setting Time 
Sample Certificate Mg. C Plate Ma. Min. 

13. 0.0218 G* 0.69 0.68 85 94 
T* 0.85 0.78 

14. 0. 0200 C 0. 63 0. 66 85 96 

T 0.79 0.74 

15. 0.0256 G 0.81 0.78 80 68 

T 1.00 0.91 

16. 0.0292 C 0.92 0.84 80 83 

T 1.14 0.96 

18. 0.0235 G 0.74 0.70 80 57 

T 0.92 0.79 

19. 0.0316 G 1.00 0.96 80 123 

T 1.23 1.18 

20. 0.0339 G 1.07 0.94 80 108 

T 1.32 1.18 

9. 0.0261 G 0.82 0.78 90 153 

T 1.04 0.95 

10. 0.0266 G 0.84 0.83 80 120 

T 1.04 0.95 

11. 0.0307 G 0.97 0.88 80 150 

T 1.20 1.05 

12. 0.0259 G 0.82 0.80 90 120 

T 1.01 0.90 

13. 0.0363 G 1.14 1.16 90 108 

T 1.41 1.27 

14. 0.0246 G 0. 78 0. 73 90 93 

T 0.96 0.81 

* G denotes data for graphitic carbon 
T denotes data for total carbon 



The inconsistencies in the data for TS 617, Table IX, are due 

to the condition of the sample. This is emphasized by the fact that 

total carbon does not agree with theoretical values. That is why no 

calculations were made for TS 617. The current setting that did give 

differential combustion was 85 ma, 9000 C. 

Discussion of Experimental Data 

The results from the differential combustion of N. B. S. 107 b 

and the Thorn Smith cast irons using cupric oxide and nitrogen are 

summarized in Table X. Experimental data are compared to certifi- 

cate values and verify the predictions made in the previous section 

on cast irons, Descriptions of Cast Irons, p. 56, regarding depend- 

ency on the homogeneity of the cast iron samples. The homogeneity 

of the samples decrease in the order, TS 610, TS 611, TS 614, TS 

617. The standard deviations become larger as the homogeneity of 

the cast iron samples decreases, demonstrating the difficulty of ob- 

taming reproducible analyses on such samples. 

Table XI compares results for graphitic carbon obtained by 

conventional methods of analyses with the results obtained by W. Koch 

and H. Malissa (14) using differential combustion of graphite and 

cementite. The graphitic carbon was oxidized with oxygen in a resis- 

tance furnace. The combustion of graphite required two hours at 



Table X. Summary of Differential Combustion Data Using Cupric 
Oxide and Nitrogen and Comparison with Certificate Values. 

Certificate Numbe r Experimental Standard 
Sample Values of Samples Values Deviatìons 

N. B. S G4 1.88 8 1.84 ± 0.039 
T4 2. 76 13 2. 83 ± 0. 053 

TS 610 G 2. 61 8 2. 68 ± 0. 09 
T 3.29 8 3.24 ±0.10 

TS 611 G 3. 17 11 3. 13 ± 0. 11 
T 3.64 12 3.67 ±0.195 

TS 614 G 3. 07 10 3. 05 ± 0. 155 
T 3. 74 15 3. 64 ± 0. 155 

* G denotes data for graphitic carbon 
T denotes data for total carbon 

Table Differential Data by W. Koch and H. 
Malissa Using Oxygen. 

Sample Percent Graphite by Percent Graphite by 
Numbe r Conventional Method s Differential Combustion 

1 2.49±0.04 

6 2.71±0.03 

7 2.47±0.04 

8 2.31±0.04 

9 2.23±0.03 

10 2.49±0.03 

2. 42 ± 0. 06 

2. 74 ± 0.04 

2. 41 ± 0. 03 

2. 10 ± 0.08 

2. 11 ± 0. 10 

2.41 ± 0.04 



590° C., one hour at 690°C. and 15 minutes at 700° C. Above 800° C. 

the entire carbon content was burned. A strip chart recorder was 

used to follow the change in conductivity between two conductivity 

cells as carbon dioxide entered one cell. Koch and Malissa gave no 

description of the cast irons or their chemical analyses. Samples 

eight and nine were oxidized at 700°C. and the low results were attri-. 

buted to the sampling technique and the form in which the sample ma- 

terial was present. The paper did not state whether higher tempera- 

tures were used on these samples. 

Comparison of the two sets of data, Table X and Table XI 

shows that the two methods gives the same degree of accuracy. The 

significant differences between Koch and Malissa's work and the dif- 

ferential combustion using cupric oxide are the maximum tempera- 

tures of differential combustion and the time for completion of the 

combustions. These differences may be attributed to the composition 

of the cast irons. 

Table XII compares the maximum temperature of differential 

composition with the composition of the cast iron and the A1 tempera- 

tures for the iron-carbon-silicon system. The percent manganese 

and sulphur, as recorded in Table IV, are not included because there 

is no significant difference in their percentages. The effect of silicon 

on the A1 temperatures was obtained from the iron-carbon-silicon 
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Table XII. Comparison of Temperature of Differential Combustion 
With Composition of Cast Irons and the A1 Temperatures 
of the Iron-carbon-silicon System. 

To 

Sample Temperature of Total A1 A1 
Number Combustion % P C. % Si Temp. C.E.V Temp. 

N.B.S. 107b 710°C. 0.058 2.76 1.35 750°C. 3.23 750°C. 

TS 610 775° C. 0. 20 3. 29 1. 96 780° C. 4.37 860°C. 

TS 611 860° C. 0.29 3.64 2.48 865°C. 5.02 950° C. 

TS 617 900° C. 0.46 3. 90 1. 77 815° C. 5. 02 900° C. 

TS 614 975° C. 0. 55 3. 74 2. 07 820° C. 5. 05 920° C. 

phase diagrams in Alloys of Iron and Silicon (11, P. 140-141). Fi- 

gure 15 shows these curves redrawn with the points between 3. 8, 2. 0 

and 0. 0 percent silicon obtained by non-linear interpolation. The 

values for A1' are obtained using Figure 15 and the carbon equivalent 

values, C. E. V., defined by: 

C. E. V. = Percent total carbon +ET0 Si + % 

L 

The C. E. V. is used to give an estimation of the effect of silicon and 

phosphorous on the phase transitions of cast iron. 

The influence of the composition of cast iron on the tempera- 

ture of differential combustion will be discussed in the following para- 

graphs. 
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The data in Table XII show that as the percentage of phospho- 

rous increases the temperature required for differential combustion 

also increases. Phosphorous above 0. 20 percent results in the forma- 

tion of iron phosphide causing the iron to be hard and brittle. This in-. 

creased hardness appears to decrease the rate of reaction which 

makes it necessary to use higher temperatures. A possible mechan- 

ism of differential combustion involves a reaction between cupric 

oxide and graphite: 

2 CuO + Cgraphite = 2 Cu + CO2 

If this reaction is correct a diffusion process must be involved which 

may be either a diffusion of cupric oxide into the cast iron or graphite 

out of the cast iron (10, p. 110). The thermal decomposition of Cu- 

pric oxide occurs at 1026°C., hence it is improbable that cupric oxide 

decomposes to form oxygen to oxidize the graphite. The effect of 

phosphorous on the temperature of combustion and the effect of tern- 

perature on the time required for combustion suggests that a diffusion 

process is involved. A diffusion reaction would be dependent on the 

hardness of the cast iron and the hardness is dependent on the cast 

irons composition. The increase in temperature of combustion may 

therefore be attributed to the phosphorous content of the cast iron. 

As brought out in the discussion of the stability of cementite, 
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cementite becomes increasingly unstable with respect to its decompo- 

sition to graphite and iron as the temperature increases. This will 

limit the maximum temperature of differential combustion. The maxi- 

mum temperature at which cementite can be raised without decomposi- 

tion is between 725°C. and 750°C. (31; 24). The Thorn Smith cast 

irons require temperatures above these for differential combustion, 

hence elements have to be present that have a stabilizing effect on 

cementite. Phosphorous above 0. 20 percent will increase the stability 

of cementite. Table XII shows that as the phosphorous content in-. 

creases above 0. 20 percent the cast iron can be raised to tempera- 

tures above 7500 C. This excess phosphorous can account for cemen- 

tites stability at the elevated temperatures required for the combus- 

tion of graphite. Manganese is also in slight excess in the cast irons 

as defined by the equation: 

%Mn = 1.7(%S)±0.25 

Manganese in excess of the percentage defined by this equation will 

increase the stability of cementite. 

The succeeding paragraphs discuss the dependence of the tern- 

perature of differential combustion on the A1 temperature. The A1 

temperatures of the iron-carbon-silicon system and composition of the 

cast irons are employed to explain the presence of cementite and 

graphite at temperatures above the normal regions of stability 
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predicted by the phase diagram. 

The temperature at which cementite and graphite will start 

forming a solid solution with iron will limit the maximum temperature 

of differential combustion. Should both the cementite and graphite 

form a solid solution with iron it would then be impossible to distin- 

guish between them by means of a differential combustion. The A1 

temperature is the temperature at which cementite and graphite will 

start forming solid solutions with iron (10, p. 153). 

The maximum temperature given by Koch and Malissa, at 

which cast iron can be held for differential combustion and the maxi- 

mum temperature for differential combustion of N. B. S. 107 b using 

cupric oxide are below the A1 temperature of the iron-carbon phase 

diagram. These results appear to verify the assumption that the A1 

temperature is the maximum temperature at which differential corn- 

bustion is possib]e. 

The Thorn Smith cast irons require temperatures for differen- 

tial combustion above the A1 temperatures of the iron-carbon phase 

diagram. At these elevated temperatures there must be alloying ele- 

ments present that will prevent solid solution of cementite and gra- 

phite. Silicon and chromium are two elements that will have an effect 

on cast iron that raises the temperature at which cementite and gra- 

phite start forming solid solution with iron. The A1 temperatures of 
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the iron-carbon-silicon system for each cast iron are given in Table 

XII. The temperature of differential combustion is below the A1 tern- 

peratures of the iron-carbon-silicon system for N. B. S. 107 b, TS 

610, and TS 611. The temperature of combustion for TS 614 and TS 

617 are above the A1 temperature but close to the A'1 temperature. 

Silicon causes the increased A1 temperatures above 720°C. and ac- 

counts for the failure of cementite and graphite to form solid solution, 

thus making differential combustion possible. 

Source of Errors. The blank, of all the experimental measure- 

ments, causes the largest significant error in the differential combus- 

tion of graphite and cementite with cupric oxide. The average value 

of the blank was 7. 8 ± 1. 6 ohms. 

In the cases where the blanks varied by three ohms, sufficient 

numbers of blanks were run to decrease the probability that the aver- 

age blank was far from the true blank of each sample. However, a 

blank for a particular sample may be lower or higher than the average 

value causing one to two ohms error in the resistance. An error of one 

ohm would result in an error of 0. 02 mg. carbon in the experimental 

value. The data in Tables V to IX show that maximum differences be- 

tween certificate and experimental mg. of carbon is usually 0. 02 or 

0. 03 mg., which can be attributed to the blank. This error can be eli- 

minated by not using iron chip accelerator. The use of a quartz 
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enclosed carbon crucible to provide the heat would obviate the need 

for the accelerator. 

The change in resistance that can be detected by the servo- 

amplifier is 0. 1 ohm and the accuracy of reading the strip chart is 

± 0. 1 ohm. An error of 0. 1 ohm corresponds to 0. 002 mg. of carbon. 

The accuracy of reading the standard curve is ± 0. 005 mg. which 

would have negligible effect on the results. The accuracy of reading 

the standard curve makes the error in the reading of the strip chart 

and the sensitivity of the servo-unit negligible. 

All calculated values are rounded off to the nearest 0. 01 mg. 

This will explain why in some cases experimental and theoretical mg. 

of carbon agree while the experimental and theoretical percentages 

do not agree. 

A problem reported by other investigators, that affects the 

accuracy is the flow rate of carbon dioxide into the measuring cell. 

They report that the flow rate of gases entering the measuring cell 

has to be constant or reproducible with each combustion. Variations 

in the flow rate will change the time that the carbon dioxide is avail- 

able for absorption. This indicates that the rate at which carbon 

dioxide enters the cell would affect the amount of carbon dioxide ab- 

sorbed. Therefore, if a quantity of carbon dioxide enters in five 

minutes the absorption should be less than if it enters in one hour, 
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assuming that the total flow rate is constant. Experimental data for 

the extended runs of the differential combustions give total carbon 

values which are the same as those obtained on rapid combustions. 

This information indicates that the range of carbon compositions em- 

ployed for the differential combustion work was satisfactory for the 

flow rates used. The differential combustion work was carried out 

with samples below 1. 5 mg. of carbon. 

Comparison of the theoretical standard curve and experimen- 

tal curve, Figure 16, shows that there is only a slight deviation up to 

1. 5 mg. carbon. The close agreement of the calculated and experimen- 

tal curves indicates the efficiency of absorbing carbon dioxide is close 

to loo percent in the lower region of the curve. The concentration of 

base is sufficient to insure complete reaction. The curve beyond two 

mg. deviates considerably from the theoretical curve, and the differ- 

ence is believed due to the efficiency of absorption of carbon dioxide. 

The major difference in the curves up to two mg. is possibly 

due to errors in the constants used in the calculations. The constants 

used were for 380 C. while the cells were at 400 C. which would make 

the calculated curve high. 
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SUMMARY AND CONCLUSIONS 

The above results demonstrate the feasibility of using cupric 

oxide and temperature control for the differenctial combustion of 

graphite and cementite in cast iron. This method gives the total car- 

bon and graphite content of a cast iron by analysis on a single sample. 

The standard deviations of the analyses compare favorable with the 

deviations obtained by Koch and Malissa. The results obtained by 

differential combustion agree with those obtained by conventional 

methods and indicate that differential combustion is acceptible as a 

method of analysis. 

The maximum temperature at which graphite can be oxidized 

in the presence of cementite appears to be dependent on the alloying 

elements. Results obtained with the Thorn Smith cast iron samples 

indicate the significant influence of phosphorous. Figure 17 indicates 

the trend for the combustion temperature to increase as the phospho- 

rous content increases. The assumption is made that phosphorous 

causes a decrease in the diffusion rate of cupric oxide or graphite in 

cast iron. This accounts for the relationship between the temperature 

of combustion and percent phosphorous. An important factor in dif- 

ferential combustion is the stability of cementite for at temperatures 

bove 750°C. cementite rapidly decomposes. Certain alloying 



1000 

o 900 
o 

C) 

I) 

C) 

H 

700 

U.I 0.2 0.3 0.4 0.5 
Percent Phosphorous 

Figure 17. Plot Showing How the Temperature at Which the Cast 
Irons Were Differentially Combusted Varies with 
Phosphorous Concentration. 



81 

elements will increase the stability of cementite and thus tempera- 

tures above 750°C. can be used for combustion. Phosphorous is one 

of these elements. Another important experimental parameter is the 

temperature at which cementite and graphite form solid solutions with 

iron. The iron-carbon phase diagram shows that the temperature of 

solid solution formation, A1, is 7200 C. This temperature is below 

most of the combustion temperatures. With silicon above 1. 00 per- 

cent the A1 temperature increases with percent silicon and also in-. 

creases with percent carbon. The A1 temperatures of tie iron- 

carbon-silicon system are close to the temperatures of differential 

combustion, indicating that the A1 temperature is the limiting tern- 

perature of differential combustion. The relationship of the A1 tern- 

perature to the temperature of differential combustion is shown by 

TS 611 in Figure 17. The silicon content is unusually high resulting 

inahighA1 temperature, thus allowing a higher temperature of corn- 

bustion. The A1 temperature of TS 617 and TS 614 are closer to the 

A1 temperature of TS 610 and their combustion temperatures fall on a 

smooth curve with N. B. S. 107 b. The temperature of differential 

combustion for TS 617 and TS 614 are above the A1 temperatures but 

the phosphorous content is high enough so that it accounts for the sta- 

bility of cementite at these temperatures. 



The standard deviations of the results from the Thorn Smith 

cast irons increase as the cast irons become more heterogeneous. 

These results verify the need for taking homogeneous samples. A 

cast iron that produces "fines" when sampled can give reproducible 

results only if elaborateprocedures for dividing the sample are fol- 

lowed. A superior sampling method for these cast irons is to take 

just enough material for a single analysis. Total carbon and graphite 

may then be determined by differential combustion. 
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APPENDIX I 

Affect of Alloying - Elements on Carbide Stability 

Alloying elements profoundly affect the rate at which cemen- 

tite decomposes to form graphite. Table XIII is a summary of the 

effect of the more common alloying elements which may be found in 

cast irons (5, p. 196). 

Table XIII. Effects of Alloying Elements on Stability of Cementite. 

* Graphitizers Carbide Stabilizers 

Co, Ni, Cu, Si, Al, Cr, Mn, Mo, Sb, Sn, Ti, 
and probably Zn, Bi, H, O, S, P, N 
Pt, Pd, Ir 

*Graphitizers: elements that decrease the stability of cementite. 

Austin concluded that the orthorhombic cementite lattice is 

essentially one having metallic bonding between the iron atoms, and 

resonance bonding between each carbon atom and its six near-neigh- 

bor iron atoms. The resonance bond holding the carbon is inherently 

weak and would further be weakened by being stretched (1). Using 

this model of the cementite lattice, as shown schematically in Figure 

18a, an explanation of the mechanism underlying the effect of alloying 

elements is suggested as follows: 
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O IRON 
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(A) Cementite Lattice (Schematic). (B) Effect of a Substitutionally Dissolved 
Graphitizer. (C) Effect of a Substitutionally Dissolved Carbide Stabilizer. 
(D) Effect of an Interstitially Dissolved Carbide Stabilizer. 

Figure 18. The Effect of Alloy Elements on the Stability of Cementite. 



a. Atoms held by metallic bonding with iron: 

If such atoms enter the lattice, distending it pre- 

sumably by furnishing more electrons in the metallic 

bonding system, the resonance bond holding the car- 

bon is weakened by stretching and the cementite be- 

comes less stable (Figure 18h). Examples of such 

alloy atoms are cobalt and nickel. On the other hand, 

those atoms which enter the lattice causing it to con- 

tract by virtue of reducing the number of electrons in 

the metallic bonding system, strengthen the carbon 

bonds and cause cementite to become more stable 

(Figure l8c). Chromium is an example. 

b. Atoms which are not held by metallic bonding: 

All such atoms which go into solid solution in 

cementite cause the cementite to become more 

stable, presumably by forming with the carbon 

some subsidiary bonding reinforcing the existing 

resonance bonding (Figure 18d). Such elements 

as oxygen, sulphur, phosphorous, nitrogen, and 

boron are presumed to fall in this category. 

It should be emphasized that the foregoing is hypothesized 

on the basis of very scant evidence regarding the structure of alloyed 



cementite. A point in favor of the theory is that it fits most existing 

data on the effects of alloying elements on the rate of graphitization. 

It also resolves the anomalous behavior of certain elements, such as 

aluminum, boron, and manganese which in small quantities act as 

graphitizers and in large quantities act as carbide stabilizers. Thus 

aluminum and boron act first to remove oxygen, a strong carbide sta- 

balizer, and in doing so increase the rate of graphitization. As alu- 

minum or boron is added in larger amounts, the effect of these ele- 

ments, both carbide stabilizers, begins to be felt, and with sufficiently 

high additions the effect is to increase the stability of cementite and 

hence decrease the rate of graphitization. The action of manganese is 

undoubtedly parallel, except that it combines with sulphur. It is al- 

most certainly true that other scavengers" such as Zr, Ce, Sr, 

perhaps Ti, and many others act the same way. 



APPENDIX II 

Experimental and Theoretical Verification of the Cell 
Constants and Specific Conductance of 0. 100 N KC1 at 400 C. 

The initial step was to measure the specific conductance, k, 

of the sodium hydroxide solution with a cell having a known cell con- 

stant, Equation 2 defines k: 

R . = (i/A) 1/k solution 

the cell used has a constant of one. The resistance measured was: 

This gives for k: 

R1ti = 790 ohms 

k = (l/790)(1) 

k = 0.00126 ohms' cm 

Using the specific conductance for the sodium hydroxide solution, the 

cell constants of the cells and Equation Z the resistance that will be 

measured with each cell can be calculated, giving a check on the cell 

constants. 

R (1/0.00126)0.276 measuring cell 
218 ohms 

R = (1/0. 00126)0. 223 reference cell 

176 ohms 

The resistance of the sodium hydroxide solution measured in each 

cell: 
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R =Zl8ohms measuring cell 

R 167 ohms reference cell 

These values are in good agreement with the resistances found by 

using the cell constants and the specific conductance. 

A further check on the cell constants is to use equation 6 and 

calculate the expected resistance of the cells. The equivalent ionic 

conductance of sodium hydroxide at 400 C: 

equation 6 

= 245. 5 

XNa+ = 65. 8 

l/R = (1/l000)(A/fl [CNaOH >'NaOH] 

R = 1000 (./A) / [c XNaOH] 

R = l000x0.276/111.3x4.l2xl0 measuring cell 
= 215.2 

R = 1000x0.233l1.3x4.l2x10 reference cell L. -I 

= 173.9 

The observed resistances of the cells, the calculated resis- 

tances using equations 6 and Z compare close enough to prove out the 

cell constants and the specific conductance k, for 0. 100 N KC1 at 

40° C. 
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APPENDIX III 

Differential Combustion of Cast Iron Using a Mixture of 
Nitrogen and Oxygen 

Following completion of the differential combustion work 

with cupric oxide some work was done using mixtures of oxygen and 

nitrogen as the oxidizing medium. The method of controlling the tern- 

perature was the same as was used in the work with cupric oxide. 

Experimental 

All combustion procedures and operation of conductivity 

bridge are the same as the ones used with cupric oxide. The flow 

rate of oxygen is measured by placing a Matheson Flow gauge in the 

oxygen line. The nitrogen is turned on and the input flow gauge to 

the measuring cell is adjusted to the desired flow rate. The total 

pressure of the system is adjusted to approximately 3.5 pounds per 

square inch gauge pressure. The oxygen is turned on and its flow 

rate adjusted by the regulator valve on the oxygen tank. The oxygen 

pressure has to be increased to a pressure that will overcome the 

back pressure of the nitrogen in the system. The flow rates are then 

adjusted until the flow rate into the measuring cell and out of the oxy- 

gen tank are constant and the desired level. The flow meter is cali- 

brated for atmospheric pressure but the added pressure of t} system 
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should not change the calibration considerably. 

The flow rate of oxygen that gives the best combustion condi- 

tions is 66 to 68 milliliters per minutes with the flow rate into the 

measuring cell at 280 to 300 milliliter per minute. 

The samples are prepared by placing two scoops of iron chip 

in the bottom of the crucible and the cast iron on top of this. Plate 

o o current is held between 70 and 80 ma.(700 C. to 850 C.. The sam- 

ples are burned at the temperature setting until the rate of evolution 

of carbon dioxide is negligible. This portion of the curve is produced 

by carbon dioxide from the combustion of graphite. The power is 

then increased and pure oxygen turned on. The curve height is taken 

as the resistance produced by the total carbon. The results are 

shown in Table XIV. 

Discussion of Data 

The high results for total carbon may be caused by a slow 

leak that was in the measuring cell. This was remedied by placing a 

clamp on the inlet to the cell which prevented the solution from the 

measuring cell from backing through stopcock 3 into the outlet. 

Samples number 7, 8 and 16 were lost because the tempera- 

ture went too high. The results of the first two combustion gives good 

agreement with graphitic carbon but the total carbon was too high. A 
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Table XIV. Data from the Differential Combustion of Bureau of Standard Cast Iron 107 b. 1. 88 % 

Graphite and 2.76 % Total Carbon, Combustion Carried Out Using Oxygen and Nitrogen 
Gas Mixtures September 21, 1962. 

Weight mg C from Experiment % C Calculated Plate Current Time 
Sample Certificate mg C from Exper. Data Setting, Ma Minutes 

1. 0.0286 

2. 0.0269 

3. 0.0297 

4. 0.0300 

5. 0.0401 

6. 0.0409 

9. 0.0503 

11. 0.0500 

12. 0.0502 

13. 0.0384 

14. 0.0402 

17. 0.0307 

18. 0.0304 

19. 0.0294 

20. 0. 0203 

21. 0.0204 

22. 0.0202 

23. 0.0366 

G'4 0.54 
T' 0.79 
G 0.51 
T 0.74 
G 0.56 
T 0.82 
G 0.56 
T 0.83 
G 0.75 
T 1.11 
G 0.77 
T 1.13 
G 0.95 
T 1.39 
G 0.94 
T 1.38 
G 0.94 
T 1.39 
G 0.72 
T 1.06 
G 0.76 
T 1.11 
G 0.58 
T 0.85 
G 0.57 
T 0.84 
G 0.55 
T 0.81 
G 0.38 
T 0.56 
G 0.38 
T 0.56 
G 0.38 
T 0.56 
G 0.69 
T 1.01 

0. 63 

0.93 
0. 52 

0. 85 

0. 57 

0. 83 

0. 58 

0.88 
0. 75 

1. 12 

0. 77 

1. 11 

0.93 
1. 31 

0.93 
1.43 
0.88 
1.43 
0.75 
1.07 
0.78 
1. 15 

0,59 
0.87 
0.64 
0.83 
0.54 
0.83 
0.38 
0.59 
0.37 
0.58 
0.38 
0.56 
0.73 
1. 13 

average percent G 1.89 
T 2.80 

* 
G denotes data for graphitic carbon 
T denotes data for total carbon 

1.89 80 

1.93 80 

1.92 80 

2. 79 

1.93 80 
2.93 
1.87 80 
2 . 79 

1.88 80 
2.71 
1.87 80 
2.60 
1.86 80 
2.86 
1.75 80 
2.85 
1.95 80 
2.79 
1.94 80 
2. 86 
1.92 79-80 
2. 83 
-- 80 

2.73 
1.84 78 

2.82 
1.87 78 
2.90 
1.81 75 
2.84 
1.88 75 
2.77 
1.99 75 
2. 88 

Standard kviations 
± 0.05 
± 0.06 

82 

74 

80 

35 

80 

66 

86 

93 

i 16 

93 

106 

80 

66 

93 

53 

66 

93 

106 
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possible explanation is that the furnace wasn't heated long enough in 

the precombustion to drive out all absorbed carbon dioxide and car- 

bon. Sample 18 flared on initial ignition, causing some of the carbide 

carbon to be oxidized and hence gave high results. The flaring of the 

samples was stopped by increasing the power slowly to prevent sudden 

increases in temperature. 

The average values for graphitic carbon on N. B. S. 107 b 

obtained by combustion with oxygen compares favorably with the certi- 

ficate values and with the values obtained using cupric oxide. The 

results of these combustions were good enough to consider further 

work but when the same procedure was applied to the Thorn Smith 

samples the results were poor. 


