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TI EFFECT OF MAGNiIUN ADDITIONS ON THE MICROSTRUCTURE 
AND CERTAIN PhYSICAL PROPERTII OF CAST IRON 

I. INTRODUCTION 

Gray cast iron is one of the most widely used cast metals. 

Its ready machinability, damping properties, and resistance to wear 

have long made it popular with industry. The economy of operation 

of the cupola for melting the iron has also influenced its popular- 

ity to a great extent with the mass production industries. The 

engineer, however, is reluctant to use the material due to its 

fairly low tensile and impact strengths and lack of ductility. 

Although the cast iron inustry has for some time been able to 

increase the tensile and impact properties of cast iron with the 

use of the electric furnace, alloyirg of the iron, and through 

careful control, the resulting higher quality irons have been 

rather expensive. The ductility of cast iron may be increased by 

suitable heat trealnent of iron of the proper composition, but the 

lengthy heat treabuent involved adds considerbly to the cost. 

The main reason for the low tensile and impact strength as 

well as ductility of gray cast iron is in it microstructure. 

Cast iron is an iron-silicon alloy containing from two to four 

per cent carbon along with varying amounts of manganese, sulphur, 

and phosphorus. As the amount of carbon contained in cast iron 

is above that which is soluble in the iron at room temperatures, 
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th excess carbon usually forms into countless graphite flakes 

throughout the iron. These graphite flakes have little or no 

tensile strength and their presence has the effect of reducing the 

effective cross-section of the iron, thus reducing its tensile 

strength. 

It is wefl known that a sphere has the least surface area 

to contain a given volume. For this reason research men in the 

field of cast iron have long attempted to obtain a cast iron con- 

tainin,g the carbon in this form. Although malleabalizing suitable 

iron will result in such a carbon structure, the heat treatment is 

lengthy and costly. Thus, most attempts have been to produce such 

an iron in the as-cast form. 

The structural components of gray cast iron are ferrite, 

which is relatively pure iron, and pearlite, which is composed of 

ferrite and cementite in alternate larnellao. As the tensile 

strength of pearlite is taken to be about 120,000 psi and that of 

ferrite about 75,000 psi (1, p.352-353), increasing the effective 

cross-section of the iron by reduction of the flake graphite to 

apheroids would result in a considerable gain in strength. If 

the composition of the resulting iron were controlled so as to 

produce a larger portion of ferrite, which has a ductility of 

approximately twenty-five per cent (1, p. 353), the ductility 

also could be increased. 

When the British Cast Iron Research Association released 

the news in 1948 that a nodular graphite iron had been produced in 
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the as-cast condition, the foundry industry immediately thought it 

had obtained the long-sought iron. The British treatment consisted 

of ladle addition of cerium, usually followed by an addition of 

silicon. 

According to G. E. Holdeman and J. C. H. Stearns (6, p.36) 

the cerium treatment markedly increased the transverse rupture 

stress, tensile strength, deflection and toughness, and Brinell 

hardness. The treatment had some drawbacks in that apparently it 

was only effective on hypereutectic irons, and it was rather ex- 

pensive. 

At the time of the announcement of the findings of the British 

Cast Iron Research Association, the International Nickel Company 

disclosed that it had developed a similar process using magnesium. 

This process called for the addition of a small but effective 

amount of magnesium, which wa usually added in the form of some 

magnesium-coiitaining alloy. The addition o pire magnesiui, 

although possible, was not practical due to the violent reaction 

of the magnesium with the molten iron. The alloying agent could 

serve a double purpose: (1) To dilute the magnesium to reduce 

its activity and thus to aid in the formation of graphite nodules. 

(2) To further alloy the iron to increase its properties. It 

was natura]., therefore, for the International Nickel Company to 

suggest the use of a nickel-magnesium alloy. 

Following the annßuncement and subcequent patenting of the 

process by the International Nickel Coiàny, a number of research 
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men published articles on the remarkable increase in tensile 

strength and other properties of the iron by this new process. 

These articles also spoke of the high ductility possible to be 

obtained through proper heat treatment of the iron. As is so 

coninon with any new material or product, the articles heavily 

praised this improved form of cast iron. 

However, it seemed to this author that too little, if any 

space, was devoted to critical analysis of the weaknesses of this 

new material . Certainly there must be some evil with the good. 

A few authors, such as G. Vennerhoim (, p.55), have analyzed 

this material from an economic standpoint, comparing it with 

other ferrous metals. Others mention the ironts higher rate of 

shrinkage compared with gray cast, or the need to desulphurize 

irons with a high sulphur content in order to succeed with the 

process. In reading various articles, this author found little 

data repo"ted on the effects of varying the amounts of magnesium 

added to the iron. Were there any harmful effects from too little 

or too niuch addition of magnesium? How did a variation in the 

magnesium content effect the more important engineering properties 

of the metal? What changes in microstructure accompanied varia- 

tiong in the magnesium added? 

Several other questions remained unanswered in the auh' s 
mind. Gould a small foundry producing rather consistent quality 

iron with a minimum of control produce a nodular graphite iroi of 

high strength by experimentation with magnesium additions? 



5 

Or was more control necessary? Would the higher shrinkage rate of 

the new iron require any changes in foundry procedures or in the 

patterns? 

To answer the above questions, the author detennined to 

produce a series of iron bars from the saine cupola heat. Varying 

amounts of mamesiuni would be added. to the iron to enable study of 

the effects. Investigation of the effects on the physical proper- 

ties was to be made by performance of flexure, tensile, and Brindi 
hardness tests. 4icrostructure would be studied by metaliographic 

methods. 



II. LABORA1RY PROCEDURES AND METHODS 

A. Producin, a Maneium Master Alloy 

One of the first problems encountered was the production of a 

magnesium naster alloy, as magnesium is violently reactive at eleva- 

ted temperatures and turns to a gas at approe±nately 2030° F. Some 

method had to be devised to dilute the magnesium sufficiently to re- 

duce its activity to a safe level for introduction to the iron, which 

comes from the cupola at around 26000 F. ThIs was necessary not only 

as a safety precaution, but also from an economic standpoint. Pure 

magnesium, with proper shielding, may be added directly to the molten 

iron, but according to J. E. Rehder (7, 33) the losses of magnesium 

from burning in such a treatment may run as high as 97 per cent. At 

the present price of magnesium, this would make the process ecoriom- 

ically impractical. 

Although many different types of magnesium alloys have been used 

successfully, for reasons of availability, price, and ease of manufac- 

ture, it was decided in this investigation to use an alloy of copper 

and magnesium. To keep the activity of the magnesium down to a suf- 

ficiently safe level, an attempt was made to produce an alloy of 80 

per cent copper and 20 per cent magnesium. 

In the actual preparation of the alloy, ten pounds of electro- 

lytic copper was incited in the Oregon State College Brass and Alloys 

Foundry of the Industrial Engineering Department, and approximately 

three and seven-tenths pounds of magnesium was added in quarter-pound 
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pieces. The riagnesiurn was held tnder the surface of the uolten cop- 

per to prevent the rnagneiuri from burning at the elevated tempera- 

ture. The alloy was then cast into pigs and aUowed to cool. 

D. Analysis of the Magneiur Haster Alloy 

To enable calculation of the magnesium added to the iron, it 

was necessary to determine the chenúcal analysis of the master alloy. 

The test apparatus used in this chemical analysis is shown on the 

following page. For this analysis, the Standard Methods of Chemical 

Analysis of Magnesium and Magnesiuv-Base Alloys, American Society 

for Testing Materials Desiznation E 35-45, (2, p.169-170) was f ol- 

lowed. This method of analysis, which was run three times as a check, 

is quoted directly as follows: 

"(a) Transfer 3g. (for large percentages of 
copper, the saitiple weight should be decreased so 
that iOt more than 0.3g. of copper is present) of 
the sample to a 250-ml. beaker, add 1? :; . . of 
H2SO4, and gradually add small quantities of 
water until all of the sample is dissolved, fin- 
ally diluting the solution to 100 ml. Add 2 ml. 
of HN0 and boil for 2 min., or until brown 
fumes llave been expelled. Cool, and filter off 
any insoluble residue, catching the filtrate in 
a 250-ml. electrolytic beaker and washing tue 
paper well . The final volume should be about 
175 ml. 

"(b) neginning with a current density of 
2 amp. per sq. din. and finishing with 3 amp. per sq. 
din., electrolyze for i hr., or for 30 min. after 
any blue color has faded out. To make sure that 
all copper is plated out, test i ml. of the solu- 
tion with H2S water on a porcelain plate. 

"(c) When deposition of the copper is corn- 
plete, remove the cathode quickly, while washing 
with water from a wash bottle, rinse it in water, 
and then dip it into two successive baths of ethanol or 
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Figure 1. Schenatic diagran of apparatus 
used for copper-magnesium alloy analysis. 



or methanol. Dry in an oven at flO C. for 3 to 
5 min., cool, and weig1'. 

"(d) Dissolve the copper plate in lINO 
(1:1), rinse the cathode with water and ethanol 
and dry as before, and weigh again. 

"(e) CALCULATION. Calculate the percent- ae of copper as follows: 

A-B 
Copper, per cent = C X loo 

where: 
A = weight in grams of cathode and copper 

deposit, 
B = weight in grams of cathode, and 
C = grams of sample used." 

As only electrolytic copper and magnesium were used in the 

preparation of the master alloy, the rnaining percontage was taken 

to be magnesium. From the above method of chemical analysis, the 

magnesium content of the alloy was found to be 23 per cexrc. 

C. Foundry Procedure 

In the preparation of the iron for treanent, the metal going 

into the cupola for the various charges was carefully weighted and 

care was taken to ensure t1ia each charge contained the same pro- 

portions of the various types of scrap going into the charges. Al]. 

foundry work was carried out in the Oregon State College Departaent 

of Industrial Engineering Foundry Practices Laboratory. 

As suggested by G. E. lloldeznan and J. C. FI. Stearns (6, p.39) 

a heavy steel cover plate with a two inch hole was constructed to 

protect personnel and the laboratory from the possibilIty of burg 

and fires cansed by the reaction of the magnesium in the molten iron. 

This cover fit on top of the ladle, and the hole served to permit 
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the addition of the magnesium to the molten iron. The cover also 

served to prevent the niagnesium from sputtering out of the ladle, 

and thus to help increase the alloying efficiency of the magnesium 

with the iron. 

As mentioned earlier, it wa desired by the author to inves- 

tigate the effects of magnesium on iron bolow, within, and above 

the required range of ni agnesiunt retention to produce nodular graph- 

ite. This range, 0.03 to 0.1 per cent inagnesiwn, seems to be a 

well-agreed upon range by all authors covering this subject. Using 

the value of the magnesium content of the master alloy as deter- 

mined by the chemical analysis above, the following magnesium 

additions were made: 

Bar Series Magnesium added - per cent 

A 0.00 
B 0.10 
C 030 
1) 0.60 
E 0.90 
F 2.50 

The above percentages were calculated on the basis that the 

80 per cent copper-20 per cent vaagnesium alloy would have an alloy- 

ing efficiency of approdmately 10 per cent as reported by Holder- 

man and Stearns (6, p.38) for such an alloy. 

When the iron was tapped from the cupola into the ladle, the 

cover plate was placed on the ladle and the proper amount of copper- 

magnesium alloy added through the hole in the plate. As soon as the 

more violent reaction of the magnesium had subsided, the cover was 
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rernoved and the molten metal stirred to help incorporate any magnesium 

that might have become entrapped in the slag with the iron. Ininedi- 

ately following the inoculation of the iron with the magnesium, an 

addition of exotherinic ferrosilicon was made to ensure graDhiti- 

zatiort in the iron. The addition of the magnesium and the f erro- 

silicon caused the formation of a thick, viscous slag which was 

skimrted off before pouring the test bars. 

The test bars cast were 1.2 inch American Society for Test- 

ing Materials transverso test bars These bars were cast vertically, 

four bars being cast sinniltaneously in the same mold. This re- 

sulted in obtaining four bars of the saine magnesium content for 

physical testing. 

D. Heat Treauent 

aefore the physical testing began, two of each of the series 

of four bars vere heat-treated to enable investigation of the 

change of physical properties with heat treatment The heat treat- 

ment consisted of the following two steps: (1) heat the bars to 

16500 F and hold for oxie hour, (2) furnace cool to 1340° F, hold 

for one hour and air cool. The above heat treatment was suggested 

by C. K. Donoho (5, p.37). This heat treatment secis to give a 

good balance between maximum ductility and exonomy of heat treat- 

ment. 

All the bars given the heat treatment vere processed at the 

same time and in the sara furnace to ensure uniformity of results. 

As a check, the temperature within the furnace was taken with a 
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chromel-alumel thermocouple at ten minute intervals. In this way 

the operation of the temperature controller of' the furnace was 

checked and the teriiperature was held within close tolerances. 

E. Transverse Testirip 

Before beginning the transverse tests on the bars, the bars 

were machined to a 1.2 inch diareter. The reasons for this were 

two-fold: (1) The diameters of the bars in the as-cast condition 

were not uniform and tests on thuii as Cast uld not have resulted 

in Consistent results. (2) The average diameter of the bars was 

about 1.35 inches, which was beyond the acceptable range permitted 

by- the Anerican Society for Testing Materials. As ail bars were 

machined to the prescribed 1.2 inches in diameter, the need for 

correcting load and deformation to the standard 1.2 inch bar was 

eliminated. 

The actual transverse testing or flexure testing was done 

in the Oregon State College Materials Testing Laboratory on the 

Ansiar hydraulic testing machine. The reason that this particu- 

lar machine was used was that it is equipped with a mechanical 

load-deformation recorder, the use of which would el indnate the 

need for recording data, and thus require only one man to perform 

the tests. 

To enable information to be read from the automatically plot- 

ted load-deformation diagram, the first operation performed on the 

Amsier hydraulic testing machine was to riake a calibrated scale 

for load in pounds and deformation in inches. This was done using 
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a deflectometer to graduate the vertical deflection scale. The 

horizontal load scale was graduated by the moving of the load dial. 

up in thousand pound increraents manually. In this way thousand 

pound increnents were marked off on the load scale. 

Throughout the tests, American Society for Testing Materials 

Specifications for flexure testing of cast iron were followed 

(3, p.594-595). These specifications required that fracturo of the 

1.2 inch bar shall not take place in loss than 20 seconds. To 

meet these specifications, the rate of application of the load was 

et so as not to exceed 4000 pour1ds per minute. These specifications 

further required an eighteen-inch span between supports. This 

requirement also was foflowed. 

F. Tensile Testin* 

With the completion of the transverse or fieure testing, 

standard American Society for Testing Materials 0.505 inch diuieter 

S.ensile test bars were machined from the broken transverse test 

bars. One tensile test specimen was machined from each transverse 
test bar. This specimen was taken frt the end which was the bottom 

of the bar when originally cast. The reasons for this were to 

assure tmiforrnity of selection and to obtain a dense center section 

from which to machine the 0.305 inch diameter test specimen. 

The actual tensile testing of the specimens was done on a 

Southwark-Enery 60,000 pound hydraulic testing machine equipped with 

a Templin stress-strain recorder. This testing machine was located 

at the Albany, Oregon office of the United States l3ureau of Mines. 
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The use of this machine was obtained through the courtesy of 

Dr. E. T. Hayes, the head of the Physical Metallurgy Section of 

the Laboratory. 

Because the mathin waz equipped with. an automatic stress- 

strain recorder, the need for a data recorder ias dispensed with, 

and thus one man could perform the tests. With the automatically 

recorded stress-strain curve, the need to Lianusily plot a stress- 

strain curve to determine yield strength is eliminated. 

Another feature of the Templin stress-strain recorder which 
was very useful was that it was equipped with an exteusometer which 

could be left on the speciien to record strain up to fracture. When 

fracture occurred, the extensometer was so constructed that it would 

pull apart in two pieces without damage. Thus, by using this ex- 

tensieter, the behavior of the speciien could be checked up to 

fracture. 

When the tensile speciriens had been fractured, the 'roken ends 

were removed from the se1f-a1ining shackles and the broken ends 

were fitted together. When the broker e1s were i.iatched, the spec- 

imen was placed in a vise. A very light load wa.s applied merely to 

hold the ends together. Before running the tsi1e tests, the 

speciiiens had been marked with a two-inch gage length, using a 

special two-inch gage-marking device from the Oregon State College 

Matcrial.s Testing Laboratory. Original readings were taken of the 

actual gage length before the tensile tes s wore made, using div- 

iders and a scale graduated in hundredths f an inch. With the 
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broken specimen held in the vise, final rewui rigs were taken of the 

punched marks. From the increase in the readings the elongation of 

the specimen was determined. 

G. Brine]]. Hardness Number Determination 

To prepare specimens for Brinell hardness testing, six-inch 

sections of the 1.2 inch diameter flexure test bars were cut off 

the broken bar. Parallel flats were then machined on opposite 

sides of the bar in a longitudinal direction. To ensure a rela- 

tively smooth surface for testing the specimen, the fina]. preparation 

was done with a surface grinder. By employing such a method for 

preparing the specimens, the resulting test bar had a thic!nes 

greater than the required seven tintes the depth of the impression. 

The distance froen the center of the impreEsion to the edge of the 

machined surface was at least two and one-half times the diameter 

of the impression. 

The testing machine used for the determination of the Brine]]. 

Hardness Number of the specimens was an automatic Brinell testing 

machine manufactured by the Detroit Testing Machine Company. This 

particular machine automatically applies a 3000 kilogram load to a 

lo millimeter hardened steel ball penetrator when the foot-pods]. 

is depressed. Releasing the pedal removes the load and raises the 

penetratoi. The use of such a machine makes it possible to test 

a greater number of specimens in a given time than would be pos- 

sible with the familiar hand-operated Brineil testing machines so 

comm t mrny laboratories The particular machine used was located 
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in the Oregon State College Materials Testing Laboratory. 

Before testing was started, it was necessary to calibrate the 

machine to ensure accurate results. To perform this calibration, 

a calibrated steel block was used. This block had been laboratory 

tested 4th a 3000 kilogram load on a 10 millimeter penetrator, and 

the diameter of the resulting four calibration impressions was perm- 

anently engraved on the block. As the calibration of the Detroit 

Brine]], testing machine checked out, no changes had to be made in 

the calibration. 

When the actual Brjnefl hardness testing was performed, a 

number of test impressions were made in the center of the machined 

flat on one side of the specimen about three-quarters of an inch 

apart. Because it is recommended practice in this country to use 

a 10 millimeter ball with a 3000 kilogram load applied for at least 

10 seconds on f errous metals, this practice was followed in con- 

ducting this portion of the physical testing. 

As the Brinell Hardness Number is a function of the load and 

the area of the spherical impression of the ball, it is necessary to 

know the J iameter of the impression to determine the hardness 

number. The impression diameters were determined by using a speci1 

Bausch and Lomb hand microscope designed specifically for this 

purpose. As the ocular tube of this microscope is fitted with a 

glass micrometer scale graduated in tenths of a millimeter from 

O to 6 millimeters, it is possible to read the diameter of the impres- 

sion to one-twentieth of a millimeter. This microscope is furnished 
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with an accurately graduated calibration scale to check the calibra- 

tion of the instrument. This calibration test was made before using 

the instrument and was found to be in perfect adjustment. 

By using the diameter as found above, the Brinell Hardness 

Number may be found by using the following equation: 

Where: 

BHN P 

4- ( D -Y D2 - D12 ) 

P = load, kilograms 

y diameter of ball, millimeters 

D1. diameter of ball impression, millimeters 

In most cases, laboratories using a Brinell testing machine 

have a table in which the hardness values have been calculated for 

a wide range of diameters of impressions. Such a table was avail- 

able in the laboratory, and was used for determination of the 

Brine]]. hardness. 

H. Hetaj.lojzrpphic Procedure 

To prepare specimens for metallographic examination, trans- 

verse cuts were made on each of the origina]. flexure or transverse 

test bars in order to produce a disk-like specimen approximately one- 

half inch in thickness and 1.2 inches in diameter. These sections 

were taken from the bottom half ',f the vertically-cast test bars 

approximately four to six inches away from the fracture of the 

flexure test. 



Refore the microstructure of the specimens could be examined 

under the meta].lograph, they had to be polished to a very high 

degree to bring out the stzcture and to remove scratches. The 

first step consisted of rough grinding of the specimens using 

the following belts on a belt grinder: (1) 80 grit, (2) 120 grit, 

(3) 180 grit, and (4) 240 grit. The second step consisted of the 

fine grinding and this was done using ntnnber 1, 0, 00, 000 papers 

mounted on plate glass. The final polishing operation was carried 

out on rotating polishing wheels. The first wheel employed was 

covered with white duck, and the abrasive used vas a water suspen- 

sion of number 600 alundunt powder. The final lapping was performed 

on a velvet-covered wheel using levigated alumina as the abrasive. 

During aU of the above polishing, the specimens were carefully 

washed between operations and dried to prevent the carry-over 

of abrasive from the preceding operation. The specimens were 

rotated ninety degrees each succeeding operation, and polishing 

was carried on for twice as long as necessary to remove the scratches 

from the preceding polishing. 

The etching reagent used was two per cent Nital. The time 

required to etch the various specimens varied according to cOEnposi- 

tion and heat treatuent. The average tinto was app tmately fif- 

teen seconds. 

To remove any effect that cold work, caused by polishing the 

specimens, might have had on the structure, the specimens were etch- 

ed and re-polished on the final polishing wheel a minimum of three 
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times. This also had the effect of removing any flowed metal 

caused by polishing. 

¡tu of the above werk was carried out in the Metallography 

Laboratory of Oregon State College. The microscopic examination 

of the specimens was also carried out in this laboratory, using 

the Bausch ai Lomb Research Micro-.Meta].lograph. All of the 

photoxnicrographs taken of the specimens and shown under RESULTS 

were taken on this instrument at 200 diameters. No mention 

will be made here of the photographic procedures followed in 

taking these pictures, as the author believes then to be well 

known standard practices and not within the score of this report. 

I. X-Ray Inspection 

During the investigations, it was discovered that certain 

additions of magnesium had a tendency to chill the iron. This 

chilling produced a porous or spongy center in the iron. To 

illustrate this effect, radiographic methods were employed. 

In making a radiograph of the bars, a 140 kilovolt mechani- 

cally rectified unit was utilized. This apparatus was located 

in the X-Ray Laboratory of the Oregon State College Materials 

Tes ting Laboratory. 

Radiographa of round objects are difficult to make. X-rays 

striking the edge of the bar form secondary x-raya. These secon- 

dary rays scatter and undercut the bar. This scattering fogs the 

radiograph of the edge of the bar. To prevent scattering of the 
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x-rays front their edge, the bars were packed in copper shot. One 

specimen froet each of the six series of bars was used in the as- 

cast condition. A focus-film distance of thirty inches and 

approximately 102 kilovolts were used. The exposure was one 

minute and the filament current was 7 5 milliamperes. Calciunb- 

tungstate intensifying screens were used in conjunction with 
Eas than type "F" x-ray film. 
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III. DISCT.SION OF RQLTS 

The direct results of this investigation are shown on the 

foflowing pages of graphs, tables, and photomicrographs. The data 

used for plotting the curves and tabulated data are averages of 

tw separate test specirners, A brief discussion of thc effects of 

the various amounts of inagiesium added wiU follow. In these 

discussions, only the trend of the effects wiU be discussed, as 

the number of tests made and specimens used were not sufficiently 

large upon which to base absolute values. Furthermore, as the 

properties of iron are never consistently reproduceab].e, only 

trends could be indicated in even a large-scale investigation. 

A. Effect of Mnesium Addition on Modulus of Rupture 

Figure 2 graphically shows the effect of the a1ditions on 

modulus of rupture. The graphs show a definite trend for the 

modulus of rtpture to increase with an increase of magnesium. 

The as-Cast iron seus to reach a ma,d.muni within the range of 

additions which caused a spheroidal graphite structure, 0.9 per 

cent magnesium. The nodulus of rupture of the heat treated 

bar continuously increased thoughout the range of the magnesium 

additions made in this investigation. It is possible that 

the as-cast specimens were so hard that they had Lecoîie brittle. 

This would explain the reduction ii modulus for bars of high 

magnesium addition. 
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From the fracture of the bars, it was noticed that bar series 

E and F had a hard outer shell, but that the core was spongy in both 

of the bar series. This was only slightly noticeable in the E 

series bars, but was extreriely noticeable in the F series bars. 

This probably would not seriously effect the strength in flexure, 

as only the outer fibers of the bars carry the m dirnxt stress; 

however, it ray be a point to be ccnsidered. 

B. Effect of Magnesium Additions on T. sile and Yield Strengths 

Figure 3 graphically illustrates the effect of the magnesium 

additions on tensile and yield strength. It should be noticed that 

there are no values reported for the F series bars. This was due 

to the spongy cores of the transverse test bars from which the 

standard 0.505 inch tensile test bars were machined. The core of 

the series F bare proved to be so weak that it was not possible 

to machine a test specimen from them. There 1 not the correlation 

between the Brinell hardness of the severzd series of bars and the 

tensile and yield strengths that there should be. This spongy 

center could be blamed for the fact that bar series E, which con- 

tamed nearly all of the graphite in spheroidal form, did not 

produce the high-strength iron that it should have. In general, 

the additions of magnesium had little effect on the tensile and 

yield strengths. The as-cast tensile and yield strengths were 

approximately 10,000 psi higher than those of the corresponding 

heat treated specimens. 
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C. Effect of ?4ajznesium Additions on KLpnation 

Figure 4 gives the graphical representation of the effect of 

the addition of ragnesium on the ductility of the specimens. In 

general, the curves iflustrate that there is an increase in the 

elongation or ductility of the iron with increasing amounts of 

magnesium. The curves show a falling off of the elongation for 

the E series bars, which had nearly ali of the graphite in the 

spheroidal form. This may have been due to the slightly spongy 

core of this series of bars from which the 0.505 inch tensile 

specimens were taken. As this core was larger in diameter than 

0.505 inches, the tensile specimen was nearly all poor iron. 

In general, the ductility of the heat treated iron ran 

approximately half again that of the as-cast iron. 

D. Effect of Nagnesium Additions on the Modulus of Elasticity 

Figure 5 illustrates the effect of increasing amounts of 

magnesium on the modulus of elasticity. As seen from the figure, 

the general result is a gradual decrease in the modulus with an 

increase in magnesium. The modulus of elasticity was determined 

at twenty-five per cent of the untimate stress as suggested by 

the Cast Metals Handbook (1, p.391) and H. I3ornstein and J. W. 

Bolton (4, p.509) 



2 

E. Effect of Hnesi Mdi.ons on the Brinell Hardness. Nwiber 

The graphical illustration of the effect of magnesium addition 

on the Brinell hardness is shown in Figure 6. The curves show that 

there is a geiera1 trend for the Brine].]. hardness to increase with 

increased magnesium additions. Investigation of the first four 

data points on the curves wifl show that there was little change in 

the 3rineU hardness with magnesium additions up to that point. 

This was probably due to the magnesium being used up to desul- 

phurize the iron instead of forming nodular graphite. If this 

theory were true, it would explain the fact that there was little 

change in the tensile and yield strengths with magnesium addition. 

As might be expected, the iron was considerably 

softer than the as-cast iron. This fact correlates wefl with the 

results of the as-cast and heat treated specimens in the other 

tests. 

F. Effect of Najnesii.im Additions on the Microstructure 

Figures 7 to 18 show the effect of the magnesium additions 

upon the microstructure of both the as-cast specimens and the heat 

treated bars. Investigation of the photoniicrographs shows a trend 

for gradua]. decrease in the length and increase in the thickness 

of the graphite flakes. These flakes decrease in length until 

nearly all the graphite is in the spheroidal form in the series E 

specimen. Figure 15 illustrates the effect of too much magnesium. 

There seems to be a tendency for the nodules to break down into 
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flakes again. 

The matrix of the as-cast bars seets to be mainly pearlitic 

with a fairly large amount of steadite. Although steadite indicates 

the presence of phosphorous, which makes iron slightly cold short, 

its effect would probably not be great enough to effect the 

physical properties of the iron. The heat treatnent seems to cause 

a break-down of the cetentite of the pearlitic matrix. This results 

in a new matrix that is largely ferritic with smail spheroids of 

iron carbide finely dispersed. 

An interesting comparison can be made by investigation of 

Figure 19. This is a photomicrograph of a sample of nodular 

graphite cast iron supplied by the International Nickel Company. 

This iron had the following properties as tested: 

Tensile strength, psi 94,100 
Yield strength, psi 62,000 
Elongation, per cent 7.25 

Modulus of Elasticity, psi 21,250,000 
Brine].]. Hardness Number 241 

As seen from the photomicrograph, the spheroids of graphite 

are surrounded by ferrite. The matrix of the iron is pearlitic. In 

none of the specimens produced at Oregon State College for this in- 

vestigation did such large amounts of ferrite develop in the iron or 

in like manner. It is undoubtedly this ferrite along with the 

spheroidal forni of the graphite which was responsible for the 

relatively high ductility of this iron. 
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G. Reu1ts of X-Ray wiinatjon 

The radiograph taken for internal inspection of the 

bars is shown in Figure 20. This radiograph clearly illustrates 

the porosity of the center of certain of the bars. 

The letters on the bars represent the iron series from which 

the specimen was taken. The porosity does not appear until nodular 

graphite is obtained in series E. Therefore, it is apparent that 

the chilling of the iron and resultant porosity is not a problem 

until sufficient magnesium is added to forra spheroidal graphite. 
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TABLE I 

TABULATED DATA FOR AS CAST SPECIMENS 

BAR MAGNESIUM MODULUS TENSILE YIELD MODULUS TIL0NGAUON, BRINELL 
SERIES ADDED, OF STHENGTH, STRENGTH, OF per cent HARDNESS 

per cent RUPTURE, psi at 0.2% ELASTICITY, NUMBER 
psi offset psi 

psi 
A 0.00 5,000 31,750 28,200 11,350,000 0.5 229 
B 0.10 67,000 32,250 26,800. 16,250,000 0.75 235 
C 0,30 71,000 31,500 26,700 15,600,000 0.81 235 
D 0.60 71,000 31,500 25,900 14,950,000 Lis 231 
E 0.90 75,000 29,200 25,900 13,900,000 0.75 285 
F 2.50 65.L500 331 

TABLE II 

TABULATED DATA FOR HEAT TREATED SPECIMENS 

BAR MAGNESIUM MODULUS TENSILE YIELD MODULUS ELONGATION, BRINELL 
SERIES ADDED, 0F STRENGTH, STRENGTH, OF per cent HARDNESS 

per Cent RUPTURE, psi at 0.2% ELASTICITY MJMBER 
psi offset psi 

psi 
A 0.00 49,000 20,500 18,000 12,100,000 0.86 131 
B 0.10 57,000 20,850 17,600 16,150,000 1.25 137 
C 0.30 55,400 20,250 18,000 14,500,000 1.56 131 
D 0.60 53,600 19,400 17,500 14,200,000 1.50 140 
E '.90 77,600 26,200 24,600 13,200,000 1.31 207 
F 2.50 76,000 224 
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FIGURß 7. Photoinicrograph at 200 diameters of speci-. men from series A iron (plain gray cast) in th as- cast condition, Etched with 2% Nital. 



FICUJRE f3. Photemicrograph at 200 diameters of speci- 
men f xum series A iron (plain gray cast) in the heat 
troated condition. Etched with 2 Nital. 
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FIGURE 9. Photomicrograph at 200 diarneters of speci- 
men from series B iron (0.1% magnesium added) in the 
as-cast condition. Etched with 2% Nital. 



FIGURE 10. Photomicrograph at 200 diameters o speci- 
men from series B iron (0.1% magnesium added) in the 
heat treated condition. etched with 2% Nital. 



37 

iGURE U. Photoúcrograph at 200 diamers of speci- 
men fror series C iron (0.3 magnesium added) in the 
as-cast condition. Etched with 2% Nital. 



FIGURE 12. Photomicrograph at 200 diameters of speci- 
men from series C iron (0.3% magnesium added) in the 
heat treated condition. Etched with 2 Nital. 



FIGURE 13. Photomicrograph at ZOO dianeters of speci- 

men from series D iron (0.6% magnesium added) in the 
as-cast condition. Etched with 2% Nital. 
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FIGURE 14. Photomicrograph at 200 diameters of speci- 
men from series D iron (0.6% magnesium added) in the 
heat treatment condition. Etched with 2% Nital. 
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FIGURE 15. Photoniicrograph at 200 dIameters of speci- 
men from series E iron (0.9% magnesium added) in the 
as-cast condition. Etched with 2% Nital. 
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FIGURE 16. Photomicrograph at 200 diameters of sped- 

men from series E iron (0.9% magnesium added) in the 

heat treated condition. Etched with 2% Nital. 
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FIGURE 17. Photomicrograph at 200 diameters of sped- 
men from series F iron (2.5% magnesìwn added) in the 
as-cast C)ndjtjon. Etched 2% Nital. 
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'IGURE 18. Photoinicrograph at 200 diameters of speci- 
men front series F iron (2.5% magnesium added) in the 
heat treated condition. Etched with 2% Nital. 
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FIGURE 19. Photomiòrograph at 200 diameters of speci- 
men taken from a bar of spheroidal graphite iron supplied 
by the International Nickel Company. This iron had a 
tensile strength of 94,100 psi in the as-cast condition. 
Specimen etched with 2% Nital. 



Figure 20. X-ray radiograph illustrating porosity resulting from chill. 

- 
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Iv. CONCLUSIO 

During the course of this investigation, the author found 

answers to many of the original questions confronting him. In tha 

fo11oing discussion of the conclusions drawn froflt this research, 

many of the questions will be answered. 

One of the first questions asked was if there were any 

hannfu]. effects frcn the addition of too niucli or too little ;;-iagne- 

siuin. In the case of too little magnesium added, the answer can 

be either yes or no. If no harm will result from producing an 

iron of only slightly better quality than the gray cast, then 

there are no harmful effects. On the other hand, too much magnesium 

added can be definitely harmful. The primary result of excess 

magnesium is the production of a hard, chilled outer shell on the 

casting. This chifled outer shell is extremely difficult to 

maìine, and the core of the casting is prone to be porous. Nearly 

all of the other physical properties except Bririell hardness suffer 

with too much magnesium. However, machinability may suffer from 

too high a hardness. 

From this investigation the author would venturo to state 

that it is possible for spheroidal graphite iron to be produced in 

the small foundry where it is possIble to produce iron of consist- 

ent composition. From the results obtained, however, it would seem 

that merely producing n iron containing the carbon in the nodular 

form does not ensure thmt high strength will result. 1f such were 

the case, there would been a considerable increase in the 
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breaking load and also in the resulting modulus of rupture of the 

series E bars in fle,are. Though this bar was slightly porous in 

the core' only the sound outer shell would be under inaximiun stress 

during this test. The structure of the graphite in these bars was 

nearly all spheroidal, but yet it failed at a lower Btreae than 

most of the other bars. It would see!t froet this that many foundries 

might find that they would have to readjust th composition oî their 

iron in order to secure high strength. In many cases the economic 

considerations might not make it profitable to produce a higher 

strength iron. 

Though many authors have been enthusiastic in their discus- 

sion of this new engineering material, few if any have extensively 

reported on some of the more serious difficulties From the stand- 

point of foundry operation, the author believes that there are 

several weaknesses to this material. As the iron has a higher 

shrinkage rate than that of gray cast iron, the ordinary foundry 

might find it expensive to supply new patterns to accommodate this 

change. The results of the work in the foundry laboratory seem to 

indicate that new systema of gating and risers would have to be 

developed to overcome the feeding problems encountered 'with the 

chill ing effect of the ma:iura. In many instances, there would 

be a need to use oversi:e risers. The use of these risers would 

reduce the overall melting efficiency of the melting unit and thus 

reduce the econom ' operation. 

No attempt has been made in this investigation to analyze 

the cost of production of the metal, but such would be an important 



consideration for any foundry. As mentioned ar1ier, the process 

for using magnesium is now patented by the Internafiøna]. iLickel 

Company. When the cost of royalties is included in the cost of 

producing the iron, another economic consideration must be taken 

into account. Relying on the rk of G. Vennerhoirn (8, p.55), it 

would seem that as yet, this new iron caimot conipete with most other 

ferrous products on a price basis. 

The author would like to state that there is stil a 3a'ge 

field of develonent left on this new iron. However, until 

processes can be perfected to bring the cost of production down, 

its field of application will not be as wide as prophesied by 

some. 
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