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INTRODUCTION

It is known that the number of temper carbon nodules
per unit volume of malleable iron has an effect on both the
rate of anneal and on the resulting physical properties, but
nelther have been clearly worked out quantitatively. The
purpose of this investigation is to ascertain the effect of
temper carbon nodule number on certailn of the physical rro-
perties of a commercial malleable iron.

Quantitative determinations of the effect of temper car-
bon nodule number would be essential from a theoretical view-
roint in working out the mechanlism of graphitization, and
would be useful in commercial practice in showing the most
desirable nodule count and matrix structure to have in order
to produce optimum mechanical and physical properties. The
metallurgical potentialities of malleable iron will not be
fully realized until the graphite formation during the an-
nealing cycle and tke resulting physical prppertiea due to

this formation are fully understood and controlled.

LE CAST IRON DEFI

The general term "cast iron" includes grey irons, pig
irone, white cast irons, chilled (white face) cast irons,
malleable irons, and the new lnoculated nodule irons. Cast
irone are essentlally alloys of iron, carbon, and silicon in
which the carbon is present in excess of the amount which
can be retained in solid solution in austenite at the eutec-—
tic temperature.

Grey iron —— Cast 1lron which contains a relatively large



percentage of 1ts carbon in the form of flake or lamellar
graphite, and substantlally all of the remalnder of the
carbon in the form of eutectold carbilde.

White iron —- Cast iron in which substantially all of the
carbon is present in the form of iron carbide.

Malleable iron —— Essentlally an alloy of iron, carbon and
silicon, such that the "as cast" structure is white iron,

but after beilng cast is converted structurally by heat treat—
ment into a matrix of ferrlte contalning nodules or spheroilds
of temper carbon, (graphite).

Pearlitic malleable iron —- Differs according to the American
Soclety for Testing Materilals from standard malleable in that
the matrix contalns varying amounts of pearlite replacing

the ferrite.

Graphitic carbon (in a steel matrix) is ordinarily dis-
tributed in two baslc ways, the first as lamellar or flake
graphite, the second as nodules or spheroidal graphlte. The
basic forms may vary in size, both flake and nodule are found
(1)

in a finely dlvlided form referred to as supercooled, re-

ficular, and dendritic.

(1) Morrough, H. and Williams, W.J., Graphite Formation in
Cast Iron, Engineering, Aug. 8, 1947, p. 1l4l.

The optical anisotropy of graphite flakees and nodules can be

studied by the polerilizing microscope. (2)

(2) 1Ibida.

The color of a graphite crystallite will vary twice from light
brown to black as the speclimen is rotated through 360 degrees.
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Owing to this reflex pleochroism it has been possible to show
that many graphite flakes have complex needle-like structures
internelly and are usually aggregates of interlacing crystals.
Graphite spherulites consist of radlially oriented crystallites

)
growing from a common center (33, (&) with the radii of the

(3) Ibid.

(4) Strauss, H.E., Structure of Spherulites in Nodular Cast
Iron, J. of Metals, p. 249, March 1951.

nodules at (0001l) direction normal to the basal planes of
graphite. Regardless of the basic form 1t has been reported
that the unit cell crystal structure is approximately similar.
Grarhite (8) may be consldered a matrix of two closely re-—

lated structures, Alpha and Beta. (See illustration 1, page 4.)

(5) Owen, W.S8. and Street, B.G., The Crystal Structure of
Graphite in Cast Iron, J. of the Iron and Steel Inst.,
p. 113, Feb. 1S51.

The a-graphite structure, shown in Fig. la, in which the
atoms are arranged in layers (within which they form a regular
pattern of hexagons) such that neighboring layers are dis—
placed, as shown in Fig. 1lb, and alternate layers lle directly
beneath eachh other. Thils structure can be described in terms
of a hexagonal lattice, space group Dgh, with four atoms in
the unit cell. The dimensions of the unit cell are given by
Trzeblatowekl as a = 2.456 K., c = 6.694 ﬁ.

The B-graphite structure, in which two layers are ar-—
ranged as in Fig. 1lb but the next layer 1s displaced by an

equal amount in the opposite direction, as shown in Fig. 1lc,



Fiji.

1 Structure of x- and ;3-graphite. a x-graphite.
b Method of packing layers in x-graphite. The
first layer is represented by heavy lines, and the
second layer by thin lines. ¢ Method of packing
layers in d-graphite. The first layer is represented
by hea\y lines, the second by thin lines, and the
third bv dotted lines.
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the pattern bein~ repeated at every fourth layer. This struc-
ture can be described in texrms of a hexagonal lattice with

a unit cell of si'e length ¢ equal to ‘;' times that in the
alpha-structure, and it has a space group Dg a with unit cell
dimensions a= 2.256 A. and o = 10.044 &., containing six atoms

at co-o:ﬁinatoaOOO.%%0,00‘;,%-;-%.%%%.%%%c

This struoture is really rhombohedral, with a = 3.636 4.,
alpha = 39.49°, and the atoms at £ (u u u), where us&. The
space group is R3m. The parameter u cannot be determined ex-
actly, but the value of % was chosen because it gave plane
hexagonal rings.

Owen and é‘tmet present nire forms of graphite and their
pexcentage of Beta structure ---

Tyve % Beta-structure

1. natural graphite (Ceylon) 13.0

2. hi-purity iron (C-Si alloy) 7.0

3. ocommexcial hi-phos grey iron 7-4

4. hi-gr-de grey iron (not inoculated) 6.6

5. 4ron inoculated with SM2 6.3
(SMZ - 60% Si and Mn, 2Zr)

6. malleablized white iron 7-4
(flake aggregate)

7. malleablized white iron 3.5
(spherulitioc)

8. Cerium treated modular iron (1) 6.3

9. Cerium treated nodular iron (2) 4.7

Prom this study, they have stated that -- the crystal structure
of any particular microscopic form of graphite is independ-
ent of the composition and method of manmufacture of the iron
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the regularity of the packing of the atom layers in graphites
occurring in flake form is different from that in spherulitic
variety, the flake having less disordered structures and

more beta-structure than the spherulitic; +the graphite pre-
sent in iron alloys does not contain any element, other than
carbcon, in any appreciable quantities. This last statement
1s under debate at present both in the United States and in

England (6) (7)

(6) Schwartg, H.A., Blackheart Malleable Iron, American
Foundryman, p. 46, June 1949.

(7) Morrough, H., op. cit., p. 2.

The strength of graphite has been reported as being ap-

proximately 2000 psi. (8) It is felt that the volumes occup-

(8) United States Atomic Energy Commission Paper, Shear and
Tensile Strength of Graphite Anodes, Clinton Iab.

ied by graphite in the steel matrix of both grey, malleable
and nodular irons are stress concentrators (with reference to

malleable and nodular irons) (9). and planes of weakness in the

(9) Plinn, R.A., (Private communication) unpublished material
from American Brake Shoe Reseaxrch Laboratories.

case of grey iron. The important function of the graphite is
its shape, size, and distribution, for it will be these prop-
exrties that will exert the greatest influence upon the matrix
stxructure.



Essentlally then, the scovre of this investigation will
cover an attempt to pre—treat white cast iron to cause varia-—
tion in the temper carbon nodule number; followed by subject—
ing this material to a commercial annealing treatment; and
subsequently observing the resulting metallographic structure
and physical propertles.

The physical and mechanical propertlies to be linvestigated
are: Tensile strength, Yield strength, Elongation, Reduction
of area, Brinell hardness, Tukon hardnese of matrix structure,

Charpy impact strength, and Coercive force.



REVIEW OF THE LITERATURE

In 1931 the American Society for Testing Materials held

(10)

a symposium on malleable iron castings. At that time it

was reported, that the average values of tensile strength,

(10) Symposium on Malleable Iron Castings, ASTM, Vol. 31,
p. 317, 1931.

Yield strength and elongation of malleable iron, detexrmined
from the results of twenty thous-nd tests by seventeen inves-

tigators were as follows:

Tensile Strength 54,000 psi

Yield Strength 36,000 psi

Elongation in 2 in. 18%
BHN 100-140

These values were for what is now considered standard malleable

iron, or malleable iron produced by air furnace, open hearth

or electric furnace process, or one of the duplexing processes.
Today the ASTM has set up standards on three main types

of malleable iron; standard malleable, cupola malleable, and

pearlitic malleable. Each type has a distinct set of specifi-

cations.
STANDARD MALLEABLE (ASTM A 47-48)2y
pe
32510 35018
Tensile strength 50,000 psi 53,000 psi
Yield strength 32,500 psi 35,000 psi
Elongation in 2 in. 10% 18%
CUPOLA MALLEABLE (ASTM A 197-47)
Tensile strsngth 40,000 psi
Yield strength 30,000 psi
Elongat 'on in 2 in. 5%



PEARLITIC MALLEABLE (ASTM A 220-50T)

Type
43010 48005 53004 60003 70002
TS (psi) 60,000 70,000 80,000 80,000 90,000
Y S (psi) 43,000 48,000 53,000 60,000 70,000
Elong. (%) 10 5 3 3 2
BHEN 163~ 179~ 197- 197~ 241~
207 228 241 241 285

*The ASTM does not specify matrix structure, or temper

(11)

carbon nodule number. Schwartz » Schindler, and Elliott

(11) Schwartz, H.A., Schindler, H.J., and Elliot , J.F.,
The Relation of Carbon Nodule Sige and Tensile Prop-
erties of Malleable Cast Iron, Proc. ASTM, Vol. 39,
p. 583, 1939.

in 1938 were the first to publish data relating tensile
strength to temper carbon nodule count. In their work 16
tensile test bars were divided into four groups, each group
subjected to a different heat treatment as follows:

Gp. A was heated to 950 C (1742 F) for one hour, oil
qgenched and drawn for about a half hour at
500 C

Gp. B was similarly heat treated except that the in-
itial temperature was 825 C (1515 F)

Gp. C was given no heat treatment, but was used as
cast

Gp. D was packed in a three inch pipe in pig iron
borings, heated for 26 days at 725 C, cooled to
room temperature and heated for 22 days more at
725 C, cooled to room temperature and heated
25 days at 710 C. The interruptions were made
to permit micro examination of the specimens to
leaxrn the progress of graphitization.

Groups A, B, and C were then given a commercial anneal.
The specimens were then turned to 0.505 inches diameter with

3/4 inch threaded ends.
The yield strength reported is the Johnson's elastic
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limit, where the relation of strain to stress has become one
and one half times the initial relat ionship.

Their results were as follows:

Gp. T S Y S Elong. R A Nodules per mm<
(psi) (psi) (%) (%) per mm> approx.

A 53,940 29,000 16.5 14,2 40,686 200

B 54,885 27,325 11.9 9.7 28,456

C 53,255 30,175 2.7 19.4 235

D 56,550 37,375 21.3 20.8 30 5 or 6

It appeérs that the tensile strength is practically not ef-
fected by the distribution of the temper carbon except in
the case of group D. Since, in order to produce very coarse
nocdules, the anneal was conducted entirely below the criti-
cal point, it is barely possible, but not likely, that the
difference is due to the heat treatment of the ferrite.

Some hardness readings would have been helpful, but none ap-
pear in this paper. The elongation of the relatively coarse
nodule ircn is definitely higher than that containing the
fine nodules. The reduction of area follows a similar rule.
Schwartz's conclusions were: "The nodule size of the temper
carbon has little effect on either the yield or tensile
strengths of malleable iron as determined on machined speci-
mens. A decrease in nodule number from about 28,000 to 135
per cubic mm. is accompanied by an important improvement in
ductility. No sufficient theory exists with regard to the
physical properties of heterogeneous mixtures to permit
rational explanation. It is unfortunate that so large a

88p exists between the nodule numbers for groups B and C.

This is due to the fact that while prequenching treatment



will give very fine nodules (12) no method was known to us
for insuring that the present metal could be annealed with

(12) Schwartz, H.A., Johnson, H.H., and Junge, C.H., Graph-
itization of Prequenched White Iron, Trans ASM, Vol.
17, p. 383, 1930.

a nodule number of say 1000 or 2000 pexr cubic mm."
A Turther check through the literature available to the
writer yields no further published American work.

There is however a Russian symposium by S. S. Saltykov (13)
(13) Saltykov,; S.S., Role of Center of Graphitization in

the Annealing of Malleable Iron, Metallurg., Vol. 14,

pp 10-22, 1939.
which considers the influence of the numbexr of centers of
graphitization (temper carbon nodules) upon the mechanical
properties of malleable iron. In this work the quenching
medium is oil, and the results are repoxrted as follows:
Nodules Tensile Elongation Ferrite grain
per mm2 Strength dia. (microns)
20 to 50 49,600 12.9 30-60
1200 to 52,900 6.3 20-30

2200
As a result of his work Saltykov believes there must be an
6ptimum number of graphite particles between 120 and 1000 per
square mm., which will yield maximum physical properties. He
also notes the increase in tensile strength with increase of

temper carbon nodule count, and the corresponding decrease in

elongation. It is also stated that the impact strength of

these specimens did not differ to any noticeable extent.
Another review grticle by M. Gabriel Joly (14) also con-
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(14) Joly, M. Gabriel, Centers of Crystallization of Carbon
in the Annealing of Black Feart Valleable Iron, Fon-
derie, p. 375, Nov. 1946.

slders the influence of the number of centere of crystalliza-—
tion (temper carbon nodule numbe-) upon the mechanical pro-—
perties. In Joly's serlies of tests one set of speclmens was
subjected to what he terms an oil temper near 930 C (1710 F)
before the anneal. This resulted in specimens which head a
temper carbon nodule ,count between 800 and 2000 per mm?. An-—-
other set of specimens were annesled as cast, and contalned
between 20 and 40 temper carbon nodules per mn?. Each set of
specimens was subjected to tension until rupture. He then
Plotted the elongation and tensile strengtia values of the

two series. (See gre~h 1, page 13, and graph 2, page 1l4.)
From these graphs we may comnpare the relative frequency of
the elongation and tensile strengths values for each series.
It 1s evident that as the temper carbon nodule count% increases,
generally the elongation decreases, and the tensile strength

increases.

Joly found that the approxinate values were true ——

Nodule Tensile Strength Elongation
per mm (psi) (%)
1100 56,000 6
600 52,600 10
150 50,000 12.5

He states: "It srould be noted that one does not observe
8reat variatior in the mechanical characteristics when there
18 a large variation in the number of temper carbon nodules.

Two irons, having for example 30 and 120 centers per mm® Imve
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12

10

Fumber of
Tests

13

20 to 40 nodules
per sq. mm.

800 to 2000 nodules

per sq.

mm.

6 8 10 12 14 16 18 20

Elongation (%)

GRAPE 1 - Influence of the number of nodules
per sq. mm. on the elongation of
a malleable cast iron.
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14 20 to 40 nodules
pPeTr sqQ. mm.
12 800 to 2000
nodules
pPer sq. mm.
10
8 X
Number of
Tests
6
4 %
, / /
0
30 31 32 33 34 35 36 37 38 39 40

Resistance to tension (kg/mm?)

GRAPH 2 - Influence of the number of nodules

per sq. mm. on the resistance to
tension (tensile strength)
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almost the same mechanical properties." Joly considers a
malleable iron with from 60 to 140 centers of crystallization
carbon (temper carbon nodule number) as one that will yield
optimam mechanical properties.

The only other reference found was in A. Hultgren and
0. Edstrom's article on graphitization of martensite (15).

(15) Bultgren, A., and Edstrom, O., Graphitization of Mar-
tensite on Heating, Jernkontorets nnalerxr, Vol. 26,
. 83, 1942.

in which it was noted that -- Tensile tests on prequenched
and n?alleablized specimens showed a normal tensile strenth,
but poor elongation (6-7%). The tensile strength was lower
for alloyed irons than for un-alloyed irons. They gave no
data, or offered any explanation for this statement.
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DISC I PRES S

Material Used: The material used was in the form of standard
tension test specimens (as cast — 7 1/2" long, 5/8" in the
smallest section) as specified in the ASTM A-47-48, Standard
B8pecification for malleable iron castings, Section 6.

The bare were obtained from Chicago Malleable Castings
Company. Frank A. Czapskl, Chief Metallurgist of the company
has furnished bthe followling information concerning them. Tkey
uﬁfe molded in green esand, pattern faced with a fine grsin
synthetic sand to produce a fine surface finish on the test
bars. The moids were poured from hand ladles, taken from one
800 1b. transfer ladle. An addition of 0.001 £ B (Boron) was
made to this transefer ladle. Thelr lab report of the chemi-
cal analysis of the test bars is ——

c g.gg %
Mp .

si 1.13

P 0.13

8 0.14
Cp 0.048

The general melting procedure was as follows: a # 7
oupola lined to 48 inches; then to a reverberatory holding
furnace, “ired with pulverized coal. Average melting rate
12 tons/hr. OCupola charge —-—

metal 2000 1b. 7% malleable scrap or
foundry plg
6% silvery pig (15%)

50% white iron sprue
38% steel scrap

coke 230 1lb.
Limestone 65 1lb.
Purite 2 1lb.

Any deficiency of manganese content in charge is com—
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pensated by the addition of Mn-Si briquettes.
Aporoximate analysis of composite charge --

c 1.56 %
Mn 0.65
Si 1.45
P 0.12
S 0.15

The approximate analysie of metal leaving the cupola --
0 2. 5"2.7
MNn 0.5=0.55
Si 1.1-1.3

They txry to maintain the following chemistry range in

the duplex iron --

c 2.4-2.5
m 0. 45-0. 5
Si l.1-1,.2
P 0.1-0.14
S 0.14—0. 16

The annealing cycle used by Chicago Malleable Castings

Company is --
36 hr. to 1600 F
60 at 1600 F
30 to 1280 - 1320 F
24 at 1280 - 1320 F
24 to 1150 F
open at 1150

174 hours total
The 2nnealing furnaces are fired with pulverized coal,

and the castings are packed in gravel. It should be noted
that this cycle is rather long, however, it is satisfactory
for the heavy type of castings produced in this plant.
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EXPERIMENTAL METHODS

It is known that the following factors (167¥0(26) eroct the

(16)

Saltykov, S.S., op. cit., p. 1ll.

(17)

Joly, M. Gabriel, op. cit., p. 12.

(18)

mtsren. A., and Edﬂtrom. 0. » OP. °1t.. P- 15.

(19)

Schwartz, H.A., Solved and Unsolved Metallurgical
Problems of Blackheart Malleable Iron, Proc. Inst. of
British Foundrymen, paper # 897, 1947-48.

(20)

Palmer, S.W., The Anneability of White Ixron in the
Manufacture of Malleable Iron, Foundry Trade Jourmal,
p. 110, Oct. 9, 1947, p. 129, Oct. 16, 1947.

(2a)

Elsea, A., and Loxrig, C.H., The Effects of Copper
Content and Low Temperature Pretreatment of Some
mge Irons on Malleablization, Trams., AFS, p. 1032,

(22)

Palmer, S.W., The Influence of Heating Rate in Nal-
leable Iron Annealing, Paper # 931, Proc. Inst. of
British Poundrymen, p. A-40, 1949.

(23)

Hall, H.G., Graphitization in the Malleable Iron Pro-
cess, Paper # 961, Proc. Inst. of British Foundrymen,
p‘ A"l"s’ 1949.
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(24) Schwartz, H.A., Alloying Elements Effect on Tensile
Properties of Malleable Iron, Amer. Foundrymen 13,
# 4’ 130"3' 19480

(25) Simmons, 0O.W., Quenching Rate Versus Graphite Forma-
'{32131 in Prequenched White Cast Iron, ASM preprint # 29,

(26) Ohamoto, Dr. M., Effect of Heating Rate on Graphitigzae
$ion of White Iron, Foundry, Feb. 1951.

resulting temper carbon nodule number --

a = the basic chemistry and metallurgical history of
the pig iron used
type of melting and holding furnaces
superheasting of the white iron

ddition of alloying elements to the basic white
iron

basic chemical composition of the white iron
rate of solidification of the white iron
thermal pretreatment before annealing

cold work before annealing
annealing atmosphere

rate of heating to second stage holding temperature
annealing temperature

RO
[

R Ho
ORI I IR

It is evident that in our investigation the factors
(a) through (f) are constants, since the metal was poured
from a single heat amd ladle into identical molds. There is
then a choice of factors (g) through (k). Of these, the
thermal pretreatment, and mechanical work before annealing
are the only factors that will allow a large range of uni-
form teﬁpgr carbon nodule variation. Mechanical cold work
causes too much variation within the same specimen, the
nodule count varying directly with the stress concentration.
Ammealing atmosphere, rate of heating to second stage, and
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annealing temperature will cause some variation in nodule
count, but their main effect is in the variation of shape
of the temper carbon nodule.

Pre-treatment: Fourteen different thermal treatments were
selected. (See Table A, page 21). The therma) treatments
will be referred to as Groups 1 to 14, and will consist of
three tensile test bars each.

The thermal treatments were selected as such, in an
attempt to obtain temper carbon nodule counts between 50
and 1000 per mm2.

The heat treatment was performed using a "Hayes Elec-
tric Glo-bar furnace", temperature fixed by a Bristol Con-
troller. During the heating the furnace was flooded with com-
mercial nitrogen to lessen the chance of surface oxidization
of the test bars.
¥hite iron hardness readings: After the white iron bars were
heat-treated, a flat was ground on the 3/4 inch face. The
Plece was then lightly ground on the opposite side to remove
any trace of glaze that might have been caused by quenching.
Rockwell C hardness readings were made on all bars.

Annealing cycle: White cast iron at room temperature consists
of pearlite and cementite. When white cast iron is heated
above the (Ay) critical point, pearlite changes to austentite,
which is capable of dissolving increasing amounts of cementite
at inoreasing temperatures. For a definite temperature and
time, a saturation point is reached, and the structure will

consist of saturated austentite and free cementite.
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TABLE A

Table of thermal treatments to which the test " ars were

subjected before annealing.

GROUP TREATMENT

1. as cast (three bars each).

2. heat to 800 F in lead, hold for 16 hr., air
cool.

Je heat to 1500 F, hold at temperature 15 min.,
furnace cool. -

4. heat to 1500 F, hold at temperature 15 min.,
air cool.

5. heat to 1500 F, hold at temperature 15 min.,

quench in air stream.

6. heat to 1500 F, hold at temperature 15 min.,
quench in water at 212 P.

7. heat to 150) F, hold at temperature 15 min.,
quench in water at 120 F,

8. heat to 1500 F, hold at temperature 15 min.,
quench in water at 65 F.

9. heat to 1500 F, hold at temperature 15 min.,
quench in salt solution (NaCl - 10%) at 65 P.

10, heat to 1700 P, hold at temperature 15 min.,
quench in water at 212 F.

1l. heat to 1600 F, hold at temperature 15 min.,
quench in water at 212 P,

l12. heat to 1360 F, hold at temperature 15 min.,
quench in water at 212 F.

13. heat to 1200 P, hold at temperature 15 min.,
quench in water at 212 F.

14. heat to 1500 F, hold at temperature 15 min.,
quench in oil at 70 P. (Haughton # 2, soluble).



22

Assume a temperature of 1700 F, the structure will con-
sist of austenite and cementite, and as this temperature is
maintained, cementite will dissolve in austenite. While
this is going on and before equilibrium is reached, the less
soluble carbon or free graphite is being precipitated from
the austenite. As annealing continues, more carbon is pre-
oipitat;d from the austenite as free graphite, the nodules
of whioh rapidly increase in size.

During precipitation the austenite absorbs free cemen-
tite to maintain its saturation or equilibrium which is con-
timially tending to be lowered by the precipitation of car-
bon as graphite. This continual precipitation of graphite
and corresponding absorption of cementite, continues until
there is no free cementite left. Equilibrium, for the temp-
erature chosen, has been attained and the metal consists en-
tirely of saturated austenite and free graphitic carbon.

In theoxry there is no advantage in holding at this
temperature (1700 FP) after equilibrium is reached. Since
austenite cannot hold as much carbon in solution at lower
temperatures, it will be necessary to lower the temperature
below 1700 F in order to precipitate more graphite. At the
eritical range, around 1328 to 1333 F, austenite can hold
in solution only about 0.6% graphitic carbon, the equiva-
lent of about 9% cementite; where as just short of 2066°F
austenite can dissolve 25.5% cementite. Therefore the
metal is allowed to cool slowly to the Ay, (1328 F approx-
imately) graphitic carbon being progressively precipitated
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on to the existing nodules, and the austenite becoming lower
and lower in carbon content. At just below the A4, ToOughly
0.6% carbon remains in the solution of austenite, the re-
mainder of the carbon being present as graphite nodules. If
the temperature is dropped too fast at this stage the 0.6%
carbon is retained in the metal as pearlite. However, if
the metal is held for some time at 1325 and to 1330 F, then
?llowed tTo cool slowly to approximately 1250 F most of the
eutectolid carbon will precipitate as graphite, and a matrix
structure of ferrite will result.

For this investigation the annealing cycle will be di-
vided into five stages as follows --

1lst stage heat up period to annealing temperature

2nd stage holding temperature

3rd stage slow cool to 1330 F (10 F/hr.)

4th stage hold at 1325 to 1333 F

.5th stage cooling to room temperature

In order to ascertain the time for stages one and two,
dilatometric studies were made on two inch specimens cut from
the 3/4 inch section of a test bar from groups 3 and 9.
Group 3 being the annealed specimens, and group 9 the salt
solution quench at room temperature. These groups should
represent the extremities in annealing rates.

The basis for these studies is that as the cementite of
a white iron decomposes during graphitization, an expansion
of the white iron occurs. This expansion is caused by the
graphite, having relatively low density, making room for

itself in a metallic matrix of considerably higher density. (27)
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(27) Palmer, S.W., The Amneability of White Iron in the
Manufacture of Malleable Irxron, op. cit. p. 18.

As a result of these tests conducted at 1700 F it was
found that the test berxr from group three required six hours
t¥0 reach a period of stable size, and the one from group
nine required three hours. (See graphs No. 3 and 4, pages
25 and 26.)

The third and fourth stages have somewhat been standard-
ized within the industry. The American Malleable Ixron hand-
book recommends & rate of 10 P pexr hour or less.

After the temperature is below the A the rate of cool-
ing is of no consequence. Hence stage five is wvariable.

The annealing cycle used in this investigation is pre-~
sented in graphic form (see graph No. 5, page 27) and is as
follows:

10 hrs. to 1700 F

20 bkrs. at 1700 F

2 hrs. to 1400 F

6 hrs. ‘o 1340 F

6 hrs. at 1340 F

6 hrs. to 1275 F

open furnace and cool to room temperature

50 hrs.

Due to the small cross section of the specimens, and the
1700 P annealing temperature it is believed the specimens
will fully anneal in this time period. MNr. Czapski of
Chicago Malleable was consulted concerning this matter and
believed that the 50 hour oycle will probebly completely
graphitize the structure of the test bars.
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The annealing wase carrlied out in a vacuum of 30 to 50
microns for two reasons. Tre first in order to eliminate if
possible any oridization of the specimens that might cause
surface defects, and bhence ins*“igate error in the tensile

test. The second because it has been reported, (28) the most

(28) Controlled Atmosphere Annealing of Malleable Iron, Re-
port of the AFS Malleable Div. Sub-Committee, AFS Pre-—
print, No. 45-49, 1949.

rapid annealing of malleable iron tazkes place in vacuun.

The annealing furnace was one designed and constructed
at Missourli School of Mines. Temperature was controlled by
a Wheelco Capacltrol and calibrated —— thermo couples. Tle
Vacuum was maintained by a Kinney Hi Vacuum oil pump in ser-
les with a vacuum diffusion pump made by the National Research
Corporation. The relative vacuum was measured by a Therno—-
couple Gage Control made by the Vacuum Engr. Div. of Nztional
Research Corvoration.

Tensile Tests: The tensile tests were conducted on two mach—

ines: a Tiniue Olsen Universal Hydraulic Testing machine,
using the 30,000 1b. renge, and a Southwark-Tete-Enery
20,000 1b. capacity hydraulic testing machine. Before use,
each machine was callbrated with a Morehouse elaati; proving
ring.

As recommended in ASTM standard A 47-47 a stress produc—
ing an elongation under load of 0.0l inckes over the gage
igngth of 2 inches was considered the yield point.

To measure this elongation, the Moore Extensometer (a



dial type strain gage ucling a 2 inch gage length with a 5-1
magnification) was used. It is capable of recording strain
in the order of 0.0002 inches per 2 inch gage length. On
several specimens (6b, 8c, 1l2b) a stress—strain curve was
recorded using a2 Templin type — 0.8. Peters electrical ex—
tensometer, and a Templin recorder Type TA-l. (See graphs
No." 7, 8, 9, pages 30, 31 and 32.)

,Divieion of Bars: One representative test bar from each
test group was sectlioned in order to obtain specimens for met—
allogrephic examination, charpy impact and coercive force
tests.

Charpy Impact: A Tinius Olsen Impact testing machine was
used. Charpy impact specimens were machined from the 3/4
1n9h diameter grip ends of the tensile test bars. The speci-
mens were machined following the ASTM standard E 235-47T,
aegtion 9. Simple beem impact specimens were used, employ-
ing the "keyhole™ notch.

Coercive Force: Coercive force speclmens were machkined from
the 5/8 inch section of the test bar, as close as possible

to the break. Coercive force readinge were taken on z Model

2 Coercimeter as described by V. H. Gottschalk. (29)

(29) Gottschalk, V.H., Development and Application of the
3oercimeter, Bureau of Mines Report of Investigation,
3400,

Brinell Hardness: The Brinell hardness readin~s were taken
on a standaerd Tinius Olsen machine.

Micro-hardness: Micro-hardness readings were taken using



GRAPH 6

Load-Strain curve for specimen
No. 12b

Plotted by Templin recorder

- =
: i
Load (pbunds)
12,000 !
!
|
_i
10,000
_a,ooo..ll
_&.Oﬂﬂ_r‘ e
_,‘40{)“_ '.
P | N
i i i i : Lp?
. S Ji . AN . l i _! DS Speer. SRR . | : ]I
! ; ! | . T '
]' l Strain (in./21in.) | | i I
| ! i ; : I! :
r i : i : | :
T TO.S'PETERS  Washington, D. C. T Gt e, ioTo 1 T i&.smgral;fi c. : (



30
GRAPH 7

Load-Strain Curve for specimen
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Model LR Tukon Hardness Tester with a Vickers diamond ind-
enter.

Metallographic specimens: The metallographic specimens

were cut as close as possible to the face of the break. One
bar was also sectioned lengthwise. A flat surface was pre-~
pared on an emery wheel, and polishing was accomplished with
standard papers and diamond dust. (See Appendix foxr Methods).
Nodule Count: The nodule counts were made at 50X, and are
the average of four areas all within 1/8 inch of center of
each bar. This was done in arder to eliminate the exrror in
counting areas that may have oxidiged, hence contain less car-
bon.

Chemical Analysis: The chemiml analysis for combined and
free carbon were pexformed by the Frank L. Crobaugh Company
laboratories.



EXPERIMENTAL TATA

A summation of the results from all experimental tests
will be found in Master Table B, page 35.

34



Group Spec~  Pretreat Charpy R/A Yield Tensile 4 E Tukon Hardness Mean " Ferrit E . . NG " Goeroive Phrce (S/E : ) Gro
B ' imated Combined Nodule KNo. Coercive Force (5/8 sect.) Coercive Force (3/4 sect. up .
imen  Hardness Impact % Strength  Strength  Elong.. (Vickers) Tensile e. siie,; -p:;rlit: : g:r%g; E:ggon per sq. mm . (oersteds) - (oersteds) and
_______ (Re) (£t 1b)  ave. (psi) (psi) 2 in.” Stressed Relieved Strength Microns) (%) (%) (%) Stressed - Relieved Stressed Relieved Specimer
: -y 0enl) 10.8  12.1 40,300 57,400 9.0 145 129 s 6.300 P e e BAL E T maE o mEm e "o lf
c 40,700 56,000  11.5 _ c
IX a 32-35 14.0 15.5 39,300 56 800 12,0 ° 1 127 000 | ¥ ‘ .6 | 2.0 “ 2.94 - 2.83 Ila
b | 30,100 57,800 11.0 - ® 7 57, 40-60 5 0.10 2.40 120 3.62 4 1
c 40,100 57,400  12.5 @
IIT  a 32-36 6.0  11.5 43,000 61,700  10.0 151 110 60,600 il . . | | - o IlIa
b 42,000 61,000 9.8 . ¥ 29=40 037 20 75 LGS ¢ B8 4,29 4.07 b
c 41,000 59,000  10.0 2
IV a 34=37 11.0 17.0 38,050 55,800  10.5 0 A > .8 4.29 4.07 IVa
B 41,000 59,400 8.0 S 20-40 15 0.05 2.49 90 3.96  1.81 ®
c 39 ’ 400 57 ’700 10.0 c
v a 35-38 8.0 15.8 43,200 63,700 9.2 1 110 62,000 - 20-40 0- 0. : : | | Va
¥ : 45500 60300 2 39 ) 4 30-40 90 1.56 140 o L e .
c 42,500 63,00 10.0 c
VI a 38-41 7.8 12.0 38,200 56,500  13.5 1 6 800 - : X . 1. Via
b (5.8) 40,100 55,100  14.0 43 12 55, 10-60 0 0.06 2.53 100 3. 40 53 .
c . 37,700 55,600 15.0 c
VII a 50-55 8.0 5.0 40,100 62,400 5.0 1 126 8,000 10- 0 0. ; .57 2.94 3.62 2,05 Vila
. 39600 55200 5 123 58, 15 04 2.60 4,000 5¢5 9 5
C - - - i s c
VIII ~ a 62-67 T2 3.7 35,200 37,200 0 148 130 10-15 0 0,04 2.54 8,000 3.62 3.16 2.94 2.89 VIlIa
v - 59,200 0.5 59,200 - . 9
c - 35,000 0 133 ; c
IX a 65-67 10.0 4.0 = 63,350 0 128 11 | 8-12 -0 0.0 2. 000 : 3.17 4.29 2.94 Lia
b ' 37,200 38,000 0 148 ? 62,250 * = 1gius b : -
c - 62,200 . (0] 130 ' ' ]
X a 42-44 4.0  1l.5 37,400 54,200 9.5 1 101 ,000 ¥ , ; . .21 3,25 3.12 - Xa
b _ 36:500 53:400 5. 47 55 40-60 5 0455 1.89 180 3.74 - b
c 38,100 56,500 11,5 °
XI a 40-44 9.2 11.7 38,600 56,000  10.0 1 108 500 20-40 0.45 2.1 | XIa
b , 41,700 59,000 10.5 # 2 ¥ ? 1 7 153 4.18 2.26 3,62 3.51 b
c 39,800 57,500 11.5 °
XII a 37-40 5-0 11. 7 40,000 59:500 10,0 ¥ 60,000 20- =40 0.0 o . 2.38 4.13 4.18 XIIa
. | 42500 §0°300 100 35 105 ’ 40 30-4 | 7 54 75 4.98 3 b
c i 61,000 7.8 c
XIII & 36-40 5.5 12,0 37,900 54,700 11.5 00 0-60 0-40 0. . : 2.32 315 3. 45 ALhia
3 39050 550200 11.0 55,5 40-6 30-4 09 2.39 80 4.35 3 o
c 39,200 56,400 10.5 e
; IVa
XIV 41- (15.5) 7.5 36,600 52,000 6.5 : § 600 0- 0 - 0.0 2 e
% 43 5 e 22600 o2 158 44 52, 10-15 4 54 250 b
¢ 38,000 54,400 8.5 '

2.72 1.3 1.80 1.13 ¢



36

DISCUSSION OF RESULTS

Before considering the specific results for each group,
eome general explanatlon of several of the tests is worth-
while.

"Thermal pre—-treatment: The thermal treatments which comprise
groups 1 to 14 (see Graph 4), were selected to investigate
spec’fic observetions reported in the literature.

Group 1, in the "as cast" condition, is considered as
unity, or a basis for the other pre-treatments. .

Group 2, the 800° F relief treatment, was selected to il-
lustrate the phenomenon reported by Palmer, (30) Hall, (31)

and Hultgren and Edstrom (52). Slow heating through, or

(30) Palmer, S.W., op. cit., p. 24.

(31) Hall, H.G., Malleable Cast Iron, Proc. Inst. of British
Foundrymen, 1946-47.

(32) Hultgren, A. and Edstrom, 0., op. cit., p. 15.

pre-~treatment within the temperature range of 700 to 1060 F
will incresse the number of temper carbon nodules resulting
from the annealing. Thie 18 an unique method, for all other
pre-treatments add energy to the system (cold work, quench—
ing, alloy additions) while this method 1s bellieved to re-—
lieve the solidification stresses set up in the casting on
freezing. The British Cast Iron Research Assoclatlon 1s now
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working in this field, but as yet have published no data con-
cerning it.

Groups 3, 4, and 5 were included to observe the effect of
air quenching on nodule count. Scott (33) nas investigatea

(33) fgog‘:t, Howard, Quenching Media, Trans. ASM 22, p. 577,

the use of air as a quenching medium, and reports cooling
rates with reference to water at 65 F from .018 to 0.7 at
1330 FP. This method is perhaps important in that air stream
quenching could readily be applied to commercial foundry prac-
tice.

Groups 6, 7, 8, and 9 were used because it is possible,
using water at a known temperature, to ascertain the gquench-
ing rate, or cooling power of the solutions relative to that
of water at 65 F. (The cooling rate of water at 65 F is
considered as unity, and is 3260 F per second through the
range from 1330 to 1020 F.) Using water at 65 F as unity,
the relative cooling rate of Gp. 6 (water at 212 F) is 0.044,
Gp. 7 (water at 120 F) is 0.17, Gp. 8 unity, Gp. 9 (10%

BaCl solution at 65 F) 2.0,

Groups 10, 11, 12 and 13 demonstrated the effect of var-
iation of quenching temperature upon the subsequent nodule
count. The quenching medium used was water at 212 F.

Group 14, the oil guench was included to note any possi-
ble difference in gquenching media upon the physical properties
of the resulting malleable iron. Hultgrenand Eastrom (34)
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(34) Hultgren, A., and Edstrom, 0., op. cit., p. 15.

studied the effect of pre-—quench treatments of white iron in
different medlia, using water, oll, liquid air, molten lead-
tin, and molten lead. They concluded the presence of ccme
martensite in the pre-quenched structure was a necessary con—
dition for the pre—~quench treatment to have any effect.

If the relative hardness of the pre-treated bars used
in this investigation, 1s indicative of the amount of marten-—
site present, it is noted that the hardness of the "as cast" bars
was 38-40 Rc. Pre-treatment resulted in a hardness range
from 32 to 67 Re, with gaps at 44-50 and 55-62. Simmons (35)

(35) Simmons, 0.W., Quenching Rate Versus Graphite Formaticn
in Prequenched White Cast Iron, Trans. ASH 32, ». 255,
1944,

performed a unique experiment in 1943, a white cast iron cy-
linder reated to 1635 F, was subjected to a quench with a
strean of water at 75 F directed against a ground end

in a manner following the procedure employed for the end-
aguench hardenability test. The cylinder was théh sectioned
long* tudinally, hardness readings taken, and the flat sec-
tion prepared for metallographic eryamination. It was found
that —— a Rockwell hardness of 57 Rc or more attained by a
cooling rate of more *han 240 F pwer second at 1300 F was
necessary to glve martensite which annezled into a structure
having a very fine prequenced type of graphite. In a com—

paratively narrow cooling range of 170 to 130 F per second
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at 1300 F, Rockwell C hardness values of 56 to 54 respective-
1y were obtained. The martensite formed in this range is
interspersed with a constituent appearing to be fine pearl~-
ite and the resulting graphite changes from the very fine
pre-quenched type, to a variety that closely resembles that
found in ordinary malleable iron, though somewhat finer and
more mamerous. As slower cooling rates are reached, the
increase in the graphite sige is gradual.

The hardness of the white iron in Simmons investigation
was 44 Rc. From his work it may be deduced that a hardness
increase of 13 points Re is necessary for very fine nodules.
In the groups considered in this investigation Numbers 7, 8,
and 9 have this hardness increment. If Table B is consulted
it can be seen that these groups have very fine nodules. To
cause a definite increase in nodule count, a hardness in-
crease of 10 points Rc is needed, numbers 6, 10, 11 and 14
would fall into this class. If Table B is again consulted
it will be seen that these groups do have an increased nodule
count.

Original and Final Dismeters: The measurement of the dia-
meters of the bars present the usual difficulties. They were
in the "as cast" condition, and due to commercial casting
techniques none were perfectly cylindrical. The variations
in diameters were as great as 0.020 inches. In each case

an attempt was made to select a mean diameter, but it is be-
lieved that the accuracy is no greater than plus or minus
0.005 inches in any bar. This will cause a possibility of
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error in the yield point, and tensile strengths of plus or
minus 1000 psi.

Reduction of area: The reduction of area of "as cast" bars

hes little meaning in that if the bars are out of round be-
fore the tensile test, after the test their form is ellips-
oidal.

The American Valleable Iron Handbook indicates that
malleable iron does not tend to "neck™ in breaking, but rather
stretch along the entire gage length. This statement has
been confirmed in this investigation. Reduction of Area is
given as a relative value.

Yield Point: The (ASTk) Standaxrd Specification for Malleable
Iron Castings, A47-48. States in section 4b; "The yield
point may be determined by the drop of the beam oxr halt in
the gage of the testing machine, or by dividers method. If
determined by the dividers method, the stress producing an
elongation under load of 0.0l inch over the gage length of 2
inches shall be taken as the yield point value.

There is no "yield point" in malleable iron if the ASTM
definition of yield point is considered, i.e., there is no
marked increase in strain without an increase in stress.

In conducting the tensile tests for this investigation, no
test bar exhibited a yield point. See (Graphs 6, 7, and 8,
pages 292, 30, 31) and also (Graph 9, page 32.) In Graph
9 the solid line marked (ASTM 47-47) indicates the value
actually used in each test to obtain the yield point. Note
it is not the true yield value. The closest definition to
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this value is possible "yield strength", the stress at which
a material exhibits a specified limiting permanent set,
(dashed line marked ASTM E8-49). However, this also would
not be strictly true in that the method used in the tests
shows an elongation under load, with no reference to perman-
ent set.

R. D. Lamdon (36) reports the "Yield Point" might better

(36) Landon, R.D., Stress-Strain Relations for Malleable
Cast Iron in Tension with Special Attention to Yield
i’;igt Determinations, Proc., ASTM, Vol. 40, p. 849,

be expressed as a percentage of the ultimate stress value,
rather than a fixed value. He also proposes "Proof Stress"
be used for the stress to be equalled or exceeded at a defi-
nite, measured elongation. His work also considers the fact
that there was no drc;p of the beam of the testing machine,

or dip in the stress strain diagram,

Graph (9): Graph 9 (page 32) is presented to indicate the
“close symmetxry of load strain ocurves, one produced by the
Templin Recorder, and the other with values given by the Moore
Extensometer.

Tukon Hardness: Where ever possible the hardness values taken
were for single grains. If the grain sige was very fine, an
attempt was made to project the point of the Vickers diamond
indentor in the center of a grain, and not in a grain bound-
ary. The values presented ;n Table B are average values for
each specimen tested. Depending on the selection of grains,
and the position over the oross section of the specimen, it
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was possible to obtain a hardness variation of 30 points on
the Vickers scale. However, by careful selection of areas,
the hardness values could be held to a plus ox minus 5
points per specifient. Grain orienmtation is believed to be
the cause of this vnr:la.tion. Specimens 6b, ahd 12a will
sexve to illustrate the extremes in that the average Vickers
hardness for (6b) is 140, but a reading of 77 Viokers could
be found if large single grains were selected. Specimen
(12a) also exhibited this in that the average hardness was
again 130 to 140 Vickers, but readings of 73.3 Vickers hard-
ness were recorded.

The hardness values for specimens 7, 8, and 9 are a com-
promise in that they represent the hardness of the ferrite
and graphite combined. The grains were so smll, and the graph-
ite finely dispersed, that no area could be found where the
hardness of one constituent could be taken separately. It
is felt that the hardness of the ferrite.mas mpoh greater
than is actually represented.
fensile Strengtht Specimens mumber 5a, 7c, and 8b broke at
the grip ends, however it was possidble to ré-grip No, 5a and
pall it to rupture. Micro-examination of the polished frao-
ture at the grip end of 7c indicated a sevem dendiitic growth
projecting from the casting gate into the cenmter of the bar.
Specimen No. 8b broke et the grip end under 59, 200 psi, no
defect in the fraocture.

Specimens number 7a, 7d, 90, 14a and 14b revealed a pe-
culiar fracture, in that the over-all fracture was grey, but
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at one side starting at the outer edge of the fracture a dark
circle was generated. This could possibly indicate a surface
defect, non-parallel gripping of the bar, or segregation of
the base metal.

Specimens number 8a, 8¢, and 9b exhibited what is believed
%o be a malti-stress fracture due to the water guenching. A4l-
ternate dark and light rings radiated from the center of the
fracture. The center was light grey to silvery, next came a
dark ring, followed by ancther light grey area ocontimaed to the
outer edge of the fracture.

It is Xmomn, (37) water quenched steels are under high

(37) The ASM Metals Handbook, p. 616.

compressive stress at the surface, and tension in the core,
chiefly because the density of martensite is less than that of
pearlite. Such stresses, however, are not dangerous and m
even be beneficial in a steel if the core is sound and if no
holes bring a surface into the tension sone. (Cracks occur
under tensional stress only.) Since cracks occur under ten-
sional stress only, and malleable iron has many temper car-
bon nodules, (holes) throughout the cross section, it is be-
lieve sSevere water quenching may cause some mimate cracks
either during the guench, or in the first stage of the an-
nealing cycle before the bar has undergone complete recovery
from the stressed condition. If the specimen were subjected
to tension at a slow rate these minmute cracks would have
time to grow and weaken the piece considerably. Also during



this slow rate of tension, work hardening due to the temper
carbon nodulé, (hole) acting as a stress concentrator could
effeat the plece more than at a faster rate. If groups 8

and 9 are considered thies may be substantiated by the fact
that specimens 8a, 8¢ and Sb were pulled at a very slow rate
with strain gages attached. (Bee Graph No. 8, page 31).
Specimen number 8¢ broke shortly after the yleld strength was
reached as verified by the Templin recorded plot of this speci-
men. Bpecimen number Sb also broke as the yield strength was
reached. These specimens ocould withstand the elastic deforma-
tion, however when in the plastic range, the overall hardness,
due {o work hardening, presented a brittle material, through
which the quenching oracks could extend more easily than they
could through a ductile material hence rupture ooocurred pre-—
maturely.

It should be noted here that group 14 specimens also
ruptured prematurely, however in this case it 38 bellieved the
loss of strength was due to a dendritic grouping of the temper
carbon nodules forming effectively quasi dendritic stringers
of graphite. The stresses that develop in oll quenching are
lower than the residual stresses resulting from water, bus
dangerous because the residual stresses in oll gquenched mat-
erial are usually tensional at the surface, and compressive
at the core. Bpecimens l4a and 14b fractures have possible
defects radiating from the surface.

on: nei ) o rt Test 8: It appeared that se-
gregation of the basic white cast iron during solidifiocation may
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have taken place in several test bars.

Specimen 14c broke at a tensile strength of 54,500 psi
with an elongation of 8.5%. Micro-examination of the polished
rupture showed fine nodules, grouped in a dendritic pattern,
with a matrix of ferrite. Chemical analysis of a coercive
force specimen taken within 0.5 inches of the break indicated
0.04% combined carbon. An impact specimen, taken from one of
the 3/4 inch grip ends, broke at 15.5 ft. 1lbs., too high a
value for malleable iron. A polished and etched surface of
the impact specimen indicated a microstructure of white iron
(pearlite and cementite). The other 3/4 inch grip end of
test bar l4c was then polished and etched, and exhibited a
normal malleable structure similar to the ;;hoto-miorogmph
near the point of rupture.

Specimen 5b was reported as having 0.9% combined car-
bon, equivalent to approximately 100% pearlite plus 2.5%
cementite. Metallographic examination of a sample taken with-
in 0.5 inches of this spot indicated at the maximum 30' to 40%
pearlite, and no cementite.

Coercive Porce: Coercive force is the strength of a magne-
tic field required to reduce the mgnet:ls:at:lon of a specimen
to zero. Graphically it is the negative intercept along the
(x) axis of a hysteresis curve. Physically it is the energy
required to cause complete de-magnetization of e orystal lat-
tice. Since it is a function of the type of atom, and the
atomic arrangement, then lattice strain, and non-metallic
inclusions should be factors that would affect the actual



coercive force values.

Dr. Epplesheimer suggested this property could possibly
be used to measure the nodule sige and distribution, and the
internal stress in each test bar. In order to test this
possible relationship, two separate test specimens were cut
from a representative test bar from each group. One speci-
mén was taken near the fracture in the 5/8 inch section, and
the other from the 3/4 inch grip ends.

Coercive force values were obtained from each set in
the stressed (or as pulled) condition, then each set was re-
lieved at 1200 F for four hours and allowed to cool to room
temperature in 12 additional hours. Coercive force readings
were again obtained. These readings are tabulated in Table
B. The listing includes both the stressed snd relieved val-
ues for both the 5/8 inch and 3/4 inch sections. This data
is also presented graphically (Graphs 10, 11, 12, ~nd 13,
pages 47, 48, 49 and 50).

Graph No. 10: Graph No. 10 presents the relationship be-
tween tensile strength and coercive force. Specimens taken
from the 5/8 inch section of the tensile test bars, as near
as possible to the break. The plot with the higher coercive
force readings (solid line and dots) represents the highly
stressed condition of the bars as pulled. The plot to the
left, hence lower coercive force readings are the same
specimens after being subjected to a stress relieving treat-

ment.
By comparing the coercive force readings of the stressed,
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Graph 10

Tensile strength -vs-
Coercive force.
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GRAPH 11

Nodule count -vs- Coercive
Force

5/8" section (relieved)

Nodule
naliat xx (x.xx)-- specimen number
220 14 (2.54) and free carbon
! percent
130 «10 (1.89)
J1 (2.17)
120 *5 (1.56)
6 (2.53)
110
100 4 (2.50)
90
80 2 (2.39)
0 2 (2.54)
! 3 (2.00)
60—+
50 13 (2.38)
2 3 4 5

Coercive Force
(oersteds)



. i e e e R e 8

—— e e

g ) !
LT
GRAPH 12|

| voaute oo

. 3,/4,"i eéot

—— e

. | xx specimen number

— ¥ T
"

0 e ]
int--vg=--Coexrcive——

ion (-é.a ?pu:l.le-d}-%—----; -

- 200 —

350} o R : :

-Coercive Porce -
(oerstgds) [

...........




Nodule
Number

250

200

150

100

50

50

GRAPH 13

Nodule count -vs- Coercive
Forxrce

3/4" section (relieved)

xx specimen number

5 ¢ 5,

Coercive Force
(oersteds)



51

and relieved specimens it is possible to ascertain if the
original test bar ruptured at a maximum stress, or if a
defect in the bar caused premature rupture at a lower stress.
It should be noted that the relief treatment affected the
highly stressed bars to a greater extent than the bars that
broke at a lower stress concentration (tensile strength).
However, the e:'greot is proportional to the stressed condition.

If Table B is consulted for the chemical analysis of the
coercive force specimens, it is noted, Specimens 3, 5, 10,
and 11 contain considexable amounts of combined carbon, and
the free carbon varies from 1.89 to 2.54%. This should in-
dicate that the matrix structure-and the nodule sige or num-
ber do not effect the relationship in the stressed or rel-
ieved condition.

It is felt that the correlation between tensile strength
and coercive force, for the malleable iron test bars used in
this experiment, is of a high oxrder.

G:l'aph No. 11: The stress reliwed specimens of Graph 10 were
polished, and subsequent nodule counts taken of the cross sec-
tion. (In each specimen the nodule count was taken at the
center). Graph 11 presents the relationship between Temper
carbon, Nodule Number versus Coercive force values.

) From this plot it may be seen that there appeared to ex-
ist a definite relationship between the nodule count, and
coercive force. Chemical analysis of the coercive force spec-
imens for free and combined carbon reveals Specimens 10, 11,
and 5 (that appear to be out of place) each have low free car-
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bon, 1.89%, 2.17%, and 1.56% respectively. It is felt that

this lower free carbon content definitely effects this relation-
ship. Hence these three v-lues were disregarded.

Graph No. 12 and 133 Graphs No. 12 and 13 were attempts to
relate the temper carbon nodule number with coercive foxrce.

The coercive force Specimens for these graphs were taken from
one of the 3/4 inch grip ends of the same test bars as plot-

ted in graphs 10 and 11.

Graph 12 is 2 plot of the temper carbon nodule number
versus the coercive force of specimens, from the 3/4 inch grip
end sections, in the "as pulled"” condition. These specimens
should not have been subjected to any stress in the tersille
machine.

With the exception of specimens 10, 11, and 4 a correla-
tion again was noted, however in this case the relationship
was of a higher degree, indicating a third variable might be
involved. This could have possibly been either residual stress,
varying free carbon, or segregation of the matrix structure.
If an arbitrary straight line is drawn through the plotted
values in an attempt to produce a mean function, it is found:
the slope of this line (dash line on graph) is such that 1
oersted (coercive force) equals 75 nodules. This closely fol-
lows the origimal relieved relationship (Graph 11) which has
a slope of 1 oersted equals 70 nodules.

Graph 13, represents the same specimens as Gr-ph 12, but
in this case the specimens were subjected to a stress relief
treatment in an attempt to simplify the curve, and possibly
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eliminate the third function. The results were inconclusive,
and tended to complicate the relationship further. An arbi-
trary stralght line drawn through the pointe gave a slope of
1 oersted equals 65 nodules, however this has 1little meaning
in trkat the poilnts were too far apart to show any positiv;
results,

The ende of each of these coercive force specimens were
prepared for metallographic examination, and found to contain
varying amounts of pearlite, and poesibly cementite. It is
believed that matrix structure and segregation cast doubt on
the results obtained in Greph 13.

It is belleved that there 1s a correlation between tem—
per carbon nodule number and coercive force. This relation-
ship is definitely dependent upon the matrix structure, and
free carbon. Graph 1l and Graph 12 are believed to support
this relationship. More work should be done in order to veri-
fy the results as presented in this investigation.

Photomicrographs from each of the groups will be found
of pages 54 to 68. They are listed by groups, Fig. (la) and
(1b) are from group 1, Fig. (2a) and (2b) are group 2, etec.
The (a) ohotomicrographs were sections teken from the 5/8 inch
coercive force specimens magnification 50X, unetdhed,. Tre (D)
photomicrographs were taken from the test bars, at the rupture,
parallel to the break. Magnlfication 250X, etched 8 seconds in
4 % nital.

The dull grey inclusione, as seen in each of the etched
plates, have been ldentified as a manganese sulfide compound.
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Fig. 1la . Mag. 50X

Group 1 Specimen a

Unetched

Pig- 1b - Mag. 250X
Group 1 specimen a

Etched 8 sec. 4 % nital
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Fig. 2a Mag. 50X

Group 2 Specimen a

Fig. 2b Mag. 250X

Group 2 Specimen &

Btched 8 sec. 4 % nital
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Pig. 3a hag. S0

Group 3 Specimen b

Fig. 3b R S
Grcup 3 Specimen b
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Mag. 50X

Fig. 4a

Specimen a

Group 4

Mag. 250X

Fig. 4b

Group 4 Specimen a

Etched 8 sec, 4% Nital
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Specimen a

Group 6

Fig. 6a

Mag. 250X

Fig. 6b

Specimen a

Group 6

Etched 8 sec. 4% Nital
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Group 7 Specimen a

Group 7 Specimen a

Etched 8 sec. 4% Nital
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The character of the graphite was especlally noted. Each
nodule was compact and tending to approach a spherical shape.
There were few sprawly nodules, and none of the expansive
finger types seen 1ln some malleable irons appear to be present.
It should be noted that in each specimen there existed nod-
ules of varying slzes. It 1s belleved by the writer that
this relative slze range, and percentage of each slze present
is of more importance than the actual nodule number; and
thie relative size, and size range should perhaps be used
rather than nodule number when comparing the mechanical and
physical properties of malleable iron.

As the quenching rate increased for each group, the no-
dule size became smaller. Rates greater than 0.14 resulted
in fine temper carbon nodules in what appeared to be a char—
acteristic dendritic pattern. (Fig. 7b, 8b, Sb and 14b).

(38)

DeSy reported some photomlcrographs of nodular iron

(38) DeSy, Albert, Spherulite Formation in Nodular Cast
Iron, Metals Progress, p. 798, June 1961.

quenched early in the solidification stage, and, in each casse,
the nodulee were present in the dendritic pattern.



PHYSICAL PROPERTIES OF GROUPS 1 TO 14

Group l: The base "as cast® white iron of Group 1 would
pass the ASTM Btandafd grade 32610. This grade should have
a minimum tensile etrength of 50,000 psi, minimum yield
point of 32,500 psi, and an elongation of 10% or better.

If Table B 1s consulted, Group 1 has an average tensile
strength of 56,300 psi, yleld strength of 40,300, and an el-
ongation of 10.8%. The Vickers hardness 1is 129, or approx—
imately 115 Brinell. The restricted elongatlion 1s due per-—
haps to the 5-10f pearlite, for the grailn size 1s relatively
large, and the nodule count 1s between 66 and S0 depending
on the cross section. If both the stressed and relieved
coerclve force values of a representative sample from group
one are considered, the bars ruptured at full strees, and
did not fall due to possible casting defects.

Group 2: The pre-treatment (Pb bath at 800 F) given group 2
did increase the nodule count by 50%. (120 nodules per sgq.
mm.) The resulte of this treatment was evident only in an
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increase in elongation of approximately 2#. Tensile and yleld

strengths remalned the same. This increase in elongstion is
probably due to the increase in ferrite grain size.

Groups 3, 4, and 6: Groups 3, 4, and 5 represent various air

treatments (furnace cool, ailr cool, and alr stream quench).
Theoretically it should be expected, that the nodule count
will increase, elongation decrease, and yleld and tensile
strengths increase progressiwly from group 3 to 5.

The experimental results indlcate thie 1is generally true,
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with the exception of group 3, which has a higher tensile
strength than would be predicted frorm the nodule ccunt. The
estimated pearlite and combined carbon are higher than the
group 4, hence this may complicate the above relationships.
Relatlve coercive force values 1indicate the possibility that
group 4 4did not rupture at the ultimate stress.

Groups B, 7, 8, and 9: Groups 6, 7, 8 and 9 were subjected

to water quenching pretreatments. Each at a known rate rela-—-
tive to group 8. Rates of quench were 0.044, 0.17, 1.0, and
2.0 respectively. Theee pretreatments resulted in nodule counts
of 100, 4000, 8000, and 10,000 plus, nodulee per square mm,
(If any further work 1s to be done, pretreatment quenching
rates from 0.044 to 0.17 should be used.) As the nodule
number increased, the tenslle strength increased, and the
elongation dropped to zero. The fracture of group 8 and 9
bars was silky and smooth indicating a brittle fracture.

As wes noted under "Tensile Strength" groups 8 and 9
resulted in erratic tenslile values. The tenslle strengths
for 8a-37,200, 8b-59,200, 8¢-35,000, 9a-63,350, 9b-38,000,
90-62,000 psi. The rate of loading for specimen 8b, 9a, and
9¢ was 2,500 1lbs/min. for specimens 8a, 8¢, and 9b was 1000
1lbe/min. hence the rate change is 2.5. Coercive force values
of the stressed and relleved specimens from the 3/8 inch section
indicate specimens 8a, 8¢, and 9b 4i1d not rupture at full stress,
but at approximately 60% of the ultimate value. ITf

the etressed and relieved values for 7a, B8a, and 9a are con-—



eldered, the differential coercive force is approximately
7a-2.63, B8a-0.46, 9a-2.60. 8pecimen 8a ruptured at a lower
setress than 7a or 9a, silnce coercive force 1e proportional to
strees. (See Graph 10, page 27.)
Groups 10, 11, 12, and 13: Groups 10, 11, 12 and 13 were
subjected to quenching in the same medium, but the tempera-
ture to which the bars were heated before gquenching was var-
ied. Group 6 should also be considered here, for water at
212 F was used as its quenching medium. The heating tempera—
tures (F) were as follows, Gp. 10-1700, Gp. 11-1600, Gp. 6-1500,
Gp. 12-1360 (approximately Aj), Gp. 13-1200 (below the Aj).
The nodule counts were 180, 135, 100, 75, and 80 nodules per
6q. mm respectively. The nodule count is directly propor-
tional to the temperature to which the bars were subjected.
Group 13 ie the exceptlion. This group wae held below the A,
and resulted in e nodule count approximately the same a8 the
base bars of Group 1.

The tenelle etrength of group 10 bars was not as great
as would be expected, dAue to the character of the nodules.
(See Fig. 10a and 10b, page 63.) It wae noted that these
nodules tended to be more open and sprawling than others in
this series. This is believed to be due to the higher quenon-—
ing temperature.
Group 14: Group 14 was pretreated in an oll quench before
annealing. The resulting nodule count was 250 nodules per sq.
mm. The tensile strength for the bars of this group is be-
lieved to be low, this was substantliated by the coerclve force
tests. Note the small differential from stressed to relleved.
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Also if Fig. 1l4a and b are considered, it can be seen that
the nodules of Specimen l4c tend to form definite patterns,
and groupings. At low power this pattern appears to be den-—
dritic in form. It readily-can be seen that these stringers
could present planes of weakness in the croes section (Jjust
a8 graphite flakes do in grey iron). If this were so, the
elongation should be low. The elongation for the test bars
of the group are as follows, 6.5%, 4.0%, and 8.5%.

From the preceding discusslion of specific physical and
mechanical properties of the varlous groups, it is evident
that temper carbon nodule number 1s a factor in determining
the physical and mechanical properties of malleable iron,
however 1t 1s not the only controlling factor. Ferrite grain
size and percent pearllite must also be considered.

As the temper carbon nodule number increases, the fer-

a, (39

rite grain slze decreases. It has been reporte fer-

(39) Edwards, C.A., and Feil, L.B., Ferrite, Journal Iron
Steel Inst., Vol. 112, p. 129, 1925.

rite tensile strength may vary from 20,000 pei ror-a single
grain,.to'42,500 pel for very fine ferrite (200 grains per
sq. mm). A difference of 20,000 psi due to grain size alone.
As nodule number decreases, the rate of graphitization
in annealing also decreases, hence the percentage of pearl-
ite may tend to lncrease 1f the annealling 9ycle is held con-
stant.
Graph 14: In an attempt to correlate these various factors,
Graph 14 was prepared from data as presented in Table B.
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It 1s a composite plot of tensile strength and elongation ver—
sus the ferrite graln slze and nodule number at different ver-—
centages of pearlite.

From thls experimental plot, the following relationships
were observed: considering O # pearlite, (1004 ferrite) ——
as the temper carbon nodule number increases, the tensile
strength increases and the elongatlion decreases. 8,000 no-
dules per sq. mm results in an increase of 4,000 psl in ten-
sile strength, however the elongation is decreased to zero.
10,000 nodules per sq. mm causes an increase in tensile strength
of 7,000 pei. It should be noted that in each case the fer-
rite grain slze decreased as the nodule number increased. No-
dule count appeared to be the prime factor for the increase of
strength, with the ferrlite grain slze exerting a secondary
influence. This held for 100% ferrite only.

With 5 to 15% pearlite, nodule number did not appear to
be the controlling factor, but the ferrite grain size would
seem to have had a greater influence on the strength. Elonga-
tion was approximately constant for the nodule range tested
(90 to 180 nodules per sq. mm)

The 30 to 40 % vearlite range showed an increase in
strength proportional $® the ferrite graln slze, and not the
nodule number. Specimens 3 and & indicated there was a defi-
nite increase in strength due to nodule count, but Specimens
12 and 3 tended to disprove this assumption. One possible explan-—

(40)

ation of this was found in reference to Joly's sympasium

(40) Joly, G., op. cit., p. 12.
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work on mplleable iron (See graph No, 2, page 14). Joly
tested 82 bars in each series, and found there was a spread
of tensile strengths for the overall test group. Note the
overlap of the low nodule count group into the range of the
high nodule count group. Hence it would be possible to
break a few bars in each series, and obtain the same tensile
strengths for one having few nodules as for one having many
nodules. It is even probable, that the tensile strength of
the low nodule count series could be greater than for the’
higher nodule count series.

It was noticed in Graph 14, that there was a possible
overlap of test specimens containing 90, 135, and 4000 temper
carbon ncdules per sq, mm. Also two groups, (one, Gp. 5-140
nodules per sq. mm, and the other, Gp. 9-10,000 nodules pexr
sq. mm) represented the maximum tenslile strengths obt- ined in
this investigation. Group 5 had 30 to 40 # pearlite, group 9
was 100 % ferritioc.

The percent elongation of the 30 to 40 % pearlite series
decreased as the ferrite grain sige decreases, and not in rela-
tion to the relative nodule number.

The position of Group 14 (250 nodules per sq. mm) should
be noted in that it is unigue in exhibiting low tensile
strength. Considering the nodule count, and ferrite grain
size, this group should have ruptured about 57 to 58,000 psi.
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CON! IONS

4 The temper carbon nodule mumber mey be varied by ther-
mal pretreatment. A variation of nodule number has been ach-
ieved in this investigation, with a range of from 66 to 250,
and 4,000 to 10,000 temper carbon nodules being used in the
experiment.

2. There exists a definite relat ionship between temper
carbon nodul e number, fexrrite grain sige, tensile strength
and elongation. This relationship is most pronounced in 100%
ferxritic malleable iron. Temper carbon nodule number does
not appear to be a prime factor in controlling the tensile
strength as the percent pearlite in the matrix is increased.
3. This investigation has shown that it is more reliable
to use temper carbon nodule size, and size distribution, in-
stead of Temper carbon nodul e number when relating physical
and mechanical properxrties.

4. Coercive force values have successfully been used to
indicate strength (tensile strength) correlations between the
various groups of malleable iron. It is possible to predict
if the tensile strength, found in testing a set of tensile
test bars is the ultimate stress which the metal can inherently
withstand, the failure may have been caused by a mechanicml de-
fect. This property has been found to be insensitive to the
matrix structure of the malleable cast iron.

5 Coercive force values have also been used to estimate
the temper carbcn nodule count in a group of test specimens,

varying in couat from 66 to 250 nodules per sq. mm. ‘’here
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appears to be a discontinuity in the coercive force values
relative to nodule count at approximately 250 to 300 temper
carbon no ules per sq. mm. This relationship has been found
to be sensitive to matrix structure of the malleable iron.

5. It is believed the guenching media used introduced a
variable into this investigation. Any further work should be
accomplished by using the same type or class of media.

6. Forty two bars were tested, and each group contained
but three bars. The limitations due to this small number is
fully realiged. It is believed more work will have to be
done to substantiate the coercive force - temper carbon nodule
number relationship.



SUGGESTIONS FOR FURTHER WORK

de This work should possibly be repeated using salt

baths at various temperatures as the quenching medium, in

thies way the different quenching rates will be achlewed.

2. A uniform set of epecimens approximately 0.35 inches

in dlameter, and 1.475 inches long should be obtained from

the Chicago Malleable Co. These should be pretreated to

vary the temper carbon nodule count, then annealed to 100%
ferrite. Coercive force readinge could be obtained fron

theese specimens, with no speclial machining. In this way mini-
mum stress wlll be present, and a true relation between the
temper carbon nodule count and coercive force could be had.

3. Further work should be done varying the percent pearl-
ite preaent., for no commercial malleable iron castings are en—
tirely free from it, due to variation in size of sedilon.

4., If poselble the physical propertlies of identical matrix
structures of a malleable iron, and a plaln carbon steel
should be compared. Using perhaps 100% ferrite, 5-10% pearlite,
30-40% pearlite, and 75 to 100% pearlite.



PENDIX

Polishing Technique using diamond dust
Diamond dust in a vehicle can be used in the metallographic

laboratory in place of the other common polishing compounds
without the usual slowness and dirt that accompanies carbor-—
undum and alumina. Its most important feature in polishing
duplex structures such as malleable iron, grey iron, etc. 1ie
that when using a short nap cloth, it does not tend to pull
the graphite, or round or flow the edge of the graphitemetal
interface.
Procedure

First step; Prepare a flat surface on the specimen with
coaree paper or wheel. The writer used 180 grit wheel, and
papere 1, 2, and O. The usual precautions, such as washing
the specimen and hande between papers, should be observed. The
most important point, 1is light pressure at all times. Do not
push the specimen into the wheel or papers.

Second step; (First diamond wheel). Be sure the speci-
men has been washed well before starting on the dlamond wheels.

This wheel 18 to have a canvas cloth which has been pre-
shrunk to fit. To this wheel put a small amount (in small
amounts around the outside quarter) of the red diamond dust,
No. 30, (After the wheel has been coated well the first time
less dust will be required for the next specimens.) Spread
the dust with the finger and turn the wheel at i1te lowest
speed. Apply the specimen at 90 degrees from the direction
whick it was previously polished on the paper or initial
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grinder. Apnly a steady force, examining the surface until
the specimen becomes shiny, and no more right angle scratches
are present. Then add small amounts of water until the speci-
men becomes more shiny (polished).

W "H THOROUGHLY WITH ALCOHOL BEFORE GOING TO THE NEXT
WHEEL, TO REMOVE ALL TRACES OF THE GREASE FROM THE VEHICLE
IN THE DIAMOND DUST,

Third step: (Second wheel) This wheel should have a
pre-shrunk microcloth, upon which is put a small amount of
the yellow diamond dust, No. 3. Polish at 90 degrees from
the first sheel and continue in the same manner as in the se-
cond step, having the wheel at the lowest speed. WASH THO-
ROUGLY, ETC.

Fourth step: (Third wheel) This wheel also has a pre-
shrunk microcloth, miracloth, or an airplane silk cloth, up-
on which has been put a very small amount of the Ivory dia-
mond dust, No. 1. Polish in a direction 90 degrees from the
second wheel and continue in the same manner as before hav-
ing the wheel at its lowest speed. Polish until a mirror
finish has been obtained. Very little pressure is needed on
this final step.

Some Pertinent Notes

Some specimens may be polished after the third step; if
so, do not use the fourth step.

If vossible keep the cloths damp but not wet during pol-
ishing.

Very little time is needed on each wheel, to accomplish

the polishing.
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Of the three dusts, the Yellow No. 3 is the working dust,
and careful attention to this wheel (polishing technique) will
yYield excellent results.

Diamet-Hyprez fluid or Carbon Tetrachloride may be used
as a lubricant.

Other lubricants are olive oil, peanut oil, oil of lav-
ender, and mineral oils of different viscosities.

Diamond-Hyprez dusts are suspended in mineral oils.

The diamond dusts range in size from 120 to O.5 microns.
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