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I. IXNZRODUICIION

The subject of ladle inoculation of gray iron
has been brougnht to the attention of the foundryman
with increasing emnhasis during the past tvienty years.
A series of papers on "High Test Cast Iron" by Smalley,
Marbaker, and Coyle and Houston,published in the
Transac tions of the American Foundryman's Association

. 3
- 1929 (1) (2) (3), seemed to create an interest in
the subject of inoculation. Since tnat time many pavers,
articles, and discussions have been presented on this
subject and several thcories to explain the inoculating
action heve been formulated.

Althougn many of the papers have discussed ladle
additions of calcium silicon and/or fercosilicon, there
has been a conspicuous lack of aata comraring the
relative effects of these inoculants on t-.e phyysical
prove ties of gray cast iron. Any mention in the lit-
erature of ladle additions of metallic calcium has been
devoid of accomranying data on ph sical prorerties.

The purnose of this investisation is to pres nt
some data on the rel=tiv: ef’ects of calcium siiicon,
ferro silicon and caleim metal on the paysical yrov-

erties of gray cnst iron. Since it would be possicle

* rlense refer to articles listed in tie Sidliograrny.



2.

to ap-roach this subject from more thon one angle, it

waS decided thst a comnor’son would be made on com.ercial
gray irons with similar final cnem’cal analysis. It was
honed that, froin the resuiting data, some definite
relations could ve ¢stablished as a conmparison of tnese
inoculants and some additional inTormation could be

presznted on the tureories of inoculation.
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IT. SURV.Y 02 PU2LIsied 17w ~IlJns
A- Definition of Inocculation

The 1948 "iietals Handbook" (4) ststes that in
general, inoculation may be defined as "the addition
to molten metal of subist-nces desizned to form nuclei
for crystml:ization." The purnose, value, =nd/or
effects of cast iron inoc ulation have been listed in
the literature and atternts rave been m=de to describe
the mechanism accomranying suczes=zful inoculation
practice.

B- Purnose of Inoccul~tion

The 1944 "Cast . etals Handboo:" (5), remarks th=t
T din veny o322, 2ozt froms are inoculzted with late
additions for the purpose of imvroving the structures
and, conscauently, the mechanical prorerties. lany
d ifTerent elements -nd ccembinations, sucn as ferrosilicon,
calc ium silicide, gravhite, and numsrous coin:e-cially
vrepared inoculants, are used for ti:is purrose. In
fact, practically any late =zddition eppezrs cznable of
producing some effect.”

Lownie(6) divides the various inoculants into two
g£roups:

1- (Have sole duty of nroducing inoculating effects
such es cnenging grep:iite districulion and reducing cnill);
Ca; Ca-5i, Ca-8i-Ti, Fe Si, graphite, Si-C, Si-kn, Si-kn-ir,
Si-Ti, and Si-Zr.

2- (Also exert the effect t.2t a chznge in chemiczl



comvosition, alloying, has on the properties in ada-
ition to inoculation effects); Cr-Si-in-Ti-Ca, Cr-Si-
In-2r, io-Si, and &i-Si.

Burgessz and Bishop(7) consider tnose listzd in
group 1, above, as straignt grarnitizing inoculznts
and tnose in grond 2 as stavilizing inoculants.

In as much as this tiesis deals with group 1
(grapitizing) inoculants, and most of tne literature
surveyed covered tne same greup, some tynical analysis
for th=t tyce as listed in the "alloy C=2st Irons iHandbook"
(8) will be given:

#Ca %Si 4C sohn Otners(jp)

Calietal 100

Ca-Si 30-35 60-65

Ca-Si-Ti 5-8 45-50-=-cc-mmmmmmcmme 9-10 Ti
Fe-Si W ===-=-- 50-90

Graphite =-=------------ 100

Si-C -=--=--45-36  28-50

Si-in =~ mm——m-- 47-54 ====-=== 20-25

Si-kn-4r =--=--- 60-65 ====-==--- 5-7  5-=T7 4r.

C- Value of Inoculation

"The value or efliciency of a ladle inoculant depends
on its ability to consistently rerform cert:in functions
when adced as a late addition to cast iron."(7). The
authors of this statement (Burgess and Bishop) enlarge

vron it by stating that suc:essful inoculation requires:



1- reduction of tendency to cnill end
2- imvrovement of vaysical prooverties
a- develorment of hisn tz2nsile and transverse
strengshs in irons vossessing suitable base character-
isitics
b- develonmzcnt of ortimam transverse prorerties,
imp-ct resistance, and cnill reductions at any given tensile
strenztn level.
D- Effects of Inoculation

Effects of ladle inoculation, according to Lownie,(9)
may be attributed primarily to tie effect of the inocu-
lant upon the size, shave, and distribution of the graph-
itic carbon in the iron. "It has becn established by
many investigators that the effect of the inoculant is to
chonge the graphive from a fine, dendritically ori.nted
pattern to a coarse randomly oriznted pnattern."

Lorig(lC) says that ladle inoculation seems to be
the only reliable method in which the microstructure of
superhe=ted gray iron can be kept from becoming dendritic.
His mieronnotograpihs show absence of dendritic gravnite
and ferrite for Fe-Si tre=ted 'rons as commared wit.: tne
dendritic structure of tne came irons witnout ladle treat-
ment. "Noticable effects of 1l:dle =daitions on structure
are reduction in size and influence on shace and dis-
tribution of zra.hite flakes."

Smalley(l) reported that cuwvola iron wnich would have

been white and brittle in small section, or of wicertain



propecties in heavy section, produced normal zraon:iite
with a pearlite matrix after ladle treatment with Ca-Si.

Loria and Sﬁephard(li) found that silicon- carbide
inoculation controlled the chilliins tenacncics in alloy-
ed and unalloyed irons. Tne chill derth w=s reduced and
the structure of the ciilled surface for wear resisting
castings was refined.

"Ladle additions prevent bad sunercooled structures,
suczn as cellular euntectic gracnite coupled with ferrite",
according to Lemoine(1l2) who used both Fe-Si and Ca-Si
in his exveriments.

Boyles(1l3) states that 1ladle additions seem to in-
crease the number of crystallization centers in the

utectic and therefore rroduce a small cell size. This

[}

has the effect of creati g a normal grpanite struciure
in gray irons th~=t would oti.erwise solidify in the dend-
ritic grapvhite pattern.
BE- Theories Concerning the l.echanism of Inoculation
Vanick(1l4) is inclined to believe that "the mechan-
ism of inoculation “as Dbeen traced to 2 reaction which,
wien evecuted in its »nronexr tiie and nlace, forces thne
crystallization of grannite in the stable system. Comrercial
inoculants usually possess a nigh order of grarnnitizing
power wnich is sun»lied through the nresence of grapnitiz-
ing elements plias deoxidizers and desasifers. Tneir im-

ortant function of stabilizinz tihe structure of the

3

grarhite leads to the production of a more dewnendavdle



renge of oaysical pronsrties for metal of
comrosition."

Lovmie(9) believes that the rrndom gropiiite pat.ern
is formed ,during inoculation, by freezing directly into
the iron-grapnite syste: without carbide -s a temrvorary
pnzse. "The-efore thie effect of t.ie inoculant is to pro-
duce graphitization at the eutesctic in those cases where
gravhitization would occur normally below the eutectic.”
He lists t.ree tueor’es for inoculating action:

1- Gas Tneory; velief tThat inocul-tion is real’;
deoxidation and reations between inocul=ant snd discolved
gas-es cause the inoculant efiect. ILownie is skeptical
about this action because chromium, a strong deoxidizcr,
prodiuces carbides and not granhite.

2- Silicate Slime Tue xry; belief thnat suvmicrosconic
galime of ferrous silicate inclusions acts as coarse gravh-
ite nuclei. Tiis theory is sun.orted by tne fact tnet a
silicon renoving slaz pronotes abnormnl, fine .rapiite.

5= Graphite Huclei Theory; belief that grapnite
particles in tiie melt act as nuclei to accel:rate tne
grapnitiz tion rhenomenon. This explanation for tie act-

ion of an inoculant zas been Tane most widely accented

(@]

12 b:'

altiouzh the or’ ion~l st-terent, 1:2de in 1

\

Piwownrsky(37) -"ilolten cast iron contains grornite nuclei

in sierension, which as the mei :1 fre=zed or 'sets", form

3 -

the starting v int of co:rsze .,rorlite crystels." - has

csen extended in rore recent discus-ions.



L Lownie(6) postulates that tae process of nucleation
aprears in all of tae theorizs as to the cause of inoc-
ulating effects and presents tae folli.wing sraph to dem-

onstrate nis exvl-ination of the inoculation pnenomenon:

T;,Pc A Graflti te

Type D+ E Graphi te

-~ - \M White Iron
o~

Time ——s

Fig.l. Representation of graphite form tion, cooling rate
and transformation ranze on time-termver=ture diagrams.

The purvose of tnis sim:1lified diagram is to vprovide
an aid to understandt’ng, in a practical manrner, how
inoculants work. The temnerzture orizontal B indicates
the division between the regions for normal and for inter-
dendritic graphite formation, and C divides the resions
wrnere abnormal grapnite is formed and wiere zrapnitizat-
ion is survresced. Cooling rates are represented by the
arrows A *, AL, and A L for fast, medium, and slow cool-
ing, resrectively. The curved, dotted lines renresent tiie
start (subscript s) and finish (subscrivt £) of transfor-
mation for any particulzr cast iron. Tne comnosition and
casting procecdure of the gray iron in question will

aétermine tne position of the dotted lines. Us and Uf are



typical truansformation curves for uninoculated, medium
carbon-mediam silicon irons. Is and If indicate tie
relative vosition of tiie transform:tion curves for
similar irons thet -ave been comvletely inoculated.

Wnen using t-is caart the section size ( rate of
cooling), composition, and inoculation effects deter-
mine what .ravaite formation will be obtained. The
transformation curves for a low carbon-low silicon
iron would be found to t e ri:nt of Us and Uf and for
high carbon-high silicon irons to the right. The Tormer
would reguire extremely slow cooling to form ty e A
graphite 2nd thne later e:tremely fast cooling to form
white iron. Tyve A grapnnite flakes, formed during long
transformation periods at low cooling rates are longe
and coarser tnan tyrve D flakes formed during shorter
transform=tion veriods at faster rates. If the time
consumed during transformation to t pe A in inoc-
nlated iron is similar to the time reguired ifor tne
uninoculated iren to transiorm to tyre D, altnovéq Tne
rate may b= faster in tne later case, the grapnite ila“e
size snould be sir~ilar, The presence of an increased
nurber of grarhite nuclei in the melt due to inoculation
mares it mich more 1 'kely tnat grannhite will be formed
in the normal gra»hite r2zion.

Bash (15) reached the conclusion that "inoculation
produoeé grapinite nuclei whicn cause the iron to solidify

in tihe iron grarhite system., Gr:y irons, having fine
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gravhite in a dendritic pattern, solidify in the meta-
stable iron-carbide system as wnite iron. Tne eutectic
carbide subsequently decommoses in tne solid state to
form iron and grap.ite. Ladle inoculated gray irons,
having random fl:oke grapnite, solidify in tne stable iron-
grapnite system. The flake grapnite forms during the freezinyg
of the graphite-austenite eutectic. The iron- graphrite
eutectic temverature wos found to be o to 70° 1 higner |
than the iron carbide eutectic in slowly cooled heavy
section gray iron castings."
Park, Crosby, and Herzig (16) also =scribe to the
theory that gravnite forms directly from the melt along
with the austenite as the eutectic temnerature is re=ched.
Tnhe,; believe that the austenite-cem:zntite eutectic and
the zustenite-graphite eutectic must be very nearly
similar in temmerature =nd tnerefore rard<o distinsuisn.
Zoyles and Lorig (17) plotted cooling curves on a
3.0% C = 2.5% S1 iron as inoculated with Ca=-Si and after
holding at tempner=zture for an additional tnirty minutes
after tne inoculating tre.tment. Tie soliuification of
the eutectic started at approximatel. 10°F lowsr for t e -
iron which had been neld for thirfy mnutes and the effect
of seeding had worn off. Tie comnarative shape of the i
curves aiter tne start of tie eatectic formation is of
special significence. 1In tie inoculated, wnicn sizowed a
normal zraphite distritution, the temver-ture rose immed-
iately and as a result tie sivze of the flates formed wss

lar-er almost im.ediately. Tne curve for

whicn tne inoculating ef ect .ad worn off remsined =zt to



11.

undercooling temm: ature for = longer period of time
and sloved urwrrd more graduslly. This iron had a
modiZied gravhite struc.oure due to tine .ormation of
most of t..e gravanite s fine flakes veiore the temp-
erature had leveled off.

Althouzh the_ e was no difference between tie sigze
or distribution of t..e rrimnary aendrites the.e we.e
many more crystallization centers for t.e forma2tion of
gravhite in tie normal iron. This resulted ‘n an
evolution of heat in a grentsr nurber of areas in tne
normal iron witi: a resulting ranid uvswing of the curve
wnich allowed Tfor tne form:t'on of tyne A graphite. Tne
modifi=d iron s':owed a m.ch larger area in tne center of
each cr stallizstion voint aue to the greater dist:nce
between centers and tne smaller evolution of hezst in-
volved.

D'Amico and Schneidewind (18) worked out 'S!' curves
to ¢ ompare tie start and finisn for the austenite and
eutectic transform tions at constant temrerature for
several cast irons. Of svecial inte est was tihie comp-
arison between a eutectic iron ( 3.740 C - 2 .1C» Si )
with and without ladle inoculation using Ca-Si (.4% Si
added).

Tne above researcihiers nave develoved the tneory that
the provable grapnite pattern in a given iron is determ ned
by

1- t.e rate of cooling during solidification,



12.

2 - the degree of undercooling experienced by virtue
of its cooling rate during solidification and,

3 - the solidification characteristics of the iron.
With rapid rates of cooling, aprreciable undercooling
accompanies solidification. In other word, the metal.
remains molten until a temperature well below the
theoretical greezing point is reached; the faster the
cooling, the greater the degree of undercooling. The
graphite pattern is direotly related to the dezgree of
undercooling for any particular iron; the flakes become
smaller and more dendritic as undercooling is increased.

An S curve may be drawn to represent the part-
icular solidific tion characteristics of an iron and
irons with different compositions will have different S
curves., Each branch of the curve repressnts a part-
iocular graphite formation and corresponding points
on different curves represent similar graphite patterns;
therefore different irons will have different graphite
patterns with si ilar amounts of undercooling. The
upper branch of the curve (down to the knee) represents
the normal graphite region. The middle portion(around
the gradually curved part) is distinguished by a eutecti-
form graphite in dendritic distribution. In the lower
part, mottled and white irons are found.

D'Amico and Schneidewind are convinced that the in-
fluence of factore (such as inoculation) which affect the
nature of the graphite pattern would only be attributed to
their ability to change the solificiaation characteristics



of an iron exposed to any given amount of undercooling.
The effect of adding .4% silicon as Ca Si on the S curve
is to move corresponding sections of it to the right and
downward to an appreciable extent. "It is interesting to
note that deoxidation with .4% Ca-Si has made it nec-
essary to undercool iron B Seuteotic composition) to

1450 F and 1750 F respectively, in order that white and
mottled structures are obtained. The corresponding temp-
eratures in the untreated iron are 1675 F and 1925 F.

In other words, the tendencey +to form gray iron, or the
urge to graphitize, is much stronger in a deoxidized
iron than in a plain iron of the same compositionj the
addition of a deoxidizer demands much more drastic under-
cooling for the formation of the metastable carbide phase."

It was determined that the addition of a deoxidizer
does not raise its temperature of solidification and
therefore this effect could not influence the graphite
formation., The increased silicon content could not cause
the extreme effects shown by the inoculant, as evidenced
by comparing the S curves of base irons with similar
differences in chemical composition,

Flinn and Reese (19) postulate that the properties
of any gray cast iron are dependent on graphite distribu-
tion and the structure of the matrix., They believe that
the fine, eutectiform, network type of graphite "fromed
from eutectic cementite at emperatures below the eutectic,

while the well distributed, larger, flake graphite
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is formed at the eutectic." A normal distribution may be
obtained if .5% Si is added to the ladle just before
pouring. "The effect of this addition passes away with
time (about 20 minutes) and therefore appears to be due

to high silicon spots whiéh promote the formation of an
iron graphite eutectic."™ Inoculation seems to lessen the
possibility of free ferrite formation by causing graphit-
ization at solidification instead of at lower temperatrues
by graphitization of cementite to graphite and lower
carbon austenite,

Crome (20) also ascribes to the theory that type A
(normal) graphite flakes solidify form the liquid while
type D (abnormal) graphite forms from the ausennite-cement-
ite eutectic so0lid. He thinks that although the graphite
nuclel may be actually dissolved in the melt there may
still be enough points of carbon concentration due to
inoculation that normal graphite will form.

Eash (15) is convinced that inoculation with silicon
alloys is successful because high concentration of silicon
exist immediately adjacent to the added particle so that
the solubility of carbon in that immediate area is exceeded
and hypereutectic graphite precipitated. These particles
act as nudlei although the silicon might become uniformly
dissolved in the melt., He believes that the removal of
oxygen céused by ladle additions does not aid in the form-
ation of normal graphite but would be more likely to pro-
mote iron carbide formation with resulting eutectiform

graphite,
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hic Elwe: (3g ) considers ladle adiitions such as
Ti-Al-Si to be deoxidizinzg. He speculates that oxygen
incre=ses the chill and taat ladle additions remove
oxyzen and the *fore remove chill.
F- Data Concerning the Influence of Inocul=tion on

Pnysical Prov-=-ties.

Smalley (1) listed tine results of pnysical tests
on a 2 .84 C- 1.2 5 Si cupola iron melted from 60, steel
scrap and 40, hizh silicon vig witn 120 ounces of Ca-Si
added per ton of metal. I[lodulus of el=ssticity -28.6 x
156 p.s.i., tensile strength - 46,700 to 51,000 p.s.i.,
brinell hardness = 22 7 to 247, transverse proverties
(1 1/8" dia. on 12 " centers) - load- 4,800 to 4,850%f
and deflection-.12 to .14".

Another iron of 70% steel chargse witih 100 ounces
of Ca Si ad .ed per ton gave E-27.8 x 106, tensile-46,000
p.s.i., brinell-QSS, transverse load-4,300# and deflection
-.16"., These irons nicked un znr-ctic=2lly no cnlcium and
apvroximately .1l,0 Si.

Lorig (10) compared the pnysical properties of two
irons without ladle adattions, one with Ca»Si and one
witih Fe-Si ladle additions at various sunerheating temp-
eratures from 2 356} to 3150°F. The aata was taken on
irons prevsred in a nish freguency induction furnace witin
125 # charges and similar melting schedules. The irons
were poured at 2550°F unless supernec2ted to a lower temn-
erature. The ferro silicon used was the 75 Si grade but

the grade of c2lcium silicide wzs not given, The 1l=dle






1o.

additions were equivalent to .2o Si for Ca-Si ad.itions
and .5, Si for ¥e-Si addittons.

Blark X Blank O Ca-5i Fe-Si
Total C (x) 3.22 3.02 2 .99 2.88
% Si 1.87 2.21 2.21 2.12
Tensile p.s.i. 30,000 31,000 42,000 44,000

Transverse # 2,300 2,380 2,830 2,930
Deflection " . 245 .208 . 395 .338
Brinell 179 183 19% 199

Fig. 2- Physical test Gata for 2850 F supernest

Blank X Blank O Ca=Si  Fe-Si

Total C(k) 3.19 2.90 2.89 2.81

% Si 1.87 2.19 2.07 2 .11
Tensile p.s.i. 29,800 24,400 43,000 43,500
Tr-nsverse # 2,400 2,470 3,200 3,190
Deflections " . 250 .207 . 308 .400
Brinell 183 2 10 200 208

Pig.3-Pnysical test date for 2950°F sureraeat

It w2s noted by Long th :t tie tensile and transverse
strengtns decreased to a minirmum at aprroximately 27OODF,
for the irons wit:iout ladle trestment, and then incre=seil
as the melting tem»erature was r ised., Inoculztion wita
ferro-silicon or calcium-silican eliminated tais efect.

Crogby and Herzig (21) adied Fe-Si to a base iron of
5,085 C - 2.17,5 Si, melted in a %0 1lb. induction furnace
from low c-rbon ingot iron and grananite. Corrarison was
made on phisical tests with adaitions of 25,50,75, and 100

per cent silicon ad ed as YFe-Si five minutes bzfore pouring.
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The suncrhent termnerature was 2750.F and the irons wer
noured at 2050‘?. Tne uninocul:ted iron nad a de.aritic
graphite distribution and tne inoculated irons contzaiuned
normal grannite, with a vearlite matrix in 211 cases. Tne
tensile and transverse nrove ties incre:szd up to 75. late
additions of silicon and tnen aecre=nged. Tnhne brinell
hardnes: remained at avproximately 215 in all inst nces.
The tensile strenztn went from 37,500 to 40,000 and tnen
dropped to 33,500 p.s.i.. The transverse load incre: sed
from 2,30 to 2,520 and tnen decrezsed to 2,450#. The
transverse deflection incrensed from .190 to .318 and
then decrezsed to .245". Type B-A.S. T. Li. bars were used
in t ese tests.

Rota (2 2) revorted that ferro-silicor(805sSi grade)
was used =s an inoculant on v4 consecutive prodution hzats
to produce sixty t oisand nound per square inch curola
iron. All iieats excecded tThe minimun requirerent for
tensile strength @and many were without alloy adaitions.
The amount of Fe-Si ad.ed to t:ae 1lo00 nound laules variea
with tine size of tne castings to be vnourzd. Tne averocze
carbon cortent w=s 3.1, and tre ~vera.e sili:on wes 1.9,..
The transverse strength e-cecsded 5,100# (1.2" dia. on 1l:"
centers) in all cases and avera-cd 5,6000#,

duznes and Spenceley (23) »r - sented .=ta on 30 incn
square, 5/.. inca thick band saw tablesprcdiced from ord-
inary cunola iron inocul: -t .d witn Tecro- silicon. D2ae
imvrovement in v .ysical opropnertics were listed zs imuact-

2 o, transverse strensta-32,, transverse detlection- 2.,
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tensile strenztn =-32,., ~nd drincll =25,

LA

Constock »nd Stoci-wathers (21) conrilel a coasidzoole

+te ef"act of inocenlation witihh e-Si

ang s o b o4
and Ti-'e-Si (2C,. 7i-203% Si). ILate sdditions were made

the melt w-s comnlete in eacli case,

two minutes before

r

Ler: eratare was 2070°F and thae rouring
°
~-Pure was 2550 I in 2ll cases. Transvcevrse test
ro t2en on 1.2" diavster bars brolkken on 12"
canters. These inveshisators siowed no naried ii-cove=-
—ent cansed by inoculation for base irons verying from
3,03 to 3.595 C and from 1.77 to 2.45, S8i. ILadle add-
itions un to .67 Fe-Si and un to 2 Fe-Ti were nade.
Base irons exhibited from 4,200 to 4,4C0; tronsverse
strengtih and inoculation rractice showed un to 200#
irmroverent as a mavimanm. Tensile strengths were imrrovad
only sligzitly in most cases witil an improvement of 3,C00
P.s.i. marxirun listed for Fe-Si additions and 8,000

Base irons exiiibited form 31,000 to

oy

P.s.i. for Fe-Ti.

39,000 pv.s.i. tensile strengtn.

Scimmes =nd Barlow (25) develoned nn alloy conta’n rg
6.5 Al-12% Si-80,; Cu (alloy 3) which taey found to be the
most suitable cornrer base 21loy for use as an inoculaving
azant in grey iron. This alloy was comnared with .5
ladle addaitions of silicon as Fe-Si. They found what
one of tre advantzges of alloy 3 over I'e Si was tnatlit
did not promote the formation of shrinks and blowholes.
The following tables list tne comnarison of naysical
1.2" diameter bars and 18"

properties for several irons.

centers were used



for the transverse test =2nd tie

190

.300",

Addition .56 Fe-Si 15 A3
Tensile p s i 35,000 53,000
Brinell 155 210
Trans.erse load # 2,700 5,100
Deflection " . 350 « 3560
Resilience " # 670 705
% Si 1.56 1.2

Fig 4 3,25, C - 1.2 2 %

Si mottled base iron

Addition Base .5% Fe-Si 16 A3
Tensile p s i 30,000 32,000 37,000
Brinell 185 170 195
Transverse # 2,500 2,300 2,700
Deflection " .230 «320 «3:20
Resilience 335 510 580

o Si. 1.81 2.32 1193

oo Ce 3.26 3.21 3.25
Fig 5 3.26, C - 1.8l Si base iron

Addition Base .5/ Fe-Si 1o A.3
Tensile p s i 52,000 55,000 39,000
Brinell 190 170 2 20
Transverse # 2,400 2,600 3,100
Deflection " .190 .310 . 220
Resilience 2390 550 6u0
7 Si. 2.21 2 .6 2.33
o C. 5.0 2 .97 2.98

Pig. 6

5.0%0 C =2.21 ,5 Si base iron (iizat A)

tensile diameters wvere
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Addition Base «5,5 We-58i 1l A3
Tensile p s i 52,000 54 ,0C0 42,000
Brinell 190 180 21>
Transverse .f 2,400 2,700 5,100
Deflection " .190 . 350 ‘ . %10
Resilience 240 040 000
;5 Si. 2.21 2.%55 2.2 5
o Ce 3.03 3,03 2.97

Tg. 7 3.0%5:C - 2 ,21% Si base iron (ileat B).

kash (15) compared tne pysical prove-ties atiained
after inocul=tion, using 385, Fe-Si and Ti(.35%S1i and .74
¥i ad.ed), wit: tne wninoculated iron. The transverse
test bars were broken on 18" centers. Tne results were
39;700 psi tensile, 2,2 0 # transverse load, .253" trans-
verse deflection, 22 ft # izod, .67" chill for tne unin-
oculated iron with 3.C5. C-1.88, Si- 1.0 » ¥i. Corresnond-
ing results after inoculation were 43,600 nsi, 3,100#.
381", 28 Ft # and .04" chill with 3.05% 0-2.2%% Si-1.7.
Fi. ILadle inoculation proviuaed normral graniite struct-
ures iaste~d of the dendritic uzran ite structures found in
the untreated iron.

In another vaner, Lash (26) has shown the i provement
possible by means of ladle =2dditions to low carbon, aust-
enitic cast irons. Increasss in trnsverse vronerties for
14, ¥i-6% Cu-2, Cr-2.25,:5 C base irons were listzd with l,
Si added as Fe Si to the Ladle( +the totsl silicon of the
irons in all cases ranged form 1 to 2:). Exampnle: Trans-

verse load 3%,400 to 5,200;#. transverse deflection .120 to
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080", Little or no effect from inoculation was noted if

carbon was u» to 2 .75.. The ladle addition of .74 Si as

¥e 81 imroved a 3.0 C-8.0% Si-1.0. Wi iron from 4,600

to 5,8007 transverse load, from .120 to .150" deflection,
and from 44,000 to 53,000 psi tensile stren:ta. The

brinell hardness remained a2t 241,

Late additions of gravhite have been used larzely to

reduce chill according to Dierker(3v), Schneidewind (27),

ther pny ical pronerties

and Ifassari and Lindsay(28).
did not change o any aprreciable extent.

llcElwee and Scineidewind(38)(27)(29) worked witn

gravhitizing inoculants of the Ti-Al-Si type. Tne most

succes=ful has been a com:zercial alloy cal_ed Grapnidox

No. 2 (7.5% Ti, 20j% Al, 20,5 Si, Balance Fe.). Two pounds

per ton of metal was added to the ladle for scveral heats

and the vnnysical pronerties compared with base irons of

similar chemical composition. Typical results follow:

final analysis 3.1% C-2.12,5 Si, imrrovement from 2100 to

2700/ and from .246 to .297" on transverse properties, tensile

strensgtin conanged Trom %5.,000 to 49,000 vsi and cnil- form

40 to .25 inclies.
Flinn =nd hecse(l9) disclosed tn.t ladle additions of

.75 Si added as an alloy of 70, Si=10,; Ln-l.04% Al- .lp Ti-

balance Fe was the most successful out of several inoculat-
ing agents t.1at were studied. Without ladle additions the
physical properties were 41,000 psi tensile and 2,30C# and
After inocul~tion

«150" transverse load =nd deflection.

wit1 the above alloy this iron tested ©0,000 nsi, 36007
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and .23C". Thae inoculated iron h~d 2 fine grzined, lisnt

gray fracture nd random zreprnite disiribution. They
vointed out titat 211 sucses-ful inoculants considered
contained silicon alsrouzn scone of the unceszful inoculants
also contained silicon.

sursess and Shrubsall(3C) procduced irons of a
machinable grade, .nzt would norm:lly nave been w:ite, by
reans of ladle additions of Si-In-Jr tyne inoculating
agents. lor ircns of 3.25,6 C-2.5, Si tre transverse
proverties were imnrovod from 1,800 to 2,100#, and from
150 to .25C" Ffor ti.e 1ost successful cases altnoust thiere
was but slizat heneliit in o nme insnwnces. Tne tensile
atrenstn showed improvement of Trom 38,000 up to 45,000
psi and from 395,000 un to 46,000 vsi. Chill deptn wn
reduced.

sarzes: and Gisnop (7) presernte=d tie followi.ng con=-
clisions ooicevn’nz ladle a~d.itions of .25. Si a=s an alloy
of Si-In-.r (00-o5. Si, 5-7. in, 5=7,.2r):

1-Cnill devtn gres=tly reduced in low C-low Si irons
(2.75-3.0% C, 1-2, Si)

2-Tensile strengtn imnroved approximately 10,000 vsi
with low C and low Si(imnroved fro- 40,00 to 50,000 psi)

3=-Transverse gtren th imnroved ap-roximately 500
with low C 2nd low Si(imvwrov d from 2,500 to %,0U0#

4-iransverse defleection irmrovad ap: roximately 100"
in 21l cases(in low C-low Si from 160" t0,250")

S5=iluliity imrroved =li; tly

6-Inoculant does not lcoce effect in lese +0 =0 35 n,




in low C=low Si irons.

8-Refines cell size

9-Renders hizh C-285 Si or low C-1.225 Si commletely
gray in 1.2" scction.

10-Larzer a ounts of inoculint(ﬁp to .%.:) soretimes
are necescary in low carbon ecuivalent irons to innrove
transverse strengtn and de-lection.

Lovmie(9) reported tiot ladle adaitions of Si-in=-ur
viere slizntly superior to ladle additions of l'e-Si i tiie
lower carbon ewuivalent irons. Fhysical tests oa a 5.290 C,
2.05,, Si iron showed tre szme ef cct witn .45, Si added
as an inoculant with eitner alloy. The besse iron test d
2,400# and .290" for a 1l.2" dia. var on 18" centers, tensile
37,500 nsi =2nd 255 brinell. Comn~rison wit.: tie inoc-
ulated irons showed 2,000;# and 280" transverse provertics,
44,000 psi tensile and 210 brinell.

G- General Statements Concerning Inoculstion Practice

Wiliiams(31) com.ented tuat Cs-8i additions(about
.4, Si added) did not show any =dvaantege over Fe Si and
was decidedly more exnensive., Tne cunola process was
mentioned a3 bdeing an inoculation vrocess. Soft iron from
one curola was added to winite ircn from the otaner cu .ola
in t.e 1=2dle ana t.c e fect vas toe sa e »s inoculszstion.

Yraneis(52) cla‘med that the Si nay be as low os 1o
in 2 2.9, C iron and inoculation wit: 100 to 120 ounces
per ton oi metal will still ve successful.

>)

AN

Fearce(33), lioyt(3+), and U-lvart and Fotaszkin(
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h=ve rervorted tiat inoculation wit: Ca-Si wss found to be

very satisfactory.
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III ORIGINAL RESEARCH
A - Scope of Investigation

‘The first part of the present investigation was
conducted in order to comp :re the physical properties
of similar gray cast irons which showed equivalent am-
ounts of silicon pick-up after inoculation with ferro-
silicon and calcium-silicon., Ladle additions were select-
ed so that comparisons could be made after .1%, .3%, and
5% Si. pick up from either inoculating agent. Conditions
were controled so that the obly variable would be the
ladle inoculatn.used. For comparison between levels (1.e.
-.14 .5% Si. pick up) the total silicon content would
be variable. .

The second part of the investigation involved inoc-
ulation with metallic calcium. Comparisons were made on
the physical properties of the base iron, .5% Si. pick up
from both Fe-Si and Ca-Si, and ladle additions of Ca. The
variables introduced were the type of inocul=nt and the
total silicon content. An attempt was made to eliminate the
later variable by pouring é base iron with carbon and
silicon contents similar to earlier irons after .5% Si had
been intrduced as a ladle addition. This base iron was
ladle treated, with aprroximately .04, .11, and .22% Ca
added, to find the relative effects of Ca inoculation.

The desired chemical compostion for the base iron was
fixed at 2.85% C, 1.90% Si, .75% Mn,.1l0% Phos, and .08% S.
An indirect arc, rocking type electric furnace of 250 pound

capacity was used for melting.
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Three 1.2" dia. by 21" (ASTM#. Type B) test bars, and
two chill tests speeimens were poured from each ladle to
check results. Transverse tests were made on all bars.
Representative samples from all heats were analyzed for
the carbon and silicon content and were examined microscopi-
cally. The brinell hardness was taken on one bvar from each
ladle. Tensile specimens were broken on representative
samples from the heats that were the most satisfactory.

The various properties were tabulated and important
curves were drawn. The results were studied and conclusions
were drawn regarding the inoculating effects of Fe#Si, Ca-
Si, and Ca on the gray irons under investigation.
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B - Melting Practice

1 - Preparation of Molds

The arbitration bar and chill test molds were pre-
pared from Lake Michigan sand with o0il and cereal binder.
The molds were baked overnight and then those to be used
for transverse test bars were washed with a commercial
"pink" core wash shortly before pouring each heat. This
practice provided 1.2" diameter bars that were fairly smooth
after wire brushing.

2 - Estimating the Charges

Seven, 250 pound heats were poured during the course
of this investigation. Computations were made to determine
the required amounts of steel and various pig irons to
produce the desired analysis for heat 1. After the barbon
and silicon analyses for heat 1 were obtained, additional
calculations were made to try to bring heat 2 closer to
the desired analysis. This proceedure was carried out for
each heat, although in some cases the deviations were
slight. An adjustment was made in the ferrous sulpher
additions for heats 4-7 to bring the sulpher content closer
to .08%. Heats 1 through 6 contained similar amounts of
each constituent in the charge but heat 7 required complete
new calculations because the origional supply of low sili-
con pig was exhausted.

The approximate analyses for the stecel and pi& irons

used as listed below were needed for the calculations.
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%G %Si  plMn %Pnos %S,
A¥-Tot 1 pig 3.70 3,00 1.05 .188 .017
B -014 low Si Pigz 4.28 .70 .40 .109 .0%8
C -Steel .05 <15 .40 .020 .020
D =Charcoal iron 4.22 1.67 .43 120 .018
E -Yew low Si pig 4.12 1.23 .88 .240 033
Fig. 8-Avnroximate Anal'sis of Stezl and Pig Irons
One to four pounds of silvery pigl(coiz I'), ferro-silicon
containing 25, silizon, was includ 4 in the original
charze for all ne.ts, Small amounts of Fe S (coue
G) were =2died to eaci nest a few minutes before tapring.
Tane sulpaur content of this alloy was 5t%.

The calculations necesszry for figjuring the cinrgse
for ne £ 1 will be used as an examnle of tne method used
for 211 he ts (sez iz.9).

#Code letter for lot 1 pig; code letcers for ot.ier con-
stituents of t.e ch~rze zre vlaced in a simil-r position

in Pic. 8.

Code Weisnt #C #S1 #mn #P #s
A (115;) 4.25 4.14 1.52  .216 .020

B ( 70#) 3.00 .49 32 070 027

C ( o4#) .03 .10 .26 .01% .013

F ( 14 .25

G ( 1/4% .140

Total T.28% 4.98% 1.904 .307# 2004
Lstim=ted j 2.91 1.99 .70 .12 .08

FPig. 9-Samvle calculations for computing cnarge; heat 1.
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3 = Charging the Furnace

A Detroit electric rocking furnace of the indirect
arc type, silminite lining was used to melt the charge.
The capacity of the furnace was 250#, therefore the
charges had to be carefully placed to avoid contact with
the fragile carbon electrodes. The steel was sheared into
small pieces and placed on the furnace bottom along with
the silvery pig. The large pigs, which had been wire brushed
were then put in and the charge was ready for melting.
4 - Melting and Superheating

The electrodes were brought into position and the
current turned on. The average total K W during the heats
was approximately 125. After a considerable pOrtion of
the charge had melted the rocking mechanism was turned on.
The Fes Additions were added, after the iron had become
molten, at an average time of 75 minutes after the furnace
had been started.

All of the heats, with the exception of number 1, re-
quired from 90 to 95 minutes to reach the desired super-

heating temperature (2900 F). Heat 1 required 140 minutes

before tapping when it becoame necessary to chip out and re-
Place an electrode which stuck and could not be properly
ad justed.

Tapping temperatures, as measured with an optical py-
rometer, were 2900 F, with the exception of Heat 7 which
reached 2950 P before tapping. An attempt was made, during
a trial run between heats 1 and 2, to check the superheating
temperature with an rayotube mounted in the furnace door.

The experimental set up proved unsuccesful and was not
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subsequently used during this investigation.

5- Inoculation Procedure

Small, preheated ladles were used for pouring the
test bars. Approximately 35# of metal was tapped into
each ladle and then it was carried to a scale to check on
the net weight. ILadle additions of dry Fe-Si or Ca-Si
were made to the stream of iron as it was tapped and the
ladles were rotated to provide for maximum inoculating
action. With the exception of heat 7, for which the scale
was not useé, all ladles were brought up to 35# before
pouring. Ladle additions of metallic caldium were made
by rapidly !'dunking!' the Ca under the metal surface and
agitating it until the tnoculating action had taken place.
This was accomplished, without hazard, by wiring the
desired amount of Ca to one end of a 10 ft pipe and mani-
pulating the oprosite end.

Heat 1 was used as a trial heat to determine the
amount of silicon pick up form various amounts of Fe-Si and
Ca-Si added to the ladles. It was determined, by chemical
analysis, that all of the Si added as Fe-Si was picked up
by the iron. For Ca-Si, it was found, a computed .4% Si
addition picked up .3% S8i and a computed .7% Si addition
picked up .54 Si. The calculations involved in determining
involved indetermining the required amount of inoculant
to add to each 35# ladle follow:

.1% addition of Si .036# Si per ladle
(For 90% Fe-Si) .1% Si x 454 g/# 17.7 g Fe-Si/
ladle.

(For Pe-S1) .1% si 18 g, .3% S1i 53g, and .5% Si 88g.
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(For 60% Ca-Si) .1% 81 x 454 26.4 g Ca-Si/ladle.

(Por Ca-Si) .1% Si 2 6g, 4% Si 105g, and .7% Si 184 g.
The ladle additions of calcium metal to heats 4 and

T provided successful inoculating action. Evidently the

caleium was not introduced quickly enough into the metal

bath for heats 5 and 6, and was not sufficiently agitated

for satisfactory inoculating action. The physical prop-

erties for heats 5 and 6 will therefore not be entered

in this thesis. The pouring temperatures, as measured on

the optiaal pyrometer for all aldles in heats 5 and 6, were

checked with a chromel-alumel thermocuple so these heats

provided some useful information which will be included

under the next section titled 'Checks on Pouring Temperzture.'
Heat 4 provided a comparison between the base iron,

Fe-Si, Ca-Si, and metallic Ca additions. The 10 gram Ca

addition was equivalent to 10€ Ca/ladle x 100 . 06%Ca
35#/1ladle x 454G/#
The scales were not used for heat 7 but an estimation of

the weights for each ladle with Ca added was made and the
estimated Ca additions were .04%, .11%, and .22%.

6-Checks on Pouring Temperature

Sé;eral checks were made during the investigation to
determine whether the pouring temperature agd measured with
an optical pyrometer couid be relied upon to give an
accurate and uniform pouring temperature for all test bars.

A fine wire, platinum-platinum rhodium couple was used
on the trial heat, poured between 1 and 2, as a check.

This produced the following results from four ladles:



Optical Pyrometer Plat. - Plat.Rhod. Couple

Apparent True Temp. M.V.Reading Temp.
2350 F 2570 F 14.8 2615 F
2300 2510 14.7 2600
2440 2665 15.25 2680
2365 2585 14.9 2630

A similar comparison on four ladles form heat 4 provided
more accurate results., The mv reading on three ladles
was equivalent to 2550 F and for the fourth 2595 F as
compared with an apparnent 2400 or 2625 F true tempera-
ture on the optical., The millivoltmeter readings raached
a constant value during this later test and it was indic-
ated that the actual pouring temperature for all heats
was 2550 F although they were checked at 2625 F on the
optical.

A larger chromel-alumel couple which had been pre-
heated in a small resistance furnace was used in con-
Junction with heats 5 and 6., The results from all of the

ladles are tabulated below for compariton:

Optical Chromel-Alumel Difference
2675 F 2515 F 160 F
2675 2505 170
2665 2505 160
2625 2510 115
2625 2480 145
2625 2455 170
26 00 2440 185
2600 2390 210

2570 2390 180
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The optical readings were always higher than the thermo-
couple readings with differences ranging from 115 to 210o
F(average 166, mean 170°F). The larger chromel-alumel
couple’evidently did not have sufficient time to reach
equilibrium with the mclten metal before the Iyroneter
indicated that the desired pouring temperature had been
reached.

The bulk of the data on temperature measurement
points to a fairly reliable comparison between thermo-
couple readings and optical pyrometer readings. From
this it was concluded that the aprarent temperature read-
ing of 2400°on the optical pyrometer, which had been used
to determine the time for casting, was equivalent to
approximately 2550'F in all cases and the possible varia-
ble of pouring temperature hadi been virtually eliminated
for all heats.

T-Casting Proceedure

Two wedge chill tests and three vertical arbitration
bar molds were poured for each ladle throughlut this
project. For heats 1,2, and 3, the ladles were tapped
and cast in pairs with Fe-Si added to the first ladle
and Ca-Si to the second in each instance. Increasing
amounts of the inoculating agents were added to success-
ive pairs during the progress of the heats. The first
four ladles for heat 4 were used to compare .5% Si pick
up from Pe-Si and Ca-Si; ladles 5 and 6 were tapped and
cast as a pair with metallic calcium added to the last

one. Increasing amounts of Ca were added to alternate
ladles from heat 7 to compare with those without ladle



34

additions.

The total time required to tap heats 1,2, and 3,
varied from 20 to 15 minutes. Heats 4 and 7 required but
10 minutes for tapping. Each ladle was poured when it
reached the desired pouring temperature. It should be
noted that the larger additions of Ca-Si and metallic Ca
required aprroximately two minutes additional time before
casting. Apparently this was due to the exothermic action

of calcium when added to the molten iron.
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C- Investigation Proceedure and Result s

1- Chemical Analysis

Samples for chemical analysis were taken from the
top half of the 1.2" Dia. test bars after they had been
broken. The surface was gound clean and drillings were
obtained from three different places along the bar.

The total carbon content of a representative bar
from the first and last of eéch heat, as well as addi-
tional checks for heats 1 and 2, was determined. A
carbon train was used to determine the carbon content:
samples were burned in a combustion dboat and the result-
ing oo, was collected in an absorbtion bottle and weighed.
Stanaard samples were checked at the start and finish of
each set of carbon determinations.

Silicon determinations were made on a representative
bar from each ladle for he.ts 1 through 4, and from the
first and last ladle 6f heat 7. The method used for sili-
con analysis follows: dissolve with H N 0, and fume with
perchloric acid, c¢ool and dilute, filter through platinum
cones using No 42 filter paper, wash alternately with warm
5% HC1 and distilled water, ignite in crucible and weigh
as S1 0, . Standard samples were analyzed to check the
determinations. |

A check on the sulphur content, using titration; was
made on bars from the first and last ladle of heat 3.

A tabulation of the results from the chemical analysis
has been recorded in Fig. 10. The code letters and numbers

used in this table indicate the heat number, inoculating
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agent, and percent of inoculant added. Fig 1l has been
used to tabulate the code letters and their meanings.
This code will apply to all data taken during the investi-
gation |



Carbon (%)
1F1 - 3005
LF5 - 3.05
1¢c5 - 2.99
2Cl1 - 2.66
2F3 - 2.63
204 - 2059
207 - 2053
3F1 - 2088
307- 2076
4F5A - 3.02
40 - 3003
7C3 - 2.87

Sulphur (%) 3F1 - .06
307 - 005
Fig.J® Chemical analysis

1Fl
1F3
175

2F1
2F3
2F5

3F1
3F3
3F5
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Silicon (%)

1.9 1Cl1 - 1.98

2.15 1¢3 - 2.02

2.36 1c5 - 2.2 0
1C7 - 2.%4

2.24 2C1 - 2 .26
2.51 2C4 - 2.50
2.76 2c7 - 2.81

1098 301 - 1093
2,16 3C4 - 2.14
2.33 3CT - 2.36

4B

-1.97 4C - 2.05

7B1 - 2023 7CB - 2.2 4
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Heat 1
1F1l - .1% Fe-Si# 1C1 - .1% Ca-si
1F3 - .3% Fe-Si 1¢3 - .3% Ca-Si
1F5 - .5% Fe-Si 1¢5 - .5% Ca-si
1¢7 - .7% Ca-Si
Heat 2
2F1 - .1% Fe-Si 2C1 - .1% Ca-Si
2F3 - .3% Fe-Si 204 - .4% Ca-Si
2F5 - .5% Fe-Si 2CT - .T% Ca-Si
Heat 3
3Fl - .1% Fe-Si 3C1 - .1% Ca-Si
3F3 - .3% Fe-Si 3C4 - .4% Ca-sSi
3F5 - .5% Fe-Si 3C7 - .T% Ca-Si
Heat 4
4F5A - .5% Fe-Si ACTA - .T% Ca-Si
4F5B - .5% Fe-Si 4CTB - .7% Ca-Si
4B -No addition 4¢ - .06% Ca
Heat 7
7Bl - No addition 7C1 - .04% Ca
7B2 - FNo addition 7C2 - .11% Ca
7B3 - No addition 7C3 - .22% Ca

# Indicated .1% Siadded as Fe Si (similar notations are
used for other additions)

Pig.1l - Description of Code Letters and Numbers



38

2- Transverse Strength and Deflection
The 1.2" diameter by 21" long, arbitrslion bars were

wire brushed to provide a clean surface.

Olsen tester was used to brealt the bars.

applied midway between 18" centers.

A hand operated

The load was

A dial gage was set

up to measure the deflection at the midpoint. The results

of the transverse tests for all bars was tabulated by

heats in Figures 12 though 16.

Code Load (#)

1F1 2060
2238
2171

1F3 2133
2003
2142

1F5 2203
22 51
2274

Deflection Code Load(#)

.189"
.221
.203

232"
«202
«222

0255
«262

275

1Ccl

1C3

1c5

1c7

2312
2342
2386

2692
2073

2428

2668

2513

2730

2164
2801

Deflection
.230"
.240
.258

«370
.228
<294

347"
+302
+365

.242"
.398

Fig. 12 - Transverse Load and Deflection for Heat L






Code Load(#)

2F1

2F3

2F5

2123
1774
2014
2124
2335
2369
2322
2224
2197

Deflection

.169"
.120
.150
.165"
191
.198
.218"
.182
175

Code TLoad(#)

2Cl

204

207

2224
2155
2273
3017
2926
3142
3016
3016
3115
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Deflection

174"
172
174
«33T"
.320
<372
355"
«365
+355

Fig 13 - Transverse Load and Deflection for Heat 2

Code Load(#)

3F1

3F3

3F5

2210
2226
2180
2156
2270
2248
2479
2562
2461

Deflection

175"
176
173
.225"
.218
212
.252"
.2861

. +258

Code ILoad(#) Deflection

3C1

5C4

2377
2332
2187
2560
2457
2660
2826
3031
2920

.230"
227
.204
.303
«265
«329
«339"
.385
<347

Fig. - Transverse Load and Deflection for Heat 3



Code
4F5A

4F5B

4B

Load(#)

2269
2265
2256
2078
2276
2235
1848
2110
2168

Deflection

.284"
.280
274
.238"
.280
.281
.185"
.235
.233

Code
4CTA

4CTB

4c

Load(#)

2645
2557
2280
2505
2623
2528
2232
2516
2507

Deflection

374"
-334
265
333"
<334
265
- 242"
.303
.308

Fig. 15 -Transverse Load and Deflection for Heat 4.

Code Load(#)

7B1

B2

B3

2145
2224
2235
1845
2215
2160
2000
2105

Deflection

.201"
.210
.238
.150"
.200
.185
.165"
.187

Code Load(#)

7C1

702

7C3

2235
2207
2060
2580
2560
2565
2705
2610
2675

Deflection

.2 20"
.210
.195
«305"
«299
.290
321"
«303
321

Fig. 16 -Transverse Load and Deflection for Heat 7.






41

3-Chill Depth

The wedge shaped chill test speci:ens were broken and
the measurements for total and clean chill depth were re-
corded. The clear chill included the white iron fracture
only while the total chill included the mottled gray and
white fracture(total distance from the sharp edge to the
completely gray fracture). Some of the specimens exhibited
fractures th t did not have any section whichkwas entirely
gray. In that case the total chill measured 3 3/16", which
was the maximum possible depth for the test pieces used in
this investigation. The results, according to heat number,
were recorded in Figs. 17 through 20. The chill tests for

heat 4 were lost.

Chill Depth in Sixteenths of an Inch

Code Total Clear Code Total Clear
1rl 20 11 101 14 8
18 10 16 8
1F3 15 8 1C3 T 5
11 6 T 6
1F5 10 T 1C5 6 5
10 6 6 5
1C7 6 5

Fig. 17 -Ch i1l Depth for Heat 1.
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Chill Depth in Sixteenths of an Inch

Code TPotal Clear Code Total Clear
2F1 19 10 2C1 22 15
12 7 25 16
2F3 18 11 2C4 7 5
21 13 T 5
2F5 12 8 2C7 5 3
12 8 5 4

Fig. 18 - Chill Depth for Heat 2,

Chill Depth in Sixteenths of an Inch

Code Total Clear Code Total Clear
3F1 33 19 3C1 15 10
33 20 14 10
3F3 14 9 3C4 7 5
14 9 7 5
3F5 8 6 3C7 4 3
8 6 6 4

Fig. 19 - Chill Depth for Heat 3.



Chill Depth in Sixteenths of an Inch

Code Total
7Bl 15
19
7B 2 33
33
TB3 33
33

Clear
9
11
16
17
16
15

Code
7Cl1

7C2

7C3

Fig. 20 - Chill Depth for Heat 7.

Total
18
17
10
10

9
8

43

Clear
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4 - Brinell Hardness

The samples for hardness tests were cut 3/4" thick
and were taken adjacent to the fracture of the 1.2" dia.
test bars. After grinding, the brinell impressions were
made using a 3,000 Kg load on a 10 mn steel ball. The
data from these tests are recorded in Fig 21 for all heats.

Code Brinell No Code Brinell No.
1F1 207 1Cc1 197
1F3 201 1C3 197
1F5 207 1C5 197
1C7 207
2F1 229 201 229
2F3 223 2C4 229
2F5 217 2CT 229
3F1 217 3C1 212
3F3 207 3C4 201
JF5 207 3C7 223
4F5A 192 4CTA ‘201
4F5B 197 4CTB 197
4B 201 4C 197
TB1 212 7C1 212
TB2 212 T7C2 207
TB3 212 7C3 212

Fig. 21 - Brinell Hardness Numbers (Heats 1, 2, 3, 4 and 7).
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5- Tensile Strength

Specimens for tensile strength were taken from the
lower half of the 1.2" dia. test bar adjacent to the
fracture. The nominal diameter for the tensile test
was .800". A universal testing machine was used to break
the tensile specimens and the breaking loads were recorded.
The ultimate tensile strengths for heats 3,4, and T were

listed in Fig. 22.
Code Dia.(") Area(Sq.") Load(#) Tensile Steength

3FL .T99 .5014 18,420 36,800 psi
3F3  .T799 .5014 19,030 38,000
3F5  .T99 .5014 20,410 30,700
301 .T799 .5014 19,220 38,400
3C4 800 .5027 18,310 36,600
307  .798 .5001 21,500 43,000
4F5A .T99 .5014 18,070 36,000
4F5B  .799 .5014 18,750 37,400
4C7A .801 .5039 21,380 42,400
4CTB  .800 .502 7 21,2 70 42,300
4B .799 .5014 18,760 37,400
4 .799 .5014 22,230 44,400
7B  .798 .5001 19,720 39,400
782 .799 .5014 18,440 36,800
TB3  .799 .5014 18,980 37,800
761 .799 .5014 19,440 38,800
702  .798 .5011 22,710 45,400
73 .799 .5014 24,220 48,400

Fig. 22 - Ultimate Tensile Strength (Heats 3,4, and 7).
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6 - Microscopic Examination

Samples for examination of core and surface micro-
structures were cut from the brinell hardness specimens
after the hardness readings had been recorded. Polishing
and etching was accomplished in the following manner:

1- Rough grind on side of grinding wheel.

2= Polish on 120 grit paper disc.

3= Flat polish on #1 emery paper.

4- Wet polish on wax wheel using #320 abrasive,

5- Wet polish on wax wheel using #600 abrasive.

6- Alternate polish and etch on wet silk wheel using

'Met polish!,

T- Slight etch with 2% Picral-2% Nital solution for

examination of graphite distribution at 100x.

8- Re-Etch for exaimination of matrix structure and

graphite distribution at higher magnification.
After the microstructures had been examined, and the
results tabulated, representative samples were chosen for
microphétographs to accompany this paper.

The data on microscopic examination has been assembled,
by heats, in Pigs. 23 through 27. No particular differ-
ences in the structure of the pearlitic matrix was found,
therefore only the amount 6f ferrite and its distribution
was recorded. Graphite patterns were observed to fall
in either type A, type D, or mixtures of these typea. 1In
general, the A graphite was approximately size 5 and the D
graphite size 7, therefore ohly the type was recorded. These
designations for graphite distribution and size were ac:ord-

ing to AFA specifications.






Code
1F1

1F5

1Cl

1c7

Surface
Similar amounts of D and A graphite
Medium amt. of Fe. with A graphite
Small amt. of Fe. with D graphite

Largely D gr..with fairly large
amt. of Fe- Some A gr with
medium amt of Fe.

Largely A gr. with small amt.
of Fe. - Some D gr. with

small amt. of Fe.

A graphite-

Small amount of Fe.

Core
A Graphite-
Small amts. of Fe.

A graphite-
A little more
Fe. than 1F1
A graphite-
No ferrite

A graphite-
No ferrite

Fig. 23 - Graphite Distribtuion and Microstructures for

Heat 1.



Code Surface
2F1 D gr.-Fairly

large amt. of Fe.

2F5 D gr. - fairly

large amt of Fe

201 D gr. - Fairly

large amt. of Fe

2C7T A gr - Fairly
large Amt. of Fe

Core
Largely D gr- medium amt. of Fe,

some A gr. with no Fe

Mixed: D gr-fairly large amt,
of Fe, and A gr. with medium
amt. of Fe

Largely D gr - small amt of Fe
A little more A gr than 2F1
with no Fe’

A graphite =~

medium amt. of Re

Fig. 24 - Graphite Distribution and Microstructures for

Heat 2.



Code
3F1

3F2

3F5

3C1

5C4

3C7

Pig.

Surface
D gr.- Fairly
large amt. of Fe

D gr. - Fairly

large amt. of Fe

Mixed: D gr.- medium
amt. of Fe, and A gr,-

medium amt. of Fe

Mixed: D gr-medium
amt of Fe, and A gr.-

medium amt. of Fe

Largely A gr.- small
amt of Fe, some D gr.-

medium amt. of Fe

A gr.- very small amt.
of Fe, some flakes

at surface were smaller

49

Core
Mixed:s D gr. - medium amt.
of Fe, and A gr. and no Fe

A graphite -
Very small amt. of Fe

A graphite -

Small amt. of Fe

A graphite -
No ferrite

A graphite -
No ferrite

A graphite -
No ferrite

25 - Graphite Distribution and Microstructures ofr

Heat 3
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Code Surface Core
4F5A A gr.- small amt. of Fe, A graphite =
smaller flakes at surface Very small amt. of Fe

4F5B A gr.- small amt. of Pe, A graphite -
small amt., of D gr. Small amt. of Fe
with medium amt. of Fe

4CTA A gr.- very small amt. A graphite -
of Fe, some flakes at No ferrite
surface were smaller

4C7TB A gr. - small amt, of Fe, A graphite -
smaller flakes at surface Small amt. of Fe

4B Mixed: D gr- medium A graphite -
amt. of Fe, and A gr.- Medium amt. of Fe
medium amt. of Fe

4C M Mixed: D gr - medium A graphite -
amt. of Fe, and A gr.- Small amt. of Fe
small amt. of Fe

Fig. 26 - Graphite Distribution and Microstructures for
Heat 4



Code Surface
TBl D graphite -

medium amt of Fe

B3 D gr. - Pairly

large amt of Fe

9C1 D graphite -

medium amt. of Fe

7C2 D graphite =~
Medium Amt. of Fe

TC3 A gr. with wery
small amt. of Fe,
some smaller flakes

with medium amt. of Fe

51

Core
Largely A gr. with small
amt. of Fe, some D Gr. with

medium amt. of Fe

Largely A gr. with medium
amt, of Fe, some D gr. with
farily large amt. of Fe

Largely A gr. with very small
amt. of Fe, lesser amt. of D

gr. than 7Bl with small amt.

of Fe

A graphite -
Small amt of Fe

A graphite -~
Yery small amt. of Fe

Fig. 27 - Graphite Distribution and Microstructmres for

Heat 7



52

T - Microphotography

Microphotographs at 100x were taken to represent the
types of graphite distribution which were encountered in
this investigation. A magnification of 250x was used ®o
compare the microstructures énd graphite distributuions
for the maximum addition of Fe-Si with that of Ca-Si; also
to compare the maximum addition of metallic calcium with
the base metal. Although it would have been possible to
present many more microphotographs in this paper, it was
felt that the micros which were taken represented all of
the significant comparisons that could have been made
by this method.

A B&L 'Research Metallograph! with tungsten arc was
used for taking the micro's. The fol?bwing combinations
were used:

Objective Eypiece Beklows Setting Exposure Time
100x - 8X 5x 63.5 cm. 4 sec.
250x - 21X 5x 61.5 cm. 10 sec.
Eastman 'Wratten' metallographic plates with M Q developer
was used for the negatives and 'Azo! paper with D72 develo;
per for the prints.

The etchant was a 2% nital-2%. picral solution. The
specimens for Micros at 100x were etched for 1 sec. only
to bring out the graphite distribution and those for 250x

were etched for 4 ses. to bring out the matrix structure.



>3

M1l loo X
3C7- Light etch with 2% pieral-2% nital solution.
Type A (normal) graphite distribution.



%

100 X

M2

2% nital solution.

distribution- type A and D,

etoh with 2% pieral-

Light

3F1-

graphite

Mixed
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M3 100 X
TB3- Light eteh with 2% picral-2% nital solution.
Type D graphite distribution.
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M4 2% Picral-2% Nital Etch 250 X
3F5- Surface- Mixed, D graphite with ferrite and A graphite
with some ferrite (.5% Si pick up from Fe Si).

M5 2% Pieral-2% Nital Etch 250 X
307~ Surface- A graphite with some ferrite
(.5% Si pick up from Ca-Si).
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n 6 24 Piersl-2% Nital Eteh 250 X

TB3-Surface-Type D graphite with fairley large amount of
ferrite (Base iron, heat 7).

M7 2% Picral-2% Nital Etch 250 X

TC3-Surface-Type A graphite with small amount of ferrite
(,22% Ca added, heat 7)






M 8 2% Pioral-2% Fital Etch ~ 250-X
TB3-Core-Largely A graphite and some D graphite, some
ferrite (Base iron, heat 7)

M9 2% Pioral-2% Nital Etch 250 X

7C3 Core-Type A graphite very small amount
of ferrite (.22% Ca added, heat T)
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8 - Condensation of Data, and Curves for Physieal
Properties

The accumulated data from the investigation was
condensed and various curves were pletted in order that
the physical properties resulting from different inoou-
lants might be more easily compared. The average carbon
content for each heat was recorded. The transverse test
data was plotted from the beat bar out of each ladle. The
average values would have been incorrect in many ocases
_beéause of possible surface defects on one or two of the
bars from the ladle in question. The average value for
chill was listed in the condensed data. The Brinell hard-
ness showed no significant differences so it was recorded on

the data sheets only. The eondensed data eoncerning Fe-Si

vs Ca-381 as inoculating agents was recorded in Pig. 28,
The condensed data for base irons vs metallic calcium ladle
additions was listed in Pig. 29.

A plot of the bending load vs the deflection was made
in Pig. 30,to compare the effect of the inoculatns on the
transverse properties. Curves for the physical properties
vs the actual % Si piok up (Figs 31 and 32), vs the carbon
equivalent (Figs. 33 and 34), and vs the % silieen (Figs.

35 and 36) were drawn from the first four heats to compare
Fe-S1 with Ca-81i ladle additions. PThe results from heats 3 and
4 were included in this paper as representative curves.

The physicel properties were plotted against the ¥ Ca added

( Pig. 37), for heats 4 and 7, to determine the effects of
-inoculation with metallic calcium. OCurves were plotted in

Pig 38 to compare the effects of CaxSi additions on the
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physical properties with the effects of Calcium metal Addi-
tions. The properties were plotted vs the ¥ Ca added. The
Ca-S1 (30% Ca) additions of 26,105, and 184 grams were equi-
valent to .05, .20, and .35% metallic calcium added, respecti-
vely.

The actual ¥ Si piock up to use for plotting Figs. 31
and 32 was based on the assumption that an addition of .1¥
Si as either Pe-Si or Ca-Si actually resulted in a .1¥ Si
pick up. The actual % Si pick up was determined, for each
ladle, from the chemical analysis for computed .3 and .5%
81 pick up respectively. The actual % 8i pick up for each
ladle with Ca-Si additions was alos figured. Additions
of .4 and .7% S1 as Ca-Si1 were calculated to result in .3
and .5% Si pick up to compare with Fe-Si inoeulation. The
actual % Si piek up based on the chemical analysis followss
(Exemple for 1F3; £Si for 1F3-% Si for 1F1 2.15 - 1.97 .18
.18 .10 .28% 8i pick up, actual)

Por calculated .3% Si pick up

.3% S1 added as Pe-Si 4% added as Ca-Si
1P3 - .28% 105 - +41%( .5% 81 added)
2F3 - .37 204 - .34
3F3 - .28 204 -.31
Por calculated .5% Si pick up
.5% Si added as Pe-Si 7% Si added as Ca-Si
1F5 - .49% 107 - .55%
2F5 - .62 207 - .65
3F5 - .45 3CT = «55
AFS5A- .45% ACTA - .46
4F5B - .45 ACTB - .47

# (1.97% Si base iron)



Heat 1

Heat 2
2.60%0

Note: #

T. 8.
?. D.
T. Ch
C. Ch

Code

€ si
T.B.-#
T.D.-"
T.Ch.
Cc.C.
Brinell

C Eq-%

Code

£ 81
TQSO-#
TQDO-.
T.Ch. .
Cc.C.
Brinell

C Eq-%

Code
%si
T.S.-#
T‘D.-'
T.Ch.
c.C.
Brinell
C Eq-%
Tensile

1% Si PU%
Fe-Si Ca-81i
1F1 1Cl1

1.97 1.89
2238 2386
221 .258
19 15

8

11

207 197
3169 3.68
2F1 2Cl1 ‘
2.24 2,24
2123 2273
169 .174
15 24
10 16
229 229
3.35 3.35

3F1 3Cl
1.98 1.93
2226 2377
176  .230
33 15
20 10

217 212

3.48 3.46
36800 38400

1% S1 piek up

Pransverse Strength

- Transverse deflection
Potal chill(16th of an")C Eq-%
Clear chill(l6th of an®™)Tensile

C Eq - Carbon equivalent
(¢ 1/3 si)
Tensile (given in psi)
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.3% 81 FU .5% 81 PU
Fe-81i Ca-8i Fe-8i Ca-Si
1F3 1C5 1F5 1c7
2.15 2.20 2.36 2.34
2142 2730 2274 2801
0222 ,365 <275 394
13 6 10 6
T 5 T 5
201 197 207 207
3.TT 3.79 3.84 3.85
2F3 2C4 2F5 207
2.51 2,50 2.76 2.81
2369 3142 2322 3115
.198 .372 .218 .355
20 T 12 5
12 5 8 4
223 229 217 229
3.44 3.42 3.51 3.54
3R3 3C4 3F5 3C7
2.16 2.14 2.33 2.36
2270 2660 2562 3031
.218 .329 «281 « 385
14 7 8 5
9 5 6 4
207 201 207 223
3.54 3.53 3.60 3.61
38000 36600 40700 43000

Code 4F5A 4CTA

£ s1 2.42 2.43

T.8.-# 2269 2645

TO Do-. 0284 0374

Brinell 192 201

3.83 3.83
36000 42400

Code 4F5B 4CTB

% si 2.42 2.44

T.S.-# 2276 2623

T.D.-" .280 334

Brinell 197 197

C Eq.% 3083 3.83

Tensile 37400 42300

Fig 28 - Condensed Data on Physical Properties for Fe-Si Vs

Ca-Si
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Heat 4

3.02%C

2,01% si

C 1/3 81 -3.69%

Heat 7

2.90% C

2.24% 81

C 1/3 $1-3.65%

Base Iron

4B

2168# - .235"
201 Brinell
37,400 psi

7Bl

2235# - .238"
Chill-17 and 10
212 Brinell
39,400 psi

TB2

2215# - .200"
Chill-33 and 17
212 Brinell
36,800 psi

183

2105# - .187"
Chill-33 and 16
212 Brinell
37,800 psi

62

Ca Added

4C - ,06% Ca added
2 516# - .303

197 Brinell

44,400 psi

701 - .04% Ca added
2235# - .220

Chill - 18 and 9
212 Brinell

38,800 psi

702 = ,11% Ca added
2580# - .305"
Chill-10 and 6

207 Brinell

45,400

703 - .22% Ca added
2705¢ - .321"
Ohill-9 and 4

212 Brinell

48,400 psi

Pig 29 -~ Condensed Data on Physical Properties for Base

Irons vs Ca Additions
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' Pig. 32- Curves for Actual % Si Pick-up

} : vs Total Chill, also vs ¥ Carbon
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D - Discussion
1 - Chemical Composition

The desirability of having similar chemical
compositions for the comparison of Fe-Si with Ca-Si has
been previously expressed in this paper. In all cases
the silicon contents for each pair of ladles using these
inoculants were very close (average difference -.03%:
maximum difference -.05%). During the tapping of the heats
the carbon content decrcased as much as .16% in one in-
stance but the maximum difference noted for any pair of
ladles was .06%. The sulphur content was analyzed at .05
to .06% for heat 3 but was adjusted to meet the desired
.08% in the later heats. Other constituents were believ-
ed to be similar to the desired analysis by calculation
and were not determined analytioally.

Heats 1,3 and 4 were close to the desired

carbon and silicon analysis for the base iron. Heat 7
was adjusted to provide a silicon content, for an iron
with Ca additions, similar to the total silicon acquired
after a silicon bearing inoculant (.3 to.7% Si added) had
been added. The carbon content for heat 7 was similar to
that desired.

The curves for carbon equivalent vs % Si,
at the top of Pig. 36, show that heats 1 and 4 were very
similar as to total silicon and carbon equivalent at all
levels. Heat 3 was similar to these in regards to total
silicon but the carbon equivalent was less. Heat 2 had a

considerably higher silicon content but 1ts low carbon
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content placed it far below the other heats for carbon
equivalent. The curves at the top of Fig 38 indicated
that heat 7 was between heats 3 and 4 for carbon equiva-
lent.

The data on chemical analysis has shown that heats 3,
4, and 7 had comprable compositions and might be readilly
compared; therefore these heats were chosen for represent-
ative curves. The curves at the bottom of Fig 32 indica-
ted that the % Si pick up from Fe-Si or Ca-Si was practic-
ally the same at all levels throughout the heat, another
factor to promote reliable comparisons.

2 - PTrensverse strength and Deflection

The accumulated evidence on the transverse properties
of the irons under investigation conclusively pointed to
the superiority of Ca-Si over Fe-Si as an inoculating agent.
The data on ladle additions of metallic calcium indicated
that Ca (up to .22% Ca added) was at least as good as Ca-
Si and possibly even more effective.

The only data in the published literature comparing
Ca-Si with Fe-Si additions (see page 19) could not be ocon-
sidered satisfactory beacause additions of .2% Si as Ca-

Si were compared with .5% Si as Fe-Si. The fact that the
physical properties of these irons were comprable, although
mach less Ca-Si had been added, suggested the possibility
that Ca-Si was more effective as an inovulant. One author
(see page 23) stated that Ca-81 showed no advantage over
Fe-Si with .4% Si added in either case. There was no data
supporting this statement, therefore it could be given little

if any congideration as a reliable source if infore
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mation. No data concerning Ca inoculation was discovered
in the literature.

The ocurves in Pig 31 showed that in heat 3 a .5% Si
piec k up from a Fe-Si ladle addition provided the same
transverse properties as a .2% Si pick up form a Ca-Si
addition. All of the other heats presented a less favor-
able comparison for Fe-S8i. At .5% S8i pick up for both
inoculants in heat 3, the Pe-Si addition showed 2560# and
.280" while the Ca-Si addition showed 2940# and .370".

Pig. 33 indicated that in general the lower carbon
equivalent irons provided superior transverse strength
and inferior transverse deflection when comparing Fe-Si
or Ca-Si additions between heats. It was noted that the
transverse load dropped from 3035# for heat 3 to 2625#
for heat 4 with an approximate .5% Si pick up from Ca-Si.
With Pe-Si the drop was from 2,560# to 2,275#. The
transverse deflection stayed at about the same level for
both high and low carbon equivalent irons at the maximum
additions of Fe-Si and Ca-Si. For Ca-Si heat 5 was ,.385"
and heat 4 was .350" average; for Fe-Si there was no change
from .280",

The plot of transverse properties vs the total %
silicon in Fig. 35 also revealed the extent of the impove-

ment gained in all cases by using Ca-Si as an inoculant.

FPig. 37 indicated that increasing amounts of Ca im-
proved the transverse properties, In Fig. 38, comparisons
were made for the transverse properties between Ca and

Ca-Si ladle additions. Even though the carbon equivalent
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of heat 7 was greater than heat 3 the transverse strength
and deflection were similar for similar amounts of Ca add-
ed. For heat 4 the small addition of Ca improved the trans-
verse properties to a greater extent than similar amounts
of Ca added as Ca-Si. It should be noted that although
the lines for Ca-~Si in heat 4 were dotted, indicating that
no intermediate values were determined, the probability
that the aotual values would fall near to this curve would
be great (compare with Ca-Si additions for heat 3, FPig 31).

The transverse breaking load has been recorded vs the
transverse deflection for the representative bar from each
ladle poured during this investigation. With but one except-
ion, all of the points representing base irons, .1l% Si pick
up from Ca-Si and Pe-Si, .3% and .5% Si pick up frcm Fe-8i,
and a .04% addition of metallic calecium fall in the lower
left hand corner (.150" to .2 85" deflection and 2,100# to
2,400# load). The lone point in the upper left hand corner
was ths .5% Si pick up from Pe-Si for heat 3. In the upper
right hand corner (.300" to .395" deflection and 2,500# to
3,150#) the points representing .3% and .5% Si pieck up from
Ca-Si, and Ca additions from .05% to .22% were loocated. This
would indicate the definite advantage to be gained by using
Ca-Si or Ca as an inoculant, rather than Fe-Si, to improve
the transverse properties.

3 = Chill Characteristics

Ca-Si and Ca were found to be more effective chill
reducers than Fe-S8i, particularly when comparing the smaller

additions of these inoculants. The curves for clear chill
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followed the same pattern as those for total chill, so
usually the characteristie curves for total chill were
presented. Curves from he ts 1, 3 and 7 were used to
compare the chill tendencies of the different inoculants.

Fig. 32 shows that the greatest differenee between
Ca-Si and Fe-Si occurs at dhe .1% Si pick up level for
heat 3 (33/16" for Pe-Si and 15/16" for Ca-5i). On heat
1 the comparison was 1 9/16" for Fe-Si to 15/16" for Ca-
Si. At the .5% Si pick up level the corresponding differ-
ences were from 8 to 5 and from 10 to 6 sixtecnths respect-
ively for heats 1 and 3. An examination of the curves in-
dicated that .3% Si addition as Ca-Si was as effective as a
.5% Si addition from Fe-Si.

The curves in Fig. 34 included the clear chill and
total chill vs the carbon equivalent. Ca-Si inoculation
was as effective, in all probortions, for reducing chill
on a low carbon equivalent iron (3.55% average) as for a
higher earbon equivalent iron (3.75% average). This was
not true for Fe-Si additions as evidenced by the curves for
heats 3 and 1, respectively.

The plot for chill depth vs .% silicon presented an
excellent graphical picture of the superiority of Ca-Si,
as a chill reducing inoculant, over Fe-8i. The curves for
Ca-Si additions were observed to coincide while the Fe-Si
curves were eonsiderably higher for heats 1 and 3.

The curves comparing the effect on chill from Ca addi-
tions in heat 7 with Ca-Si additions in heat 3 followed
approximately the same path with increasing Ca additions.

It was concluded that Ca and Ca-Si were similar in their
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action on chill and were both superior to Fe- Si inoculation.

4 - Hardness

The data for Brinell hardness (Fig 21) did not show
any significant trend for comparing the effects of the
different inoculants on this property. The maximum spread
during the entire course of this investigation was from
192 to 229, a difference of 37 points. Heat 3 was the most
erratic of all with a variation from 201 teo 223 BHN.
The variation on ther heats was from 5 to 12 hard@ness

numbers.

5 - Tensile Strength

The available data for comparing the effects of
Fe-Si with Ca-8i inoculation on the tensile strength in-
dicated that Ca-Si was more effective than Fe-Si with the
maximum additions of each. The curves for heat 3, Fig 31,
showed a dip in the curve for Ca-Si with .3% Si pick up
that could not be accounted for, although at the maxium

additions Ca-Si was superior to Pe-Si.
In Fig. 33 the evidence pointed to the conclusion

that Ca-Si provided similar improvement on the tensile
strength for two irons which exhibited differmet carbon
equivalents. In contrast, additions of .5% Si as Fe to a
higher carbon equivalent iron actually resulted in a slight-
ly lower tensile strength while on a lewer ca rbon equiva-
lent iron the improvement was only slightly lower than for

silimar additions of Ca-Si. Evidently the lower carbon
content of heat 3 as compared with heat 4 was the main
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factor eontributing to the above effects from Fe-Si be-
cause the total silicon contents were similar (see top
of Fig 35.).

Inoculation with metallic calcium was definitely
superidr to the other inoculants in regards to improve-
ments of tensile prdperties. In Fig.38 the tensile
curves for Ca additions exhibited a decided rise as comp-
ared with similar amounts of Ca adied as Ca-Si. Im-
provement developed by .22% metallic Ca added to the
ladle amounted to 10,000 psi. The maximum improvement

noted from Ca-Si was approximately 5,006 psi and for Fe-
Si 4,000 psi.

6 - Graphite Distribution and Microstructure

Although there were no significant differences noted
in the pearlite matrix structures throughout this invest-
igation, variations were noted in the amounts of ferrite
and in the graphite distributions. According to several
papers presented in the discussion of the published 1lit-
erature the physical properties were improved when the
microstructure and graphite distribution were improved.
This correlation was noted in the present investigation.

When comparing Ca-S1 with Fe-Si ladle additions for
heats 1,3 and 4 it was found that the principle differ-
ences in microstructure occured at or near the surface of
the test bars. 1In all of these heats the core graphite
distributhons were normal (Micre 1), and the Ca-Si addi-

tions exhibited somewhat less free ferrite in the core.
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The maximum addition of Ca-Si (.5% Si pick up) produced
type A graphite with a very small amount of ferrite for
these heats (Micro 5). The maximum Fe-Si addition (.5% Si
pick up) produced a mixed graphite structure (Micro2) at
the surface with more ferrite in heats 1 and 3 (Micro4),
and was similar to Ca-Si for heat 4. Smaller additions
of these inoculants for hewts 1 and 3 indicated in the
surface graphite distribution for Ca-Si at similar levels.
Heat 2 showed that inoculation with Ca-Si provided
improvements in the graphite distribution over Fe-Si for
similar amounts aided to the ladles. In fact, at the
surface, the maximum addition of Fe-Si resulted in D type
graphite formation (Micro3) and inoculation with a similar
amount of Ca-S1 produced a normal graphite structure.
Improvements were noted as a result of metallic cal-
cium additions to the base iron of heat 7. The base iron
exhibited type D graphite at the surface (Micro6), which
was mixed with type A graphite in the core (Micro8).
An addition of .22% Ca in the ladle produced a normal
graphite pattern throughout with much less free ferrite.
(Micros 7 and 9) Smaller additions of Ca caused lesser
improvements in the distribution of the graphite and ferrite.
It was noted that the maxirum additions of Ca-Si and Ca
used during this investigati-n always produced irons with
normal graphite distributions and little or no free ferrite.
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E - Summary and Conclusions

Fe-Si and Ca-Si have been widely used as inoculants
sinoce the paratice of making late additions to gray cast
iron was started. An investigation has been carried out
to determine the relative effectiveness of these inoculants
and also to make comparisons with ladle adiitions of metal-
lic calcium.

Although considerable attention has been given to
inoculation theory and practice in the metallurgical 1lit-
erature there has been little or no data given whiech pre-
sented a valid comparison between the effects of Ca-Si
and Fe-Si inoculation. The effect of the presence of Ca
in the inoculating agent, or as an inoculant by itself has
not been discussed in any of the literature.

Data was presented in this investigation on base irons
of 2.6 C - 2.15% Si and 3.82 to 3.05% C - 1.93 t02.01% Si
for Fe-Si and Ca-Si ladle additions. Data for inoculation
with metallio calcium on base irons of 3.02% C -2.01% Si and
2.90%’0- 2.24% Si was also presented.

Comparisons were made of the effects of Fe-Si, Ca-Si
and Ca on the transverse strength and deflection, tensile
strength, chill depth, hardness, graphite distribution and
miocrostruoture., It was conocluded that, as inoculants, Ca and
Ca-Si were definitely superior to Fe-Si in all instances,
except that no significant differences were observed in
the hardness data.

The relative effects on the various properties are

summarized below:






8l

1- Transverse strength and deflection - At all levels
of silicon pick up from Fe-Si and Ca-Si (.1% teo .5%), Ca-

Si was superior. The advantage of using Ca-Si over Fe-Si
increased as the amounts of the additions increased. The
effect o8 a .2% Si pick up from Ca-Si was equiialent to
that of a .5% Si pick up from Fe-Si. Ladle additions of
metallic calcium were equal to or better than similar add-
itions of Ca added as Ca-Si up to .22% Ca(maximum Ca metal
addition).

2- Tensile strength - Additions of Ca were far super-
ior to Ca-81i and Fe-Si in their effect on the tensile
strength. Ca-Si was somewhat better than Fe-Si in this re-
spect.

3= Chill depth - Ca and Ca-Si inoculation produced
similar effects on the reduction of chill. In all instances
Ca-Si, and therefore Ca, was superior to Fe-Si for chill
reduction. An addition of .5% Si as Fe-Si was no more
effective than a .3% silicon pick up from Ca-Si.

4 - Graphite distribution and microstructure - Distinct-
ive differences were noted in the graphite distribution and
the amount of free ferrite at the surface of test bars from
ladles inoculated with Fe-Si, Ca-S1 and Ca. The effects of
Ca and Ca-8i were similar in that normal graphite sturctures
with very little free ferrite were produced throughout the
samples with the larger additions of these inoculsnts. In
some instances, type D graphite with a considerable amount
of free ferrite were observed near the surface of irons
inoculated with a .5% addition of Si as Fe-Si. Comparisons
of smaller additions, at similar levels, showed that Ca-Si
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always produced less D graphite and less ferrite near
the surface than Fe-Si.

The presence of calcium in the most suecessful ino-
culating agents suggested that the solidification charact-
eristiecs of the base irons investigated were influenced

by the resulting greater exothermic action from additions

of this element.
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