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«4#
I, INTRODUCTICH

Graphitization or malleabilization of white cast 1ron was
discovered quite aceidentally by Seth Boyden in Newark, New
Jersey, in 1826, while attempting to use Reaumur's method for
obtaining white~hesnrt mel leable cast iron. The success of his
discovery lay in the fact that American pig-iron was low in
sulfur and high in manganese content. Since the discovery was
not the result of a logical métallurgical developrnent and since
much of the work on msalleable cast iron was done at a time when
anslysis of iron was unusual, it can be readily understood thst
there were many nisconceptions as to the proper method of manu-
facture.

Though the art of msking melleable cast iron has develop-
ed a great deal since the time of .caumur and Zeth Boyden, there
had been very little theoretical work done on this subject before
1920, Since this time, many investigators, especially in Japen
and America, have been obtalning results that would lesd to a
logicsel explanation of graphitization.

In 1923, Dr. Anson Hayes, Professor of Physical Chemistry
at Iowa State College, begen & very intensive program to investi-
gate the faciors which influence the rate of malleabilization,
as well as the properties of the annealed specimens. After the
discovery of a shortened annealing cycle, it became evident
that, by changing the composition, even s more rapid eycle might

be obtained. This work of Dr. kayes led his succesuor,
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Pr. W. H. Jennings, Jr. to beglin investigations with slloy cast
irong.

The purpose of the investigation reported in this paper
was to ascertain the quantitative eflects of mangenese and
various combinations of menganese egnd tungsten on the decomposi=
tion of iron carbide, FesC, in commereciel white cast iron.

It waes deemed inadvisable Lo sttempt to garry the graphitiza«
tion through the second stage for the following reasons:

{1) Many hours in the case of a great numbsr of the alloys were
required to complete the first stage of graphitization. (2) In
general the second stage recuirss more time than the first,

{3) Mangenese because of its effect upon the eritical points
would necessitate the use of a lower annesling teuperature.

A rather careful survey of the litersture on the effects of
alloying elements in general ond the effects of physicel factors
on the rates of grephitizetion has been made in order to discuss
theory in conformity with the facts herein recorded, as well as
those obtained by some other investigators. Some articles, which,
without doubt, are extremely imporfant, were not resd becsuse of
thelr inaccessibility. Most of these articles are published in

Journals that have not been located in this countrye.
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II, &S3IVIEW CoF TN LITORSTULN

Ae Constitutlon of sustenite

Before explaining or understanding the process of graphiti-
zation, it is logical that the structure of white cast iron be
known., It is couceded thet, at a temperature above the 4,
eriticel point and below the eutectie, it is composed of two
phases, usmely, cementite and austenite. Cemsntite generally
applies to the iron earblde whieh appears "free" or in & separaste
phase. It mey slso be culled "massive" cementite to differentiate
it Trom that cementite which oeccurs in the eutectold mixture., The
tern, cementite, however, has racently been expanded to apply to
a single phase which may not only contain iron carbide but othoer
ecarbldes as well., The deficitions of eementite sare in universal
agreement, while those of sustenite, at least in some cases, are
widely different.

Many authors of text books in metallography define austen ite
&8 a solid solution of iron carbide in gammse-lron, while othsrs
state that it is either & solid solution of carbon or iron car-
bide in gemma=iron, and still otheors regerd 1t as & »solld solu-
tion of free, stomically disperssd carbon in game~iron. Accord-
ing to Bramley and Laréé the latter theory is untenable., Thoy
state that when aen austenitie scolution 1s cooled, for every gram
molecule of iron enrblde deposited at the Ar, point there are
7000 ecalories Gf'haat evolved in sddition to that glven ocut by

the iron during its transition from the gemma~ to the alpha-stets,



On the assumption that sustenite is a solution of carbon in gamma-
iron, this would repregent the heat of formation of iron carblde
from 1its elswments, and iron carbide, FezC, would be an exothernic
compound. Bramley end Lord, in the above cited article, give a
list of investigators, of whom all of the more reesnt ones have
found iron carbide to be endothermic. Consecuently, it may be
coneluded that sustenite probasbly can not be & solution of just
earbvon in gemma=-iron.

Van't idoff's Law connecting the freezing point of a solvent
with the concentretion of & solute hes been applied by Bramley,
ﬂccérding to Bramley and Lardé, to the depression of the critieal
points as found in the iron-carbon system. AsSsuning that sustenite
is FeaU in gammae-iron, he obteined results which are in close agrece-
ment with those obtained experimentally, while in meaking the
assumption that mustenite is carbon in gamma-iron, the calculated
loel are considerably higher, They, therefore, conclude that
sustenite must c¢ontain more iron ecarbide than carbon.

In their experimental work, they show counclusiv:zly that the
carbon content of the steel affects the coneentration of a CB8=C04
mixture which is in equilibrium with a specific steel at a
definite teupersture. The following ecuation may be used in the
explanation:

Coz (g} + Clgl = 2 C0 (g)
Thug if the relative ancunts of GG, and CO are to shift, the rela-
tive amount of carbon in the gaseous form must also change. This

change in the smount of gaseous carbon can come only from the steel,
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since the composition of the mixture remains constant if the
gteel is absent, It is logicel to assume that sustenite contains
carbon, as well as iron cerbide, which exerts a definite pressure
at a specifie concentration and a dofinite temperature, ‘There-
fore, it follows that there is an ecuilibrium between the two
phasess:

C {gasg] = C (dissolved)
Finally, from the paper of Bramley and Lord, it :ay be concluded
that sustenite is a solution of both ecarbon and iron carbide in
gamma-iron.

Jeflries and 3rch@r24 maintaln that it is imvossible for
molecules of fegl to migrate through the solid solution becuuse
of their being larger than the gemma~iron space lattice, and
consequently they define austenite a8 a solution of carbon in
garma~iron. Cn the other hand, Frylg has shown thet FeSl and
FezP which, in e manner, are similar to FesC as to the size of
the molecules, do diffuse in gamma~iron, Accordingly the con=-
tention of the former can not be accepted as conclusive evidence
as to the constitution of austenite.

Schwartz and co-workers have definsd two solid solutions,
which are in eouilibrium, to explain graphitization. 4ustenite
is regarded as & sclution of FegC in gamma-iron, Té facilitate
the explenstion of the process they have postulat«d the exig=-
tence of snother solid solution in which carbon is dissolved
in gamma-iron, 7To this new solution they have piven the name

boydenite. The existence of such & solution nust necessarily
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mean thaet there are three distinct phases in white cast iron in
the mallesbilization raﬁge Qf temperature, which is contrary to
the bellef of most investigators who assume only two phases.
Aecapitulating, it may be said that the evidence just
summarized leads to the aecceptance of austsnite as a sclid solu=-
tion in which gemma-iron is the solvent and carbon and irom car-

hide are the solutes.

Be Ikechanism of CGraphitization

Lxperinmentally, white cast iron of the comercisl veriety
conteining two phases in the critiesl range, namely, sustenite cnd
cementite, 1s converted by prolonged heating into a partially
malleable cast iron which, at these temperasurcs, concists of
austonite and temper earbon. Thus, the net result is that the
"rmagsive"™ or "free" cumentite phase disappears and a new phase,
graphite, appears, This decomposiiion of the cementite may take
place in one of two ways: (1) It may decompose directly. (2) It
may disgsolve in the austenite from which temper cardbon simul-
tancously precioitates.

In order %o accept the former view, it is necessary to
establigh the fact that FesC, in itself, is unstable at the
tempsarature at which the dascomposition takes placa, The litera-
ture conteins many conflicting stetenents councerning the stabil-
ity of iron carbide snd its heat of formation at temperatlures

below the solicification range.



Uptonﬁl takes the view that iron carbide, in itself is not
unstable, but thet it is metastable in iron-carbon alloys con=-
taining impurities, especially silicon. le proposes that the
garbon solubility line, when corrected for the effeet of silicon,
almost 1T not ex&ctlﬁ‘coincides with the iron carbide solubility
line. He guotes Benedicksto the effset that the two systenms,
ironecarbon and iron~iron carbide coincide at least down to 8G0°C,
Schwartz, <Jayns and Gartoﬂéé, using an alloy containing ©.05
per cent sllicon, sbout 5.5 per cent carbon, and & few nundredths
of a per cent of manganese, phosphorus, =nd sulfur, Tound that
they eould not obtain esmpleta\malleabilizatisn. wven alter
two annaels followed by 400 hours of heat treatin, near 704°C,,
V.Y to 1.U per cent combined cafbgn remained., They also
sugrest thet, in the absance of sllicon, the eutectsid points

a,

of the stable and metastable systems coineide, Svans and

. 1u X ) ;
iayes  , on the other hand, working in this laboratory, have

posd

found that Fe,C, in pure iron-carbon alloys, 1s metestable at
BUC and 92877°C, in the prosence of GO and CUz; at 8 pressure of
fiﬁ@ atmospheres, Svans and hayeslw quote ionda as stating

that pure iron-carbon slloys will not graphitize below 9.0%C.
They also report thet Schwartz heas hélﬁ a sanple at 900%¢, for
over 2ul0 hours with no indications of grephitizavion. Kaxwell
and ﬂayaazg, by the calenlation of free energy deta from
equilibrium reactions involving C0 and C0,, have found that FegC
is metastable at 650 and 70C°C, in practically pure iron-carbon

ﬁllays .



These conflicting statemnents may be accountad Tor by the
fact that the variocus investigators in no case used absolutely
pure iron-carbon :lloys., It is, hovever, rather safe to cone
clude rom the above facts that Fezl, in its:1f is stable even
though it may be metastable in pure ironecarbon alloys, and that
fegl does not decompose directly in the process of mualleabiliza-
tion or, if it does; it iz an extremely slow reaction. Yet, the
fact that Chevenard und f@rtevin? accidentsally discovered thet s
steel conteining 1.6 per cent cerbon, U.28 per csut silicon and
U.16 per cent nmanganese may be grephitized at 575°C. by prolonged
heating should not be overlooked, This temperature is definitely
known tc be below the criticel range for this tipe of steel «nd
for this reason FezC may decompose directly. Lellor, in summing
up the work of seversl investisators on the solubility of carbon
in iron, states that probebly a few hundredths of a per ceont
carbon dissolve in iron et some temperature very much lover than
the eutectold. So agsin, the granhitizaetion of the sanple of
steel by Fortevin snd Chevenard may have taken place by passing
through the solid solution process.

The most prominent theories of graphitizetion, some of
which have been proposed by ﬁikutags, 5chwartzél, shotton and
ﬁalléb, snd Hayes, kisderichs and ﬁunlapl? agree In that the Fez(C,
at least in commercicl white cast lron, dissolves in the austenite

"
and is gubSecuently precipitated as temper carbon, This reason-
ing seeus logleal when it is realized that many investigstors

have suggested that the solubiiity of cenentite in gemma=-iron



is pgreater than that of carbon. The proponents of the above men-
tioned theories continue by assuning that, aftzr all of the
massive esmantite has bBesn dissolved in the golid solution with
simultenenus praeipitation of carbon, subsequent cooling causes
further precipitation of carbon due to its decreased solubility
a8 the temperature deereases. At this point, some of the
theories apparently evade the lssue and fall to explain exactly
what toekes place upon abandoning the eriticsl range. iayes,
Llederichs snd Dunlap, however, gilve a rather dsficite ¢nd
ccncise sohsme by which the conmpletion of grashitization may
teke plemee., Accordlig to them, carbon continues to sepsrate on
cooling from the maxirum ennealing bvempereture untll the carbon
golubility line (hereaftor called Atm line) intersects cither
the Ay or the isz,s linc. On further cooling, if sufificient
time is allowed, ferrite and fomper cerbon wlll precipitate
simultanecusly at the stable eutect~-id., With ihis very slow
cooling completely malleabllized cast iron ig produc-:d4., In case
the cooling is a 1ittle more rapld, ferrite will precipitsate
around the carbon spots feollowing the Az, line until the neta-
stable eutectold is rearhed, st which point pearliite will form.

Honéagg mainteins that graphlite doss nwot form from the
decomposition of iron corbide by the erustion,

FegC = 3 fe + C,

but that it “orms as & resullt of a catalytic actin of :ases,
such as carbon monoxide, carbon dioxide, or both. He proposces

no definite mechanism, but assumes that carbon dioxide reacts
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with cementite mccording to the equatlon,

%

FegzC * (0 = 2 C0 + 3 PFe.
The carbon monozide Toruwed, becsuce of the dlsasppearance of
carbon dioxide, as illustrated above, dissociat s by the ecuation,
200 = Cu, + 0,
to reproduce the dioxide, which again reacts wviihn csmentiite.
Therefore; a suall anount of carbon monoxide or carbon dioxide
is sufficient to initiste and continue the eycle until all
cmentite 1s exhausted.

lionda and %urakamigg believe thet in pure iron-carbon
alloys grephitizetion is cauced by the decomposition of the
canentite splidified during the process of cooling Trom the melt,
They cite, as evidence, the fact thet specimens previously cualed
from above 1300°C, did not graphitize by remelting and cooling
from any terperature above 115¢°c. This Tact is explained on
the basgisg *hat the gases were slmost completely expelled during
the previous heat treatment. They also found that, when thia
sample is remelted, the presence or absence of graphite in the
speclmen does not affect gfaphitization, which indicaics that
graphite can not be a product directly separsted fronm the melt.

In explaining the fact that prequenched whilte cast irons
greaphlitize more readily than the unennealed specimcn, Salto and
m&Wamurazﬁ advence the view that, Zue to the great incresse in
volunme in the sustenlde-mmrtensite translformaiion, the cementite
of the original ssmple is, in & manner, shattered into smaller
y

particles which present a very much greater surface for reaction.



They steate that the graphitization of these Lragmental free
cenentites must mean the iirect decomposition of free iron ecar-
bide.

From this review, it is evident thut, in cortain white
cast irons, cementlte is metastable. Whether it will decomposs
of its own accord without polng through & series of reactions,

as may teke place in austenite, is sitill an unsolved problem.

Co General Iffects of Alloying
slements on Grephitization

Uf the many factors thal play an important role in promot-
ing or retarding graphitizastion, the effect of addition elenents
i8 perhaps the most pronounced, with the possible sxception of
the ci'feect of tempersture. The elerents, on entering white cast
iron, take various molesular forms., It is generally believed
that those alanents whieh form earbides noure stable than iron
carbide tend to delsy the decconposition of the lavier, wnile those
that form eith:r no ecartides or carvldes which are less stable
then that of iron tend to promote the decoumposition.

Eenﬁ%r&&ngs, from the work of ochwartz and Culler, repurts
the following elements as having a positive deleicriocus effect

on the process of malleabilizations:

an timony hromium telluriuvm
horon molybdenum tin
cerium saelenium

The cerium was impure, having assoeiat:d with it lenthanum,

neodymivm, £nd praseodymium,
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Un investirating the effeet of molybdenun and chyomium,
Henderson finds that both elements docidedly retard graphitiza-
tion. He reports that the degree of completion of the second
stage i practically neglisible for a cast iron contalning 5
par cent molybdenum over an interval of 255 hours. Chrosiunm
above une per cent 1s reporited as completely stopping graphitiza-
tion. Likewiss, Foulke ? observad thet chromium Tavors earbide
formation, and heance has a pernicious effect on graphitization,

3

Using the dilatomeitric method, Cawamure obtained guallto-

tive results which are summuarized in the following tables

Table I

: H :
:  ulement $ Effect on Grapnitization :
: s H
t silicon ¢ promotses very strongly H
¢ aluminum ¢ promotes strongly :
¢ nickel ¢ promot:s stronsly :
¢ copper ¢ promotos moderatvely :
$ cobalt ¢ promotes slightly :
$  gold ¢ promotes slightly H
¢ platinunm ¢ promotes slightly :
¢ phosphorus ¢ pronotes moderatsly :
¢! tungsten : retards slightly :
¢ molybdenum : retards slightly H
¢ vanadium ¢! retards strongly :
T manganese ¢ retards very strongly : .
: sulfur ¢ retards very strongly :
i enromium : retards very strongly H
H : :

Kany of the sbove results heve been checked guantitatively
in this laboretorve The work of Henderson snd Ffoulke have al-
. 28 . .
ready beosn referred to. In adaition, Lykken , working with

copper elloys, aud Lett°C, working with cobalt, find that each



of these elements slightly promotes graphitization. The writer
has confirmed the results of Tabls i. pertaining to tungsten and
MANEEN 868,

in his discussion of the effect of silicon, Sawamura points
out that the begluoning and eond teswperatures of grephitization
descend rapidly et first, and then more slowly as the silicon
contzsnt is inereased. Carbon has a similar but hardly as pro=
snounced effect as oilicon in lowering the begluning temperature.

Aluminum has a favorable effect whbh reaches a maxinum in
whilte cast iron containing 3.45 per cent carbon gt v.D per cent,
and in iron containing 1.8 per cent csrbon at 1.5 per cent., Un

percsntage of this element little effect

further increasing the
is obteined. When the sluminum content 1s increased to 3 per
cent a carbon ceontaining constituent bagins to Torm and increases
in smount as the element is added until eight per cont aluninum
is réaehad. At this point, the cenentite, which decreases in
amount as the other carbon contesining constitucnt increases,
disappears completely in the alloys as cast. Thus, since the
carbon conteining constituent is stable, even at vary nigh
temperatures, and sinece no cementite is present, it 1s impossible
to grachitize a sample contalning this anount of elusinun.
Sawamura points out thet the type of cryotal luttice of the
alloying element may have much to do with the effect that is
produced. Aluminum, nickel, cobalt, copper, gold, and platinum
are face-centered and favor grephitizotion. On the other hend,

chromium, vanadium, tungsten, a 4 molybdenum, which have &
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body-centered lattice, have sn unfavorable effect.

In regard to the effect of cobalt, the literature seems to
be somswhat contradictory. While Sawamurasg ané Lettgﬁ find
that cobalt has & favorable influence, d. C. Goodlé states that
it promotes the formaition of carbides. Bauer and fiwowarskyg
support the view of Good in believing that cobalt tends to pre-
vent the precipitation of graphite, and éonsequently aids in the
formetion of carbides.

Sehwartzal finds that silleon, nickel, sluninum, titanium,
zirconium, and uranium heve & favorable effect upon graphitizaetion,
while chromium, manganesge, sulfur, antimony, seleunlun, and
Ellurium distincetly interfere with the process,., le stetes that
tin, and cerium inecluding the rare earths mey hinder graphitiza=-
tion. He lists columbium, platinum, tungsten, gallium, pallad um,
and tantelum a8 elements whieh have no messurable effects. lils
result concerning tungsben certainly i8 not in agreesent with

that obteined by Sawanmura nor thet obtalined by the writer who

graphitization .

The cuaniitative effeets of silicon, carbon, manganese,

.
&

sulfur, and phosphorus have been determined by Eikutagﬁ. Atcard-
ing to his data, silicon has a very strong promoting effect upon
both the first and second stages of grsphitizetiong carbon has a
greater sffect on the second stage than silicon, althoush it
hardly affects the first stegej sullur has a retarding effect

upon both stases, though ths effect on the second sitare 18 more
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outstonding) phosphorus assists proshitization in the Tirst stage,
but its contsnt should not excead 0.6 per oont 1f the process is
to be carried through the second stags. Hikuta's work on mene
ganese will be discussed in detall later in this paper.

The writser hes made no atienpt to rovisw &ll of the litera-
ture concerning the effects of the various ol =ments, but is
mersly reporting some information, which may Tacllitate theoriz-
ing in a latter portion of this paper, that was lncidentally

found while searching for data on the effects producud by

Lé

HaNERN B

f)

> and tungsten.,

1

D. Infilusnce of Various CGeses and Jaciking
Mmediums on the tates of Graphitization
The investipation of the elfacts of varinus gases on the
retes of graphitization of white cast iron hes Just reconily
attractad sttention, The effects of such gases o8 carbon
kmomwxiﬂ@ and ecarbon dioxide, however, have b-en observed by
different sxperinenters for the pust decades Dome thoorics of
praphitization depend on the assumption thet these tro gases act
&8 carbon cmrfi@rs. Sueh assunmption would naturally leced to the
investigation of thoir influence, &s well as the 1.llucuce of
other gases, dayss and ﬁcattl show=13 %$het grashitization was
aceslerated in the presence of a ecarbon monoxide-carbon dioxide
mixture under incresascd pressure.

The effect of oxygen praesesnts & rather pecullsr provlemnm,

1t csuses grephitizaiion to procecd with an inercvased realiness,
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sccording to londa and Furskam , Wwhen it is previously introe-

Jueed into the wolten metal in the geseous form. It hss been
shown, however, by %azsubafaaﬁ by a study of gas equilibria thstb
regzC is more easily preparcd from FegQzthan from Fe. He also
demonstrated thet FezC 1s stable toward carbon in an oxide bearing
m@tal and hence, obviously, stable toward itsslf. This spparent
contradiction may be explalned by the assumption, that in the
former case the oxygen ie present s a gas and furnlshes s mediun
for the misration of carbon in the form of carbon monoxide or
carbon dicxide, and that in the lalter case the IFegl; is present
in the solid phase &end shifts the ecuilibrium disgram in such a
manner that FezC is more stable,

The effects of sev.rsl gases on the graphitization of a

b

cast iron conteining £.48 per cent carbon, 1.02 per cent silicon
s 4 - 38
and U.,19 per cent meng:nese has been reported by Sawemura o A

bavle of his date Followss

Table Il

H H H 3 :
:  Gas : Tompte : Time {(hours) ¢ Carbon loss
H H : : 4
: vacuo : 978°¢C, : 1.5 : 0 :
: hydrogen s 5750C. ¢ 10 * x : VWL s
:  ammonia : 978%C, : 10+ x : 0.19% :
: methane : 975°C. 3 1w+ x : Uel8S :
$ nitrogen P 875%C. : 1.83 : very litile ¢
¢ oxygen s G%5°C. : "B+ H - - - H
$  carbon monox~i H H :
:  ide s 975°C. : 3.16 : -
¢ carbon dixide s ¥75°C. : 1.5 : Ued4s :
¢ air ¢ 975°C. : 1.83 : Cad2% H
% 3 : : 3




water vapor interferes slightly when it 1s in an atmosphsre of
nitrogens No explanation for the effeets of gases was revealed
in the above mentioned article. ‘Yhere is a previous articla4u,
whieh was inaccessible, in which Jawsnura ney have discussed the
theory connected with the effescts of various gases.

" In regsrd to the effect of packing materiuls upon graphitiza-
tion Sawamure reports thet, (1) the process tckes place fuster
when the specimen is packed in various lron oxides end oxides of
other metals than when packed in silica send, (2] o1l mill
seale has an seceleration over sillca sand, and (3) vsrious carbone
ates, such a8 barium carbonate and dolenmite, have an accelorat-

ing influence.

e Dome Fhysiesl raciors which
alfeet Graphitizetion
s« Annealing Temparature
Reference has already been mede to the fact that tempr ra-
ture is one of the most important factors to be considered in

graphitization of white cast iron., Incereasing temporature has a

i
A

very marked favorable effeet. Xikuta  gives the following data
in support of this fact.

Table 111

s s C() s1ld) mal®)  s(l)  s(0)
$ Analysisg of sample : 2.28 1.02 0,31 C.U34 3‘126 H
$ Annealing temperature : ara°c, wWseC, US Ca
3 Time required for the : :
: completion of the Tirst B
¢t stoge of graphitization H 9 hrs. 4,5 hrse SeD hrs. ¢




Thus, it i8 seen that raising the Larparature 35°C. just about
doubles the speed with which the graphitization proceeds. These
data show that, in order to have consistont and comparatle results,
the tenperature at whieh grephitizetion tikes place must be
accurately known. This factor may account for the fact that the
results of some investigatlors appesr snomolous.
bf Tapping Temperature

honda ond murﬂkamias, in & series of fifteen experinents,
showed that the higher the tapping tenperature the longer was the
time necessary for grephitization. They explained this phenome=
non on the basis thaet the solubility ol the carbon-carrr ing
gases, carbon monoxide and cerbon dicxide, diminished with in-
creasing Pemperature uniil finally they were practically inscluble,
Ho graphitization toock place in a samnle that had been heated at
15&&06. for ten minutes. Kikuta's eoxplan-tion of the effect of
temperature agrees with that of the Tormar mentioned invesiiga-
tors. & table of his data, which shows the quantitative effect

of the tanping teunperature Tollows:

Table IV

cl?) si(d) unlg)  s(9) P(%)

3
(°C) 13,0 1350 1400 1450 1BUU 1550

Analysis

Tapping temperature
Time {hours) reguireds:
to complete the First:
stege at 9285°40.

PR 2% EHIHE B3

5 545 6433 7 8 Ladd

€% ¢ R& %9 A% sk s os B®

% % &t A2 a% $% ISR %%
*4 A6
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Hate of Gooling of Cesting

It is penerally know that the rate of graphltization at

constant tempsrature varies directly as the rate of cooling of

the casting previous to amnnealing.

lany lavesti.,ations, a

greater part of whieh have been ocual itative, have been made on

the effect of this factor.

vastigators are Schwartz,

SO

Sewamure §

duced in Table V and sowm

fable Vi,

o 29
and Lixuta

s SOmMe

af that of

Tatle V

of the

43

Johnson and Junge

dats of

waite and

Hotably among the cuantitative in-

saito and

{ikuta are repro=-

wawarsura in

H : ‘ H
: lo, of spscimen ¢ c{d) sy wnl(d) s 2{(Z) $
4 : :
: 5 T 2.47 1.09 0.30 G.Pl% Jel17 H
H 6 t 2.B86 L,.98 o198 LauB8 (0,137 :
¢ VTemperature of s Green  Dry v :
:  wmould (TC) : sand  sand 400 6LU 8UC 100¢ s
: Time {(hrs.} for @ :
¢ complete grephie- 3 :
: tization at Ho.5 ¢ B & 7.5 9 FeD3 1u :
P 985°C, HOoub & = 8 11l.33 15.3 :
farle VI
T : o
: Composition ¢ Piwme {(hours) to complete first star- at 950°C:
s Cle) @ wilwle as cast : .uenched irojp B5G°C.
[
: s : s in water (24 C.) :
s Ue 70 15 3 1,3 H
H :
s UL.B80 11 2 8/5 :
: 24y H
H 1.00 8 11/2 s
1 :
: 1.50 3 1/6 2/3 :
k]
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Schwartz, Johnson and Junge43 Tound that ecast ircn which
haed besn prequenched from ace®o. graphitizes so guickly that it
is almost impossible to deternmine the time necessary for its
completion. It is obvious that this difficulty of nmeasuring
the time is due to the inadecuacy of the microscopic method
for measuring the time for graphitizeition when thet time ls very
short. The dilatomeltric method is certai:ly to be recoirmonded
for saupleswhich malleabilize so rapidly. The above investiga-
tors state that they obtained data vhich so closely agreed with
that of Sawamura that they Aid not publish it.

Preguenched white csst iron, after being graphitized shows
smaller nodules of cserbon than those found in the normally cooled

specimens. This phenomenon is, with 1ittle doubt, due to the

refinement of the grain structure on qQuenching.

P+ Cast Iron Conteining langeness

A search of the 1iterature reveals that many contribvutions
heve been made concerning the effect of manganese on the graphiti-
zation of vhite cast iron. Much of this work has been of a
gualitative neture. The quantitative data vhich have been ob-
tained were for specimens containing relativsly low percentages

of mangsnese. o complete investigation has been made with &

The research:s which have been done with these lower pere
centeges of manganese revesl that manganese not mly affects

the rate of decomposition of the iron carbide, Feyl, but it slso
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hag s destructive effect on sny iron sulflde, Yel, that may be
present, converting 1t to manganese sulfide, ins., As shown by
Hoelsehergl, iron sulfide has an extremely marked deleterious
influence on the rate of graphitization, while mangunese sulfide
appears %o have 1ittle or no effect. The difference in the effects
of the two ecompounds may be exalalned on the basis of the difference
in their melting points. Levy believaes that iron sulfide forus
films which envelop the graing of cementite, and consecuently,
because of thelr opposition te the expuansion that accompunies
graphitization, they retard the process. kanganese sulfide, on

the other hend, forms little globules whieh arc enbedded in the
matrix, snd therefore have but little effset on the process. From
the foregoing ceitations, it is obvious that, in corrslating the
available data, ithe effect of rangonese on the rale of decomposie-
tion of iron carbide csn not be prediected unless irwn sullide ve
practically absent or its effect duly considered.

Zince mangsnese, when presnt as mengsnese carbilde, retards
graphitization very notedly and since manganese sulfide has little
affect, the addition of a definite amount of sulfur will correct
for the effect of mangenese., Conversely, mangansse may be added
to correct Tor the hermful effect produced by sulfur when in
the form of FeS. ILvidently there must be some optimum ratio of
manganese to sulfur. ioeslscher found that this ratioc should
be 4.6 for cest iron containing 2.1V per cent carbon and 5.4
for that containing £2.40 per cent csrbon., Hoelscher cuotes

Gilmore as steting that the in/5 should never be below 1.7 if
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good malleable iron is to be obte ned. Y@mﬁnidijianﬁz states
that, "the optimum percentage of mangenese to balince the effect
of sulfur in retarding graphitizetion is about twice the per
gent of sulfur plus C.15 per cent manganese. This value is

lower for highi silicon alloys®. The highest peoreentage of

mangancse in any of the alloys that Yemenidijian used waes 0,066,
while the maximum in those of hioelscher was U,39%7.

on the assumption that there is enough mangonese to balance
the effect of the sulfur, any additlional mangenese will resct
with iron carbide by the ecuation,

PegC + J Mp = LkngC + 3 e,

The manganese carbide thus forzed will remein in solld solution
with the iron carbide., This ¢ementite is by no ordinsry mesns
distinguishable from FesC eesmentite. Iangansse, in pure irone-
sarbon alloys, tends bo increase the stability of cementite,
lowers the tempesrature of primary solidification znd lowers the
cutectic temperature alighﬁlyg, Guillatlﬁ states th:t nanganese
forms a double carblde which prevents grephitization. Manganssew
iron~corbon alloys containing more than U.8 per cent manganese
are very brittle. Osanﬂ&B says that this defect can be removed
by very slow cooling. In investigating the nanganese=-carbon
system, &taﬂel@ré found that mangenese would absorb 3.6 per cent
carbon ot 1450%°C. in one hour end 6.72 per cent at 2U00°C. in the
saime length of time. He verified the bellsf thot kingC is brittle
by iamersing the hot alloys in water. Those which containcsd umore

than three per cent carbon immediately fell to pleces.
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According to a curve, constructed or reproduced from the
data of Sawamura by Goylew, mangenese, 88 well as carbide forme
ing elements in general, ralses the btomperature of beginning
graphitization., Iron this curve it way be uoted that when the
mangenese content exceeds 2,5 per cent the temperature of
beginning grophitization exeseds 1800°F, The writer had no

vnusual difficulty in eompletely decomposing

the Tree cemcntiite
in a cast iron containing 5 per c-ont mengenese at 17v0'F. This
apparcnt confliet may be explained by the fact that Zawsmura
progressively increased the tanpersture while the writer experi-
mented at a ceonstant % mperature.

The effect of manganese in retarding grephitization in the

—
f

. ]
first stage 1s well shown by the following data of Kikuta ¢

Table VII

: : ' L Tine for first:
Eﬁg, Specimen 3 C{%) 81i{8) un(d) 3(%) P{7%) stepe at 925°CE
% 47 2,62 1,15 0.22 0,026 0.126 5 hrs. ¢
% 40 2,51 1.15  0.46  0.033 U.127 5 1/2 hrs.:
% 41 2.61 1.20  1.02  U.083 0,130 7 hrs.
g 5 2,64 1.12  1.26  0.024 C.136 8 hrs. i
g 43 2,64 1.15 1.8l  G.013 (,134 13 hrs., i
g 44 2.72 1.15 2,11 ©0.022 U.128 22 hrs.
g 45 2,66 1.11  B3.16  U.013 0,133 25 + % :

2ample No. 45 suffered uno graphitization aftsr being lieated for

25 hours at 325°C,
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Hayes and Flanders found that manganese is wmuch more

effective at low than at high temperatures.

G. Cast Iron Contuining Tungsten

The effect of tungsten upon graphitization in white cuast
iron hss not been so ecarefully pursused as has the effect of
manganese. 4 survey of the literature has revealed nothing more
than cualitetive date which are very much in disa, resnent.

Cayleﬁ clasges tungstzn, slong with nickel, aluminumn,
titanium, znd copper, & gruphitizing elements stati.i¢ that,
"Phese elements cause cementite to dscompose into graphite and
pearlite and Dpossidly some ferrite”. Schwartzél lists tungsten
with columbium, platinum, gallium, pallsdium :ud btantalum as
elenents which have no measurable elfeet. In contradiction to
these two views, Sawssura proposes that tungsten retards
graphitizetion although the effect is slight.

The system involving tungsten may be expected to be riore
complicated than thuat of nmanganese because it contains many more
molecular speclos. According to PETEQZSé, tungeten soes inte
cementite forming a very stable complex carbide with iror. ﬁiacoés
astates that tungsten reacts with both iron and cerbon to form
complexes whose general formula may be represcntod as Alfezl.y . C.
e concludes that it is rather certain thset WO exists in tungsten
cast iron, and that there are also probably such ecompounds as
Fagi vnd Fegh present. Iin working with the tungsten-carbon

s

5 . o .
srstem, Becker eooncluied that WC Torms and is stable up to
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1900°C. &t which temperature it decomposes into W,aC and C,

Using the dilatometric and magnetic methods, Tekeds S hes
ﬁetevﬁin@d the ecuillbrium diagram of Lhe tungstenecarbon =iron
system., He finds that, in this system, there are two ecuilibrium
diagrams. The Fe-U=-HC is the stable system, while .he be»é?-q
systen is metastable, The @ ~phase is a ternary sclid soclution
cumpogad chiefly of FegC which decorposes on annealing to graphite
end iron. The q «~phase 18 slso a ternary solid solution consiate-
ing mainly of & double carbid:, FegwsC, which decomposses into

3

We end Ye. The excess btungsten probably unites with ecarbon from
the f=-phase to form more WC.

Due to the great complexity of the tungsten-iron-csrbon
systen, to say nothing of the complexity of the iluugst neiron=-
carbon=~mangenese~silicon system, it is difficult io predict the

gffect that would be produced upon the stability of rezl when

tungsten is introduced into cast iron.



ITY, INVERCPROTAVIOCHS AND

SICAL O IISIDURATIVHS

In thse main; the writer sirecs with Kikuta, Hayes mn d co=-
workers, Schwartz end co-workers, and Shatton and Hall on their
views on graphitization. At this péint, nowever, a more detaile
ed mechonism will be proposeds

Graphitization,at constant temperatu e in the critieal range
may be assumed to take plecs by eithsr or both of the following
eouations.

(1) FasgC——=3 VFe + C

(2) 2 FeaC + CUOs=—=3 Ie + 2 &0
Since it is believed that FeasC, in itself is stable, reaction (1)
apparently will not take place in the cementite unless it is
contaainated with some impurity such as silicon. 7The applica-
tion of this ecuation may be shown from the assumpiion that
austenite is a solid solution in ¢hich both carbon aud iron
carbide are dissolved. From this assumption, it follows thot
there is probably an ecuilibriuwm in this solid scolution between
iron, earbon, and iron carbide, as shown by ecuation (1) and too,
since the austenite is saturated with respect to iron carbide,
thore must be an ecuilibrium betrsen dhe dissolved iron carbide
and that whiech occurs as cementite. Consecuently, uzon heating
a semple of white cast iron to 92506., some such cvondition, as
reprosented by enuvation (3}, must exist:

{3) Fest {undissolved) 3=— FesC {(dissolved]T=3 e + C
{dissolved]

After the specimen begins to undergo melleabillzstion, a new
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phese, tempor carbon, appears and & other equilibrium is added,
to those aboves

{4) € (discolved) s===>C (teumper carbon)
From probability, 1t is kaoown thet an abssluiely true ecvilibrium
doss not exist, but instesd the rescting molecules Lehave in such
g manner that the equatién vibretes, so to speak, about some mean
pesition. UOf course the larger the number of moleculecs the more
nearly corfeet is the ecuilibrium. Let us eonsider that the
equilibria reprosenied by ecuations (3) and (4) are for just an
instent, disturbed toward the right and that wmore feaC hes
dissolved than is required io saturate the solution. The dissolved
iron earbide or an eculval ot asount of iron carbide may either
ivradiately proeinitete or it may even further disturb the e uilib-

rium, in the same direction, by reacting to glve ferrite asud

et

dissolved carbon. f the Tormer took place, the ecuilibrium vould

e

be rogstoredy while if the latter took plsce iron and carbon would

be foreced to react $o give Aigsolved FeasC which, in turn, could

precipitate to restore the enuilibrium, Iloresover, since the snlu=-
jon isg at sone time supersaturated with respret to carbon, it is
reascnable Lo expect this excess carbon, at least in a certain
fraction of the total chances, to procipitute as tempar carbon.

If the eniilibris are disturbed to thils extot, at a particular

instent, it follows that they can be reestablished in twe ways:

{1, The earbon can reliissolve, reunite with ivon to form iron
¥
carbide which is in solution mnd then pPrecinitate as iron carbide

of thae cementite. (2) kiore iron carbide ean dissolve from the



cementite and disscelate to sueh an extent as is reguired by the
ecuilibria, In the former case, the unot result is that no reaction
has taken place, but in the latier case, 1t is obvious that temper
carbon has been formed at the expense of solid iron carbide. On
the other hand, 1t is just as logical to make a sinilar assumption
that the equilibria be disturbed toward the left., with such an
agssumption, it may be seen that solid iron carbide mey be fored
Trom temper carbon if 1t is prosent. The net r sult of the
above shifting of ecullibria depends on the relative solubility
of csrbon in the form of carbon and in the form of Fezl. Flg.
1 shows an Fe=-U eguilibriunm diagram deternined by iHsyes in .hich
the silicon content wes held constant at sbout one per cent.
From the diagran, it may be 2oted thoet ecarbon 1s considerably
less scluble from carbon than from lron carbide when silicon is
present, Therelore, whenever the carbon is precipiteted, its
chence of redissolving to restore the ecuilibria is les=s than
the chance thet the restoration will come about by solution of
iron carbide. Siice this is true, 1t is wanifest that, if time
ig allowed, all of the cementite will decompose producing
partially malleabilized cast iroﬂ, and thoet temper ecarbon will
not produce cenmenitite at a constant tompersture operation.

The above proposed mechanisnm, as previcusly stated,
depends on the relative sclubility of ecarbon end iron carbide.
From the review of the litersture and from date which have been
obtained by the writer using manganese alloy cast irons, 1t is

probably true thet the Atm and dcm lines coincide in pure iron-
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carbon alloys. In such a case, 1t would be impoesible to have
graphitization, because the chance of dlgsolving ecarb n would
be equal to the chance of dissolving iron carbide, iApparently,
in order to have grsphitization, the chance of dissolving care
bon must be much less becsuse graphitization, even in the mild
silicon alloys, does not proceed readily until the solid carben
phage is prasent. In other words, iT the Atm aud ifem lines
coincide, the excess carbon, which mey be present for a particu=
lar instant, merely serves to supersaturate the solution. his
supersaturation is not faliev&d by precipitution, but by a
reversal of ecuation (3}.

It is an accepted fact that sillcon esuses a remarkable
differeuce in the colubility of carbon and iron carb de. Dig=-
grams for the Ie«~35i-U systém have been presentsd by Sat057 in
which he bears out the former staterent. BSince silicon decreases
the asoclubility of earbon, while, »t the sane tims, having but
little effect on the solubllity of iron ecarbide, the above
machanism with some alterations to duly c.msider the silicon is
entirely adenuate. The silicon when introduced and perhaps later
is in the form of FeSi. It 1s conceivable that this compownd may
react with FezC which is in the dissolved form,

(6) Fed3i + FeyC = 4 fe + L1C = 4 He + 51 + C
The ecarbon thus formed aids in supersaturating the solution and
in so doing csusss the c:rbon to preeipitate faster. The silicon
probably reacts with more iron to form the silicide. The speed

of graphitization in silicon e¢ust iron, therefore, depends upon



the aspeed with which this cyele is completed. The fael that
@il 1s unstable is supporitsd by ﬁﬁ%sg.

It is not sdvisable to put so much siress -n reaction
(1) that resction (8) will be forgotten, In s11 probability it
also pleys an iwmportant role. .Like rsaction (1), it may be
tho.ght of as taking place at the surface of the cernantite or,
in the asustoenite, If carbon dioxlde reacis directly with Fe,C
of the cementits phase, the mechanisnm is rather slmpley if it
reacts in the solid solution, several ecuilibria must be cone
siéer@ﬁ.\ For instenece the carbon monoxide formed will tend to
form more carbon dioxide sccording %o lhe eruation,

(6] 200 = Cuy + C
When it is recallad that eerbon is formed by two different
meth dg - first by resction {(1)§ second by resction (2) and (¢) =
it is evident that there exist thres ecuilibrium constents

for this particular phase:d

. iy & k?.
Jeaction (1) Ky = 8 fg 8
| 8re,C

3 4 3‘!‘1 2 -
Reaction (2) Kg = & pe 8 g
a‘g‘?eﬁg &GQ ™

Reaction (6) Ke = “Pg.0 8.
D i
acg
mince the values of any particuler & must remain constant and
since each aotivity appears in twe constants, it is seen that
the three reactisns arc interdependent. The formation of car-

bon by reaction (1) tends to oporose reaction (6). .nd further,
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the reversal of reaction (€) tends to oppose resction (2). Like-
wise the Tormation of carbon by reactions (2) and (&) tmads to
oppose the formetion of clrbun by reaction (1). As soon as the
excags carbon precipitates from the solid solution, either of

the above reactions may teke plece uniinders=d, The carbon dioxide
formed by reaction (6) may again react with iron carbide an

thus continue the eycle, This possibility is the basis for thinke-
ing that & Llittle curbom dicxide is necessary for obtailning
optimum graphitization.

The meehianisn, thus far presented, doss nwobt explain the
fact that cest lrons, in which all of the original free cem - ntite
has been converted to iron and tamper carbon, continues to
graphitize below the austenitic ropion when cocled slowly from
the maxzinum annesl ing tenperature and held slightly below the
eutectold. Heither doss it explain the fact that stesls will
gresnitize at 575°C. as shown by ~hevenard and ?ortevinv.

When a sanmple of cast iron, whivk hes besen completely
graphitized through the Tirst stapge, 1s c¢ooled slowly from the
maximum annealing temperature, carion continuss Lo separate
from the solutlion a&s reprssented by the carbon sclubility line
in Fig. 1., This sepsration continues until the stabls eutectoid
is reached et which iron «nd carbon will precipitate simulteneously.
Between the stable and metastable eutectoids iren and carbon

continue to precipitate together, but more iron is precipitated
ran thet required at the stable suteectold, as r:presented by

the line =€ of the diasgram. A4t © nmost of the =zolid solution is



converted inte & mixture of ferrite and cementite known os
pesrlite. oone of the solid solution is econverted into another
50114 solution differing from the first as to the concentratlion
of the solutes end as to the form of iron (gammae-iron in the
former; alpha-iron in ths latter)e Here agein the process of
malleabilization mey continue in a similor manzer to th- t which
took place in the ceritiocnl rengs. Vhen slpha~iron 18 pyrassnt
the process is consiccrably slower lor two reasons. (1) The
tosmperature must be lowsr for ihe existence of slpha-iron.

The difference in solubilitvy of carbon sand iyon carblde are
probably not so pronounced. It 1l the writ-r's contention that
if these solutions in alpha irvon 4id not exist it would be im=
possicie to achieve graphitization in the second stage.

Bince the exlistence of the solutions in alphs iron seem to
be so lmporbent some evidence in Tuver of fthely existence will be
nregented.  From the fact that delta-iron is known to discolve
carbon and from the faect thet delita-iron and slpha~iren are both
body centored, S, ?amuraQﬁ reasoncd thet alpha-iron would dissolve
carbon, be drew a line, in the iron-carbon dissram, from the
point of maximum solubllity of carbon in delta-ircn at about
lé@éas. to sbout L0094 per cent carbon &t room tenperuture assum=
ing that points on this line would represent ihe solubllity of
carbon in alpha~iron at the various temperciures, providsed :lpha-
iron existed ot the ternersture in questi.n. He proposes thet
the solubility of carbon in alphe~iron would be the sawve as that

in delta~iron at & specific temperature, 1f thasy werc co=- xistenta.



As hes been Iintimated, he had previously accepted .U34 par cent

P o

ag the sclubility ab room temperature. Sauveur and iirvobok

state that, "alpha~iron is capable, after slow cooling, of re-
taining in sclution at least .06 per cont of carbon®. Yensen54
working with the mapgnetic properiies of lFe-(C and Fe-5i-0 alloys,
concluded that esrbon is soluble in elphs~-iron up to probably
.02 percent. He quotes H. B. Pilling to the effeet that carbon
is scluble up to .C05 per cent,

These couclusions certainly ssem to be sufficient to justify
the wse of shifting eguilibrla-mechanism for an asdequate explonce
tion of graphitization in both the first and second stages.

Having discusssd the effeect of silicon in conformity with
the above theory it may bo interssting to not . how the effects
of some of the other elements harmonize with it. In general, 1t
nay be sald that the effect that an slloying elemont has upon
grophitization depends upon the eflfect that it has upon the
relative position of the 4tm and Acm lines. Silicon, os has bsen
shown, spreads the lines farthoer epart thercby assistiag
gravhiltizetion., HNickel, titanium ené aluminum are among the
elements thet probably formm unstable carhidss. Ths unstable
carbides, like S8i1C, rive an excess of earbeon in solution whiceh
tends toward precipitation of temper carbon and &n acceleration

. 5
of graphitizetion. Briner and Senglet said that the resction,

AlyOgs=—=>4 41 + 3 C,

is reversible snd thet the discociatl n begins below 54U°C, This

faet leads to the conclusion that aluminum spreads the atm and
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hem lines farther apart. Carbides of pold, eocnper, and platinum
have been discussed in the literaturs. Even if they do exist,
trer would not be expected to occur in abundence in cegt iron,
L. ﬁ@issougl reports that esrbon is discolved by coppor at its

T3

boiliong point, and rejectaed es the metal solidifies. A very small

7

snount of copper ecerbide, i 1t werc unstsble, would be sufficient
to explain the -light scceleratin. =ffeet of copper. Un the other
hand, iT the carbide did not exist the effect could be explained
on the basis that the metal diluted the iron and consequently
reducod the activity of the iron., This reduced asetivity would
enuse a shiift in equation (1) towsrd the right %o restore
gouillibrium, If 1t is true that this ascceleration is brougsht
about by dilution, the same atounic per cont of each of the elements
whiehh do not form carbides would havs the same effeect. Zlements
which retard graphitization wsually form very stable carbides.
fnong theses elements may be mentioned molybdenum, tungsten,
manganese, vanadium and chromiume These elenonits may not only

ows thelr effsets to the s'abllity of the carbides, but slso to

the formstion of sulfides, phosphides and siliecides. It is
thought that these eleunents, by rescting with the impurities in

s

ine oloser to the Asem line,

-

ordinery cast irvon, shilft the Ate
In & eomegid ration of the effecet of the various gases, it
may agaln be pointed out that anything that will affect any of
the ecuilibria already proposad mny elither accelerate or retard
graphitization. Carbon dioxide spesds up the process bhecsuse

of mass aciion toward the right in ecuation (2). Conversely,
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carbon  monoxide aids in shifting the equation toward the left
roducing the rate of melleasbilization. It is reporizd that
hydrogen almost, if not entirely, stops gravhitizstion., fThis
unusual retardetion may be explained in two ways: (1) Hydrogen
reduces carbon dioxide to carbon monoxide which onposes the
process. (2} It is absorbed on the surfaee of the cuarbon as

fust as the carbon is precipitated. It is known that certein
types of carbon will absord many volumes of hydrogen. In case
this absorption took place the hydrogen concentration would be
very great at the surface sndy hence, the solution would not be in
¢ontect with sclid carbon and equilibriusm (4] would be snnihilated.
A%t lesst, experimentsl work shows that hydrogen is soluble

to a fairly great extent in iron. Since 1t 18 scluble in iron
there would bes a grsat shance thot it is absorbed on the temper
carbon. To show thet hydrogen does have intimate contact with

the carbon it may be ssid thal, as early as 1867, Grahamls, in his
work with meteoric irom, showed thael at some tine a considerabvle

iy

&
amount of hydrogen had been absorbed. Cailletet , and Troost and

ﬁautefeuilieﬁg corroborate Greham's work by showisng that hydrogen
is retalued by cast iron and steal when heat.d in “rdrogen to 8u0°C,.
Ag beTore mentioned; graphitization does not proeesed readily until
intimate contact is had between the tamper carbon and the solid
golution. If the above essumpltion is correct, there could never

be any appreciable contact between the two phases when hydrogen

is present, and consequantly the process would indeed be slow.

After heat tresting for many hours, it would be possible to have



vyery small earbon spots whieh might even defy micrascoplceel
meﬁhaﬁs of detecting. 1! may even be posuible for hydrogen %o
rescet with this carbon to form methane and some other hydro-
carbons, MHethane and ammonia have a similar effect to hydrogen
 0n graphitization. Their effects may be explained by the
diszneiation into carbon and hydrogen, and nitrogen snd hydrogen
respectively. Hitrogen and oxygen slighily retard graphitiza-
tion probably on account of sither <¢iluting the cardbon earry-
ing roses slready present or being absorbed on the curbon. If
this absorpiion tekes place 1t is to a much leszer degree than
that of hydrogen. Uxygen may also ftend Lo prevent the precipita-
tion of carbon by opposing the decomposition of carbon monoxids
into ¢arbon snd c¢ervon dioxide. The opposition would come fron
the oxidsiion of the monoxide to the dloxide. Alr belng made up
ceniefly of oxyren and nitrogen hes & similer elffect.

PFacking mediums owe thelr effects, with little doubt, to
the types of gases produced., varbonat. s, such as barium esrbonate,
on beling heated produce an atmosphere of carbon dioxide, which,
of courss, speeds up the procass.

The temperaturs at which granhitization tskes place is
perhops one of the nost vital factors to consider. lncreased
temperature ecuuses @ faster dynamic ecuilibrium in cucit of the
equations (3) and (4). Thus, more excess carbon is produced
in the seolution in & certein length of time, and therefors it
ezn geparate wore ouickly. Whe writer agrees thaet the effect

of increasing the tapoing tenmpersture is due to the expulsion of



the carbon~carrying gusses. after their complete expulsion,
graphitization must teke place according to equation (1), since
it ould be impossible to have reaction (2). Super-heating the
malt and using & constant tepping tempesrsture ecnuses an acceleraw-
€&
tion in the speed of graﬁhitizationsa with the formation of
smaller graphits particles, The nhigh temperature was sufficient
to expel greater quantitics of ithe absorbed gases among which
were carbon monoxide and hydrogen. Un cooling to the tepping

taemperature the iron could absorb only those geses which were in
&

the atwosphere immediatcly over the surfece of the wmetel., L8 a

consequence, at least some of the carbon dioxide which was
gxpelled on hoeting was reabsorbed on cooling but not so with
aither of the other gﬁﬁas, There were more and smaller graphite
particles because of the deficiency in ecarbon dloxide which
accordisg to aquatié%jia} end {6) sets as a carbon covrier.
méiéé of cooling naturally affect grephitizetion because of the
different emount of surface contect between the cementite and the
auat@niﬁe; For instance, precuenching white cast iron bresks
i% up into finer grains of fragnental "cementite" and "austenites”
which have & ireat deal moro surfsasce exposed to cach other, Tnis
sample of sgvaller greins glves & faster dynamic ecuilibrium
between the dissclwed ﬁegC and ecemsntlte.

Hecapitulating, graphitizstion is affsctad by the following
factors in the manner indlicatoed:

l. Alloying slonents either retard or accolerate
depending on the type of carbide or carbides forsed.
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Cases, such as hydroyen und others whieh will yield
hydrogsn at the graphitizing temperature, retard the
process almost to the polnt of stopying it. Gases,
like oxvgen and nitrogen, have & siight returding
effects Carbon diozide cesuses an scceleratlion,

The rate of graphitizetion inereases with rise in
annealing tempersture.

‘the ease of graphitizaetion lessens with nigher
tapping tespesrature.

Super-heating the melt favors graphitizaetion,

e faster the rate of cooliap of the casting the
faster will graphitigation proceed.
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IV, FXPURILENTAL PROC DU S AL DATA

Ae Preperation of Alloys

The materiels used in the preperation of the alloys used

in this invesiigetion consisted of commerciael white cast iron

Two sets of the commercisl cast iron test bars were used

wiieh showed the Tollowing compositiont

Table VIII

*
w*
: _Weirht Per Cent
5 Get ol 1 : e a e
:Reported by Henderson 3

Llement Lanufacturer's &analysis

Silicon V.78 Ua78 Va0
Lenganese G,.19 U2l 0.19

<

Sulfur U034 U.032 V.38

L 1]
8 36 6% &% S8 B0 44 #F 2% % Aelew B& Jee o8

Phosphorus Cal34 Vel5B 0.172

A BT AR B% GX BE B¥ wd & 53 A IAE Ak SR en

The ferro-mengenese contsiied about BU per cout manpganese.,
The ferro-tungsten, ag reported by the manufacturers, was

of the following compositiont

wi 3 3 o e L ¢2‘1F
W 73e B30 =S U e D450
i ? 3 oy el
:Jl Lw‘%gf’% & \J‘O}.S;i.

0.59% in Gel97

L9



SUU0 grame of the commercial white cast iron base were
malted in & small plumbape crucible by ueans of 8 35 LW Ajex
dorthrup electric furnace Twenty five minudtes ot r the run was
gstarted, cerbon to the extent of one~tonth per eent. of the total
mess, and caleulated snounts of ferro-mengenese and ferro-
tungsten were added to the molten metal. Iimiediatcely eftor this
eddi tion, the melt was stirred with an Armco rod. About ten
minutes latcer, the @welt was pourcd, in some cuses, into wet scnd
molds and, in other cases, into dry sand nolds., The dry sand
molds had been allowed to dry for itwenty four hours in a rather dry
voom, In each case, the bars which were poured into the wet molds
were used Tor experirentsl heat irsatzenty while those of the dry
molds were used For physical t .sts, The molds containing the cust
iron were permi.tsd to stend for tweniy-four hours before being
broken. This period of tine, though probably unnsecessary, gave
anple assurence that the bars of dirfersnt composltion had ihe
sanme coolling treatment. The pouring temperature, as deternined
by & Leeds and lgorthrup optical pyroneter, was in each case
slightly above 13u0°C,

Four casts consistiang of nine bars were made Tor sach
composition. The first cast which was made from the test bers of
Set Ho. 1, end poured into wet molds, consisted of three bars;
while the other thres cast, which were made Trom the bars of Jet
Hoe. 2 and poursd into dry molds, consisted of two bars oer cast,
The former castings wers broken into convenient leagths of

“approximately one inch. A specinen about 5 inches long was
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reserved from esch of these ecastings lfor chemieal en:lysis. The
one-inch piecss were used in the experimentel hsat treataent. 4s
previocusly mentioned the latler castines were used for t sting
the ohysicel properties. The "as cast" bers which wer. brocen
showed a whits fracture snd a shrink or segrecsvion, in many

cases, near iths center.

B. Chenical Analysis

The chemiesl anslyses were carried out sccordiag to the
standerds of the Americon Sociaty for Tostlag leterials.
Tungaten was deternined by the acid-digestion-cinchonine method
in whieh the tungeten was finally weirhed as +0,. langanese
waes Jeternined by the sodium bismuithate methond. Sullur wes
determined gravivetrically by precinitetiug 1t as BalU,. Sllicon
wag deternined by the nitro~sulfuric and dehydrstion meihod,
Zince Henders-n, using the sace base nmotel, found thet the sulfur
gontent of scven different slloys was very close to constant ab
VLU38 per cent and since the writer found thoet four of these
alloys, made from the sase bLase metal, also contained ,035 per
cent sulfuvr, it was sssumed that the other allcys would slso
contaln very close to this sase asount. Therefors, the sulfur
determinations were nads Tor only four of the twelve alloys.
Likewise, it was desm-{ inadvisable lo meke the phosphorus
determination because other investligators, using the same base

metal, found thet the phosphorus content remsined practically



constant at V.15 per cent. The corb.n determination was made
by direct combustion in a strean of oxygen, ascarite being used

as the absorbent. The anslyses follow:

Table IX

- i Analyﬁﬁﬁ g ot
WA () si(B sGh o)

it
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TYRRN

25 0.91 Ua93 Ve84 Us U35 2e 69
U,.92 Va06 UeB4 0,087 2404

279 C.38 U. 88 Do 04

é‘: 094.’ i.’. 538 \, 3 83 - 23» 5""

28 V87 2.85 Ue B2
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30 4,32 2,87 c.86
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31 CaB2 4459 -
0.95 4‘5g ‘Ugr?g) - 2.66
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It ig interesting to note a canparigson of the anclyses of
tungst n end mengeness with the theorsticsl &ﬁ?ﬁﬁts of these
glenents expected. Apparently very 1idtle, if any, of the
mangenese or tungsbten goes into the slag during the 35 minutes
of melting. The sgreement between the theorstical values and
the v-lues actually found is romarkable wien it is romenmbored
that the welghings of the slloy additious were rather rouchly
made aud too, the process of melting causes some ~onstituents

to migrate to the slag. The cosmparison of these date Tollows:

Table 4o

®RieE Se

wemple No,.

Enlfound) sir (Pneorstiecil s liound)id, heore.ioul

25 | | U.945 Ve38 Va8l Ceb
26 .88 C.94 2.78 2. 78
27 U.89 Va2 4.91 4052
28 2.87 .83 U.87 (.84

e we TR S 2% 4P ¢ R0ien 6B e

28 264 2.76 2+63 272
B0 2.85 2e 71 4.27 =
31 | 4.59 4463 Va8 V.92
58 4.47 4453 Re 65 2465
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34 3.28 Je 2L
35 5.01 4. 99 e 0,00
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The bars which wer: used for the physiesl proporties were
not analyzed. 4 caroful abttempt wes zede to exasctly duplicate
the method of melting, pouriang, ete., as that used above in the
preparation of the bars for experimentsl heat ireatoent. fThe
results in Teble £ indicaie that anclyzi.r these bars would

he 8 mere waste of tive.

O Uritical Yoints

A study was made of the effects of .engenese and tungste:,
in a few of the alloys, upon the critieal points. Unly five of
the alloys could be used due to the Taet that the remalning
ones were indsed too hard for drilling, end consequently there
wes no convenlent way éf getting the differential thsrmocouple

nio the sample, 48 previously mentioned, these data were

obbained in ordeyr to consider the feasibility of proceeding with
the graphitization through the second stape and to determine the
btemperature &t which it should be dons. H. S Archerl has cor=

piled the Zollowing data on eritical points of white cast iront

Table Al

3 " " .
;fﬁmper&tura {ﬁﬂ}, ; Siliecn (%) : Ubserver ;
tar, polnt : ac, soint ¢ : H
3 .
; P40=-T50 l.14 surst and Petersen ;
-» .
; T30 C.97 Hapue and Turner ;
- .
; 754 1.19 unague and Turner ;
- *
; 7060 815 1.10 Charpy snd cornu-~-Thernard :




The writer, using s Leeds and Horthrup apparsius designed for
critiesl point deternminations, obtained 72906. for the Ar, point
and 797°C. for the Ac, point in the white cast iron base which
conteined 2.60 per cent carbon, U.78 per cent silicon wnd 0,20
per cent mangsnese. These results seenm to be in culte close
agreenent with those obtained by lHague and Turner.

from the data of Table LI1, it will be notcd that the
eritical points sre lowered with the eddition of menganese, while
tungsten has 1ittle offect, Manganese, of course, doss not heve
such a great effect vwhen increased from U 20 to 1l.J90 por cent due
to the faet that the mengsnese hes porhaps united with sullur,
phosphorus or silicon. It is to be expeetad that the eritvicel
points of the semples which contain as much as & per casnt wesnganese

1¢]
are muach lower than 700 C.

Table XI1

sielt No. it () : W(H) : St (4 ¢ ar, i se.
% Cast 0. 20 —— ¢.78 n29%c.,  797°c.
: 25 0.945 G.91 C.84 712°C,  792°C. ¢
P .88 2.78 .85 710°c. 794%c. :
— 0.9  4.91 0. 84 709°C.  794°C.
;33 0,95 —— 0.84 717°6.  7e9°C. 3
: :




Re Hest Trestment

The heat treatnent wag wmade in & Hump annealing furnuce at
925°C. The temperature was deterained by weans of iron-constantan
thormocouples and wes controlled by a Leeds and Morthrup sutonatie
Aecorder. 4 Leeds and Horthrup Student Yotentiometer was used
frequently to check the sccuracy of the automatic recorder. In
order Lo be more certain that the anneasling tenperaturs was known,
the resdings of the ivon-constantan thermocouples were checked
ageinst a stendsrd platinumerhodiun thernococuple. The irone
constantan thermocouples were replaced each 48 hours due to
orid-tion of the iron.

As hes been said, the purpese of this investigution was to
determine the effects of manganese and tungster on the rates of
grenphitizetion through the {irst stapge. However, an attempt was
made to coryry the graphitization of a few of the samples through
the second stage by cooling them slowly (after the Iirst stage
had buen complsted) from 925°C. to ?0400. and, at this point,
meintaining constant tenperature. The comicrcigl white cast
iron, which was ussd as a reference standard, was completely
melleabllized after heating 9 hours et 925°C., cooling to 704°C.
in 5 hours end heating 5 hours at the latter teuperature. The
gsanpleg containing mangen:zs5e «nd some of those containing both
pangenese and tungsten, whose A, eritiecl polnt was higher than
?Oéeﬁ,, after having been heated a pradetermined time at 92506.,
were similarly cooled to 704°C, in 5 hours =nd naintained st this

tempersture for 4U hours. HNone of these s mples except lo. 33
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showed any marked progress toward graphitization in the second
stages Consequently, in view of this feect end others which
have previously been discussed, further efforts to granhitize

the seeond stage weare abandon d.

these samples thro
The samples, which were about one ineh in lang.h, were
packed eltaer in iron gas pipes cepped on one end or in small
slumbago crucibles with gas corbon of about 20 mesh. The fas
carbson served in the production of a roduciag atmosphere, which
would prevent undue oxidsation of the samples. The plumbago
erucibles were soon found to be entirely unsaticslacrory for the
longer heat treatients and wers uszsed only for those saiples
recuiring lessg than 20 hours. Iue Lo lhelr sorosity oxygen from
the air had & rather unlimited circulation around the specimens
being heat troated, Thosc few alloys which were heatad for about
1C0 hours in the plumbago crucibles were cunverteé, in each case,
in to merely swollen masses of oxides, which in some cases still
contaeined & small core of the originel. Un the othar hand, the
iron pipes wers sufTiciont to preserve the sample even when
heated for 20U hours., It was noted, hovever, oven aflter all
of these precsutions thst considerable decarburization took place

near the surlace.

winece only the microscopieal meihod was used (o determine
the engd of graphitization, it wes thought to be necessary to
make prelisminary study to sscertein the soproximate time for
completion of the process for each of the alloys. In ordsr to

do this, one sample of ench of the slloys was packad in esech
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of two 2 X 8 in. iron gas pipes with gas carbon and then placad
in the annealing furnsce, which hed previously atteined the
annealing temperature. ofter the pijes were placud in the
furnace its tewpsrature usually fell Lo about ?75°C., finally
regaining the former helght after the expiration of some 30
minutes, The time at which the Turnece was asgein at 925°C. was
recordied as that of the beginiing of heat troatment. OUne pipe,
whielh will be designated as pipe Ho, 1, was tek.n from the
furnace at the end of 24 hours and permitted te esol in eir to
room temperature. After the plipe with its contents were cooled,
the samples were examined miceroscoplecally &8 will be explained
in & latter section of this paper. Thosze samples which still
contained massive cementite were repacked in the seme pipe and
replaced in the Jurnsce. ipe Ho. 2 was removed at the end of
48 hours and its contents similerly iuspected. 48 in the Tomme-
cage, thocve alloys whiéh showed the presence of nmeasive cenentite
were repacied and returnad to the furnses. This process of removing
the pipes alternately every 24 hours continusd until each spsecimen
had been rendered conpletely vold of free comentite.

Now heving found the approxinate time smuples were packed
in individual pipes {2 x & inches) or, if coavenisnt, they
were packed in groups in larger pipos and placed in the furnsuce.
After continuing the heat treatrment for approximately the same
length of time as thet found in the proliminary study end eoocling
ag before, it was found that none of the samples contained

magsive cementite. Shorter heat troatuents were made until, in
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sach case, tha ssnples contsined frese cementite. Successive
Tuns were ma’l- until the actual tims for completing the process

wes debermined. About sight samples of each composition row

5

ceived this trestuent to either debernine or confire the time

nacessary for the completion of the first stage of graptitization.
Table alll gives s summary of the heat treatuent of the

varinus slloys. The eomplete data sre given for mellt No. 3V only.
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Table alll

ha &
e 48

‘rogress of
;};’!

: i
s . . . ) © - ;
dielt Ho. swaple Lo, 3 sours at 9285 C. ¢ Craphitigation

% KR BR G% BB RS BE RS A% WA B2 BB AT A% BE BF 6% Sk % B K4 4F SF G WX EX Sk K% B on WL gk BE AR BE L6 AR BB NG ZE AL £F A% s w% e A% lee R

25 3 6 uch cementite
25 1 11 aluost complete
25 2 2 Lowuplete

a5 4 15 Conplete

26 11 1 Incomplete
2 15 e 1/2 Alnost ecomplete
26 14 18 Camplete

SR 2% % Y 44 43 &¢ 4% SR % 58 *C Ine B

26 13 a5 Complete

27 21 11 Incomplate

a7 24 20 1/2 Almocat completes
2% 26 23 Almost coupletesd
2% 25 25 Complete

28 31 QU Alsost complete

2 36 95 1/2 Complete
28 32 121 1/2 Complete

29 45 6&U Alwmost complete
29 47 55 complete
249 46 70 Complete

30 51 48
0 58 48
3¢ 55 30 ;
SU 56 51 Alnoet conmplete
30 54 54 Gomplate
30 57 55 vonplete
30 53 840 Coniplete
30 58 76 somplete

31 865 Bu Inconnlets

31 67 65 Aliwost complete
31 6 U Complete

31 64 71 Comnlete

32 73 6. Inanmplote
S 75 65 ~omplete
52 74 7l complate

W8 &9 BR 49 HR XE N B s && sn S0 g6 BC Gy SB % SF SR S5 BA A ECE L6 4 BB &N LF £N

35 81
33 84
33 86
33 87
33 88

{ncomplete
almnst Completes
1/4 Almost complete:
vomplete
Complets
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Table AIII (cont'd)

H o rrogress of H
telt No, Sample No. Hours at 925 C. Graphitization :
s 34 92 90 Incomplete :
H 34 86 90 Incomplete :
H 34 95 95 Complete :
H oS4 94 100 Complete :
H 35 103 71 Inconplete :
: 35 105 7 Incomplete :
s 35 104 80 Complete :
H 35 102 ‘ g0 Comnplete H
H 36 114 42 Incomplete 3
¢ 36 113 44 LAluont coinplete :
H 38 115 44 Complete :
H 56 118 46 Almost complete :
H 3 11l 48 Canmvlete :
s 36 117 48 Complsie :
: :
H cast b 3 Inconplete :
: cast ¢ 5 1/2 Almost complete @
: cast b 8 Complete :
: gast a 11 Goriplets :

It is interesting to note the ancmolous results which were
obtained in the preliminary study. In Table LIV these values are
contrasted with thoss finally determined. The inal volue is taken
ag a rough average of those valucs which are near the end=-point.

I{ should be pointed out agein that in the preliminary treatnent
the samples were only checksd each £4 hours. Consecuently, the
preliminary value for those samples which required 1:ss than 24

hours are omitted.
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Table &IV

‘ Sunmary

: ' o ' Time in Hours Time in Liours
s Melt Ho. W4  vnid) Preliminary Pinal :
: 25 U981 V.94 - 12 :
H 26 278 0.87 e 17 :
H 2'7 éfﬁt gl U¢89 - " 24 :
H 28 U.B6 2.8%7 192 93 :
: 29 2461 2,63 l4a4 65 :
: 30 4.26 2+ 85 186 53 H
H S1 0.82 4,58 144 88 H
H 32 2»64 ‘in‘g:? 14‘1 62 :
3 33 e v~ U85 - 8 :
$ 34 - 3.28 182 93 $
H 35 w500 168 78 :
4 36 4,17 4,86 72 48 :
H cast -t 0,20 ———— 8 :

Samples from melis 285, 26, 27, 33 and cast were not returned to
the furnece Tor further heat treatment in ths prelinminsr, study,

gnd therefore, offer no means for couparison or contrast.

&s Photonierographs

To determine the end-point of graphitizstion the samples
were polished on & rough emery wheel to a depth of about 1/8
ineh in order to insure the elimination of surface hetero-
genelty. After continuing the polishing with less severe abrad-
ing sgents until the sample was well free of scratches, the
specimen was etched with sodium plerates which showed the
pressnce or absence of massive cementite. This eteh wes re-
moved on the polishing wheels and then = nitric secid-ethyl
aleohol {5 per cent nitrie acid by volume) etch was administersd

in order to determine the nature of the matrix which was in most



cases nartensitics. Sxtreme 4ifficulty was experisnced in success-
fully obtaining and retaining the labtter etch with & clsar, well
defined structure. Nany o« the sa:ples were over-etched in one
second, This rapid etehing is probably due to the preseance of

the manganese. The fact th&t these samnples corroded very rap dly
required undue soliocitude in attenmpting Lo obtain good photonmicrow
graphs.

Shotorierogrephs of some of the alloys are presented that
may corroborate the data slready given und show the structure of
the alloys as cast, during the progress, aud completion of
grashitization. The photomicrographs of white cast iron are-
presented as a basis of comparison. In sach case the pholomicro-
graph was teken from e portion of the sumple which showed the
moximun ancunt of cementite, except, of course, in the unetched
samples in which none was disceriible.

The alloys ss cest, unlike ordinary white cast iron, did
not contein pearlite. 4ll of those which wers poured in dry
sand molds consisted of cementite and martensite (Fig., 16j. Hows
ever, the more rcpid cooling produced by the green nolds was
sufficient to partially retain austenite in melts 30, 32 and 3¢,
In faet, alloys 32 and 36 contained so much austonite that they
hardly exerted any force on a magnet. 4lloy 30 had consideradbly
less austenite; it was chiefly martensite. These structurcs are
shown in Fig, 14, 17 end 18, There was & grest tendency Tor
dendritic segregation in all of the slloys. This phenomenon is

exenmplified by FPig. 15. The photomicrograph was teken from a



portion of alloy 31 which showed the meximum degree of segrega-
ﬁimn. Portions could be found in a1l of the remaining clloys
which als: showed the presence of dendrites, The photomicroe
grophs of the as cust samples of the remaining slloys, which
are shown, were taken from regions in whieh dendrites were not
outstanding.
fife 4 illustrates the presence of the characteristic

"bull'é eye” structure. Tils structure consists of .emper car-
bon spots around which free ferrite has deposited. ;ccording to
dayves' theory of grephitizstion, this ring of ferrite is deposited
when the sample conteining the s0lid solution at the stable
sutectold point is cooled rapidly enough to pravent the
simulieneous precipitation of the entirs solid solution as
ferrite and temper carbon. XFerrite is dcoposited as the specimen
is cooled from the stable to the notastable eutecioild point.
This is represented in Fig. 1 by the line 5€., HNo "bull's aye”
structure was evident in eny of the slloys. This fact tends to
prove that the line SC, because of the addition of manganese or
tungsten or both has become indeed short and insufficient ferrite
is deposited to be detected, or that 5 colincides with C. At any
rats, the sum of the effects of the additionel elesents is to

cause the ecusbon-from=carbon-solubility line to lie mor: clotely
| to the carbon~from~iron carbide solubility line.

411 of the annealed alloys contained a martensitic

metrix. Fig. 19 is selected to show the typieal structure. OF
course graphitization, &8s has bsenobserved by many invaestigetors,

proeceads from the center out to the surface of the sample. Flg. 20



shows a portion of alloy 32 near tie surface and also illustrates
the sodium pierate etch. The center of the sample was cwmpletely}{
graphitized through the first stage, and consecuently no cementite
was detected, but, as clearly shown by the photomicrograph, the

re ion near thé surface contvained much cenentite snd is far from
coinpletion.

Fige 5, ¥, 21, 22 #nd 25 serve to indicate the size of
carbon spots that was obtained in the variocus slloys. Lither one
01 both of two factors umay be responsible for the fact that the
spots Iin some saanles are cnsiderably larger than those in
azother. first, the prolonged heating nay serve to reduce the
size by loss of earbon in the form of CU or CU,. Second, the
glloy eddition may serve to refine the structure which would
favor more nueclel of deposition and unaller carbon spots. The
¢ rbon spots in Figs. 5, 9, and 23 are quite large and are aboutb
though about the same size in the two samples, are much smaller
than those in the former weniloned alloys. In general, it may be
zaid thet the longer the required heat treatment the swalleor end

@oTre numesrous are the ¢ rbon spots.
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Fo FPhysical Properties

These tests were performed with 14 x 5/8 inch bars. As
previously mentioned, six bars ol each composition were cast
for physical property tests two being cest from each melt. A
summary of these date appears in Table LV, In this table the
arablice part of the melt number si;nifies the composition while
the letter which inmediately follows indieates a particular mslt.
To meke this clear let us take some melt number as 27 &, The
"27% indicates that this alloy has approximatcly the saune
composition a8 mel% Ho., 27 which was ussd in the expoerinental
heat treatment. The "4 signgies a differsnt but duplicate
cast. In some cases there will be found the 1etter»H or . Tollow~-
ing this first letter. H means that the bar was hest treated
at 92590. for 1 1/2 times as long as the experimzntal values
found for the bars which were cast in green send molds. The bars
were heated this sxtra time to be certain that they were comple tely
gravhitized through the first stage. « mesns that the bar, aft.r
the above heat treati nt, was reheated to 77500., held et this
temperature for thirty minutes, and then gquenched in water which
was 24°C. ‘

The bars wer ecleaned of sll sand and grit by polishing
with a wire-brushk wheel and then by ramoving, perhaps, 1/32 inch
of the outer skin with & rough emery wheel. After the bars hed
been cleaned, they were packed with gas carbon in 3 x 14 inch

iron pipes. Four bars of the same composition were usually

packed in the same pipe.
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£ hend operated machine was usged for nmaking the tensile
gtrength testsj the same machine was used for measuring the
Brinell hardness. Some of the bars, after quenching, were so
brittle that it was found impossible to obtain their Brinell
hardness on account of the ease with which the suuplues were
fractured., No appreciable duetility was evidenti thersfore
no data are included on elongation. The elastice limlt was the
same s the t@ﬂﬁ%l% strength.

Some of thé bars were found to eontain blow holes. o
tests were mads with these bars nor wers other burs poured to
take their place, It is belisvsd that the quenched bars contein-
ed many vory small ceracks whieh accounts for the discrepancy in

gomea of the data.
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Prom the above table, it may be noted that addition of
manganese to white cast lron ceuses an increase in hardness but
a decrease in the tensile strength. This 1s not only true
with east irons containing mangenese as the only alloying
element, but also true for alloys containing manganese with a
consten t amount of tungsten. Addition of tungsten ctuses &
slight increase in hardness snd also a slight increase in
tensile strength. Tungsten has a wmore pron .nced effect in
the heat treated slloys. The tonsile strength is increased
from 56,800 to 66000 1bs./in.. by en addition of 2.78 per cent
tungsten when the manganese content is held constant at ebout
onsg per cent, Un the other hand, when the manganese content is
raised to about 2.75 per cent, tungsten additions hsave but slight,
if any, effect on either hurdness or tensile sirength. In th
guenched sauples containing abuwt one per cent wmengznese, the
tensile strength rises very rapidly with an inerease of tungsten.
ilowever, 1% has Jjust the opposite effect when th ﬁanganess

content 1s a8 high as 2,75 per cent.



V. DISCUSSION OF RESULTS

Both manganese and tungsten heve been found to favor ihe
formation of carbides in white cast iron. Because of the presence
of these carbides more time is reguired to graphitize sauples
containing either tungsten, manganese or both than for ordinary
comuerceial white cast iron.

In plotting the tie for completion of the first stage of
graphiftizatlion against the combined percentages of manganese and
tungsten curves as shown in iy . 24 are obtained. The point for
zero per cent of the alloying constituents is teken from the
work of Hoeslscher, Hvidently this point may be much hicher
indeed as this investigator obtained no éraghitization, on heat-
ing & sample containing very nearly zero per cent mongunese end
zero por cent tungsten for 71 hours, Lven though a point on the
ordinate has not definitely been determined, the 71 hour-point is
agcepted because, as far as this discussion is concarned, it
doeg not matter whether this point be at 100 hours or at an
infinite number of hours. Thne point which is enclosed in a green
circle is $cken from Kikuta's work§ the points in the red circles
are for sanples containing zero poer cent tungsten, 'fhe entire
curve from 4 to ¢ represents the effsct of man,unese in cast
irone. In fect, the whole curve may be considered for mangunese
21loy cast iron containing no tungsten. Alloys containing about
&ge per cent mengrnese with o weriable miount of tungsten urnish
points whieh fall on EF§ those conteaining above about 2.5 per cent
manganese with a veriable spmount of ftungsten give points which

fall on GDhe



120 . e
o : \ -

| N
100 | N
90

80 -

>

TIME' (HOURS) FOR FIRST STAGE

70

40 |

301

20

10

Fie. 24 Comeinep Per CeENnT oF ALLovineg CONSTITUENTS |
o n 2 3 4 5 6 7 8 S

24



Thé point at zero per cent of the alloying element is
very high becau e of the presence of sulfur in the Torm of FeS,
Aeference hues already been made to the low melting point of this
compound. Since iv doeg melt at a lower temperature than the
other coistituents of cast iron, 1% will be the last substance
to solidifys therefore it appears in the grain boundaries. In
the grain boundaries 1t scerves as & film teo prevent contact
between the austenite and the cementiles A4s & rosult, the
ecuilibrium,

Feal (cementite) s==Fe,C (iissclved],
is impaired to such an extent that grsphitization can take place
only with greaet difficulty, if at all.

Un incréasing the mangancse content from zero to U.2 per
cent the curve drops very rapidly from A to H, This part of the
curve ig due to the destruction of FfeS from which knd is formed.
The mangenese in forming the small svlfide globules, to whieh
reference has been made, succeeds in destroying the film effect
produced by FedS und permitse grasuiltizasion to procecd. From
Ue2 to 1.0 per cent mangsnese has but 1ittle effect on graphitiza-
tion. 4s a matier of fact, the saumple containing 0.2 per cent
requircd exactly the ssme snownt of tinme a8 the one contsining
1.0 per cont. It is probabls thet this part of the curve is
due te the fTormati n of some such comnound a8 kingr. There is
no apparent reason why, if such a compound is fored, it should
not behave similarly to Yegt. The formatin of Lngs is assunmed

begause it is definitely known thsat megngenese will displace
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iron in FeS which would be indicative of the greater positivity
of manganese. From B to ¢ the curve makes a vVery steep riss
wiieh, of course, neans that the effect of silicon is bsing
compensated by the additional mangenese, This retardation

could be sccompliched by isolation of the silicon in the form

of ¥n3i or by the formaition of a wmore stable carbid: which would
tend to reduce the snount of the unstabl: silico earbide prescnt.
The curve slopes gradually from C though D, There are two ways
of explaining this decrease in the time requived: (1) The
inereasing mengenese content serves to widen the austenite ares
of the Fe~C eonilibrium diagram leaving less of the totsl
cerbides to decompose. (2) After the manganese has reoacted

with 211 of the impurities the systom may be thourht of as
beheving more like the pure Fe-lin~C systems. If this is the
cuse, (D repressents a portion of the true MngC line, end it
appears that in the.e pure alloy Jhat mangonese actually
accelerates grashitization.

In suppoct of the contention that menganese reacts with
impurities other than sulfur, W.2,. Fishelll finds that on treating
a steel sample containing V.6 per cent cerbon and U,7 per cent
mangonese with 3 per cent perchiloric acid and analysing the
residue Tor nanganese only 1.23 per cent remain. (Hote: 0.7
per casnt nangenese is Oﬁ the brsis of the whole sampley 1.25 per
cent is on the basis of the residuel). Sinece the residue is a
comparetively small part of the whole, there is relstively little
mangenese in the residue. The above fact does not necessarily

mean that the wmangenese ig in the forn of some compound such &s
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those proposed, bubt may mean thet & certein anount of iingC in

a state of subdivision wes scluble in the scid. It does, however,
point to the sxistence of nn nganese in the form of compounds
other than the carbide and sulrlide. 4 comperison of the tensile
strength and hardness tesis of the samples containing 1.0 perx
cent mangenese with those containing 0.2 per cent indicates

that the element 1s not entirely in the form of kn,C.

In view of the assumptlion thet these compounds fom and
that CD reprosents & portion of the ingl line, it follows that
the loop &BU ig ecaused by the pressnce of the ‘mourities, sulflur,
phosnhorus, and silicon., It has cccurred to the writer that, if
the amount of these impurlties were decrsased, this loop should
be less pronounced, the xinimum oegcurring cnsid . rably sbove aud
to the left of B, The naximum would occur at some point betwesn
C and U on DO extended. 1% will be noted that DC has been
extendad Lo approach the ordinate asyutotie lly.

dhen tungsten iz ediced to nangsnese slley east iron
eonteining betwsen U.2 and 2.5 per cont manganese, the effect
will be such that it will produce a straight line such os uF,

iL extended would strike tho curve at some point near J, und this
point woulﬁ'rﬂpresent the elfect of & nmanganese alloy with zero
per cent tungsten., 4An extension in the other direction would
perymit E¥ to come in contaet with CD extended, After contact

the two lines would probably coinclde. Again 1t must be made

clear that IF is obtalned by using alloys containing one per

cent manganese with the percentage of tungsten varying from
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zero upward to about 4.5 pver cent. The line CD shows that,
regardless of the individual percentoges of tungsten and mangsne-
ess, the combined percantages of these elements is the factor
which determines the time for graphitizetlicn. In other words,
a s-uiple conbaining 3 per cent mmnganese and 4 per cent tungsten
will require the same length of time as & semple which elther
contains 5 per cent mangenese and 2 per cent tungsien or 7 per
cent of the formsr and zero per cent of the latter. spparently
when the manganese content is high enocugh to be at or Lo the
rizht of C, any additional tungsten acts like nmore mangsncse.
If alloys were used containing 1.5 par cent mansaucse with very-
ing amounts of tungsten, 1%t is believed that a line above end
parzllel to EF would be obtained. It is further predicted that
n extension of this line, as well &s that of LF, would colncide
with CD after coming in contact with it. iny other series of
alloys contaeining a constant smount of manganese would give a
gimiler line tha location of which would depend on the percentege
of mangenese.

It may ve noted that on inereasing the lungstcn content
from 0,91 t0 4.%1 per cent in the one por cent mongancse alloys
the time for graphitizetion doubles. “Jhls is probably a groater
eff ¢t thall the seame arount of tungsten would have in an alloy
containing epproximetely C.2 per cent manganese. This assump=
tion is mwade becsuse of the belicel that tungsten, on account of
mess action, rescts with some of the conmpounds contelning mangun

and, thereby, allows more menginsse o eXist in the farm of the



carbide. There is but little doubt thet tungsten will react
with the impurities ordinarily found in esst iron, In fact,

32
«olasan describes a compound thet 1s formed when silicon and

3

tungsten are heated ltogether in an slectric furnace. He state
thet the compound is crystalline with a metallic a pearance and
that it is hard enough to scrateh rubr. This comdound may
account for some of itho hardness caused by en adliition. of
tungstsn to cast iron. 4T tungsten reacts with silicon, it ie
logical to expect 1t to react also with sulfur and phosphorus
since they are saah more negative thsan silicon. 4 combisastion

of bungsten with thess elomsnts would 2ecesgserily mean that

3

jore mangsnese could exist in the form of the carblide which would

tend to delny the graphidizetion wore than would tungsten cuast
irong with lower maagsnese content.

York 1s soon %o be in progroess in this lsbore.ory to
determnine whether these various seriss of alloys will behave in

conforaity with the theory ithat has b en propesaed,
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The quontitative effeet of mangsnese upon the rate of
graphitization o whits ¢ast iron at consltant tempersiure
has been detersined. he msaganese contont varied from
Ue2 £t B per cent.

The guantitative effzct of a combinetli n of tungsten
and mengansse in alloy eastjirsm, in which the tungsten
veried from U.87 to 4.91 par cent and the manga. 8e varied
Trom C.88 to 4,59 per cent hes also been determined.

anganese, when added to comuercial white cast iron, nas
1ittle effect until its contant exeeeds one per cent. From

one to about three per cont it retards graphitizstion very
strongly. 48 the smount Is increased above S per cant, the
time for complete greshitization is graduclly reduced.

Tungaten in conbipation with one per cent mangunese
retards grapnitization slighitly. ¥When in conbination with as
much as 2,5 por cent mengenese, it serves to accelerate the
Process.

When the mangsnese conient 1s 2.3 per cent, ithe same
effect may be produced by additiom of either more manganese
or the same per ecent of tungsven, which shows thot tungsten
acts llke mangnmnese in these alloys.

White cast iron may be graphitized much more culckly by
continuous heating than it cen by interrupted healing.

specimens which recuived ordinarily 93 hours of continuous
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heating at 925 C. recuired 1UZ2 hours of heatlag in periods
of 24 hours at the same ft-mperaturs. 4l the end of each 24
hour period the samples were allowed to cool rather slowly
o room lomperaiure.

In att-upting to prepare samples for critieal point
determinations, 1t was found thet any of the alloys which
conteined as much as 2.5 per cent nanganese were too hard to
drill even alter being completely graphitized throush ithe
first siage.

menganese lowers the critiecal pointsy whils tungsten has
1ittle effect.

The cast iron bars which contaln:d as much z8 2.5 p=ar cent
manganese were excentionally brittle. In fact, they were
80 brittle that mueh difficulty wes had in obtaining the
Brinell hardness due %o the ease with which they fractured.

Both tungsten ind mmnganese increassd ithe hardness in
white cest iron. lenganese ezuses a decrease in tsenstile
strength both in the senmples containing nenganese &8 the
only alloying slenment end clso in those cotalaize tungsten,
Tungsten causes a slicht incresse i tensile strongth.

In the hest trested sllo s tungsien inerecses the
tonsile strength to a much more marked degree than in the
ailloys 8 cast.

4 general review of ihe literature concerning the factors
which affeet graphitization hes been made in order to discuss

theopy in conformity with the facls obt.ined by other
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invastigatmrs. some interpretations of ihe rssults of
other investigators have been glven.

Fhotomicrographs of soane ol the typleal samples have
been iucluded te show ihe various types of struciures
wnich were obiained by the different troatments,

4 eurve obteined by plotiing the tiue for complsle

SR Ty LR

graphitization against percontags ma

Fpgl in pure fe-U alloye is stsble.

caness indicates that
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