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I. INTRODUCTION

During the lsat deocsde the qualitlies demanded in cast
irons have contlnually become more exacting and severe. The
nanufacturer has been called upon to produce a material with
definlite improvements 1In many physleal properties such as
tenslle strength, toughness, ductility, hardness and machin-
ablility. Some progress has been made by the Judiclious use of
cortaln alloying elemente and the lowering of the time re-
qulred for the anneslling cycle.

During 1923-1924 an inteneive program was initiated in
this laboratory under the direction of Professor Anson Hayes
with the view of a thorough investlgation of the various
factors that were involved in the produotion of mallesble iron
from white cast 1iron by a shortened annealing c¢ycle. But fol-
lowing the initlal work of Hayes and Diederichs (1), Hayes and
Flanders (2) and Hayes, Henderson and Bessmer (3), it became
‘evident tnat a complete study of the physical factors and the
chemleal factors that affect graphitization was essential.
Since that time these investigations have continued under the
direction of Professor Hayes and through hls successgor,
Profesgor VW .H.Jennings, Jr.

In spite of the mass of contributlons to the llterature of
caest iron, very little definite informstlion 18 avallable con-
cerning the effect of some of the elements on the rates of

decomposition of iron carblde, FesC, in the preparatlon of
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malleable iron from oommerclal white cast iron with lts lower
silicon and carbon content as compared to the gray cast var-
lety. This 18 particularily applicable to molybdenum where
most of the informatlon concerns gray cast iron.

The purpose of the lnvestligation, reported 1n this psaper,
was to gtudy the effecte of molybdenum, chromium and various
ﬁumbinatlona of these two elements on the decomposition of

iron carblde, FesC, in white cast iron.
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II. REVIE¥ OF THE LITERATURE

A, General Effect of Added Elements on Graphitization

and Physieal Properties.

It ie sometimes difficult to draw definite eonclusions
conserning the effect of specisl elements on the properties of
any form of cast iron. This is due to the many factors that
must be conaldered as affecting the final econdlitlion of the pro-~
duet. Cast iron cannot be considered as a simple alloy of iron
and carbon. It is probably a conglomerste, not of simple alloys
and golutions, but of elements, compounds and so0lid solutions.
The propertles of csst iron are influenced by many factors and
one of the most lmportant of these factors 18 the effect of the
addition of speclial elements in small quaatitias.

In 1925 Schwartz and Guiler (4) reported the results of an
investigation of the effects of thirty-four different elements
on the graphitization of cast iron. They report the followilng
elements as showing positive deleterious effect On the process

of malleablization:

Ant imony Chromium Tellurium
Boron Holybdenun Tin
Cerium® Selenium

°Including Lanthanum, Neodymium and Praesodymium.
In view of the fact that these data are only qualltative,
no eritieal conclusions may be drawn from thelr study.
Probably the most recent work on the effect of alloylng
elements on the rates of graphitization is the report of Smith
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and Aufderhaar {5) in 1930 on thelr investigation of gray cast
iron. The f@ilewihg concluslons may be drawn from a study of
thelr resultsa:

Aluninum produces a softening effect up to 0.1 per cent.
From C.1 to 0.5 ver cent there is a continual sgeparation of
free graphite. Above 0.5 per cent there is a decrease of graph-
ite and at O.7T5 per cent there 1z a definite conversion of the
gray type into white iron.

Arsenlec shows no inhibiting effect up to 0.1 per cent.

Boron, as hieh as 0.4 per cent, produces &n increased hard-
ness and at 0.8 per cent the casting becomes very brittle.

Calclum has no effect up to 0.2 per cent.

Chromiun, in any amount, increasee the carblde content and
therefore deeresses graphitlization and increases hardness and
shrinkage. Above 0.5 per cent the increased ocarblde content
results in pronounced machining difflculties. Some additlons of
nickel or silicon may serve to decrease these harmful effects.

Cobalt shows 1llttle posgitive effect up to 2 per cent. |

Copper ghowe only a slight effect on grephlitlization up to 2
per cent but increagsea the tenslle strength and Brinnell hard-
ness to a slleht extent. The corroaion reslsting properties are
improved, showing a maximum effect at 1 per cent copper content.

Holybdenum acts as a strensthener and hardener of gray cast
iron. The tensile strength 18 increased up to 1.55 per cent. The
rates of zraphitization are lowered.

Nieckel produces a general lmprovement and very zood results

are obtalned by a cocmbination of nlekel and chromium. Tenslle
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strength 18 incressed and the casting becomes more machinable
and resistahh to high temperatures. The presence of nickel
serves to partially counteract the harmful effects of chromium
on the graphitization procese.

| 84licon is pregent 1in all cast irons, usually from 1.0 to
2.5 per cent. Five per cent sllicon produces a very brittle
casting which 18 quite resistant t0 corrosion. It 1ls of interest
to note that a percentage of 9 to 10 per cent gives a product
which corrodes very readlily. At 11 to 14 per cent the reslstance
to corrosion is again noted and thls property reaches a maxlmum
at 14.5 to 17.0 per cent of silicon. The presence of silicon
promotes the graphitization.

Vanadium in the amount of 1 per cent produces a 60 per cent
Inerease in tensile etrength and inoreases the Brinnell hardness.
This element shows a deleterlous effect upon graphitization. It
favors ocarblde formatlon.

Pivwowarsky (6) made a study of the effect of various elements
by employing a Swedish Cast Iron base with 4.01 per cent total
carbon, Three serlies, according to the silicon content, were pre-

pared for study.

Series 1 Serles II Series 1II

1 per cent silicon. 1.75 per cent silicon. 2.75 per cent seillcon.

Piwowarsky sumnmarizes his results as follows:
Aluminum (0.2 to 0.8 per cent) increases the bending strength
and impact value 25 per ceént in Series I and II but only slightly

in Serles III. Hardnese and resistance to compression decreases
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in all serlies. The graphite particles are somewhat refined.

Titanium behaves similar to aluminum by favoring graphite
formation in a refined form. Thls element probably produces non-
metalliec compounds in the cast iron.

Niekel (0.5 to 1.0 per cent) resulted in an improvement of
mechanical properties as much as 20 to 30 per cent. This may be
- due in part to the formatlon of solld aolqtlons. Graphitization
is promoted.

Chromium produces no apprecisble ilmprovements in mechanical
propertles when used alone. But when combined with nickel it lm-
proves the mechanical properties as much as 60 to 80 per cent in
gone caees. In Serles I the most optimum results were obtained
with 0.5 per cent chromium and 0.2 per cent nickel. In Series II
and III the best results were obtained by increasing the nickel
egontent to 0.4 - 0.8 per cent.

Vanad iun favors carbide formatlon and inoreasses the hardneas,
bend ing strength, toughness, denéity and reslistance to wear. The
improvement started suddenly with a 0.5 per cent vanadium content
and was more pronounced in Series I and II than in Serles III.

Tungseten lmproves all the mechanical properties. This fact 18
probably due to a series of s0lld solutions of tungsten ferrite.
The most beneficiasl regults were obtained with a tunzsten content
of 0.5 per cent.

Molybdenum produces & simlilar influence to that of tunesten.
This may be Inltially noted at a ocontent of about 0.5 per cent
molybdenum. Graphitization 1s inhibited to an appreclable extent

but not completely stopped.
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¥enganese, sulfur and phosphorug, in the amounts as found
in the technieal iron that was used, produced favorable effects
on the provertlies of the base material, and in thelr vresence,
niekei and chromium had a sreater effeet than on pure iron.
Phosphorus, ahove 0.7 10 1.0 per cent, indlicated a deleterious
effect én the castings. Sulfur, in the absence of manganese,
save injurious regults t0 the properties of the cast iron.

Everest (7) has offered a summary of the effects of the most
commonly avallable elements on the decozposition of 1iron carbide
a8 follows:

Group 1 Group II

Promotes Graphitization. Gither Retards the Hate or
Completely Stops Graphitlization.

Siliegon Manganege
Alunminum Sulfar
Hickel Chromium
Phosphorus Holybdenum
(below 0.8 per cent) Tungsten
Tantalum
Selenium
Tellurium
Tin
Antimony
Titanlum
Vanad lum
Phosphorue
(above 0.8 per cent)

Copper appnarently produces no effect either way up to 2 pef
cent.

Many of these conclusions have been conflirmed in a zeneral
way by the followlng investigatora:

A .P.Hoelscher (8), on the effect of mancanese and sulfur on
the rate of graphitlizatlion in white cast iron.

#.J.Stutzman (9), on the effeet of nickel on the graphitizatlion



rates 1n white cast iron.

C.&.Fau;ke (10), on the effect of chromium on the rates of
graphitlzatlon of white cast iron with a variabtle silicon content.

F.l..Coonan {(11), on the effeet of molybdenum in the decomposi-
tion of iron e¢arbide in cast iron of a compositlon comparable to
that demanded for the white varilety.

Franz Roll (12), on the influence of various elements on the
8tabllity of iron éarbide in cast iron.

R.C.Good (13), on the general effect of varloue elements on
the stabllity af’cementike in cast iron.

Jean Challansonnet {14) reporte the effects of nlckel in com-
binatlion with vansdium anﬁ’with molybdenum. His results confirm
these that bave been previously noted.

One of the most informative contributlons to the llterature
of cast iron is & general resume of the known facts concerning

this ﬁubsﬁanca a8 reported in a general article by G.H.Enos (15).
B. Phase Diagrams of Iron-Molybdenum~Carbon Systems.

& gearch of the literature has falled to reveal any informa-
tion concerning the nature of the blnary equilibrium &lagram for
carbon and molybdenum nor is any mentlon made of the posslble
ternary diagram for the iron-molybdenun-carbon systenm.

The most recent information concerning the iron-molybdenum
system is the diagrem proposed by Takei and Murakami (16). This
diaeran iz reproduced in Figure 1 on page 12. This dlagram was oOb-
tained by mieroscopic investigation, the electric reslstance method

and by dilatomerlic and magnetic analysis. In this system, two
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intermetsllic phases exist, epsilon (€) and eta (1), consisting
of the compounds Fegliog and Felo respectively. These phases are -
formed by peritectlic reactions, melt + eta = epsilon, and melt 4
delta' (S) = eta. The former forms a eutectlc with alphs iron,
diaaolvlﬁg molybdenum at 1440°C in the range of composition of
about 38 to 50 per cent of molybdenum. The latter decomposes to
the epsilon phase and molybdenum dissolves iron at about 1180°C.
The solubility of molybdenum in alphs iron is about 38 per cent
at 1440°C and decreases to 6 per cent at room temperature. The A,
point of the slphs scllid soclutlon ls slightly lowered as the mo-
lybdenum content lncresses, while the Ag point rapldly rlees to
% per cent of molybdenum. In alloye containing more than 63 per
cent of molybdenum, a eutectold is found, consisting of the eta-
phase and molybdenum dlssclving in iron. Thus thls dlagram shows
six solid phases, viz., alpha (), ganma ()), epsilon (€), eta (M),
delta (6) and delta' (§). | |
The iron~molybdenamudiagram of W.P.8ykes (17) is very similar
to the one just described, the most important dlfference being in
its fallure to desplct the formatlon of the eta-phase, Feilo. While
8 complete consideration of the entlire iron-molybdenum dlagram
would be of theoretieal Iinterest, the present investigation 1s only
concerned with molybdenum percentazes no higher than 5 per cent.
This covers only the alpha and gemma fleld and a portion of the

liguid field.
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c. Cast Irons Contalning Molybdenum and Chromlium.
1. Holybdenum.

E.K.Smith and Aufderhaar (18) prepared forty melts using a
gray cast 1ron base and a molybdenum content of 0.65, 1.77 and
3.10 per cent. Increasing molybdenum content showed a tendency for
decreasing sraphltic carbon and spproached the carbon condition of
white cast iron. No earefully studied annealing tests were made.
They found that the Brinnell hardness was increased with an in-
ereasing molybdenum content. The tensile strength was aleo inereased
but with deereasing properties of good machinability.

Husattl and Calbiand (19) msde s complete study of the effects
of molybdenum on the propertlies of malleable iron. This w&s pre-
pared from a speclal c¢ast iron with a carbon content near that
usually found in whits cast lron but with a slllcon content from
two to three tlmes greater than that of the usual ihite cast var-
lety. While it 1s of linterest to note that they obtalned an improve-
ment of the physical propertles through the addition of molybdenun,
no definite conclusione may be drawn 1n connectlon with the ultimate
results of the investigation that are reported in thls paper.

The work of Coonan (11) approaches nearer to the fleld of in-
vestigatlon, that 18 reported in this paper, than any other report
that 1s available. However, Coonan's work 1s incomplete and covers
a molybdenum eontent no higher than 1 per cent. He annealed sample
bars, with s molybdenum content ranging from zero to 1 per cent,
for an overall period of 140 hours at a temperature of 1550°F. This
included the time of heating and coolling. No information is glven
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concerning the rate of cooling nor the time at the maximum temp-
erature. The cast lron contalned from 2.3%0 to 2.80 per cent car-
bon and from 0.60 to 0.80 per eent silicon. The physlcal proper-

ties, as reported in Coonan's paper, are reproduced below in

Table I.
TABLE I

:8ample ¢ Per Cent ¢ Yield Point : Tenslle ; Elongation ;
: No. Mo : 1bs/sq. in. : Strength : in 2 inch
: : : | : 1lbs/sq. in: per cent. :
: 1 : 0.00 i 31600 . 44200  : 7.5 :
: 2 : 0.5 5 35100 : 48500 : 8.0 :
s 03 :  0.50 : 35100 : 54300 : 8.5 :
i 4 i 0.75 : 40200 : 58300 : 8.0 :
: 5 : 1.00 : 44000 : 60000 : T.0 :

There 1s a declded l1neresse in yleld polint and in tensile
strsngﬁh but the duetility reaches & maximum with 0.5 per cent
malybdenum and decresges agaln as the molybdenum content 1is in-
creaged to 1 per cent.

Coonan falled to determine the conditlons for the destruction
of the pearlitie portion of his alloys and all hls specimens which
eontain molybdenum show the presence of pearlite. His eoncluslon
that molybdenum retards the decomposition of @ementite into temper
carbon is Justified from an examinatlion of the photomicrographs
that are exhiblted.

Yurakaml and Takel (29) report that molybdenum lowers the
eritical points as a8 result of thelr study of some special molyb-
denun steels. However, thelr results were quite dependent upon the

rate of cooling and the maximum heating temperature.
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8mith and Aufderhasr (18), while working with alloys of an
approximate gray iron composition, report that there ie a tendency
for molybdenum to convert the graphite into & nodular form and to
refine the pearlitle structure approsching s pearlite-sorbite com-
position. They attribute this action to the presence of molybdenum
in the form of a 80lid solution in ferrite. The material 1s tough-
ened and the gralin growth 18 inhiblted. The inereased hardness is
not due to carbide formation but to this solid solution.

50 in gmeneral, we may expect that molybdenum will lncrease the
toughness, tenslle strength and the hardness of cast irons. It in-
hibite the decomposition of iron carblde but tends to convert flaky
carbon into nodular form. The graln structuresof pearlite and fer-

rite are refined through the presence of molybdenunm.
2. Chromium.

A general resume of the iron-chromium cast irons, as well as
the constitutional diagrams of the lron-chromlum-csrbon alloys,
has been given by Foulke (11) in his report of an investigation
concerning the effect of chromium on the dscomposition of iron car-
bide with varying silicon content but with 2 carbon content compar-
able to that usually found in white caegt iron. Foulke states in his
conclusions that chromium produces a marked stablllzing effect on
the combined carbon both in the eutectold and in the massive cemen-
tite. This eonclusion ie reached from the abnormally long time that
is required for the graphitization of white cast iron contalning
chromium up to 0.5 per cent.

Chromium seems to show a tendency for carbide formatlion. Thils
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is indlcated from the report of Raffo and Sambucety (21) on the
geparation and identification éf & double carbide of chromium
and lron in a ¢olloldal state. They aseribe the probable formuls
a8 Fe L0,,0raCg. |

In general, chromium may be consldered £o lmpart hardness and
brittlaﬁesa te malleable iron through ité stabllizing effect upon

the carbilde content.
D. Physieal Factors Whigh Affect Ratees of Graphitization.

The mechanism and veloeclity of graphitization is vitally affect-
ed by a number of eritical physlical factors such ae the pouring
tenperasture, rate of cooling in the moulds, prequenching treatment
and the temperature and time of asnnesling.

Eikuta (22) has made & etudy of the effects of the temperature
of pouring apeh the rate of graphitization during the primary stage
for a cast iron contalning 2.70 per cent cearbon and 0.98 per cent
gllicon. He found that a higher pouring temperature produced a
casting that required a longer period to complete the primary stage
of ‘graphitization than does a castling poured at a lower temperature.
The pouring temperature used varied from 1300°C to 1550°C. Kikuta
furthur shows that & hot mould produces an alloy 1n which both the
primary and secondary stages of graphitization are slower than when
cast in & c0ld mould. The temperatures employed ranged from that of
green sand at room temperature 10 & temperature of 1000°C. This al-
loy ocontalned 2.17 per cent carbon and 1.07 per cent silloon.

Using an alloy contalning 2.72 per cent carbon and 1.29 per

gent silicon, Kikuta (22) studlied the effect of annealing
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temperatures on both the primary and secondary stages of graphiti-
zatlan. For the primary stage, using a temperature range from 870.5
to 970.5°C, 1t was found that the hilgher temperature produced a
more rapld rate of grephitization. The secondary stage was studied
between the teamperatures of 650 and T30°C and the graphitization
was more complete with the hilgher temperature.

These results of Xikuts as well as thoge of Hayes and Flanders
{2) and White (23) indlecate that the logarithm of the time requir-
ed at the high te@peratars for the graphitizatlion of the free car-
bide, when plotted against the temperature, produces a stralght
line.

Noldenke (24) states that the recent discovery of the abillty
of c¢ast iron, meite& under the ordinary condltions of super-heating,
10 retaln minute particles of egraphlite in suspension, indicates the
probabllity of thelr actlon as nuclel for the subsequent growth to
large corystals of graphite as the wolten metal freezes. If thias
molten metal is given a furthur heating up to 1540 to 1650°C, these
sugpended particles of grasphite will 811 be dissolved. The metal
may then be cooled to the point of solldifliecatlion with no nuclel
favoring the formation of large graphite crystals. The metal may
setually sub~co0l below the ordinary freezlng temperature and, 1in
setting, precipitate the graphite iln 8 very fine form with resul-
tant incressed strength and other good physical properties.

Sehwartz, Johnson and Junge (25) have suggested the improve-
ment of the properties of malleable.iron from white cast iron by
e prequenching before the process of malleablizatlion is completed.

They state that this treatment will accelerate the migration of
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carbon because of the greatly lncreased number of gravhite nucleil

with acoompanyineg decrease in migrastory distances.

I1I. EXPERIMENTAL METHODS AND DATA.
A. Materiale Usged.

The materlals employed in the preparation of the alloys used
in this investigatlion are listed as follows:

1. Ferro-chrome, containing an average of 72.7 per cent of
chromlum as reported by the manufacturer's analysis.

2. Ferro-molybdenun, showing the following analyslis:

TABLE II
;tov’l"tco-.-.‘:"b‘#DOO.thOGQOOQOCUQQ‘lu-‘
: : Welght Per Cent H
: i‘-o".oe.vostogw»ooycvt"oog
: ‘ I 11 IIT
. Preevoscoarrsrsete v tr e
: Holybdenunm : :
M . 63018 62.73 62.91
;-.Ag0v.'t.cntlttnpgshnbunoitnc.-oaoo.co‘oct;

- - »
PR S S A R N A N N E NN R I R RS

%, Commercisl white cast iron test bars with the following

Phosphorus : 0.1538 0.1553

PN EEEE I T E N R A A EE I A I A A B I R A

conpoaglt lion:
TABLE II1
§O.QQ"l.it‘.!‘wv.;w.ééigh‘t Per Cé“t i
esr s ssar s v e ness e}
: I II :
. Carbon : 2;58 2.68
: Bilieon : 0.780 0.782
: Manganese : 0.19 0.21 :
: Sulfur : 0.03%4 0.032 :
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4, Ferro-silliecon, contalning 46 ver cent silicon as reported

by C.D.Foulke.

5. Cruched and powdered graphite.

The analytlical methods employed were, in zeneral, those that
have been recommended and approved by The American Soclety for
Testing Haterials. Some alterations were made, partieularily in
the case of sulfur where the iron was removed by precipitsation
with sodium carbonate solution before the sulfur was vprecipitated
with barium chloride solution as barium sulfate in an acld medium.

The carbon determination was made by direct combustion of the
sample in a stream of oxygen, usling an Ascarite tower as the ab-
gsorbent. The sodium blsmuthate method was used for the manganese.
The alkalal-acid titration method was used for phosphorus and the
nitric-sulfuric acld dehydration method was employed for the deter-
minstion of the sllicon. When available, Bureau of Standard samples
were analyzed ln e¢onjunctlion with the other analyses to gerve as a

check on the accuracy of the determlnation.
B. Preparation of the Alloys.

The alloys were prepared from the commerclal white cast iron
ag a bagse. Calculated amounts of ferro-molybdenum or ferro-chrome
were added to zivé the desired composlitlions. About 5000 arsms of
the white ceast lron were melted in a Flumbago cruclible by means of
& 3% kv. A)ax Horthup electric induction furnace. After the 1iron
had become molten the calculated quantitles of ferro-molybdenum
or ferro-chrome were added and the melt was thoroushly aglitated

with an Armeo iron rod. Shortly before the pouring, small amounts



of powdered araphlte and ferro-slliecon, equivalent to about 0.1
per cent of the total melt, were added to the melt to compensate
for any burning out of these two elements. The molten materlal
wag agaln stirred with an armcO rod and immedlstely poured into
mouldine sand to produce bares of sporoximately 5/8 inch in dia-
meter. The hars were allowed to co0l t0 near room temperature be-
fore bréaking oven the moulds. The pouring temperature, aes deter-
mined by & Leeds and Northup optiecal pyrometer, wae between 1300
and 1370°C. |

After coolines the bars were broken into convenlent slzes of
aoproximately one inech in length. One speclimen of about six lnches
in lenszth was reserved from each melt for chemical anaslysis. The
one ineh plecee were resgerved for subsequent heat treatment and
microscopical examination. The fracture was from gray-white to
white and many specimens showed a slight searegation towards the

center of the nlece.
c. Chemical Composition of the Alloys.

The composition of the molybdenum alloys is =ziven 1in Table
IV on pame 22. Table V shows the approximate composition of the
chromium and the chromium-molybdenum slloys.

The molybdenum was determined cravimetrically as lead molyb-
date. The other constituents were determined by the same methods
as were employed for the commerclal cast iron.

¥o anslysis was made of the chromium and@ the chromlum-molybde-
num alloys as it was found early in the investigation that gra§hit—

ization was completely stopped in those alloys containing chromium.
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It was felt to be a waste of time to make a routine anslysis of
the chromium contalining alloys in which there was no graphitiza-

tion up to 406 hours at 932°C.

TABLE IV

Kolybdenum Alloys.

".l.0&"Ql.ll.‘I.‘O"l"’"'ll.‘tl".'I...‘..O‘.l."...‘.t.‘.'.'
-

: H Weight Per Cent. :
:%elt ﬂa. ﬂ;..l.I‘t'ﬁ.‘.....‘..""‘...."‘.....‘.""‘Q."...:.
%"."""'.‘: Eio c Si ﬁn S P ;
: g-1-1 :0.921 279  0.780 o0.21  0.031  o.1485  :
: : 0.922 2.78 0,782 0.20 0.035  0.1490 :
: §-12-1  : 0.934 2.63 0,762 0.18 - -  0.1491 :
f : 0,029 2.7 0.770 0.20 - -  0.1497 :
: g=6-2 :1.84 2.51 0.792 0.19 0.03 0.1506 :
: . :1.86 2.52 0.820 0.721 0.038 0.1510 :
: §-11-2  : 1.85 2.62 0.857 O0.1T = -  0.1500 :
: .1.86 2.65 0.862 0.20 - -  0.1504 :
: geT-3 . 3.17  2.63 0.657 0.18 0.038 0.1491 :
: : 2.98 2.63 0.630 0.19 0.036 0.1506 :
P §-13-4 ! 4.09 2.55 0.650 0.22 0.034 0.1485 :
: : 4.11  2.61 0.64 0.19 0.036 0.1490 :
i §-14-5 : 4,95 2.58 0.610 0.21 0.0%3 0.1502 :
: : 4.96 2.63 0.620 0.19 0.032 0.1510 :

Samples of the molybdenum series, the chromium serles aﬁd the
chromiun~-molybdenum series were found to be extremely hard ae cast.
A zreat deal of difficulty was experlenced in oreparing them for
the chemical analysls.

In Table V, psge 23, are shown the calculated amounts of molyb-
denum and chromium as determined from the weight of ferro-molybdenum
and ferro-chrome that was added to the white cast iron bas® in the

preparation of the chromlum and the chromium-molybdenum alloys.
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TABLE V

Chromiun and Chromlum-Molybdenum Alloys.

: : Calculated Weight Per Cent &
: }éielt« NOA :n ooooo # & B 8 ® 2 B S 4 8 4 e P E E E et Ere to.q.to.‘.utctos;
5,",.......: Cr ¥o C Remarks :
. X=1 . 5 5 2-5 H
: X-2 3 5 2.5 H
. X=3 .1 5 2.5 :
. X-4 . 5 3 2.5 :
3 X~5 H 3 2.5 H
: X~-6 : 1 3 2.5 :
S . 5 1 2.5 :

X-8 ;3 1 2.5 :
. X-9 :o1 1 2.5 See Figure XII-o :
: X-10 3 3 2.5 Remnelt of X-5. No Si :
: added . :
: X-11 3 5 2.5 Remelt of X-1 + X~2. 6 :
: : gma Ferro-sllicon added:
: X=-12 i 1 5 2.5 Remelt of X-2 + ¥X~3. 6 :
: » : gus Ferro-silicon added:
: X~-13 i1 0 2.5 See Figure XII-a :
. X-14  : 3 0 2.5 :

X-15 : 5 O 2.5

The fractures of the samples from the above geries were gray
to white with & slightly greater tendency towards gray than those

of the series contalining only molybdenum.
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D, Heat Treatment.

As previously ststed, the purpose of thils investligation was to
determine the effect of molybdenum, from one to five per cent com-
vosltions, and chromium covering the same ranse of composltions,
together with combined compositions of molybdenum and chromium
from one to flve per cent of each element, upon the rates of
graphitization after a2 predetermined heat treatment.

The heat treatment was made in a hump annealinz furnace. The
temperature of this furnace was controlled and recorded by & Leeds
and Horthup Automatle Recorder. Iron-Constantan thermocouples were
employed and these were replaced every twenty-four hours at the
932°C range and every forty-eight hours at the lower range of T04°C.
The temperatures were Ifrequently checked by a Leeds and Northup
Student Potentiometer. The sanples under treatment were packed in
2 x 8 inch iron zas pipes, capped at one end, or in small Plumbago
erucibles. Gas carbon of about 20 mesh was employed as the packing
materiagl. Thls was to partially check the decarburizatlon of the
sasxmples that were held at the elevated temperstures for long per-
lods. In splte of these preagutions, aporeciable decarburlzation was
geen at the surface of the samples.

In the preliminary study the samples were removed from the fur-~
nace £0 the alr and allowed to cool in the carbon pack. In the flnal
treatmnents the samples were allowed to cool in the furnace to &
temperature of 450°C before removing to the air for the cooling to
to room temperature.

Furthur oconsideration of the chromium contalning alloys may be
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dispoged of st this noint with the statement thet no decomposi-.
tlon of cenmentite, either primary or secondary stases, occurred
after 406 hours at 932°C and 257 hours at TO4°C. These conclusions
are confirmed by reference to the photomicrOQfaphs ag shown in
Fieures XII-a,b,c,d and XIII~-a,b. The remainder of this revort will
be devoted to the considerastion of those alloys whicech contaln only
the molybdenum as the element added to the white cast iron base.

A nreliminary series of heat treatuents was mnade by polacing in
the furnasce seven contalners, each consisting of a specimen of the
commercial white cast iron and of each melt of different molybdenum
conposition., The furnace was allowed to sttain a temperature of
9%2°C vefore the containers were introduced. Counting from the time
that the furnace asalin resched 932°C after the samples were intro-

duced, a contalner wagm removed at the following lntervsasls:

1/2 hour. 10 hours. 48 hnours.
74 hours. 100 houre. 202 hours.
257 hours.

Upon removal at the stated ilntervals the samples were zround
down on the rouch emery wheel to a depth of 1/8 to 3/16 inch to
remove ahnormal surfsce conditions. The samples were then polished
and examnined mieroscovlically in both the unetched and etched condl-
tion. The etching was done by emersion of the pollished surface of
the samples in an ethyl alcohol-nitric zcld mixture (5 ver cent of
concentrated nitric acld by volume) for such a lensth of tlue that
would show the structure of the metal to the best advantage. The
molybdenum alleoys usually required from thirty to rifty seconds to

obtain the best results. The aporoxintate tiue reculred for the
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primary staqé of zraphitlization at 932°C for each molybdenum compo-
gsltion was thus determined.

71ith the approximate time found, the above procedure was re-
peated untll the exact time required (+ or - 5 hours) was determin~
ed for complete zranhitization of the massive cementlite for each
composition at the elevated temperature of 932°C. In order to avold
any dlserevancles, at least four samples of each compositlon were
ziven the predetermined treatuent at 932°C.

The next step in the investization was to determine the tlme
requlred for the sscond stage of graphitlization or the complete de-
composltion of the vearlite structure at 704°C. A simllar oroecedure
wag followed as was done in determining the time required for the
primary stace at 9%2°¢, The samples, which hed oreviously been
ziven the required treatment at 932°C, were vlaced in the‘furnace
at 932°C and held at this temperature for one-half hour. The fur-
nace was then allowed t0 cool at a2 controlled rate of 18.5°C per
hour until a temperature of 704°C had been reached. This tempera-
ture was then msintalned and samples were removed at approxlmately
tventy-four hour intervals and examined mleroscopliecslly to deter-
mine the progregse of the sraphitization in the second stare. When
the prover time for each composition was definltely determined all
gspecimens were returned to the furnace at proper intervals to in-
sure that all sanples of the same composgition would have the same
time a8t 7TO4°C. Then the required time had elapsed, the furnace was
cooled under control from TO4°C to 450°C at a rate of 6.8°C per
hour. The esamples were then removed from the furnace and allowed to

.00l $0 room temperature in the carbon pack.
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Table VI elves a complete summnary of the heat treatuent for
reovregentatlive samples of each melt of varying molybdenum content.
TASLE VI

LI AR S R B B S I I T U I N IR Y SR NG I B I A Y N A Y I N S A N B TN U N S

Sanple Total Hrs. Total Hrs. Photosrranh shown:

:Melt No. No. at 932%. at 704°C. in Figure:-
: §-1-1 32 65 76 - - - :
: 8~1-1 T 15 38 - - - :
: 8=12-1 14 8 99 - - - .
: 8=12-1 33 65 125 - - - :
: 5-1-1 51 T4 124 Ill-b,ec,d. :
H S’l"l 13 80 1% - - - :
i 8=12-1 52 T4 0 I1-4. :
: Selo-1 1058 202 0 - - - :
: Se-l-1 87 100 0 11I-a :
: S=6-2 24 89 160 - - - :
: 8-11=2 75 89 160 V-b,c,d. :
: 8=11-2 71 103 122 - - - :
: B=6-2 15 104 147 - - - :
: 8=6-2 88 100 - 149 - - - :
: 8=6-2 53 101 148 - - - :
: 8-11-2 54 101 172 - - - :
: 8-11-2 16 104 0 - - - :
: §=11-2 106 202 0 - - - :
: S5-7-3 17 153 223 - - - :
: 8-7-3 T2 151 196 Vvii-b,c,d. :
: 8-T=3 89 155 197 - - - :
: 5-T-3 55 153 174 - - - :
1 B=13-4 90 203 174 - - - :
1 B=13%=4 18 205 198 - - - :
: S=13-4 T3 200 198 - - - :
: S=13~-4 56 201 223 - -- :
: S-13%-4 108 202 ' 247 I%-b,c,d. :
: S=14-5 57 52 198 - - - :
: 8=14-5 91 K2 223 - =" :
: S-14-5 T4 a2 47 XI-b,c,d. :
: S5=14-5 109 37 47 - - - :
: Cagt Fe C-92B 65 , 100 XII-c,d. XIV=-a :
: Caet Fe C-110B 202 148 - - - :
: Cast Fe C-921 T0 0 - - - :
: Cast Pe (£-1101 229 6] - - - :

.
EOE B A A S I A B A A A AR B R I S A N I B AR s & e v ® e 2 3 £ P S 4 s e e & e 9 e " o0 e

After undereoine the above treatment, the samples were then
ready for the finasl mleroscopleal examlnatlion and photographic
study. Those that were photographed for permanent record are in-

dicated in the above table by reference to the proper figure.



In each case the samplee listed in the prece#ding table were

the carbon pack.

Table VII shows the heat treatment that wasg ziven a few rep-
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In Table VIII, above, is given a sumaary of heat treatment of

Sample
ﬂct
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TABLE VII
) Toial Hrs.
at 932°¢

oooooooooooooo

80
104
153
205
257

« e ® e 9

932°C and allowed to air cool in the <as carbon pack.

L2 IR T B A ..

cooled from 9%2°C to TO4°C at the rate of 18.5°C per hour and
were cooled from 704°C to 450°C at the rate of 6.8°C per hour.

They were then removed from the furnasce and allowed to alr cool in

resentative samples at 932°C only. The time indicated 1le the ap-
proximate number of hours required for the primary stage of the

graphitization. These samples were all removed from the furnsace at
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Photoaraph Shown

in Flzure: -~

LR Y s e 8 6 8. * » & @

IIl-c
IV-b
Vi-c
VIII-c
X=c

e a0

.
.

..

.
CEF A OE S A A I I L N I B B IR B O A N N A I I O I B A I B A A A A )

Cample
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90
91
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TARLE VIII
Total Hre.
at 932°C

ooooooo e e 2 e

100
100
100
100
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& few reoresentatlive samples at 932°C for T4 and 100 hours. These
are offered 1o lllustrate some of the Intermedlate stazes of heat
treatments. These samples were removed from the furnace at 932°C

and allowed to alr ceool in the carbon pack.
E. Photographlic Study.

A photoarsohiec record of the results obtalned in thle inves-
tizatlion is nregented 1n Flgures TI to XIV, pages 30 to 42, incla~
gilve, No attempt has bteen made to present a ohotomraph of every
sample prepared and studied. Only representstive photosraphs are
presented as are needed to show the structure of the alloys as
cast and durlng the prozress and completion of the two stames of
mraphitization. Such magnifications have been used as would ashow
the detalils of the structure of the alloys to the best sdvantage.
Photographs of the compietely graohitized white c¢ast lron are pre-
gsented ae a basis of comparison.

In order to conserve space, the followling evbreviations are
employed under each vhotogranh:

1. The letter H, following the number of hours, lndlcates a
temperature of 9%2°C {4 or ~ 6°C).

2. The letter A, following the nu@ber ol nours, indlcates a
temperature of T04°C (+ or - 6°C).

3. Unless otherwvlge indicated, all photogravhs represent sam-
nles that have been eteched ln ethyl alecohol-nitric acid
eteching solution.

4. A1l compositions for molybdenum are siven to the nearest
whole number.



(a) ¥o = 1 per cent. 125 X. (b) Mo = 1 per cent. 350 X.
: As Cast As Cast

{c) Mo = 1 per cent. 350 X. (d) Mo = 1 per cent. 550 X.
80 Brs. at H 74 Hre. at H

Sample No. 14 Sample No. 52

FIGURE I1



{a8) ¥o0 = 1 per cent. 550 X.

100 Hra. at H

Sample No. 87

y . .
N A
S e B

- o g 3T
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(e¢) Mo = 1 per cent.
T4 Hre. at H
124 Hra. at A

350 XK.

 Sample No. 51

(b) M0 = 1 per cent. 150 X.

{(a) Mo

FIGURE III

74 Hrs. at H
124 Hra. at A

Sample No. 51

= 1 per cent. 80 X

Hrg. at H

124 Hre. at A
UNETCHED

Sample No. 51
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(a) o = 2 per cent. 125 X. (b) Mo = 2 per cent. 350 X.
As Cast 104 Hrs. at H

Sample No. 16

" {e) Mo = 2 per cent. 350 X. (@) Mo = 2 per cent. 550 X.
: 74 Hrs. at H T4 Hra. at H
Sample No. 53 Sample No. 53

FIGURE IV



560 X. {b) Mo = 2 per cent. 150 X.
89 Hrs. at H

163 Hra. at A

{(a) Mo = 2 per cent.
100 Hrs., at H

Sample No, 88 Sample No. 35

(e¢) Mo = 2 per cent. 350 X. (@) ¥o = 2 per cent. 80 X.
. 89 Hre. at H 89 Hrs. at H
163 Hrs. at A 16% Hrs. at A
UNETCHED

Sanple No. 35 Sample Ro. 35

FIGURE V



{a) Mo = 3 per cent. 125 X. {b) Mo = 3 per cent. 350 X.
: is Cast As Cast

{e) Yo = B ver cent. 350 X. (d) Mo = 3 per cent. 5S50X.
153 Hrs. at H T4 Hrs. at H

Sample No. 55 Sample No. 55

PIGURE VI



{a) Yo = % ver cent. 550 X. (b) ¥o =

100 Hre., at H

Sample No. 89

3 per cent. 150 X.
151 Hrs. at H
196 Hrs. at A

Sample No. 72

{e) Mo = 3 per cent. 350 X. (4) Mo
151 Hrs, at H
196 Hrs. at A

Sample No. 72

FIGURE VII

= 3 per cent. 80 X.

151 Hre. at H
196 Hrs. at A
UNETCHED

Sample No. T2



{a) Mo = 4 per cent. 13 X. (b) Mo = 4 per cent. 350 X.
As Cast As Cast

(e) Yo = 4 per cent. 350 X. {(d) Mo = 4 per cent. 550 X.
: 20% Hrs. at H T4 Hrs. at H

Sample No. 18 Sample No. 56

FIGURE VIII
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{a) ¥o = 4 per cent. 550 X. {b) Mo = 4 per cent. 150 X.

100 Hre. at H 202 Hrs. at H
247 Hrs. at A
Sample No. 90 ' Sample No. 108

{(c) Mo = 4 per cent. 80 X. (@) Mo = 4 per cent. 350 X.
202 Hrs., at H 202 Hre. at H
247 Bra. a8t A 247 Hre. at A
UNETCHED
Sample No. 108 Sample No. 108

FIGURE IX
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{a) Mo = 5 per cent. 125 X. (b) X0 = 5 per cent. 350 X.
Ag Cast A8 Cast

{(c) ¥o = 5 per cent. 350 X. {(d) 1o = 5 per ecent. 550 X.
257 Bres. at H 74 Hrs. at H

Sample 109 Sample 57

FIGURE X



—39—

{a) Yo = 5 per cent. 550 X. {b) ¥o = 5 per cent. 150 X.
: 100 Hre. at H 252 Hre. at H
247 Hrs. at A
Sample No. 91 Sample No. T4

{e) Yo = 5 per cent. 80 X.

{d) %0 = 5 per cent. 350 X.
252 Hra. at H ‘ %2 Hre. at H
247 Brs. at A 247 Hrs. at A
UNE TCHED

Sample No. T4 Sample No. T4

FIGURE XI
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1 per cent. 150 X. {b) C

= 1 per cent. 150 %.
¥o = O per ecent. As Cast ¥o

O per cent.
406 Hre. at H
257 Hrs. at A

HH

Sample No. 102

1 per cent. 150 X. {(d) Cr = 1 per cent. 350 X.
1l per cent. Ag Cast Ho = O per cent.

406 Hre. at H

25T Hre. at A

(C) Cr =

Sample No. 102

FIGURE XI1I




‘a) Cr = 1 per cent. 150 X.

{(b) Cr = 1 per cent. 350 X.
Mo = 1 per cent. o = 1 per cent.
“406 Hrs. at H 406 Hrs. at H
257 Hre. at A

257 Hrae. at A

Sample No. 98 Sample No. 98

{c) Commercial Cast. 150 X.
65 Hrs. at H

(d) Commercial Cast. 350 X.
‘ H
100 Hra, at A

65 Hre. at
100 Hrs. at A

Sample Ho. C-92-B Sample No. C-92-R

FIGURE XIIX
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{a) Commercisl Cast. 80 X.
65 Hrs. at H
100 Hrs. at A
UNETCHED

Ssuple No. C~32-~B

FIGURE XIV
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The vhotographs given in Filgures XIlI-a,b,e¢,d and XIII-a,b are
Ziven in order to confirm the the coneclusions that graphitlzatlion
does not oecur in those alloys that contaln chromium, even as low
as 1 per cent.

Some diffliculty was experienced 1in obtalning c¢lear and sharp
vhotozraphs for thoge samples that requlired a high macnification.
However, these high masniflcations were necesgsary ln some cases
because of the fine grain structure lumparted to the alloys by the

addition of molybdenum.
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Iv, DISCUSSION OF RESULTS.

A. Practical Considerations.

The most optimum time required for the completlion of the pri-

mary and secondary stagea of graphitlzation 1s =<iven below in

Table X. The amounts of molybdenum and chromium are siven 1in round

numbers,
; TABLE X.

 Niey 1o, j.Tel@Rt Ter Gent. ‘Tiss for Coanlete Graphitizstion:
: o Cr At 932°C At TO4°C :
P s-1-1 1.00 0 75 to 80 hrs. 125 hrs. g
:  g-12-1 1.00 0 75 to 80 hrs. 125 hrs. :
. 5-6-2 2.00 0 90 to 100 hrs. 160 to 165 hrs. :
L s-11-2 2.00 0 90 to0 100 hrs. 160 to 165 hrs. :
873 3.00 0 150 to 155 hre. 195 to 200 hrs. :
i S=13%=-4 4.00 0 20 to 205 hrs. 245 to 250 hrs. :
; 8=14-5 5.00 0 Ineomp. 255 hrs. Incomp. 250 hrs. E
. Com. Cast O© 0 60 to 65 hrs. 100 to 105 hrs. g
. x-9 1.00 1.00  None at 406 hrs. None at 255 hrs. :
; X=-1% | 0 1.00 None at 406 hrs. None at 255 hrs. :

-
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An accurscy no closer than plus or minus six hours 1s claimed
for these results. These are well within the limitse of experimental
error that are characteristie of an investigatlon of this type.

In Figures XV and XVI, pases 45 and 46 respectlively, are shown

three curves. Curve 1, Figure XV, is the result of plotting the
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magnitude of the molybdenum compositions against the number of
hours required for complete graphitization at 932°C. Curve 2 of
Figure XV is the result for the same procedure at 704°C. The values
for the co&mereial east lron are taken for the zero molybdenum com-
position.

In Table XI, below, are tabulated the results obtained for each
molybdenum composition by dividing the time for the secondary stage
of graphitization at 704°C by the time required for the primary
stage at 932°C.

TABLE XI.

I S I O I I IR B I AR IR N A A B SR AN S R A I NI B e A S AP N A R 1

: Per Cent Ho.! Ratlo: Time at 704°C/Time at 932°C :
:q.chtblulnouangcnaccbo!inot‘oIGCOOQOQQODQaooo--.oooz

: 0.00 : 1.67 :
: 1.00 : 1.67 ;
: 2.00 ; 1.60 :
: 3.00 1.33 :
; 4 .00 ; 1.19 :
; 5.00 : Indeterminate :

" .
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The curve obtained by plotting these values 1s 1lllustrated 1in
Firure XVI on page 46. A1l the values fall very nearly on a smooth
curve with the exception of that for three per cent molybdenunm.

The curves i1llustrated in Fileures XV and XVI mlve evidence 1n
support of the conclusionz that the rates of graphltizatlon, both
the primary and secondary stages, are in an lnverse ratio to the
vercentage of molybdenum present in the alloys.

One of the most strikine features of these molybdenum cast

irons 18 the spparent refinement of the graln structure of the
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completely araphitlized speclmens as oompared to the commerclal
white cast iron which has been econverted to the same conditions.
This 1s shown quite clearly by reference to Fisures III-b, V-b,
ViI-b, IX~-b and XIII-c, the latter belne the commerclal cast 1lron.
Thié small graln structure is a contributling cause to the toughness
and‘greater tenslle strenzth of the molybdenum contalning alloya.
This type of grain structure also results in greater hardness in
comparison to the product from the commercial white cast iron.

Because no information of practical value woulé be obtained, no
heat treatment for the secondary stage of graphitizatlion at T04°C
was carried out beyond 255 hours. For this interval the decomposi-
tion of the pesarllite was quite incomplete for the five per cent
molybdenum alloy. Thls would indicate that the slope of curve 2 in
Figure XV approaches 1nfinity as the molybdenum content ls Increased
beyondﬂfive per cent. ¥hile s 255 hour heat treatment for the flve
per cent alloy at 932°C bringe more positive results for the primary
stage than was found for the secondary stage at TO4°C, yet the de-
compositlon of the massive cementilte is quite incomplete. This may
be confirmed by reference to Figgrea X-¢ and XI-b,d.

The time required for the alloys from one to four per cent mo-
lybdenum may be seen by reference to Flegures I1II-b,c¢,d, V-b,ec,qd,
Vii-b,c,d and IX~b,c,d. The a-parts of Filgures VII and IX show much
massive cementite that remains undecomposed. Small amountae of this
cementite also remains at the end of 100 hours at 932°C for the one
and two per cent molybdenum content. This 1s shown in Filgures III-a
and V-a. Figures XIIlI-¢,b and XIV-a show a completely malleablized

speclimen of the commercilal white east iron that was employed as a
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bage 1n the preparstion of the molybdenum slloye. The larger grain
structure, in comparlison to the molybdenum alloys, may be especlal-
1y noted,

For observstlone of the lnceomplete eraphitization of the pri-
nary stage, reference may be made to Figures IV-a,b, VI-4, VIiIi-a,
Viii-d4, IX-a, X-4 and XI-a. Figures XII-b,4 snd XIII-a,b show the
absence of grapvhitization for those samples which contaln chromium.

The structuresof the alloys as cast are plctured in Figures
Il1-a,b, IV~-a, Vi-a,b, VIII-a,b, X~a,b and XII-a,c. These all show
guite similar structure with the excentlon that the masslve cementite
flelds appvear t0 be divided into a ereater number of smaller areas
ag the molybdenum content increases.

¥hile these alloys were very hard and tough as cast, the hard-
ness was partlslly destroyed by holding samples at 932°C for one
hour and air cooling in the carbon pack. However, these nropertles
could be improved by quenching in cold water rather than cooling in

the air. A martinsitlic structure seemed L0 predomingte.

B. Some Theoretlcal Conslderations.

The question may arise as to the probabllity of predicting the
effect of elements in general and of molybdenum and chromlum 1n
partioular upon the graphlitlzetion of white cast 1ron. Several
theories have been pronosed. However, we may safely assume the fol-
lowing fundamental chemical equation for the graphlitizatlion process:

(1) FegC == 3Fe + C

For actusl overating eonditions involved in the graphitlzatlion
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of white cast lron, the followine modified form of the general

free enersy may be applied:

(2)~AF = RT (1n K - 1n —{20)_(8Fe)® )
| (ape,c) %

In the pure iron-earbon alloys, the activities of the carbon,
iron and iron carblde may be assumed to be unity and the second term
in equation (2) becomes zero. However, dlfferent conditions would
result should an added element affect the actlivity of the iron or
the iron carbide. The activity of the free carbon le zenerally as-
sumed to be independent of the slloying elements.

¥hen sillcon 18 added to an iron-carbon alloy, such as white
capt iron, the silicon is dissolved in the iron to form & s0l1id solu-
tion. The activity of the iron becomes lees than unity and-AF bve-
comesg more positive. The decomposition of FeaC 1s favored according
to equation (2). This 1s in accord with experimental evidence, where-
by silicon promotes the sraphitlization of white esst iron.

Chromlum shows a marked tendency for carbide formation. In the
development of the chromlum-carbon phase diasgram, Ruff and Foehr (26)
have shown the formation of at least three carbides of chromium, viz.,
CrgCga, Cr g and Crgl,. Moissan (27) has shown the exlstence of an
additional carblde, Cr . The existence of CmCs has been shown by
the X-ray studles of Westgren and Phragmen (28). Evidence of the
formation of a double carbide of iron and chromlum, Fe Ls,CrgCy, has
been offered by Raffo and Sambucety (21).

With this informatiom avallable, we would exvect that if ohrom-

ium is added to white cast lron the activity of the FegC would be
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lowered below unity. This would resgult in-AF , for equation (2),
becoming less positive. The tendency for the decomposition of the
iron carblde, sccording to equation (1), would be less and the
reaction should eventually proceed to the left and favor the for-
mation of the carbide when-—-AF has become negative. This predle~
tion 1s 1ln accord with the results found in this investization and
the resulte as reported by Foulke (10).

In general, those elements which form s0l1d solutione with the
iron have been found to promote grachitization, due to the lowering
of the sctivity of the lron according to the explanation just given.
The elements that show & tendency for carbide formation are known to
inhibit or completely stop the mechaniem of eraphitization.

This paper hag shown that molybdenum decreases the rate of the
graﬁhitizatiom process. However, it 1s not completely stopped until
the molybdenum content exceeds flve per cent. According to Takel and
¥urakami (16), iron and molybdenum form solld solutions within the
ranzes eaployed In thlis oroblem for pure iron-molybdenum slloys. But
from the resulte found in this inveatligation, ;t geems that the mo-
lybdenum for the most part 1s assoclated with the carbide. Little 1is
known concerning the compounds of molybdenum and carbon except the
report of Neuburger (29) on the exlstence of a carblde, 504C. The
literature offers no informatlon eoncerning the possible ternsry
compoundg of iron-molyhdenum=-carbon.

If the molybdenum is wholly or in psrt assoclated wlth the car-
bide,— AF would become less positive and the tendenecy for the de-
composition of the Fey,{, accordinzg to equation (1), would be less.
This mechanism has been confirmed by the experimental results that

have been obtalned in this investigatlon.



v. CONCLUSIONS AND SUMMARY.

1. 2 study has been made of the quantitative effect of
molybdenum upon the decomposition of iron carbide in the mallea-
blizatlion process for white cast iron. dolybdenum contents from
one to five per cent were employed.

2. It has been shown that the rates of graphitization for both
gecondary and primary stages definitely decrease with an 1increase
of the molybdenum content. The secondary stege is practically neg-
ligible for the flive per cent molybdenum alloy over a time interval
of 255 hours.

3. Definite time requirements for the primary and secondary
stages of graphitization have been determlnéd for each molybdenum
composition. These results are shown in tablee in thelr proper
sequence.

4, It hae been shown that the presence of molybdenum results in
a positive refinement of the zrain structure.

5. Ho sttempt has been made to correlate the physical properties
of the alloys with the chemlcal compositlon except the observations
that were made during the breaking, srinding and polishing of the
samples. Such obgervations have led to the bellef that molybdenum
imparts incressed hardness, toughness and tensile strength to the
malleablized iron.

6. The effeet of chromium, alone and 1n combination with molyb-
denum, upon the rates for the decomposition of iron carbide 1n
white cast iron has been determined. It has been found that the
graphitization is completely stopped in all alloys containing

chromium from one to five per cent.
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7. Photographs have been included to show the effects of mo-
lybdenum, chromium and molybdenum-chromium combinations.

8. The general free enerzy equation has been spplied in the
theoretlcal predlection of the effects of selected elements on the
rates of graphitization of commercial white cast iron. Experlment-
al evidence offers confirmation t¢o these theoretlcal predictions.

9. A gener@l review of the literature, as aorlled to the-
effects of varlous elements on graphlitization rates, has been

ziven. A comprshensive blbliozraphy is appended.
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