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THE EPPECQ? OP CHRCMIDM OF .VHIIE CAST IHCI 

I. iraODUCTIOK 

ilfhite cast iron is essentially an alley of iron 7/itli 

more than 1.7% carbon and varying but rather limited amounts 

of silicon, manganese, sulphur and phosphorus. Quite often 

one or more special elements, such as nickel, chromium, 

molybdenum, aluminum, etc., are present, being added to 

the molten iron for physical improvement or, in some eases, 

gaining entrance through the use of scrap iron and steel. 

Structurally, vyhite cast iron consists of cementite 

embedded in a matrix of pearlite, resulting in the combin

ation of all the carbon present. The presence of excess 

cementite renders this form of cast iron very hard and of 

low shock resistance. Therefore, in order to be of any com

mercial value, the iron must be given a suitable heat treat

ment producing a- soft and ductile alloy. 

Poundrymen are q[uite familiar with the fact that the 

use of scrap in making up the melt for white cast iron must 

be done judiciously. The presence of chromium in many grades 

Ox scrap is one of the primary factors contributing to this 

fact. It has been quite definitely established by several 

investigators that chromium greatly inhibits the proper an
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nealing of white oast iron.. 

The present study T/as undertaken with a two-fold object 

in view: Pirst, to make a quantitative study of the effect 

of chromium•on graphitization rates of white cast ironj and, 

second, to determine the graphitization rates and microstruct-

ure of alloys containing constant amounts of chromium with 

varying amounts of silicon. 
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II. HI3TCEICAL 

A. The Graph!tization of White Cast Iron. 

!!?he graphitization of white east iron is essentially 

the ccnveraicn of the combined carfcon into free temper car

bon and soft ductile ferrite. Both Hayes (7) and Honda (9) 

have proposed a theory as to the mechanism of this conversion. 

According to ifeyes (7), graphitization takes place in two 

stages. Pirst, by holding the iron at a temperature xvell 

above the Acl point for a sufficient length of time and by 

cooling slowly from this high temperature to the eutectcid, 

the free or massive ceraentite is graphitized with the pro

duction of free carbon. Second, the remaining combined carbon 

is graphitized by holding the alloy at a temperature corres

ponding to or slightly below the A1 point. 

Although there are seme differences of opinion as to the 

ezact mechanisni of graphitization of white cast iron, it is 

quite generally agreed that the rate at which graphitization 

proceeds is influenced by several factors. 

B. The Effect of Physical Pactors. 

The data of Eilmta (14), showing the effect of the pour

ing temperature on the rate of graphitisation during the first 

stage are shown in Table I. This alloy contains 2.70 per cent 
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carton, ̂ 90} silicon, and was poured in a dry sand mould. 

TABLE I 
THE EPPECT CP POURING 'TEf^PEHATUKE 
CI PIBST STAGE GBAPHITIZATICK 

; Pouring temperature 
Time required to complete, the : 

first stage of graphitization. : 

 ̂1300" C. (2372"?.) 5 hours 0 minutes : 

: 1350"0. (2462°F.) 5 30 ^ 

1 1400"C. (2552°P,} 6 20 : 

r 1450®C. (2642°?.) 7 0 1 

J 1500°C. (2732°P.) 8 0 J 

: 1550°C. {2822°!'.) 8 20 : 

Table II, after Kikuta (14) shows the effect of the cool

ing period on the rate of graphitisation, "both at 9£5C. and 

at the eutectoido This alloy contained 2.17/0 cax^lion and 1»075«» 

silicon, 
TABLE II-

THE EPPECT CP CCOLIHG PERIOS 
CN GHAPHITISATIOH HATES 

r Temperature of mould 
Time to complete graphitization : 

r Temperature of mould Time at 925®C. Time at eutectoid : 

: Green sand 

: Dry sand 

: Sand at 400" C.( 752"?.) 

: Sand at 600"C.(1112°?.} 

: Sand at SOO^C.(1472®Pj 

: Sand at 1]J30®C. {1832 "'P.) 

5 hrs.O mina 

6 0 

7 30 

9 .0. 

9 20 

10 0 

15 hrs, 0 mins. : 

22 0 i 

21 0 5 

22 0 : 

« 

» 
• 
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5?h,e effoct of different annealing temperatures upon 

the time required for the graphitization of an alloy contain

ing 2.725?o carbon and l,29^b silicon are shown in Ratios III 

and IV. These data are also taken from the work of Kikuta (14)« 

TA3IE III 
THE EFJTECT CF AmEALIIG TEJ/IPERATUHE 

01 PIH3T STAGE GRAPHITIZATICE 

:Annealing temperature 
Time to complete first • 
stage of graphitization • 

; 875° C. (1607''F.) 

1 900° C. (165E®J'.) 

*: 925° C. (1691°FJ 

950°C. (1742''J'.) 

; 975''C. (1787''F.) 

9 hours 0 minutes : 

4 30 : 

2 50 : 

2 0 : 

1 20 : 

TABIE lY 
THE EFWECT CP AMEALIIG TEMPEHATURE 
OU SECCUD STAGE GBAPHITI2ATI0II 

:Annealing temperature 
Time to complete second • 
stage of graphitisation [ 

730̂ 0. (1346"P.) 

J 710° C, (1310®i\) 

; 690"C, (1274°P.) 

: 670''C. (1238®J".) 

: 650°C. (1202°J'.) 

4 hours 0 minutes : 

5 0 i 

6 20 i 

8 0 : 

11 0 : 
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This same factor has "been studied "by 'ifhite (24), 

Hayes (8), and Plandors. \mite found that the logarithm 

cf the time reiiuired at the high temperature for the graphi-

tisation of free oarhide hears a straight line relation to 

the temperature. The results cf Hayes and of Kilmta show 

the same relationship. 

C. ghe Effect of Chemical Composition* 

When the ^?ork of Hayes ana Diederichs on the production 

of malleafcle iron oy using a shortened annealing cycle was 

in progress in this laboratory, it hecame apparent that the 

common elements as well as any special elements present in 

the cast iron affected the rate cf graphitisaticn. In 19E5 

Hayes (8) and Flanders studied the effect of sulphur on the 

rate of graphitisaticn. Schwartz (El) and Guiler determined 

quantitatively the effects of different concentrations of al

loying elements on graphitization. liach of the elements 

antimony, "boron, cerium, chromium, molybdenum, selenium, 

tellurium and tin were found to have a deleterious effect 

on commercial graphitization. Mkuta (14) investigated the 

effects of the common elements, carbon, silicon, manganese, 

sulphur and phosphorus, found in commercial white cast iron, 

on rates of graphitiaation both in the first and second stages 

Sawamura (20), in an extensive study, has determined the 
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effects of the special elements aluminum, nickle, copper, 

cobalt, gold, platinum, titanium, chromium, tungsten, molyl)-

denum, and vanadium in aadition to the four common elements 

silicon, manganese, sulphur-and phosphorus. 

It seems to he quite generally agreed among investigators 

that of the common elements found in virhite cast iron, silicon 

is a very powerful promoter of graphitisation. However, there 

is an upper limit ahove which silicon should net rise because 

of its great tendency to produce free or pritmry graphite dur

ing solidification of the metalo 

Other factors heing equal, the silicon content should 

vary inversely with the carhon content, that is, the higher 

the carhon the lower the silicon. Otherwise there will he a 

tendency for primary graphitic separation. 

Manganese-retards the graphitization of white cast iron, 

especially during the second stage. Kitoita recommends a con

tent of less than .5^ of that element for good hlack-heart 

ma-lleable iron. 

Sulphur also retards the rate of graphitization in the 

second stage, and to an even greater extent than manganese. 

3awamura (20) states that phosphorus favors graphitization 

of white cast iron, reaching a maximum effect at ahout 1»2% of 

the element. Further increase of phosphorus, however, pro-

3-uoeg no increase in graphitization. 
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As regards the effocts of special elements upon the 

graphitisation rates of white east iron, it may "be stated 

that, in general, those elements which ivhen present form either 

single or doulile carbides with iron, retard graphitization. 

(Those elements which do not form carbides, but rather go into 

solid solution with the iron, promote graphitization. 

5. Alloys of the Iron-Chromium-Carbon System. 

0?he earliest work on the iron-chromium equilibrium diagram 

is that of Treitschke and Tammann (23), The irregularities noted 

in the liquidus curve pointed toward the gradual formation cf a 

compound, such that the system behaved as a pseudo-ternary system. 

Janecke (12), from his thermal data and microsections, con

cluded that the tv/o metals, iron and chromium, form a simple 

eutectiferous series as shown in ITlgure I. 

I500 

400 

80 100 60 40 . 20 O 
CHROMIUM 

Figure I. The Iron-Chromium System 
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Murakami (18) attriliutes the presence of the apparent 

eutectic, which he found in seme iron-chromium alloys, to 

lack of diffusion during aolidification. He concludes that 

the two metals, iron and chromium, form a complete series of 

solid solutions. 

3ome years ago. Bain, (1) "by means of the z~ray, investi

gated a series of iron-chromium alloys of various compositions 

which had heen rapidly cooled near the melting point. A single 

metallic phase, having the body-centered cubic arrangement, 

characteristic of both iron and chromium atoms, was found. 

Bain also fotmd that the addition of 13/o chromium to carbon

less iron suppressed the gamma transformation causing the alpha 

and delta modifications to completely merge. His diagram show

ing the effect of chromium on the gamma transition is reproduced 

in Pigure II. 

i 
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I k ''̂ 00 
\ • 
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I u 

cy<s/tp: 
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^ostenite. 
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 ̂ 2SX 3̂0%  ̂

Pigure II. Effect of Chromium on the Gamma Transition 
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Bilaurer (16), using a Saladln differential thermocouple 

rocorder, obtained the diagram shovm in Il'igu.re III, show

ing the effect of chromiutn on the gamma transfomotion and 

on the magnetic change point. 

O 
0 

\A00 

!I00 

\100 

0 1000 
i. 
2 300 
C3 

800 O-

^ 100 
h 

coo 

N,; CA 

% 

\ 

T-U •on \ 
% 1 
1 
t 

AC 

0 4 8 tc ro 7A 
Chromium per c«nt 

Figure III. Effect of Chromiura on the Gamma 
Transition and Magnetic Change. 

The liguidus of the chromium-cartion system vra.3 deter

mined by Ruff and Poehr (19). The carbide CrsCg, containing 

8.5^ carbon, and chromium solid solution of 0,5% carbon form 

an eutectic containing 9.3% oarbon. Their diagram is shown 

in Figure 17. 
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Murakami (18) differs with Ruff and Foehr as to the 

carbide which forms the eutectic. He states that the com

pound Gr^C and chromium form an eutectic alloy containing 

1,7% carbon. 

2400* 

3200* 

2000* 

laoo* 

1600* 

I • 

!i 
! 1400 

I: I- . 

{; 0 S 4 6 S 10 12 14 16 

I PERCENT CARBON 

Mgure lY. Liquidus of the Chromium-Carbon System 

Monypenny (17) has determined the influence of chromium 

on the aolubility of cementite and of the pearlitic carbide. 

In Figure V the full lines represent the solubility of cementite 

and the dotted lines that of the pearlitic carbide. Pigure Yi» 

i after Monypenny, shows the carbon content of the eutectoid for 

J varying amounts of chromium. 
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THC IWNUTNCE OR CMWOMIUW ON THT SOLUBILITV 

OF CCMCNTITT. 

I12%CA 

36%CR 

CAABON 
IQ 12 M 

J'igare V. The Influence of Chromium on the Solubility 
of Cementite and Pearlitic Carbide, 

\ 
\ 

T A 

1 

A 
LNNW«I»R« •* CWWX'Y"* \ 

mt 

Figure 71. !Dhe Effect of Chromium on the 
Carbon Content of the Eutectoid. 
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SriVGbok and Grossmann (15) examined the changes in 

micro structure produced in alleys of iron-chrorniutn-car'bon 

"by increasing the chromium up to 35^ and varying carhon up 

to Oi.60%, Their sectional views of the ternary constitutional 

diagram (Figures Tlla and Vllh) show that, with increase of 

chromium content , the shaded region above in v?hich austenite 

is associated with delta iron, approaches the shaded region 

below, in which austenite is in equilibrium with alpha iron. 

The two areas become continuous, as shown,when chromium is 

in excess of 18^. 

Goerens and Stadeler (5} found that with increasing 

quantities of chromium, the per cent of carbon corresponding 

to the eutectic increases. With chromium rising from 0,fo 

to 66.^, the carbon rises from 4$ to 9,2^. The melting point 

is not affected until a percentage of 10.4^ chromium is 

reached, after which the melting point is gradually increased. 

^ In alloys of over El^ chromium, the pearlite point disappears. 
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I 

5%Cr 

m % 

laVoCr I 

i 

\ I 

33%Cr 

Mgures Vila and Vllb. Sectional Viev/s of the 
Iron-chromiuai-carbon system 



www.manaraa.com

-18-

Chromium has the effect of opposing both the disinte-

•} gration and the reconstitution of cementite, so that it raises 

/the AT range and lowers the Ac range. Each 0.10^ chromium up 

/ to 00 raises Acl "by about Z degrees C. ]?our per cent chromium* 

therefore, will raise.the Acl of a 0,5% carbon alloy from 720 C. 

to 800 C. 

In a mild steel with 0.2% carbon, a 5% addition of chromium 

will cause ArS to coincide v/ith Arl. One of the principal ef

fects of chromium is tC; decrease the rate at v/hich the trans

formations take place. Ihis promotes stability of the austen-

ite and mrtensite, so that chromium tends to produce great 

hardness. Chromium also tends to increase the hysteretic gap, 

though not to such an extent as to produce irreversible steels. 

The influence of chromium on cast iron, particularly gray 

cast iron, has been studied by many investigators. Perhaps 

the earliest work is that of Keep (IS), who employed chromium 

additions up to 2^ in gray cast iron, Kie strength was slight

ly increased by chromium additions up to 1^, but decreased 

with further additions. Hurst (11) states that in a cast iron 

containing 1% silicon, an addition of 0.95& chromium rendered 

the fracturo quite mottled, v/hile in an iron containing 1,5% 

silicon, the fracture VTas rendered perfectly white by the ad

dition of 00 chromium. Drastic annealing at a temperature of 
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900"C. to 350®(1652 So 1742 degreos F.) failed uO proSucQ 

grapliitiQ In tlicae alloys- Î urtber cxporlir̂ eiit3 by Hurst 

sIiOiTed that an incresao in silicon rapidlor reduccd tho ata-

fcilStj of ^liG carbide. 'I'yst liara Gontainl-iig 3,5vi silicon 

and as ;Huch as 7:»5 to G^Sla cf ctirorniuja vvoi-e fennel to bo graph-

itic, an?, cculd lie filed and arillcd -.vlth soae ali'ficult̂ . ii 

ea?t iron ccntairdng S.IS/S silicon an.;l 6.04^ cliroaiuni, gave a 

Brinell figure of 460 on a sand oast "bar, ana a ebill~ca?3t 

bar ccul-2 be filod tvitli dil'fieulty. Tho sa^im allo^ containing 

1.46^ silicon ts?as glass hard and of white fracture v?ith no sign 

of grapMto. 

3malloy*a (22) invostigations, using ordjnary gray iron 

iffith clirojaiudi additions, ;>hovired that offixll aAditlona of O.ll̂ Ii 

and 0«85>4 chroailua increased the atrength and hardness slight

ly, aith 0,'7Q^ chrci'Qiusi the tensile strength foil to that ob-

tainod frca an crdinarsr gray iron, the trans's'erse strength 

mo little affectod, hut the Brinoll l'i0a,ra m.s raised 40 

points, 

iionaldacri'3 (2) investigations shoinr that addit-lonii oH 

0.1^1 and 0.32"^ chroaiusa to a good cyliiider iron give an 

ineraase cf and 10/a in strength and 5;^ and ll^-S in Brlneli 

hardness, roapeetiYGly. Chroiaiuni to tho e:itont of 0,39/a 

hindered growth cx cast Iron to a :nuch greater degree than 

manganese,-
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Hie effect: of chroiaiuiii additions to malleable cast iron 

has not been studied as thoroughly as has been the ease with 

gray east iron. This, no doubt, is due to the very great 

stabilizing eficct upon the carbide produced by small ad

ditions of chromium, thus necessitating a greater annealing 

period. Makers of malleable iron castings seem to agree that 

the presence of chromium is injurious tc the quality of their 

product. It is said to give a picture frame structure "fyhich 

fesults in lov/ tensile strength and elongation. 

Gilmore (4) states that about 0,25% chromium added to 

nornaal malleable is effective in holding a pearlitic matrix 

{about ,80/^ combined carbon) after annealing. 

Hurren (10), in discussing the effects of common elements 

on white heart malleable, states that chromium appears to have 

an action similar to that which it exerts on gray iron; namely, 

tc increase the stability of the combined carbon. 

Schwartz and Guiler (21) mention some experiments on the 

annealing of nearly silicon free alloys, 'These alloys contain 

less than .05% silicon, about .02^ phosphorus, .043^ sulphur 

and .165^ chromium. One alloy, washed metal, contained no man

ganese, another contained ,25^ of that element. Neither of 

these alloys shovyed the slightest trace of free carbon, chemi

cally or microscopically, after 2075 hours (about three months) 
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at 1650 degrees P. {900 degrees C.) Shia distinct stability 

of the carhido was attributed to the approiciaate absence of 

silicon rather than to the presence of chromium. Speaking 

on qualitative evidence only, the writers said they would 

not expect a commercially noticeable effect below .02^ 

chromium, and would feel that at .05 to *07}o chromiuiQ only 

an extremely slight retardation of annealing might be noticed. 

Toward .10^, they state the inatter would grow serious, while at 

.E5;C the process vTOUld probably become commercially inoperative. 

Evans and Peace (5), in discussing the effects of chromium 

on black heart malleable, state that chromium definitoly re

tards annealing even in as small an amount as ,Olfo, Most pig 

iron, they say, contains chromium in quantities up to .10)o; 

therefore, care must be taken in the choice of pig iron. !I?he 

same authors state that higher chromium content is permissible 

in white heart malleable than in black heart malleable, as its 

stabilizing effect upon the carbide is not so detrimental. Up 

to a certain amount, the effect is even beneficial. Quantities 

above .20;^, however, appear to reduce the rate of decarburisa-

tion. 

Hadfield (6) says the action of chromium on cast iron is 

probably twofold; 

1« By crystallizing with the carbide it renders the com

bined carbon more stable. The addition of chromium, therefore. 
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tends to harden cast iron, and v/ill be found to increase the 

ehill. Graphite separates v/ith increasing difficulty as the 

percexitage of chromium increases. 

B« It is most prcbalJle that the chromium remaining in 

the ferrite definitely modifies the characteristics of that 

constituent; and, since ferrite frequently constitutes the 

matrix of cast irons, this phase is worth considering® 
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XII. SXPEKIMEIJTAI 

A, Materials Used« 

The materials used in the preparation of the alloys xvere 

ferro-chrome containing 7S.18;S chromium, ferro-silieon contain

ing 46^ silicon, xerro-manganese containing 46/^ manganese, 

czTishcd graphite and commercial vvhite cast iron test "oars of 

the following compositions: 

I. II. 

Carbon 2.42 2.45 

Silicon 0.88 0.87 

Manganese 0,23 0,21 

Sulphur 0.050 O.OSl 

Phosphorus 0.149 0.141 

B. Preliminary Study and Discussion. 

As a preliminary study of the effect of chromium on the 

stability of cementite, three scries of alloys of varying per

centages of chromium were prepared. From 200 to SOO grams of 

iron Ho. I wore melted in magnesia crucibles heated in an Ajax 

induction furnace. The calculated amount of ferro-chrome 

(about BO mesh) was added to the molten metal, and the melt 

stirred several times with an Armco iron rod. Bars v/ere then 

cast vertically into small magnesia tubes of 5/8 inch diameter 
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and 5 to 6 inches in length. The pouring temperature, as 

I measured "by a Leeds and lorthrup optical pyrometer, was ap~ 
I 

I proximately 1375®C. (E507®P.). The alloys were allowed to 

cool completely before they were removed from the moulds. 

Chemical analysis for carbon and chromium contents are 

given in Table V. It is quite probable the other elements 

present remained approximately constant in amount; therefore, 

any variations noted in the stability of the cementite eculd 

be attributed to the variations in chromium content. 

TABLE 

: Alloy Ho. % Carbon io Chromium Eeinarks : 

: A - 1 2.20 0.339 
: A - 2 2.23 0.656 
: A - 3 2.18 0.862 
: A - 4 2.24 1.260 

A - 5 2.20 1.477 

:  3 - 1  1.90 0.088 
t B - 2 lo88 0.181 
: B - 3 1.85 0.287 

1 C - 1 2.26 0.033 C series of ^ 
: C - 2 2.20 0.062 alloys cast : 
; C - 3 2.23 0.102 vertically in: 

sand moulds.; 

Each of the above alleys were broken into 5 samples of 

nearly equal length. A sample of each alloy was then put into 

I each of 5 graphite crueiblea, packed with powdered graphite. 
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placed in a vertical hump furnace and then heated to a tem

perature of 1700-1780during a period of atout 3 hours. 

The crucibles were removed eonsecutivoly at intervals of S 

hours and the contents ezaminod microscopically. All the 

samples, with the exception of the very low chromium ones, 

were found to he very incomplete as regards the graphitiaation 

of the cementite. 

Duplicate samples from each series of alloys and from 

each chromium content were repacked in each of two graphite 

crucibles and reheated to a temperature of 1700"?. In addition 

to the chromium samples, a sample of the original white iron 

stock bar was included in each crucible. 

The purpose of this second heat treatment was to leave 

the samples in the furnace long enough for the non-chromium 

saa:^les to reach equilibrium with respect to carbide decompo

sition. The samples were then to be cooled slowly from the 

high temperature to below the critical range. 

A thorough microscopic examination ?/as made of the re

sulting products, and photographs taken. 

A study of the photographs, pages E7 to 29 inclusive, 

points out very well the effect of increasing chromium con

tent on the graphitisation of cementite at 1700'']?, It is to be 

noted that the original white iron sample (containing no 
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chromium) is completely annealed. The alloy containing 0.033^ 

chromium contains no free cementite, while 0,06Zjo is effective 

in retaining traces of cementite after 75 hours at 1700° j?. 
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ISŜ f-'ir V;N-
^SB§Vj^ '̂(R^'^v,U-'"-'>.-•.. I.; • 

Alloy C~0. 0.00^ ehromium. 
Annealed at 1700° P. (927"C.) 
for 70 hours, cooled to 
1100 J", during 12 hours. 
Hitric acid etched. 75 X, 

Alloy C-1. 0.033% chromium. 
Annealed at 1700" 3j\ (927̂ 0.) 
for 70 hours, cooled to 
1100®!. during 13 hours. 
Hitric acid etched. 75 X, 

Alloy C-2. 0.0625^ chromium. 
Annealed at 1700''i'. (927''C.) 
for 75 hours, cooled to 
1100°P. during 13 hours. 
Hitric acid etched. 75 X, 

Alley C~3, 0.102;^ chromium. 
Annealed at l?©©®]?, (927''C.) 
for 75 hours, cooled to 
1100°]?. during 13 hours. 
Uitric acid etched. 75 X. 
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Alloy B-1, 0,0aa>& cb.romium. 
Annealed at IVOCP. {927°C.) 
for 71 hours, cooled to 
1100°J*, during 13 hours. 
Ifitric acid etched. 75 X. 

I Alloy B~3, 0.287% chromium. 
I Annealed at 1700̂ 5". {927''C.) 
j for 73 hours, cooled to 
j 1100°F, during 13 hours, 
litric acid etched. 75 Z. 

Alloy B~E. 0,18';S chroraiura. 
Annealed at 1700®P.(927°C.) 
for 71 hours, cooled to 
1100®jP. during 13 hours. 
Mtric acid etched. 75 X. 

. / 

Alloy A-1. 0.345a chromium. 
Annealed at 1700"!'. (927''C.) 
for 70 hours, coded to 
1100® I*, during 13 hours. 
Kitric acid etched. 75 Z. 



www.manaraa.com

-29-

Alloy A-2. 0,&Qfo eliromium. 
Annealed at 1700"?.f927°C.) 
for 75 hours, cooled to 
1100®®. during IS hours. 
Uitric acid etched. 75 X. 

Alloy A-4. 1,26^ chromium. 
Annealed at 1700''5'. {927''C.) 
for 72 hours, cooled to 
1100during 13 hours. 
Hitric acid etched. 75 X. 

Alloy A-3. 0.86$3 chromium. 
Annealed at 1700°P. f 9E7''C.) 
for 68 hours, cooled to 
1100°F. during 13 hours. 
Mtric acid etched. 75 X, 

Alloy A,-&, 1.48^ chromium. 
Annealed at 1700"!'. f 927''C.) 
for 70 hours, cooled to 
1100°5*. during 13 hours. 
Kitric acid etched. 75 X, 
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C. Preparation of Alloys. 

The foregoing preliminary anneal haa shown chromium, even 

in small amounts, to have a very pronounced stabilizing effect 

on the cementite of white east iron at 1700°]?. That silicon 

has a powerful graphitising effect on"cementite at this temper

ature has been knovm for some time. Several writers have sug

gested the possibility of effecting graphitization of chromium 

bearing white cast iron by increasing the silicon content, but, 

to the writer's Iniowledge, no published work of such a nature 

has appeared. 

Therefore, it was decided to nake several new series of 

chromium bearing alloys and study the effects of constant 

chromium content and increasing silicon content on rates of 

graphitiaation. 

The first step was the preparation of series I and M 

alloys which contain 0.18^ chromium and 0.435a chromium re

spectively. The molting and casting procedure differed na-

terially from that used in the preparation of series A, B and 

C alloys. About 4000 grams (8.02 pounds) of white cast test 

bars, No. II, (page 23) were melted in a 6-inch Plumbago 

crucible in connection with an A^ax induction furnace. Perro-

chromium, calculated to give a chromium content of approxinntely 

0.205S, was added to the molten metal and the mass stirred several 
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times with an Armco iron rod. When the metal had reached a 

temperature of 2500 , a single "bar of 5/8 Inch diameter 

and 12 inches in length was poured horizontally into a sand 

mould which had heen air dried from 56 to 40 hours. The cru-

cihle, containing the remainder of the molten charge, was re

turned to the furnace and ferro-silicon sufficient to produce 

an increase of ahout 0.25^ silicon was added. After thorough 

stirring of the resulting melt, another bar was poured. 

This procedure was repeated, each time sufficient ferro-

silicon being added to result in an increase of 0,25?^ silicon, 

until a total of 7 bars had been prepared. After cooling to 

room temperature, the bars were removed from the moulds and 

broken into pieces of about one-half inch length. A portion of 

each bar, taken from the central portion, was reserved for ana

lytical purposes. 

She above procedure was repeated in the preparation of 

series M alloys with the exception that enough ferro-chrome 

to result in an alloy of 0.40'^ chromium was added. 

It was thought advisable to prepare additional series of 

alloys containing chromium in smaller amounts than series 1. 

!I?he results obtained on such alloys may have some commercls-l 

application, since white cast iron is frequently made from pig 

iron containing 0.05^ to 0.10;^ ehromium. Due to the oxidation 
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losses of car^bon and manganese during the preparation of series 

H "bars8 a new method was employed in the preparation of the re

maining alloys, 

Twenty-five pounds of white iron test bars, lo. II, (page E3) 

were melted in a large^ Plumbago crucible covered by a close 

fitting plumbago cover. When molten, ferro-ehromiura calculated 

to give an alloy containing 0.03^ chromium, was added. This 

molten metal was poured into an open shallow mould giving a thin 

slab of iron which could be broken easily into small pieces. 

Prom E to 2^ pounds of this stock alloy were remelted in small 

Plumbago crucibles. A weighed quantity of 20 mesh graphite was 

added to compensate for oxidation losses, and the melt poured 

into a dry sand mould. This remelting procedure was repeated, 

each time sufficient ferro-silicon being added to increase the 

silicon content of the bar by approzimately 0.05^, until a total 

of 9 bars, designated series D, had been prepared. This proced

ure was repeated in the preparation of series E and F alloys, 

with the exceptions that sufficient ferro-chromium was added to 

result in alloys of approximately 0.10̂  chromium and 0.07'/̂  

chromium respectively. 

In order to have some basis with which to compare the rela

tive graphitization rates of the different alloys, one bar, des

ignated 0, containing no chromium, was prepared under the same 

conditions as obtained in the preparation of the other alloys. 
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D. Analyaia of Alloys. 

Table VI gives the complete chemical analysis of alloys 

of series D, E, P, H, M and 0. The nature of the fracture of 

each east alloy is also included. •3?he analytical methods used 

in each case were those recommended by the American Society for 

Testing llfeterials. Duplicate determinations were made in each 

case, and, when necessary, a third determination was made. All 

titrating solutions used were standardised in terms of the ele

ment sought by use of Bureau of Standard cast iron samples. All 

determinations were corrected by nxnning blanks under identical 

conditions. 

Carbon was determined by direct combustion in oxygen, the 

carbon dioxide being absorbed by Ascarite. 

Chromium was determined by the sodium bicarbonate separation-

sodium perozide fusion method. 

Silicon was determined by the Mtro-Sulphuric acid dehydra

tion method. 

Manganese was determined by the sodium bismuthate method. 

Sulphur vTas determined by the gravimetric, barium sulphate 

precipitation method. 

Phosphorus ms determined by the alkali-acid titration 

method. 



www.manaraa.com

TABLE VI 
CHEinCAL COMPOS I TICK CP A.LLCY3 

• Alloy 

Per cent Chemical Composition 
Fracture : 
as cast : 

• Alloy 
C : Cr : 

« V » * 

3i Mh : 3 : P 
Fracture : 
as cast : 

: 0 - 1 2.20 0.000 0.82 0.21 0.036 0.142 white : 

: D-. ̂ 1 2,39 0.025 0.81 0.27 0.045 0.139 white ; 
: D z 2.32 0.026 0.88 0.29 0.047 0.137 
: K » 3 2.31 0.026 0,90 0.28 0.046 0.140 
: D — 4 2.34 0.026 0.93 0.29 0.047 0.141 Tl , 
; I? - 5 2.31 0.026 1.05 0.28 0.049 0.139 
: D mm 6 2.37 0.026 1.06 0.25 0.043 0.136 
: D ~ 7 2.27 0.026 1.09 0.27 0.048 0,. 137 
: D ~ 8 2.32 0.026 1.16 0.28 0.049 0.135 
: 2 - 9 2.32 0.025 1.20 0.28 0.049 0.139sliglit gray: 

: P 1 2.25 0.086 0.84 0.23 0.050 0.141 T«rtiite : 
: P ~ 2 2.26 0.086 0.93 0.24 0.048 0.142 
I 1' •» 3 2.28 0.086 0.94 0.23 0.048 0.142 
: 5" •w 4 2.28 0.085 0.96 0.24 0.049 0.142 
: P - 5 2.25 0.084 1.01 0.24 0.051 0.140 
: P - 6 2.27 0.084 1.08 0.23 0.051 0.143 
: J* - 7 2.26 0.084 1.07 0.23 0.049 0.141 
: ̂  - 8 2.25 0.084 1.13 0.23 0.049 0.145 Tf 

: E 1 2.39 0.111 0.86 oa7 0.042 0.135 white : 
: E ~ 2 2.33 0.113 0.91 0.18 0.041 0.137 
:• E - 3 2.37 0.113 0.96 0.18 0.040 0.138 « 

: E 4 2.36 0.112 0.99 0.18 0.043 0.140 
: E - 5 2.36 0.114 1.04 0.18 0.040 0.136 
: E — 6 2.31 0.108 1.07 0.17 0.042 0.136 
; E — 7 2.39 0.101 1.08 0.16 0.041 0.135 IT ^ 
: E — 8 2.25 0.111 1.14 0.17 0.041 0.140 • 

r E - 9 2.32 0.112 1.17 0.18 0.042 0.138 tt 

; U 1 2.35 0.189 0.84 0.17 0.040 0.148 white : 
: U - 2 2.34 0.186 1.01 0.16 0.040 0.148 
: H — 3 2.29 0.186 1.26 0.16 0.039 0.149 
; 1? — 4 2.26 0.197 1,44 0.16 0.041 0.146 " * 

: JT - 5 2.19 0.188 1.57 0.16 0.040 0.147 
: U — 6 2.18 0.185 1.89 0.13 . 0.039 0.149 mottled : 
: H — 7 2.19 0.184 2.35 0.11 0.039 0.145 very dark : 

; M — 1 2.62 0.445 0.83 0.23 0.046 0.145 white : 
: M - 2 2.51 0.434 1.01 0.23 0.048 0.144 
: M - 3 2.50 0.448 1.15 0.23 0.048 0.146 Tt 
: M 9m 4 2.47 0.461 1.39 0.23-••-Q..049 0.148 n 
; M - 5 2.45 0.443 1.55 0.23 0.049 0.147 
: M - 6 2.50 0.439 1.74 0.22 0.047 0.149 
: M - 7 2.45 0.427 1.80 0.22 0.045 0.147 tt • 
: M - 8 2.54 0.429 1.91 0.23 0.046 0.146 n » 
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E. Beat Treatment of Alloys. 

Samples of each bar of series K, M, D, E, F and 0. were 

placdd in iron pipes (22:8 inches) and packed in powdered graphite. 

They were then heated to a temperature of 1700"P. during about Si-

hours. Some of the samples, those of high silicon content, were 

removed at intervals of 5 hours; those of low silicon content were 

removed at 10 hour intervals. Each sample was examined miGro~ 

scopically, both unetched and etched, and the times required for 

the complete graphitisation of the cementite determined in each 

case. With the high silicon alloys, this time was determined 

within an interval of 5 hours; with the lower silicon alloys it 

was determined to the nearest 10 hour interval. 

It was found that the 0.435^ chromium alloys, even those high 

in silicon, retained considerable cementite after 200 hours 

(8 1/3 days) at 1700®P. Due to the fact that the supply of 

several alloys of this series was nearly exhausted, it was 

thought inadvisable to attempt the complete graphitization of 

this series. 

For the second stage of graphitization, several new sanrples 

of each alloy of series D, E, F and 0 were packed in powdered 

graphite and held at 1700°P. for the times necessary for the 

graphitisation of the cementite. The furnace and samples were 

then cooled to 1300over a period of 8 hours. After being 

at 1300°F, for definite lengths of time, samples were removed 
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and examinod microscopically. The complete atscnce of pearlite 

was taken aa the criterion of complete graphitization. 

The furnace temperature was regulated and recorded "by a 

Leeds and Iforthrup automatic recorder in conjunction with an 

iron-constantin thermocouple. Thermocouples were replaced each 

24 hours during the lYOO"!''. anneal and each 48 hours during the 

1300''i'. anneal. The recorder and thermocouples were standard

ized frequently by means of a standard platinum-rhodium thermo

couple. 
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11, EXPEHIM2AI DATA AJF3) DI3CU3SI0K 

In Table VII, are shown the times necessary for the first 

and second stages of graphitiaation of the alloys. The times 

stated are those during which the samples v/ere held at 1700"!''. 

and 1300"!?. respectively, and do not include the 8 hours required 

in cooling from 1700 F, to ISOO"!", By time necessary is meant 

the interval during which the last traces of cementite or 

pearlite». as the case might be, disappeared, itith some alloys 

this interval is seen to be 6 hours, while with some of the high 

chromium-low silicon alloys it is as great as 20 hours. In 

some oases it was difficult to detect any material progress 

in graphitization during a 10 hour interval. 
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TABLE VII. 
!riT,IS3 OP COMPLETE.GEAPHIITIZATIOI OF ALLOYS 

\ Alloy 

: Weight Per cent Times for Complete Graphitization 

\ Alloy 
•• 

: Cr 
E « 

«• 

: Si 
«» 

Time at 1700"!?. i Time at 1300"P. 

: 0 - 1 0.000 0.82 25 to 30 hours 35 to 40 hours 

: D 1 0.025 0.81 30 to 40 hours 50 to 60 hours 
: D s 0.026 0.88 20 to 30 30 to 40 
: D - 3 0.026 0.90 20 to 30 30 to 40 
: D — 4 0.026 0.93 20 to 30 30 to 40 
: I> - 5 0.026 1.05 10 to 20 20 to 30 
: D - 6 0.026 1.06 10 to 20 20 to 30 
: D - 7 0.026 1,09 10 to 15 10 to 20 
: D - 8 0.026 1.16 5 to 10 10 to 20 
: B - 9 0.025 1.20 5 to 10 10 to 20 

t F 1 0.086 0.84 60 to 70 hours 110 to 120 hours 
: F - 2 0.086 0.93 50 to 60 80 to 90 
: F - 3 0.086 0.94 50 to 60 70 to 80 
: F - 4 0.086 0.96 50 to 60 70 to 80 
; P - 5 0.084 1.01 40 to 50 50 to 60 
: F - 6 0.084 1.08 40 to 50 50 to 60 
: F HA 7 0.084 lo07 30 to 40 60 to 60 
: F - 8 0.084 1.13 20 to 30 30 to 40 

: E — 1 0.111 0.86 70 to 80 hours 140 to 150 hours 
; E •M 2 0.113 0.91 70 to 80 140 to 150 
; E - S 0.113 0.96 60 to 70 130 to 140 
: E - 4 0.112 0.99 60 to 70 120 to ISO 
: E - 5 0.114 1.04 50 to 60 90 to 100 
: E - 6 0.108 1.07 40 to 50 90 to 100 
: E «« 7 0.101 1.08 40 to 50 90 to 100 
; E — 8 0.111 1.14 20 to 30 80 to 90 
; E - 9 0.112 1.17 10 to 20 50 to 60 

; U 1 0.189 0.84 130 to 150 hours More than 160 hr. 
: isr - 2 0.186 1.01 70 to 90 More than 150 hr. 
: U ~ 3 0.186 1.26 40 to 50 More than 140 hr. 
: F «•> 4 0.197 1.44 20 to 30 90 to 100 hours 
: H - 5 0.188 1.57 15 to 20 70 to 80 
: U — 6 0.185 1.89 5 to 10 40 to 50 
: U - 7 0.184 2,35 5 to 10 5 to 10 
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Prom a study of Table VII, it is quite evident that chromium 

has a decided inhibiting effect on rates of graphitization of 

white cast iron. 

Sample D-1, which is of about the same silicon content as 

the reference sample (O.OOjS chromium), requires from 20 to 30 

hours longer for complete graphitisation. Thia slower rate 

might be contributed, in part, to the higher manganese content 

of the I> series of alloys. However, if a comparison be. made be

tween the standard alloy and alloy S'-l, containing 0.084?^ chromium, 

a mrkod difference is found. This alloy required from 170 to 

190 hours for complete graphitization, which is from 110 to 120 

hours longer than for the standard alloy. 

Since, in this case, the small difference in manganese eon-

tent is of but meager importance, we may conclude that 0.084/0 

chromium with medium silicon presents a serious problem to the 

manufacturer of malleable iron. 

Alloy E~l, somewhat higher in silicon than the standard, 

is seen to have a much slower rate of graphitisation. There 

are two factors in connection with this alloy which should favor 

rapid graphitization; higher silicon and lower manganese. How

ever, the presence of 0.111^ chromium is much more effective in 

its inhibiting action than the higher silicon and lower mangan

ese are in promoting graphitlBation. 
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An alloy of 0.189;?b chromium with medium silicon {0.84^) 

requires more than 300 hours (12 days} for graphitiaation. 

2hi3 amount of chromium exerts such a great stabilising ef

fect on eom'bined carbon as to render the complote graphitiza-

tion of this alloy commercially impractical. An increase of 

silicon from 0.84^ to 1.57;^, as in alloy 1-5, will give an al

loy of this same chromium content which can be completely 

graphitiized in 3 to 3|- days. 

A study of the higher silicon members of each series points 

out very well the powerful graphitizing influence of silicon. 

It is of interest to study the total times for complete graphi— 

tization of alloys D-2, E-9, and 1-6. 

In the cane of D-E, we find an increase of O.OGJo silicon 

will correct the retarding effect of 0.026^5 chromium. With 

alloy P-6, an increase of approximately 0,30)o silicon corrects 

for 0.064/5 chromium. JTollovving this comparison through series 

we find the retarding effect of 0.111'/^ chromium to be cor

rected by an increase of slightly more than 0,35% silicon. 

Table VI has shown that the addition of 1.86>5 silicon to 0.188^;5 

chromium alloy produced a mottled structure. However, if we 

employ this alloy, If-6, in our comparason, it is found to re

quire an increase of 1.07̂  silicon to offset the effect of 0.188̂  

chromium. 

Using this data for the four cases stated above, we may 
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calculate the ratio of silicon increase, required to produce 

a normal alloy in so far as rates of graphitization are con

cerned, to the percentage of chromium present. 

Por the D series this ratio "becomes O.O6/O.OE6 = E.30 

For the F series this ratio "becomes 0.300/0.084 - 3.57 

For the E series this ratio becomes 0.350/0.111-3.15 

For the H series this ratio becomes 1.07/0.188 = 5.69 
/' 

These ratios are based on the normal alloy of 0.8E% 

silicon. 

Although in commercial practice silicon is generally pres

ent in greater amounts than 0.8E?a, the above ratios are of 

theoretical interest in imking a comparative study of the 

chromium-silicon combinations. 

Using the same alloys as mentioned above, it is interest

ing to calculate the ratios of total silicon required to the 

per cent chromium present. 

IPhese ratios become: 

Alloy Q - B O.88/O.S6 = 33.84 

Alloy P - 8 1.13/0.084 = 13.45 

Alloy E - 9 1.17/0.111 = 10.54 

Alloy If - 6 1.89/0.185 = 10.El 

Since, in the case of alloy N-6, the fracture was slightly 

mottled, as shorn in latle VI, It may ie eoneluaed ttiat for 
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alloys of liigher chromium content the alsove ratio would con

tinue to grow smaller. 

Photographs of alloys M-l, M-5 and M-8 are shewn on 

pages 43 to 46 inclusive. The effect of increasing silicon 

content on the stability of ceraentite is ?7ell shown by these 

photographs. It is to be noted in the case of alloy M-1, that 

graphitization of the cementite is most rapid between 80 and 

150 hours at 1700fith alloys M-5 and M-8 the greatest 

rate of gr-aphitization occurs during the first 40 hours of 

heating. The last alloy of this series, M-8, containing 1,91̂  

silicon, retains traces of cementite after 200 hours of heating 

at 1700°!'. 

Pages 47 to 54, inclusive, contain photographs of several 

representative alloys of the D, E, F, B" and 0 series. These 

photographs show the effect of chrcmium-silicon combinations 

on the cast structure and on the progressive annealing of 

these alloys. The times given under each photograph do not 

include the 8 hour interval in which the alloys cooled from 

1700""?. to ISOO^F. 

Photographs D-9, H-6, U-7, as cast, show the only alloys 

of the entire group in which primary graphitization was pro

duced while cooling in the mould. 

Alloy ̂ "-2 is very incompletely graphitised even after 

150 hours at 1300"P. as shovTn on page 52. 
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Alloy M-1. 
0.445̂  Cr., 0.83̂  Si. 
Structure as cast. 
Mtric acid etched. 75 X, 

MmMm 

Alley M-1 
0.445̂  Or., 0.83% Si. 
Annealed at 1700°!'. {927°0.) 
for 150 hours. 
Mtric acid etched. 75 X, 

Alloy M-1. 
0.445̂  Cr., 0.83̂  Si. 
Annealed at 1700°i'. {9S7°C.) 
for 80 hours. 
litric acid etched. 75 X, 

Alloy M-1. 
0.445% Cr., O.asfo Si. 
Annealed at 1700" 2*. (927'̂ C.) 
for 200 hours, 
litric acid etched. 75 X. 
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Alloy M-3« 
0.448̂  Cr., 1,15̂  Si. 
Structure as cast. 
Uitric acid etched, 75. 2, 

) 

1 Alloy M-3. 
0.448̂  Cr., 1.15% Si. 
Annealed at 1700°P. (927°C.) 
for lEO hours. 
litric acid etched. 75 Z. 

Alloy M-3. 
0.448% Cr., 1.15% Si. 
Annealed at 1700°P. (927^0.) 
for 80 hours. 
Hitric acid etched. 75 X. 

Alloy M-3. 
0.4485̂  Cr., 1.15% 3i. 
Annealed at 1700°!'', {927°C.) 
for 200 hours. 
Uitric acid etched. 75 X, 
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Alloy M-5. 
0,4:^3fo Or., l,55fo Si. 
Structure as cast. 
Hitric acid etched. 75 X. 

Alloy M-5. 
0,4435̂  Gr., 1.55% Si. 
Annealed at 1700^2". {9Zn°C,) 
for 80 hours. 
litric acid etched. 75 2. 

Alley M-5. 
0.4435̂  Cr., 1.55% Si. 
Amiealed at 1700''B'. (9E7°C.) 
for 40 hours. 
litric acid etched. 75 X. 

Alloy M-5, 
0.443̂  Cr., 1.55$a Si. 
Annealed at 1700"!?. (927̂ 0.) 
for 200 hours. 
Nitric acid etched. 75 X, 
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Alloy M""8 • 
0.4E9% Cr. , 1.915̂  Si. 
Structure aa cast, 
iJitric acid etclied. 75 X, 

j Alloy M-8. 
I 0.4S9̂  Cr., 1.915̂  Si. 
Amealed at 1700° F, (927''cj 
for 80 hours. 
Hitric acid etched. 75 X« 

Alloy M-8. 
0.4S9̂ S Cr., 1.91% Si. 
Annealed at 1700''(927" C.) 
for 40 hours. 
Mtric acid etclied. 75 Z. 

Alio:/ M-8. 
0.4S9/to Cr., 1.91% Si. 
Annealed at 1700®i«. (927®C.) 
for BOO hours. 
litric acid etched. 75 X. 
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Alloy 0-1. 
0.00? Or., 0.82$& Si. 
Structure as east. 
Mtric acid etched. 75 Z, 

Alloy 0-1. 
0,00% Cr.» O.BZ% Si. 
Annealed at 1700''jp. (9E7^C,) 
for SO hours. 
Mtric acid etched. 75 X. 

Alloy 0-1. 
0.00̂  Cr., O,B0/o 3i. 
Annealed at 1700''I". {927''C«) 
for 30 hours and at 1300 P. 
for 15 hours. 
litric acid etched, 75 X. 

Alloy 0—1« 
6.D0'̂  .Cr., 0,QZjo Si. 
Annealed at 1700°F. {927®C.) 
for 30 hours and at 1300 P. 
for 35 hours. 
litric acid etched. 75 X, 
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Alley D-6. 
0.025fo Cr., l.OG/o Si. 
StructTire as cast. 
Mtric acid etched. 75 I, 

wm 

Alloy 3)-6, 
o.ozefo Cr. , 1.06>o Si. 
Annealed at 1700''P. {927''C.) 
for 20 hours. 
ITitric acid etched. 75 X. 

Alloy D-6. 
0.025% Cr., 1.06% Si. 
Annealed at IVOÔ P. (927''C.) 
for 20 hours and at 1300 
for 20 houra. 
Mtric acid etched. 75 X. 

Alley D-6o 
0.026̂  Cr., 1.06% Si. 
Annosiled at 1700''P. (927''C.) 
for 20 hours and at ISOO^P. 
for 30 hours. 
Sitric acid etched. 75 Z. 
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Alloy D-9. 
0i025^ Cr,, 1.20iS Si. 
Structure as cast. 
litric acid etched® 75 S. 

Alley B-9. 
0.025î  Cr., 1.20̂  Si, 
Annealed at 1700°1?. (927̂ 0.) 
for 10 hours. 
litric acid etched. 75 X. 

Alloy D-S. 
0,025̂ 1 Cr., 1.20fo Si. 
Annealed at 1700®JP. {9E7°C.) 
for 10 hours and at 1300"P. 
for 10 hourso 
llitric acid etched. 75 2. 

Alloy D-9. 
0.025$̂ i Cr., 1.205s Si. 
Annealed at 1700"̂ . (927''C.) 
for 10 hours and at ISOO®!'. 
for 20 hours. 
Uitric acid etched. 75 S. 
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Alloy M. 
0.084̂  Cr., 1.07̂  Si. 
Structure as east, 
Mtric acid etclied. 75 X, 

Alley P-?, 
0.084̂  Cr., 1.07̂  Si. 
Annealed at lWi\ (987°C.) 
for 40 hours. 
Mtric acid etched. , 75 X, 

Alloy F-7. 
0.084% Cr. , 1.07';t Si. 
Annealed at 1700°P. {927°C.) 
for 40 hours and at 1300® i*. 
for 50 hours. 
Mtric acid, etched. 75 X. 

Alloy M. 
0.084̂  Cr., 1,07̂  Si. 
Annealed at 1700®]?. (9E7''C.) 
for 40 hours and at 1300®5*. 
for 60 hours. 
Hitric acid etched. 75 X. 
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Alloy E-6. 
0,108fa Cr. , 1.07̂  3i. 
Structure as cast, 
Mtric acid etched. 75 Z. 

Alloy E-6. 
O.lOSfa Cr., 1.07fa Si. 
Annealed at 1700°]?. (9E7°C.) 
for 50 hours. 
Uitrie acid etched. 75 X. 

Alloy E-6. 
0.108% Cr., l,07fo Si. 
Annealed at 1700"P. {927°C.) 
for 50 hours and at ISOO'̂ i'. 
for 90 hours, 
nitric acid etched. 75 X, 

Alloy E-6. 
O.lOBfo Cr., 1.07^ Si. 
Annealed at 1700̂ 1'. (927''C.) 
for 50 hours and at 1300®P. 
for 100 hours. 
Mtric acid etched. 75 Z. 
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Alloy 1-2. 
0.186̂ ;S Cr., 1.015s Si, 
Structure as east. 
Hltric acid otched, 75 X, 

Alloy H-E. 
0.186̂  Cr.. 1.01$S Si. 
Annealed at 1700°?. (9S7''C.) 
for 70 hours. 
Mtrie acid etched. 75 2. 

, Alloy 3J-2. 
0.186% Cr., 1.01% Si. -
Annealed at 1700®!". (937°G.) 
for 70 hours and at 1500°!?. 
for 150 hours. 
Nitric acid etched, 75 X. 
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Alloy H-6. 
0.185̂  ̂Cr., 1.89'̂  3i. 
Structure aa cast, 
Mtric acid etclied. 75 Z. 

Alloy ¥-6. 
0.185̂  Cr., 1.89̂  Si. 
Annealed at 1700"?. (9E7®C.) 
'2ot 10 hours and at 1300^^. 
for 40 hours. 
Mtric acid etched. 75 X, 

Alloy 1-6. 
0.185̂  Cr., 1.895$ Si« 
Annealed at IVOCP. (927^C.) 
for 10 hours. 
Kitric aeid etched. 75 2. 

Alloy U-e. 
0.185̂  Cr., 1.89'̂  Si, 
Annealed at 1700®P. (927°C,) 
for 10 hours and at 1300 "J-, 
for 50 hours. 
Hitric acid etched. 75 Z. 
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Alley 1-7. 
0*184̂  Or., 2,35% Si. 
Structure as cast. 
Mtric acid etched, 75 X. 

Alloy 1-7, 
0,184̂ 0 Cr., E.35?'o Si. 
Annealed at 1700°F. (9S7°C, 
for 10 hours. 
Mtric acid otclied. 75 X. 

Alloy 1-7. 
0.184% Or., E.35̂ i Si.-  ̂
Annealed at 1700*'P» (927 C.) 
for 10 hours and at 1300® 2*. 
for 5 hours. 
litric acid etched. 75 X. 
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V. C0NC1U3I01S 

Chromium, when present in white cast iron, exhitits a 

very marked stabilizing effect on combined carbon. That the 

combinod carbon of the euteetoid as -well as that of the cemen-

tite is stabilized, is ahovm by the greatly extended times re

quired for graphitization of chromium bearing alloys, both at 

1300''P. and 1700®]?, 

Silicon, by its powerful graphitizing tendency, is an effect

ive agent for correcting the inhibiting influence of chromium. 

However, in order to prevent the separation of primary graphite 

during solidification, an upper limit of silicon for each 

chromium content must not be exceededo For 0.0S5^ chromium 

alloys this upper limit is between 1.15 and l^ZOfo silicon, 

•while for 0«18$& chromium alloys this lisit is about 1.8fo 

silicon. 

»hen large amounts of scrap are used in the manufacture 

of pig iron, it is practically impossible to hold the chromium 

content much below 0,05%, By adding the proper amounts of 

silicon such pig iron can be annealed satisfactorily, result

ing in a marked saving to the manufacturer of malleable iron. 

STo attempt has been made to correlate physical properties 

with chemical composition. It is quite possible that the alloys 

of higher silicon content, i.e., those requiring relatively 

short annealing periods, iTould shov? inferior physical properties. 
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VI. SMMAHY 

1. A study of the quantitative effects of chromium on 

cementite stability has been made. 

2. Sates of first and second graphitization stages have 

been determined for several alley series containing constant 

amounts of chromium and varying amounts of silicon. 

3. Several ratios of theoretical interest have been cal

culated. 

4. Photographs, showing the effects of chromium and of 

chromium-silicon combinations on graphitization rates, are in

cluded. 
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