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THE EFFECT CP CHRCMIUM ON WHITE CAST IRCN

I. IKTRODUCTICN

White cagt iren is esgentially an allcy of iron with

more than 1.7% carbon and varying but rather limited amounts
of silicon, manganese, sulphur and phosphorus. Quite often
oene or more gpecial elements, such as nickel, chromium,
molybdenum, aluminum, ete., are present, being added to

the molten iron for physical imprOVément or, in some casges,
gaining entrance through the use of scrap ircen and stesl.

Structurally, white cast iron consists of cementite
emtedded in a matrix of pearlite, resulting in the combin-
ation of all the carbon present. The presence of excesg
cementife renders this form of cast iron very hard ang of
low sheock resistance. Therefore, in crder tc be of any conm-
mercial value, the ircn must te given a suitable heat treat-
ment producing a soft and ductile alloy.

Foundrymen are quite familiar with the fact that the
use cf gerap in meking up the melt for white cast ircn must
te dcne judiciously. The presence of chromium in many grades
of scrap is one ¢f %the primary factors contrituting to thls

fact. It has been quite definitely established by seVeral

investigators that chromium greatly inhibits the proper ane




nealing of white cast iron.

The present study was undertaken with a two~fold object
in view: First, tc make a quantitative study of the effect
of chromium-on graphitization rates of white cast iron; and,
second, tc determine the graphitization rates and microstruct-
ure of allcys containing constant amounts of chromium with

varying amounts of silicon.
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II. HISTCRICAL

A. The Graphitization of White Cast Iron.

The graphitization c¢f white cast iron is essentially
the conversion of the combined carton intc freec temper car-
bon and scft ductile ferrite. Both Hayes (7) and Honda (9)
have proposed a theory as tc the mechanism of this conversion.
dccording to Hayes (7), graphitization takes place in two
stages. First, by holding the iren at a temperature well
above the Acl point for a suffiecient length of time and by
cocoling slowly from this high temperature tc the euteeteoid,
the free or massive cenentite is graphitized with the pro-
ducticn of free carbon. Seccnd, the remaining coumbined carbon
is graphitized by hclding the alloy at a temperature corres-
ponding tc or slightly below the Al point.

Although there are scme differences of cpinicn 25 tc the
exact mechanism of graphitization cf white cast iren, it is
quite generally agreed that the rate at which graphitization

proceeds is influenced by several factors.

B. The Effect of Zhysical HFactors.

The data of Kikuta (14), showing the effect of the pour-
ing temperature on the rate of graphitization during the first

stage are shown in Table I. This alloy contains 2.70 per cent




-
carbon, .98% gilicon, and was poured in a dry sand mould.
TABLE I

THE EFFECT CF POURING TEMPERATURE
CN FIRST STAGE GRAFPHITIZATICN

Time required to complete the

Pouring tempersature
first stage of graphitization.

*¢ {09 €0 o3 1§ ¢

4 J¢¢ ot aq ¢¢ ve

1200°C. (2372°F.) 5 hours 0 minutes

Pe ob ¢F 0 ¢4 €% 909 $p s ) se 2J 98 lew ¢ d¢ ¥V

: 1350°C. (2462°F,) 5 20 :
: 1400°C. (2552°F.) 6 20 .
: 1450°C. (2642°F.) 7 0 :
: 1500°C. {2782°R.) 8 0 :
: 1550°C. (2822°F.) 8 20 .

Table I1I, after Kikuta (14) shows the effect of the cool-
ing periocd on the rate of graphitization, beth at 925C. and
at the eutectoid. This alloy contained 2.17% carbon and 1.07%
siliccone. A
TABLE II-.

THE EFFECT CF CCCLING PERIOD
CN GRAPHITIZATION RATES

Time to complete graphitization
Time at 925°C, ; dime a% eubtectoid

5 hrs.0 mina;

(X}

Temperature of mould

*9 ¢

Green sand

a® ) 44 vo joe

Dry sand 6 0 ; 15 hrs. O mins.
Sand at 400°C.( 752°R.): 7 50 : 22 0
Sand at 600°C.(1112°F.): 9 o - 0
Sand at 800°C.(1472°F,)§ 9 20 22 0

bd 20 04 00 by b0 82 54 20 S0 *9 w3 §?Y oo

Sand at 100°C. (1832°R.): 10 0

-
»

*0 60 oy 00
€0 50 T 66 24 406 20 82 64 84 50 €0 aa

e
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The effect of different annealing temperatures upon
the time required for the graphitization of an allcy contain-
5 ing 2.72% carton and 1.29% silicon are shown in Tatles III

. and IV. These data are also taken from the woerk of Kilkuta (14).
TABIE III
THE EFFECT CPF ARNLALING TEMPERATURE
OCN FIRST STAGE GRAPHITIZATICR

-

;Annealing temperature

Time to complets first
gtage of graphifization

oy 8 Joe

875°C. (1607°F.) 9 hours O minutes

Db 00 el

By ¥ 86 4 89 95104 e oo

: 900°C. (1652°F.) 4 30 :

: 925°C.  (1691°R.) 2 50 :

: 950°C. (1742°F.) : 2 0 :

: 975°C. (1787°F.) : 1 20 :
TABLE IV

THE EFFECT CP ANKEALING TEXPERATURE
CN SECCND STAGE GRAPHITIZATICHN

* Time to complete second
* stage of graphitization

.y @0

;Annealing temperature

-

- »
L4
-
-

. 730°C. (1346°F.) : 4 hours 0 minutes

0 o9 8o 44 jve

. 710°C, (1310°F.) : 5 0

i 690°C., (1274°F.) ; 6 20 §
D 670°c. (1238°F.) : 8 0 ;
: 650°C, (1202°7.) § 11 0 ;

ee ¢

LX)

re i
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This same factor has been studied by White (24),
Hayes (8), and Flanders. White found that the logarithm
of the time required at the high temperature for the graphi-
" t4ization of free carbide bears a straight line relatibn to
the temperature. The results of Hayes and of Kikuta show

the same relationship.

C. The Effect of Chemical Compcsiticn.

Fhen the work of Hayes and Diederic@s on the production
of malleztle iron by using a shortened annealing cycle was
in progress in this laboratory, it became apparent that the
commen elements as well as any épecial elements present in
the cast iron affected the rate ¢f graphitizaticn. In 1925
Hayes (8) and Flanders studied the effect ofvsulphur on the
rate of graphitization. Schwartz (21) and Guiler determined
quantitatively the effects of different concentrations of al-
loying eleménts'on graphitigation. Iach of the elemehts
antimony, boron, cerium, chromium, molybdenum, selenium,
tellurium and tin were found tc have a deletericus effect
on commercizl graphitization. Kikuta (14) investigated the
‘effects of the commen elements, carben, silicen, mangsnese,
sulphur and phosphorus, found in commercizl white cast iron,
on rates of graphitization 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, molyb-
denum, and vanadium in addition tc the four common elements
gilicon, manganese, sulphur-and phosphorus.

1t seems to be quite generally agreed among investigators
that of the ccmmon elements found in white cast ireon, silicen
is a very powerful promcter of graphitization. However, there
is an upper limit above which silicon should nct rise because
cf its great tendency to produce free or primary graphite dur-
ing sclidificaticn of the metal.

Other fzotors being egqual, the silicen content should
vary inversely with the carbon eontént, that is, the higher
the carbon the lower the silicon. Ctherwise there will be a2
tendency for primary graphitic separation.

Manganese. reterds the graphitization of white cast iron,
especially during the second stage. XKikuta recommends a con-
tent of less than .5% of that element fcr good black-heart
mo.lleatle iron.

Sulphur also retards the rate of graphitization in the
~ seccnd stage, and %c an even greater extent than manganese.

Sawamura {20) states that phosphorus favers graphitization
of white cast ircn, reaching 2 maximum effect at about 1.2% of

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

duGeg no increase in graphitization.
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As regards the effocts of special clements upon the
graphitization rates of white cast iren, it may te stated
that, in general, those elements which when present form either
single or doutle cartides with iron, retard graphitization.
Thoge elements which do not form cartides, but rather go into

gclid sclution with the iron, promote graphitizaticn.

D. Alloys cf the Iron-Chromium-Carbon 3ystem.

The earliest work on the iron-chromium equilibrium dizgram
is that of Treitschke and Tammann (23). The irregularities ncted
in the liquidus curve pointed toward the gradual formation cf a
zcompound, such that the system tehaved as a pseudo~ternary system.

Janecke (12), from his thermal dats and microsecticns, con-
cluded that the two metals, iron and chromium, form a simple

eutectiferous series as shown in Figure 1.

I/I ) \
re \\
1500
[}
1400
. 1300°
A + B8 N
‘ X , . P
: o . 20 40 60 80 100
: ..IRON- - CHROMIUM

Figure I. The Iron-Chromium System
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Murakami (18) attributes the presence of the apparent
eutectic, which he found in gcme iron-chromium allcys, to
lack of diffusiocn during sclidification. He concludes‘that_
the twc metals, iron and chromium, form a complete geries of
gclid sclutions. A

Some years agc,ABain, (1) by means of the z-ray, investi-
gated a serieg of ircn-~chromium allcys of various compositicns
which had been rapidly cccled near the melting point. 4 single
metallic phase, having the body-centered culbic arrangement,
characteristic cf both iron and chrcmium z2tcms, was found.
Bain alsc found that the addition of 13 chromium tc¢ carbon-
less ircn suppressed the gamma transformation causing the alpha
and delta modifications tc completely merge. His diagram show=-
ing the effect of chromium on the gamma transition is reproduced

in Figure 11.

Growth

A

L.

0
f A
Lada

; '..‘.:.'.';:{i'? stk BN
D e ”ﬁ’ cne/ Corb/de :
: C‘/‘"{ROMIUI'M CONT’ENT

G ST -T’L"
5% 0% TN B0 BeR IO .

Pigure II. Effect of Chromium on the Gamms Trahsition
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Maurer (16), using 2 Saladin differential thermccouple
recorder, obtained the diagram shown in Figure I1I, show-
ing the effect of chromium on the gamma transfcrmation and

on the magnetic change pcint.

1400 L\
1300 | \ﬁ&
1200 ®
U ‘\\
[+) \
1100 \
£ Y- ron ‘
p 1000 '
5 ;
& 900 ¢ o
B =
Y 800
g‘ -
ﬁ 700 ACz
Goo \\

60 4 8 \Z ¢ 0o 74
Chromium per cent

Figure III., ZIffect of Chromium on the Gamma
Transition and Magnetic Change.

The liquidus of the chromium-carbon system was deter-
mined ty Ruff and Foehr (19). The carbide CrsCg, containing
8.5% carbon, and chromium solid gsoluticn of 0.5% earbon form
an eutectic containing 9.3% carbon. Their diagram is shown

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

carbide which forms the ecutectic.

He states that the com-

pound CryC and chromium form an euteetic alloy containing

1.7% carbton.

‘2400
2200’
200"}
1800°" P
a"-
.""---
1600°F RO
. A
\ J
A ./ :
1800 K ameec e e cane S Ca C
’ i 5 2
i i A 1 1 1 1 1
o 2 4 6 8 10 12 14 18
PercenTt CareON
Pigure IV, Liquidus of the Chrominm-Carben System

Monypenny (17) has determined the influence of chromium

on the sclubility of cementite and of the pearlitic cartide.

In Figure V the full lines represent the solubility of cementiﬁe

and the dotted lines that of the pearlitic cartide.

Figure VI,

after Monypenny, shows the carbon content of the eutectoid for

varying amounts of chromium,
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Tue Innuence or Cumromium on e S oLusiuiTy
or _CemenTiTe.

, 1200 : —

|
R

ARw R/ ZdRN
T VAL T
N 7V

az| \ ’
Acl \\\/

) CARBON
s R

Figure V. The Influence cf Chromium on the Sclubilidvy
cf Cementite and Pearlitic Carbide.

-
] \

STV

: ] @ e , R : ,
2 . \ 'v
i o A

~CARBON— \

- m A C <

. CororIum—

Figure V1. The Effect ¢f Chromium on the
Carbon Content of the Eutectcid.
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Xrivobck and Grossmenn (15) examined the changes in
microgtructure produced in allcys of iron-chromium-carbon
by increasing the chromium up to 35% and varying carbon up
$0 0.60%. Their sectional views of the ternary comstitutional
diagram (Figures VIla and VIIb) shew that, with increase of
chromium content, the shaded region above in which austenlte
is assccisted with delta iron, approaches the shaded region
below, in which austenite is in equilibrium with alpha iron.
The two areas beccme ccntinucus, as shown,when chromium is
in execess of 18%.

Goerens and Stadeler (5) found that with increasing

quantities of chromium, theé per cent of carbon corresponding

4o the eutectic incresses. With chromium rising from 0.%

tc 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 incrcased.

In alloys of over 21% chrcmium, the pearlite point disappears.
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Ckhayrané / S%Cr
1 _

28%Cr 33%Cr

Pigures VIiIa and VIIb, OSecticnzal Views of the
Iron~chromium-carbon system
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Chromium has the effect of opposing both the disinte-
i gration and the reconstitution of cementite, s¢ that 1t raises
ifhe Ar range and lcwers the Ac range. Each 0.10% chromium up
?tc 4% raises Acl by about 2 degrees C. Four per cent chromium,
| therefore, will raise the Acl of a 0.5% carbon allcy from 720 C.
to 800 C.

In a mild steel with 0.2% carbon, a 5% addition of chromium
will cause Ar3 to coincide with Arl. One of the principal ef-
fects of chromium is t¢ decrease the rate at which the trans-
formations take place. This piomotes stability of the austen-
ite and martensite, sc that chromium tends tc produce great
hardness. Chromium azlsc tends tc increase the hysteretic gap,
thecugh not to such an extent as tc procduce irreversible steels.

The influence of chromium on cast ircn, particularly gray
cest iron, has Eeen studied by manj investigators. Perhaps
the earliest work is that of Keep (13), who employed chromium
additions up to 2% in gray cast iron. The strength was slight-
1y inéreased by chromium additions up to 1%, but decreased
with further additions. Hurst (11) states that in a cast iron
~containing 1% silicen, an addition of 0.9% chromium rendered
the fraecture quite mcttled, while in an iren containing 1.5%
gilicon, the fracture was rendered perfectly white by fthe ad-

dition of 4% chromium. Drastic amiealing at a temperature of
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900°6. %o 950°C. (16532 Lo 1742 degrees F.) failed to produce

Inyr

graphnite in these slloys. Further cxporisenis Haras

I

-

showed that an inerease in silicen rapidly reduced the gia-
bility of She carbids. Test bars coentaining 3.5% silicon

end a3 mueh 43 Ta5 to 8,54 of carcmium were found tc ho graphe
itie, and could te filed and Irilled with some Allficulsy. 4

cnsb ircm containing 3,157 silieon and 6.94% chromium, gave &
Brinell figure of 460 on a sand ecast bar, and 2 chill-cast

bar could be filed with ALliculty. The same alloy ccniaining

-

1.46% gilicvon was glass hard and of wuite frazcture with no sign
o) &

o grapnite,.

‘u)

malloy's (ua) investigations, usipg criinary gray iron

7
-

xith chromiva additicns, showed thet amall aiditicns of 0.11%5
and O«85% chromiua increased $he strength znd hardness slight-
lye Fith 0.78% chrcwmium the temsile strength fell ¢ that ob-
tnined froem an ordinary grey ircen, bthe btransverse strongth
s 13i4%le ziffected, but the Bripell Ligure was raised 40
points.

Soneldacn'z (2} investizations show that zdditions of

195 and 0.39% chromium to 2 gocd eylinder iren give an

inepsaze of 55 and 100 4n sirength and 59 and 115 in Brinell
hardness, respectively. Chremium te the exbtent of 0.395%
hindered growth of cagt iron ¢ a wmueh greoater degree than

NANEENESE.
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The effect of chromium s2dditions tc malleable cast iron
has not been studied as thorcughly as has teen the case with
gray cast iron. This, no doubt, is due tc the very great
stabilizing efiecct upon the carktide prcduced ty small sd-
diticns of chromium, thus necessitating a greater annealing
veriocd. Makers of malleatle iron castings seem tc agree that
the presence of chromiuvm is injuricus tc the quality of their
- prcduct. It is said to give a picture frame structure which
fesults in low Yensile strength and elongaticn.

Gilmore (4) states that about 0.25% chromium z2dded to
normal malleatle is effective in holding a2 pearlitic matrix
{about .80% combined carbon) after annealing.

Hurren (10), in discussing the effects of commen elements
on white heart malleable, states that chromium appezrs to have
an action similar tc that which it exerts on gray iron; namely,
tc increase the stability of the ccmbined carton.

Schwartz an@ Guiler (21) mention some experiments on the
annealing cf nearly silicon free alloys. These alloys contain
less than .05% silicon, about .02% phosphorus, .043% sulphur
and .16% chromium. One alloy, washed metal, contained nc man-
ganese, ancther contzined .23% of that element. Neither of
these alloys showed the slightest trace of free carbon, chemi-

cally or microscopically, after 2075 hours (about three months)
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at 1650 degrees F. {900 degrees C.} This distinct stability
of the carbide was abtiribtuted to the approximate absence of
gsilicon rather than to the presence ¢f chromium. Speaking
on qualitative evidence cnly, the writers said they would
nct expect a commercially ncticeable effect below .02%
chromium, ani would feel that at .05 to .O7% chromium cnly
an extremely slight retardation of annealing might te noticed.
Toward »10%, they state the matter wcould grow serious, while at
.25% the prccess would probably become commercially inoperaﬁive.

Evans and Peace (3), in discussing the effects of chromium
on black heart mzlleable, state that chromium definitely re-
tards annealing even in as small an amount as .01%. Most pig
ircn, they say, contains chromium in quantifies up to .10%;
therefore, care must be tzken in the cheice of pig iron. The
‘gsame authors state that higher chromium content is permissible
in white heart malleable than in black heart malleable, as its
statilizing effect upon the cartide is nct sc detrimental. TUp
$0 a certain amount, the effect 1s even beneficial. CQuantities
above .20%, however, appear tc reduce the rate of decarburisa-
- tion.,

Hadfield {6) says the action of chromium on cast iron is
probabtly twofcld:

1. By crystallizing with the cartide it renders the com-

bined carbon more stable. The addition of chromium, therefore,
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tends to harden cast iron, and will te found tc increease the
chill. Graphite separates with increasing difficulty as the
percentage of chromium increases.,

2. 1t is most probable fthat the chromium remaining in
the ferrite definitely modifies the characteristics of that
constituent; and, sincé ferrite f£requently constitutes the

metrix of cast irons, this phase is worth considering.




111, EXPERIMENTAL

A. M¥aterisls Used.

The materials used in the preparation c¢f the alloys were
ferro-chrome containing 73.18% chromium, ferrc-silicon conbain-
ing 46% silicon, ferro-manganese containing 46%'manganese,
crushcd graphite and commercial white cast iron tegt bars of

the following compositions:

I I1.
Carbon 2.42 2.45
Silicen 0.88 0.87
Manganese 0.23 0.21
Sulphur 0.050 0.031
Phospheorus 0.149 0.141

B. ZPreliminary Study and Discussion.

As a preliminary study of the ecffect c¢f chromium on the
stability of cementite, three scries of allcys of varying per-
centages of chromium were prepared. IFroem 200 to 500 grams of
iron Fo. I were melted in magnesia crucitbles heated in an 4jax
induetion furnace. The caleculated amount of ferrc-chrome
{about 20 mesh) was added to the mclten metal, and the melt
stirred several times with an Armec iron rod. 3Bars were 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
measured by a Leeds and Northrup optical pyrometer, was ap-
proximstely 1575°C. (2507 °F.}. The alloys were allcwed %o
e¢col completely befcre they were remcved from the moulds.
Chemical analysis for carton and chremium contents are
given in Table V. It ig quite probable the other elements
present remained approximetely constant in amount; therefore,
any variations ncted in the s8tability of the cementite could

te attribtuted tc the variations in chromium ccontent.

TABLE V.
: Alloy Ho. : % Carbon : % Chromium : Remarks :
R | : 2.20 T 0.339 : :
: A -2 : 2.23 : 0.656 H :
: A -3 v 218 H 0.862 . .
. A -4 : .4 : 1.260 : P
: A -5 : 220 : 1.477 : :
i B-1 : 1.90 . 0.088 : :
: B -2 : 1.88 3 0.181 : b4
. B L 3 v 1085 s 00287 by e
I | : 2.26 : 0.033 : C series of }
: C -2 : 2.20 : 0.062 : allcys cast :
: ¢ -3 : 2.23 : 0.102 :vertically in:

sand moulds. :

—

Each of the above alldys were brocken intc 5 samples of
nearly equal length. A gample of each alloy was then put into

each of § graphite crucibles, packed with powdered graphite,
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placed in & vertical hump furnace and then heated tc a tem-
perature of 1700-1720°F. during a period cf zbous 3 hours.
‘The eruecibles were removed consecutively at intervals of 2
hours and the contents examined micrescopically. All the
gsamples, with the excepticn cof the very low chromium cnes,
were found to be very incomplete és regards the graphitization
cf the cementite.

Duplicate samples from ezch series of alloys and from
each chromium content were repacked in each of ftwo graphite
crucibles and reheated to a temperature of 1700°F. 1In addition
to the chromium samples, a sample of the original whife iron
stock bar was ineluded in each crucitle.

The purpose of this seccnd heat treatment was to leave
the samples in the furnace long enough for the non-chromium
samples to reach equilibrium with respect tc carbide deccmpo-
sition. The samples were then to be cocled slowly from the
high temperature to below the critical range.

A thorough microscepic examinaticn was made cf the re-
sulting prcducts, and photegraphs taken.

A gtudy cf the photographs, pages 27 tc 29 inclusive,
pcints out very well the effect of increasing chrcmium con-

tent on the graphitization of cementite at 1700°F. t is to De

noted that the original white ircn sample (containing no
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chromium) is completely annesled. The allcy containing 0.033%
i chremium contains no free cementite, while 0.0627% is effective

- in retaining traces of cemenbite after 75 hours at 1700°F.
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Alloy C-0. 0.00% chromium,
Annealed at 1700°7F.(927°C.)
for 70 hours, ccoled %o
1100 F, during 13 hours.
Nitric acid etched. 75 X.

Allcy C-2. 0.062% chreomium.
Annealed at 1700° F.(927°C.)
foer 75 hours, cocled to
1100°F. during 1% hours.
Nitric acid etched. 75 X.

Alley C-1. 0.033% chromium.
Annealed at 1700°#.{927°C.)
for 70 hours, ccoled to
1100°F. during 13 hours.
Nitric acid etched. 75 X,

0.102% chromium.

Allcy C-3.
Annealed at 1700°F.(927°C.)
for 75 hours, ccoled fo
1100°F. during 13 hours.

Nitric acid etched. 75 X.




Alloy B-1. 0,088% chromium. Alloy B~2. 0.18% chromium.
Annealed at 1700°P.(927°C.)  Annealed at 1700°F.(927°C. )

for 71 bhours, ccoled to for 71 hours, cccled to
1100°F, during 13 hours. 1100°PF, during 13 hours.
Nitric acid etched. 75 X. Nitric acid etched. 75 X.

Alloy B-3. 0.287% chromium. Alloy A-l. 0.34% chromium.
Annealed at 1700°F.(927°C.) Anneszled at 1700°F.(927°C.)
for "3 hours, cccled %o for 70 hours, coccled to
1100°PF. during 13 hours. 1100° P, during 13 hours.
Nitrioe acid etched. 75 X. Nitric acid etched. 75 X.




Alloy A-2. 0,.66% chromium.
 Annealed at 1700°F.{927°C.)
for 75 heurs, cocled to
1100°F, during 13 hours.
Nitric acid etched. 75 X.

Alloy A-4. 1.26% chromium.
Anmealed at 1700°R.(927°C.)
for 72 hours, cocled %o
1100°®, during 13 hours.
Fitric acid etched. 75 X.

Allcy A-3. 0.86% chromiun.
Annealed at 1700°FR.{927°C.)
for 68 hours, ccocled to
1100°F,. during 13 hours.
Nitrie acid etched.s 75 X,

Alloy A-5. 1.48% chromium.
Annealed at 1700°F,(927°C.)
for 70 hours, ccoled to
1100°F, during 13 hours.
Nitric acid etched. 75 X.

.
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C. Preparation of Alloys.

The foregoing preliminary anneal has shown chromium, even
in small amounts, to have a very pronounced stabilizing effect
on the cementite of white cast iron at 1700°F. That silicon
hag a powerful graphitizing effect on cementite at this temper-
ature has been known for some time. Several writers have sug-
gested the possibility of effecting graphitization of chromium
bearihg white cast iron by increasing the silicon content, but,
to the writer's knowledge, no putlished work cf such a nature
has appeared.

Therefore, it was decided to make several new sexries of
chromium bearing éllcys and study the effects cf ccnstant
chromium ccontent and inereasing silicon content on rates of
graphitization.

The first step was the preparation of series N and M
alloys which ccontain 0.18% chromium and 0.43% chromium re-
spectively. The melting and casting procedure differed ma-
teriallﬁ from that used in the preparation of series A; B and
C alloys. About 4000 grams (8,82 pounds) of white cast test
- bars, No. II, (page 23) were melted in a 6-inch Plumbago
crucible in connecticn with an Ajax induction furnace. Ferro~
chremium, calculated t¢ give a chromium content of approximately

0.20%, was added to the molten metal and the mass stirred several
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times with an Armeco iron rod. W®hen the metal had reached a

- temperature of 2500°F., a single bar of 5/8 inch diameter
and 12 inches in length was poured horizcntally into a sand
mould which had been air dried from 36 tc 40 hours. The cru-
cible, containing the remainder of the molten charge, was Te-
turned o0 the furnace and ferro-silicon sufficient tc produce
an inereagse of about 0.25% silicon was added. A4fter thorough
stiriing of the resulting melt, ancther bar was poured.

This procedure was repeated, ezch time sufficient ferro-
silicon being added tc result in an increase of 0.25% silieon,
until a total of 7 bars had been prepared. Afber eccling %o
room temperature, the bars were removed Irom the moulds and
troken into pieces of about one-half inch length. A porticm of
each bar, taken Trom the central portion, was reserved for ana-

lytical purposes.

The above procedure was repeated in the preparation of
seriés M allcys with the exception that enough ferro-chreome
$0 result in an allcy of 0.40% chromium was added.

1t was thought advisable tc prepare additicnal series of
‘alloys containing chromium in smaller amounts than series R,
The results obiained on such alloys may have scme commercisl

application, since white cast iron is frequently made from pig

iron ccntaining 0.05% to 0.10% chromium. Due to the cxidation
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losses c¢f carbon and manganese during the preparation cf series
N bars, a new method was employed in the prepsraticn ¢f the re-
maining allqys.

Twenty-five pounds of white iron test bars, ¥o. 1I, (page 23)
were melted in a large Plumbage crucible covered by a close
fitting plumbago ccver. ¥When melten, ferro-chreomium caleculated
to give an alloy containing 0.03% chromium, was added. This
molten metal was poured intc an open shallow mculd giving a thin
slat of ircn which could be Proken easily infc small pieces.
From 2 to 2% pounds of this stoek alloy were remelted in small
Plumbage crucibles. A weighed quantity of 20 mesh graphite was
added to éompensate for oxidation lcsses, anl the melt poured
into a dry sand mould. This remelting prccedure was repeated,
each time sufficient ferro-silicon teing added tc increase the
silicon content of the bar by approzimately 0.05%, until a total
of 9 bars, designated series D, had teen prepared. This proced-
ure was repeated in the preparation of series E and B allcys,
with the excepticns that sufficient ferro-chromium was added %o
result in allcys of approximately 0.10% chromium and 0.07%
chromium respectively.

In order to have scme Tasis with which tc compare the rela-
tive graphitization rates of the dﬁffément alloys, one bar, des-
ignated O, containing no chromium, was prepared under the same

conditions gg cbtained in the preparation of the other alloys,
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D. Analysis of Allcys.

Table VI gives the complete chemical analysis of allcys
sf series D, E, F, N, M and 0. The nature of thé fracture of
each cazt allcy is 2lso included. The analyticzl methods used
in each case were thosc recommended by the American Society for
Testing Materials. Duplicate determinzticns were made in each
case, and, when necessary, a third determination was made. All
titrating soluticns usedl were standardized in terms ¢f the ele-
ment sought by use of Bureau of Standard cast iron'samples. All
determinations were corrected by running tlanks under identical
conditions.

Carbon was determined by direct comtustion in oxygen, the
carbcn dicxide teing abscrbed by Ascarite.

Chromium was determined by the scdium bieartcenate separation-
gcdium peroxide fusicn method.

5ilicon was determined by the Nitrc-Sulphuric acid dehydra-
tion method.

Mzanganese was determined ty the scodium bismuthate method.

Sulphur was determined by the gravimetric, barium sulphate
precipitation methed.
| Phesphorus was determined by the zlkali-zcid titration

methcd.
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TABLE V1

CHEMICAL COMPOSITICN CF ALICYS

X IR Y]

*y 90

Per cent Chemical-Compcsition

- -

Practure

*9) vt oo

. Alloy : 0 ¢ Cr : 81 :Mn :: S5 : P : as cast
: 0~1 2.3 0.000 0.82 0.21 0.036 0.142 white
+ D1 2,39 0.025 0.81 0.27 0.045 0.139 white :
: D-2 2,32 0,026 0.88 0.29 0.047 0.137 " :
: b -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 " :
: D -5 2.31 0.026 11l.05 0.28 0.049 0.139 " :
: D-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 " :
: D~9 2,32 0,025 1l.20 0.28 0.049 0.139slight gray:
t F-1 2.256 0.086 0.84 0.23 0.050 0.141 white :
+ FP-2 2,26 0.086 0.93 0.24 0.048 0.142 " 3
s F~3 2,28 0,086 0.94 0.23 0.048 0.142 " :
+ P-4 2.28 0,085 0.96 0.24 0.049 0.142 e :
s FP~-5 2.25 0.084 1.01 0.24 0.051 0,140 " 2
: FP~-6 2,87 0.084 1.08 0.23 0.051 0.143 " :
: P~7 2.26 0,084 1.07 0.23 0.049 0.141 " :
+ F~-8 2,26 0.084 1l.13 0.23 0.049 0.145 " :
: E~-1 2.39 0.111 0.86 0:17 0,042 0.135 white :
+E~-2 2,33 0,113 0.91 0.18 0.041 0,137 " :
+E -3 .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 " :
t: -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 0.138 " :
t:E~7 2,32 0,101 1.08 0.16 0.041 0.135 " :
: -8 2,856 0,111 1,14 - 0.17 0.041 0.140 " :
+ -9 2,32 0.112 1.17 0.18 0.042 0.138 " :
¢+ ¥-1 2.35 0.189 0.84 0.17 0.040 0.148 white
' ¥-2 2.34¢ 0.186 1.01 0.16 0.040 0.148 " :
¢+ -3 2.29 0.186 1l.26 0.16 0.039 0.149 " :
: N-4 2.26 0.197 1.44 0,16 0.041 0.146 " :
s+ -5 2,19 0.188 1.57 0.16 0.040 0,147 " :
: ¥~ 6 2.18 0,185 1.88 0.13. 0.039 0.149 rmottled :
: N~-7 2,19 0.184 2.35 0.11 0.039 0.145 very dark :
t M -1 2.68 0.445 0.83 0.23 0.046 0.145 white
t M -2 2.51 0,434 1.01 0.23 0.048 0,144 " :
tM-3 2.50 0.448 1.15 0.23 0.048 0.146 " :
t M~4 2,47 0.461 1.39 0.2837--0.049 0.148 " :
: M ~-5 2,45 0.443 1.55 0.23 0.049 0.147 " :
t:M-~-6 2.50  0.439 1.74 0.22 0.047 0.149 " :
t M-7 2.456 0.427 1.80 0.22 0.045 0.147 " :
M-8 R2.64 0.429 1.91 0.23 0.046 0.146 " 4

Y




E. Reat Treatment of Alloys. SN

Samples of each bar of series N, ¥, D, E, F and O were
placdd in iron pipes (2x8 inches) and packed in powdered graphite.
They were then heated to a temperature of 1700°F. during about 3%
hours. Some of the samples, those’of high silicon content, were
removed at‘intervals of 5 hours; these of low siiicon content were
removed at 10 hour intervals. Each sample was examined micro-
| scopically, beth unetched and etched, and the times required for
the complete graphitization cf the cementite determined in each
case. #ith the high silicon a2lloys, this time was determined
within an interval ¢f 5 hours; with the lower silicon allocys it
was determined to the nearest 10 hour interval.

It was found that the 0.45% chromium alloys, even those high
in silicen, retained considerable cementite after 200 hours
(8 1/3 days) at 1700°F. Due to the fact that the supply of
several alloys of this sgeries was nearly exhausived, it was
thought inadvisable to attempt.the complete graphitigzation of
this series.

Por the second stage of graphitizaticn, several new samples
of each alloy of series N, D, E, F and C were packed in powdered
graphite and held at 1700°F. for the times necessary for the
graphitization of the cementite. The furnace znd samples were
then ccoled to 1300°F. cver a pericd of 8 hours. After being

at 1300°F, for definite lengths cf time, samples were removed
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and examined microscopically. The complete absence of pearlite
was taken as the criberion of complete graphitization.

The furnace temperature was regulated and recorded by a
Leeds and Northrup automatic reccrder in conjuncticn with an
iron-constantin thermocouple. Thermocouples were replaced each
24 hours during the 1700°F. anneal and each 48 hours during the
1300°F. anneal. The recorder and thermocouples were standard-

ized frequently by means of a standard platinum-rhodium thermo-

couple.
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IV, EXPERIMENTAL DATA AND DISCUSSICHN

In Table VII, are shown the times necessary for the first
and second stages of graphitization of the alloys. The times
stated are those during which the samples were held at 1700°F.
and 1300°F. respectively, and dc not include the 8 hours required
in cooling from 1700°F. to 1%00°F. By time necessary is meant
the interval during which the last traces of cementite or
pearlite, as the case might be, disappeared. Fith some alloys
this interval is seen to te 5 hours, while with some of the high
chromium-low silicon alloys it is as great as 20 hours. In
some cases it was difficult tc detect any materisl progress

in graphitization during a 10 hour interval.
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TABLE VII.

TIMES OF CCMPLETE GRAPHITIZATICHN CP ALLCYS

: Weight Per cent: Times for Complete Graphitization :
. AL07 D gr p 81 : Time at 1700°F. : Time at 1300°F. »
: 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~2 0.026 0.88 20 to 30 30 to 40 :
+ D -3 0.026 0,90 20 ¢ 30 30 to 40 :
s+ D -4 0.026 0.93 20 to 30 30 to 40 :
+ D~5 0,026 1.05 10 to 20 20 to 30 :
+ D -8 0.026 1.06 10 tc 20 20 to 20 :
+ D -7 0,026 1.09 10 to 15 10 to 20 :
: D-8 0,026 1.16 5 to 10 10 to 20 :
: D~9 0.025 1.20 5 %o 10 10 to 20 :
s+ P~1 0.086 0.84 60 to 70 hours 110 to 120 hours:
c P a2 e.086 0.93 50 to 60 80 to 90 :
s P~-3 0.088 0.94 50 to 60 70 to 80 :
: F -4 0,085 0.96 50 to 60 70 to 80 :
s P =B 0.084 1.01 40 to 50 50 tc 60 :
:+ P -6 0,084 1.08 40 to 50 50 t¢ 60 :
: P =17 0.084 1.07 30 to 40 50 to 60 :
: P~ 8 0.084 1.13 20 to 30 20 to 40 :
¢t E=-1 0.111 0.86 70 to 80 hours 140 to 150 hours:
: E -2 0.113 0.91 70 to 80 140 to 150 :
+ B -3 0.113 0.96 60 to 70 130 to 140 :
t E -4 0,112 0.99 60 to 70 120 to 130 :
: 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 %o 50 90 to 100 3
s+ E~-8 0,111 1.14 20 to 30 80 to 90 :
+: E~9 0,112 1.17 10 to 20 50 to 60 :
+ X -1 0.189 0.84 130 to 150 hours More than 160 hr.:
s ¥-~-2 0.186 1.01 70 to 90 More than 150 hr.:
+: N3 0.186 1.26 40 to 50 More than 140 hr.:
: N -4 0.197 l.44 20 to 30 90 to 100 hours:
: N -5 0.188 1.5%7 15 to 20 70 to 80 :
s+ N~-6 0.185 1.89 5 to 10 40 t¢ 50 :
: N -7 0.184 235 5 o0 10 5 to0 10 :
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From 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 (0.00% chromium), requires from 20 to 30
hours longer for complete graphitization. This slower rate
might be contributed, in part, to the higher manganese content
cf the D series of alloys. However, if a compariscn te mzade be-
tween the standard alloy and alley P-1, containing 0.084% chromium,
a marked difference is found. This alloy required from 170 %o
190 hours for complete graphitization, which is from 110 to 120
hours longer than for the standard allcy.

Since, in this case, the small difference in manganese con-
tent is of tut meager importance, we may conclude that 0.0843
chromium with medium silicon presents a sericus prodlem tc the
manufacturer cf malleable iron.

Alloy E-~1, somewhat higher in silicon than the standard,
is seen tc have a much slower rate of graphitization. There
are two factors in connection with thig zlloy which should favor
rapid graphitization; higher silicon and lower manganese, How-
'ever, the presence ¢f 0.111% chromium is mich mcre effective in

its inhibiting acticn than the higher silicon and lower mangan-

ese are in promoting graphitization.
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An alloy of 0.189% chromium with medium silicon (0.84%)
requires more than 300 hours (12 days) for graphitization.

This amount of chromium exerts such a great stavilizing ef~
feet on combined carbon as to render the complete graphitiza~
tion of this allcy commercially impractical. 4n increase of
silicon from 0.84% %o 1.57%, as in allcy N-5, will give an al-
loy of this same chromium centent which can be completely
graphitized in 3 to 3% days.

& study of {the higher silicon members of each series pcints
out #ery well the powerful graphitizing influence of silicon.
It is of interest %o study the totzl times for complete graphi-~
tization of alloys D-2, P8, E-9, and N-6.

In the case of D-2, we find an increase of 0.06% silicon
will correct the retarding effect of 0.0265 chromium. With
alloy P-86, zn increase cf approximately 0.307% silicon corrects
for 0.084% chromium. Following this compariscn throcugh series
£, we find the relarding effeect of 0.111% chromium tc be cor-
rected by an increase of slighily more than 0.35% silicon.
Table VI has shown that the addition of 1.86% silicon to 0.188%
chromium alloy produced a mottled gtructure. However, if we

~employ this alley, N-6, in cur comparisecn, it is found %to re-
quire an increase of 1.07% silicon to offset the effect of 0.188%

chromium,.

Using this data for the four cases stated above, we may
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calculate the ratic of silicon increase, required to produce
g normal alloy in so far as rates of graphitization are con-
] cerned, to the percenbtage of chromium present.

FPor the D series this ratic becomes 0.06/0.026 = 2.30

For the F series this ratic becomes 0.300/0.084 = 3,57

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

For the N series this ratio becomes 1.07/0.188 = 5.69

These ratics are based onf%he nermal alloy of 0.82%
silicon.

Although in commercial praetice silicon is generally pres-
ent in greater amounts than 0.82%, the above ratios are of
thecretical interest in making a comparative study of the
chromium-silicon combinations.

Using the same alloys as menticned above, it is interest-

ing to calculate the ratics of total silicon required to the

per cent chromium present.
These ratios become:
Alloy D - 2 0.88/0.26 - 33.84

Allcy F - 8 1.13/0.084 = 13.45

Alloy E - 9 1.17/0.111

Alley ¥ - 6 1.89/0.185

10.54
10.21

n

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

mottled, as shown in Table VI, it may be concluded that for
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2lloys ¢f higher chromium content the above ratic would con-
tinue to grow smaller.

Photographs of allcys M-1l, ¥M-3, M~5 and M-8 are shcwn on
% pages 43 to 46 inclusive. The effect of increasing silicon
; content on the stability of cementite is well shown by these
% photographs. It is tc te ncted in the case of alloy M-1, that
| graphitization of the cementite is most rapid between 80 and
é 150 hours at 1700°F. With alloys M-5 and M-8 the greatest
? rate of graphitizaticn occcurs during the first 40 hours of
| heating. The last allcy of this series, M-8, containing 1.91%
| gilicon, retains traces of cementite after 200 hours of heating
; at 1700°F,
| Pages 47 to 54, inclusive, contain photcgraphs of several
representative allcys of the D, E, P, N and O series. These
photographs show the effect of chroemium~silicon ccambinations
| on the cast structure and cn the progressive annealing of
these alloys. The times given under each photograph dc nct
include the 8 hour inﬁerval in which the alloys cccled from
1700°F. to 1300°F.

Photographs D-9, N-6, N-7, as cast, show the only allcys
of the entire group in which primary graphitizaticn was pro-
duced while cocling in the mould.

Alloy E-2 is very incompletely graphitized even after

150 hours at 1300°F. as shevm on page 52.




Alloy M~1,

0.445% Cr., 0.83% Si,
. Structure as cast,.

Nitric acid etched. 75 X.

Allcy M-1
0.445% Cr., 0.83% Si.

Annealed at 1700°F. (927°C.)
for 150 hours.

Nitric acid etched. 75 X.

-l P

Alloy M-1.
0.445% Cr., 0.83% Si.

Annealed at 1700°F, (927°C.)
for 80 hours.

Nitric acid etched. 75 X.

Allcy H-1,

0.445% Cr., 0.83% Si,

Annealed at 1700°F. (927°C.)
for 200 hours.

Nitric acid etched.

75 X.




Alloy 1i-3.
0.448% Cr., 1.15% Si.
Structure as cast.

Nitrie acid etched. 75 Z.

Alloy M-3.

0.448% Cr., 1.15% si.
Annealed at 1700°F, (927°C.)
for 120 hours.

Nitric acid etched.s 75 X.

Alloy ¥-3.
0.448% Cr., 1.15% Si.

Annealed at 1700°F, {927°C.)
for 80 hours.

Hitric acid etched. 75 X.

“Alloy -M-3.

0.448% Cr., 1.15% 8i.
Annealed at 1700°F, (927°C.)
for 200 hours.

Nitric acid etehed.

75 X,




0.443% Cre, 1.55% Si.
Structore as casbe.

Nitric acid etcheds 75 X.

Alley M-5.

0.44%% Cr., 1.55% Si.
Annealed 2t 1700°F, (927°C.)
for 80 hourse.

Nitrie acid etched. 75 X.

45~

0.44%h Cr., 1.55% Si.
Anvesled at 1700°F, (927°C.)
Tcr 40 heours.

Nitric aecid etched. 75 X.

Alloy M-5.
0.443% Cr., 1.55% Si.

Anmnealed at 1700°F. (927°C.)
for 200 hours.

Nitric acid etched.

75 X,




Alloy M-8. ,
0.,429% Or., 1.91% S5i.
Structure as cast.

Nitric acid etehed. 75 X.

Allcy u-8.

0.429% Cr., 1.91% 51,
Annealed at 1700°PR. {927°C.)
for 80 hours.

Nitric acid etched. 75 Z.

o

Allo‘ff M-—B -

0.429% Cr., 1.91% 8i
Annealed at 1700°®,
for 40 hours.

(927°C.)
Hitriec acid etehed. 7

5 X,

Allcey M-8.

0.429% Cr., 1.91% Si.
Annealed at 1700°F. (927°C.)
for 200 hours.
Witrie zacid etched.

75 X,




A110y C~-1.

0.00% Cr., 0.82% 5i.
Structure as cast.

Nitric acid etched. 75 Z.

0.00% Cr., O. sz% S84,
Annealed at 1700°P. (927°C.)

for 30 hours and at 1300 F.
for 15 hoursSe.

Bitric acid etched., 75 X.

-l -

élloy C-1.

0. OO/D Cr., O. 82/3 S5i.
Anncaled 2% 1700°F. {927°C.)
for 30 hours.

Nitric acid etched. 75 X.

0.00% Cr., 0.82% Si.
Annealed at 1700°F. (927°C.)

for 20 hours and at 1300 r,
for 35 hours.

Witric acid etched. 75 X.




Allcy D-6e
Structure as cast,.
Nitric acid etched. 75 X,

Alloy D-6.
0.026% Cr., 1,065 Si,
Annealed at 1700°F. {(927°C.)

for 20 hours and at 1300°R.
for 20 hours.

Nitric acid etched. 75 X.

—48 -

AN

Alloy D-6. ‘

0.086% Cr., 1.06% Si.
Annzaied at 1700°F. (927°C.)
for 20 hours.

Nitric acid etched. 75 X,

T
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Allcy D-6.
0.026% Cr., 1.06% Si. o
Annesdled at 1700°F. {927°9C.)

for 20 hours and at 1300°F.
for 30 hours.

Ritric acid etched.

75 X,
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Allocy D-9.

0:025% Cr., 1.20% Si.
3tructure as cast.

Bitric acid etched, 75 Z.

P B 2 WAL g & W
BB

Alley D-9. .
0,025 Cre, 1le20% Si.
innealed at 1700°PF. (927°C.)
for 10 hours.

Kitrie aecid etched. 75 X,

Alloy D-9.

0.025% Cr., 1.20% Si.
Annealed at 1700°F. (927°C.)
for 10 hours and at 1300°F.

for 10 hours. ,
Kitric acid etched., 75 X.

Alloy D-9,

0.025% Cr., 1.20% Si.
Annealed at 1700°F. (927°C.)
for 10 hours and at 1300°F,
for 20 hours.

Witric acid etched. 75 X,
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Alloy F-7.
0.084% Cr., 1.07% 8i.
Structure as cast.

BHitric acid etched. 75 X.

Allcy F-7.

0.084% Cr., 1.07% Si.
Annealed at 1700°Fk, (927°C.)
for 40 hours.

Nitric acid etched. 75 X.

Alloy F-7.

0.084% Cr., 1.07% Si.
Annealed at 1700°F. (927°C.)
for 40 hours and at 1300°F.
for 50 hours.

Nitrie acid etched. 75 X.

Allcy F-7.
0.084% Cr., 1.07% Si.
Annealed at 1700°F. (927°C.)

for 40 hours and at 1300°F,
for 60 hours.

Nitric acid etched.

75 X,




Alloy E-6.
0.108% Cr., 1.07% Si.
Structure as cast.

Nitric acid etched. 75 X.

Alloy E-6.

0.108% Cr., 1.07% Si. .
Annealed at 1700°P. (927°C.)

for 50 hours and at 13009R.
for 90 hours.

Nitric acid etched. 75 X.

«51e

Alloy E-6. ’
0.108% Cr., 1.07% Si,

Annesled at 1700°F. (927°C.)
for 50 hours.

Witrdic acid etched. 75 X.

Alloy E-6.
0.108% Cr., 1.07% Si.
Annéaled at 1700°F. (927°C.)

for 50 hours and at 1300°F.
for 100 hours.

Ritric acid etched.

75 X.
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Allecy R-2. A Alloy N-2.

0.186% Cr., 1.01% Si. 0.186% Cr., 1.01% Si,
Strueture as cast. Annealed at 1700°P. (927°C.)
KNitric acid etched. 75 X. for 70 hours.

Nitric acid etched. 75 Xa

Alloy R-2. -

00 186‘75 CI'. s 1.01% sio\
Annealed at 1700°F. (927°C.)
for 70 hours and at 1300°7F,
for 150 hours.

Hitrie acid etched., 75 X.




Alloy H-6. _
0.185% Cr., 1.89% 9i.
Structure as cast.
Fitrie aecid etched.

75 X.

Allcy N-6.

0.185% Cr., 1.89% Si.
Annealed at 1700°F. (927°C.)
2or 10 hours end at 1300°F,
for 40 hours.

Nitric acid etched. 75 X.

Alloy KN-6.

0.185% Cr., 1.89% Si.
Annealed at 17C0°F. (927°C.)
for 10 hours.

Nitric acid etched. 75 X,

Allcy N-6.

0.185% Cr., 1.89% Si,
Annealed at 1700°R. (927°C.)
for 10 hours and at 1300°F,
for 50 hours. )
Witric acid etched.

75 X,
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Allcy T-7. Alloy ¥-7.

0.184% Cr., 2.35% Si. 0.184% Cr., 2.35% Si.
structure as cast. Annesled at 1700°F., {927°C.)
Witric acid etched. 75 X. for 10 hours.

Nitrie acid etched. 75 X.

Alloy R-7. .
0.184% Cr., 2.35% Sic-
Annealed at 1700°F. (927 C.}

for 10 hours and at 1300°F.
for 5 hours.

Nitriec acid etched. 75 X,
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V. CCNCLUSIONS

Chromium, when present in white cast iron, exhibits a
very marked stabilizing effect on combined carton. That the
combined carbon of the eutectoid as well as thaﬁ.of the cemen-
tite is stabilized, is shown by the greatly extended times re-
quired for graphitizétion of chromium tearing alloys, both at
1300°F. and 1700°F.

Silieocn, by its powerful graphitizing tendency, is an effect-
ive agent for correcting the inhibiting influence of chromium.
However, in order %o Qrevent the separation of primary graphite
during solidification, an upper limit c¢f silicon for each
chromium content must not be exceeded. For 0.025% chromium
ailoys this upper limit is between 1.15 and 1.20% silicon,
“ﬁhile for 0.18% chromium alloys this limit is about 1.8%
gilicon.

When large amounts of serap are used in the manufacture
of pig iron, it is practiecally imposéible tc hold the chromium
content much below 0.05%. By adding the proper amounts of
silicon such pig iron can be annealed satisfacterily, result-
ing in a marked saving tc the manufacturer of malleable iron.

No attempt has been made toc correlate physical prcoperties
with chemical composition. It is quite possible that the alloys
of higher silicon conbent, i.e., those requiring relatively

short ammealing pericds, would show infericr physical properties.
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VI. SUMMAHY

1. A study of the quantitative effects of chromium on
cementite stability has been made.

2. Rates of first and second graphitization stages have
been debermined for several allcy series containing constant
amounts ¢f chromium and varying amounts of silicon.

3. Jeveral ratios of theoretical interest have been cal-
culated. ‘

4. Photographs, showing the effects of chromium and of
chromium-silicon combinations on gravhitization rates, are in-

cludede.
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