
KOTES ON THE MANUFACTURE OF STEEL 
CASTINGS, 

There are t,hree methadr of production of liquid steel for 
mmlnfscture of fight and rnecH11tn weight castings :-- 

(I) By Crucible. 
(2) Converter. 
(3) FJmtric Purnace. 

h e i b l e  Pmms.-Thiu i- l>roF~ahlj the o I t l ~ t  process for 
~llelting ateel, and i t  still has certain advantages where Ghe 
manufacture of s M 1  castings is carried out on a small scale, 
othen+-ise the process is uneconomical Very fine castings hare 
been produced, but it suflers from the drawback that the carbon 
usually, and the sulphur and silicon invariably, grow abol-e 
the cabdated amount, h this g r o ~ h  Grtkw place in ~ q i n g  
quantities dependenk on the conditions of melting, the moulder 
cannot depend on obtaining the desiced ultimate composition of 
the steel wi$h any degree of certainty. The electric furnace 
has almost entirely &placed this process. 

Conv&er -.-There are several type of canx-ertexs, and 
in principle they resemble the old Bessemer process for m&hg 
steel. Suitable pig h4 first rnelkd in a. cupoh and then trans- 
ferred to  the converher, in which the wtion of a b h t  of ak 
suihbly applied causes oxidation of the carbon, silicon and mm- 
ganesa in $he molten cupola iron. The h a 6  thus generatecl je 
sdicient to give the resultan* low embon metal sufficier~t 
fluidity for c m w  of the thinnest sections; in fact, it appears 
t o  be well esbblished bhab converter metal pouae~m gwater 
fluidity at approximately equal temperature than electric skeel. 
Tb, combined with ita small size and genera1 adaptability, 
makes &he con~erter a very suitable apparatus for light. castings. 

ELECTRIC' FURNACE. 

This is bhe process in use in Portsmouth Dockyard, and i t  is 
therefore the one described in these noW. In commercial life 
the choice of the process to be adopted Is governed hv economic 
considerations. The eelectrio furnace uaes acrap, and where cheap 
supplies of scrap and current are available, it has the preference ; 
on etle other hand, if pig is cheap, the convorkr is adopted. 
ln Sheffield, for example, electric furnaces and convertors are 
mmetimes installed in the same shop, and each proceM is used 
as ma.v be more economical or convenient, the ch~ice depending 
on the relative price and suppliw available of scrap and pig 
respectively. In a dockyard large supplie~ of scrap are usually 
available, and the electric furnace, therefore, particularly lenda 
itself to dockyard work. It has alm the great advantage of 
af'fordinq a h o s t  perfect control over the resultant censtituents. 
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It will he; con~enient ta subdivide a collaideration of the general 
question under the foIlowiry: headings : - 

{ l )  Description of the electric furnace. 
(2) Operation. 
(3) Influence of constit11tent.3 of the mechanical pro- 

perties of steel. 
(4) ..Moulding methods. 
(5) Heat treatment of castings. 

1. M p t i o n  of the Electric FuFnace. 
The electric furnace for melting was first i~itrotluced 

commercialIy about the year IOO(r, a~lrl there are at prewnt 
severd efficient typw on the market. The furnace described in 
these notes is that fitted in Porkn~oluth Dockyard. 

Elect t* icrcl Fwl?cres.-The furnace is worked on the t~+*o-phnse 
three-116re system. There are two electrodes entering the furnace 
through the roof, and an arc is formed between these and the  
bath of steel ( d e  p. 7 L-Papers on Enginering Papers KO. 5 ) .  
The electrodes are connected by flexible leads t o  the aecond~ry 
terminals of a tramformer, in which the Yard three-phase current 
of 6,600 rolts is transformed down bo a two-phase current of 
aboue 80 volh. The third "neutral" return conductor is 
connected to  t.he hearth, which is condnctive. 

Aleckani~d F&14re8.--The furnace body is builk in the form 
of a rectangulm tank, which i.7 supported on rockers and carrirx 
the necessaq- columns for guiding the electrode carriag~.  A 
long vertical screw is cwried centrally in each column. Ratation 
of this screw, which is effected by motor-driven gearing, raises 
or lowers the electrode. The ncfunt hlg motors are operatetl I IF 
R regulator, which automatically lo~t-ers or raises an elcctmtle 
according RS t.he current going through it is too low or too high. 
The furnace is tilted by scmw genring, whicli is operated by a 
tllird motor. Access doors and n spout are fitted rts shorsn 
h1 Fig. 1. 

Linirag.-Fig. 2 ahows the arrangement of the refractmy 
materials forming the hearth, walls and roof of the furnace. 
Those portions of Ghe  wall^ and roof which are exposed high 
temperature are made of the best quality silica Bricks, with a 
backing of ordtlary firebricks in places, aa these ere better non- 
conductors of heat, and, moreover, are less expensive. The 
hearth electrode copper, resting on a lining of magnesite bricks, 
surrounded by carbon powder and imulated from the steel outer 
easing. As $he working of this type of furnace depends on a 
low hearth mist.anw, it .t always lined with a basic material, 
which is arranged to extend from the hearth electrode t o  a 
position just above the. slag line, the present known acid re- 
fraictories being poor conductors. As shown in Fig, 2, the hearth 
itself is made of ground dead-burnt dolomite, the whole being 



mixed wit11 aal~ydrous tar and rammed up itgains* a wooden 
template. At and beIo~* the slag line, behind the dolomite 
banks, t,here are courses of ~l~agnesite bricks. 

11-1 view of the variety in the refrnctories composing the lining, 
a short description of each t?-pc and its inte~ided fu~lction appears 
desirable. 

Eefrttcto~ n~uterials in which silica predominates are acid ; 
those coniposed of lime md magnesia axe baaio. The basic 
mnt.erirtls uset1 in the lining are r~presented by the magnesite 
bricks and dolomite, while the acid mnterials are represented by 
the silica bricks. 

The mineral dolomite may be regtlxrled as a crystalline lime- 
stone, in ~vllich pad of the caIcium carbonate is replaced by 
magnesium carbonate. Before it is suitabb as ts refractory 
lnaterinl it requires to  be bunt., or calcined, until. most of the 
carhon dioxide is expelled. 

The colsposition of dolomite after burning is as followe:-- 
COB FeO.Al,O!, CaO. M@. SiO,. 
1 .0  3 . 0  57.0 37.0  2.0-3.5 

per cent. per cent. per cent. per cent. per cent. 
Dolomite is usually reserved for the construct.ion of the 

working hearth, but it c a n  also be used for the lining in amall 
furnaces. In furnms of any but small size, however, it becomes 
necesqary to  use mwasite bricks for the rvalh about the slag 
line. 

Magneeite is the only matexid that can be satisfactorily used 
for the manufacture of basic briclrs rtt present. The average 
oomposition of Austrian magneaite is : - 

Ng.0 Ca.0 Al,OS Fe@,. SO,. 
83.0 4.0  3 .0  8 - 0  2 - 0  

per cent. per cenS. per cent. per cent. per cent. 
Nagmesite bricEcg have R high CO-efficient of thermal con- 

ductivity, and in order ta prevent excessive heat loss, they should 
be backed wherever possible by a material h a ~ g  a much higher 
power of hwt insulation, e.g., firebricks. Magnenite bricks 
behave abirahly in so far ss they resist fusion at very high 
temperature and corrosion hy basic slags, and the only sseiow 
objection .to their use is their friability when hot and &heir 
hndency +a burh aftet exposure to very high temperatures. 
Owing to this, it is necessary to use silica bricka for the upper 
walls and the roof of the furnace. 

Silica is the mdominating constituent of all acid refrmtoriee, 
and its content ranges from 98.6 per cent. in the Sheffield 
" bImkganister" to  80.0 per cent. in the oommon grade of 
" cupola " ganister. If care ia taken not to hasten the initial 
drying and heating to the full furnace temperature, good quality 
silica bricks in the roof will &and at least 50 melb. TBo mften- 
ing point of silica lies between 1,660° C. and 1,800" C, and care 
has to be taken that this is not exceeded in the working of the. 





frmace. Silioa brioks are more highly xrdractory than any 
alminous bricks excepting " B~auxite," which amvery expensive. 
The average composit4on of a good sitics, brick and also, for 
comparison, of a Glerlhoig firobriclc, follows : - 

SiO, Al,O, Fc,O, CaO Alkalies NgO 
Silicabrick - 96.2 a 9 2  m63 1-5 m19 -22 
Glenboig Fire 63-0 32- 2-85 -79 a94 -36 

Brick. 
L 1  addition to the deterioration of the siIicn bricks lining 

the walls and roof, owing to  the heah of the furnace, further 
wear takes place through the re-action of the basic fumes from 
the slag, especially round the electrodes. This wear couIcl be 
avoided by using basio bricks, hut suitable ones are not yet 
obtainable for this work. 

2. Operation of the hmme. 
The object in view is to produce from ateel scmp a liquid 

steel w7ith a definite percentage of carbon, silicon and manganese 
(usually " C  "-0.30 per cent. to 0-36 per cent., "Si"-0.25 per 
cent. t o  0-35 per cent. and " Mn" about 0 . 6  per cent.), and as 
little sulphuc and phwphoma aa poasibIe. In the basic process 
the operation is carried out in thee digtinct stages, viz.:- 

Stage I.-Melting down the charge under oxidising condit ior~s 
under a basic oxidising slag for removal of carbon, nmnganese, 
silicon and phosphorus (a partial removal of sulphur dso takea 
place during this stage). 

SWe 13.4kimming and carburising. 
Slage ]'X.-Refining under powerfully reducing corlditioiis, 

with final removal of sulphur and finishing with aUoy addi- 
tions: &c. 

The electric furnace dndw description is not adapted for t.lle 
acid process of manufacture of steel and reference to this process 
is not called for. It may, however, be recalled that in the acid 
process the slag mill only remove carbon, silicon and manganese, 
without any reduction of sulphur and phosphorus md, slthot~gh 
a h l  made by the acid process from high-class raw materials by 
the open-hearth process is admittedly superior in quality to 
basic steel of similar composition, this does not apply to steel 
made in the electric furnace. 

Stqs I .  
The hearth is charged with artbout 20 cwts. 01 punchings and 

10 cwhs,'of ret,ms and the ourrent ewihhed on. If the hearth 
is cold there is usually some diffiotilty in striking an arc. When 
this is aocornplished the metal begins to melt undm *the electrodes, 
forming two pools of moltRn metal which gradually extend. 
Lime is then thrown on as necasaary to form a covering slag. 

If the punching8 are free from rust iron ore is added to the 
metal a3 the oxidising agent, but a rule iron or0 is not. reaukrl, 
there being sufficient oxide on the map for oxidation. 



As the melting proceeh, fnrt.her lime is adrl~d +ill the whole 
s i ~ r f ~ c  is covered by the slag. 

Bmic O&i&ng Slay.-The function of the baaic oxidirsing 
slag is to reduce the quanti* of all constibuents other than 
~ulphur in t-he scrap and so produce a bsth of s tee l  as low aa may 
be required in carbon, manganese and silicon, and as low as 
possible in phosphorus. The fluxes used for the formation of the 
slag are iron ore and lime, with fluor-qm added M necesaq to 
thin it down. It is alwaya advisable to uea the best raw r n a ~ a l s  
a R  they are found to pay in the end. For inetance, bcaP b e  
was trbd in Portsmouth Dockyard, but its W led to trwhle, 
ancl the hest 13uxton lime was reverted to. 

A satisfactory slag tvill usuaI1y contain 25 to  30 per cent. of 
Fe0 and Fe,O,, 35 per cent. t o  40 per cent. of CaO, the remainder 
being MgU, SiO,, BhO, etc. When cooled, the fracture is close 
ancl stoney in appearance and has a grey-black colour. An 
overoxidising slag is very fluid, bImk in colour and haa a dirs- 
tinctly cryMIjne fracture. It can be made less oxidising by 
additions of powdered cod. 

It is immrtant not to over oxidhe the metal in the bath as 
t.his is liabll to result in spongy castings and affect adversely the 
mechanical properties of the steel. The correct quant.ity of ore 
is best determined by trial for a given class of scrap. The 
proportion of h e  and ore should be such as to maintain a good 
blrtck basic slag from the time of its first formation, which 
case, the elimination of " C," " P,'"" " and " Si " will proceed 
simultaneously with the melting, and be carried sufficiently far 
~r.hen the hath i~ hot enough for skimming;. The time required 
for this stage of the operatkn is about foui houra. 

Slug Bmctions.-l. Removal of carbon. Carbon in a bath 
of steel is oxidised both by the action of iron oxides dissolved in 
it and by the influence of a slag rich in FeO, Fe,O,, or J?e8O4, 
provided the temperature h high enough. 

The carbon is oxidised to CO which either produces a frothy 
condition of the slag or bursts through it as numeroua hlated 
bubbles, and in the latter case the steel is mid t o  be " on the boil.'" 

2. Removal of ~hosphome. In the presenoe of oxide of iron, 
either dissolved in the rnetaI, or pmaenb in the slag, the phm- 
phoms is oxidised to P,O,. If lime is present in the slag in a 
sufficient degme of concentration i t  serves as a base for fixing 
P,O,, forming 4Ca0. Y,O,. High carbon content of the mrap 
used leads to a risk of the phosphorus being imperfectly removed. 
The carbon in the bath during the melting down period should, 
therefore, at no time be high enough to  prevent elimination of 
phosphorus. If the carbon i~ low enough, the ren~oval of 
phosphorms proceeds gradually from the time a bath is first formed, 
and by the t h e  the entire charge is melted and hot enough for 
skimming its elimination should be prwtically complete. 

3. Removal of Manganese and Silicon. These are removed 
by the oxidising action of iron oxide dissolved in the bath or 



present in the slag. The oxidisation proceeds from the inithi 
stages of melting do- and iEl M u e n d  by the amount of carbon 
present in the ba$h, and tho bath temperature. They are oxidised 
to MnO and SiO, and rise to the slag. There is usually no 
difficule in reducing t.he mmganese and silicon present in the 
ordinary steel scrap. 

4. Removal of Sulphur. With a basic oxidising slag, the 
foIlowing reaction takes place :- 

FeS + 2FeO = 3Fe + SO,, 
but it can only proceed if PeS and Fe0 are present in a sufficient 
degree of mutual concentration. The removal of sulphur i+ 
consequently only partial. 

Condition o j  the Bdth befvre 8JGimminq.-Carbon. The rnake.1'~ 
of the furnace and text books recommend that the amount of 
ombon in the bath ahould be reduced t o  about 0.06 per cent. to 
0.08 per cent. before skimming, but recent dockyard experience 
tends to prove that the cwtings are more likely to be sound a ~ l t l  
have better mechanical properties if the carbon is not allowed to 
go below 0.15 per cent. 

Before the slag ie skimmed, the amount of oarbon in the 
bath is checked. This is done by td&g a smal spoon sample and 
hsting it by the " colour ht." The test is carried O I T ~  as 
follows :- 

0-1 grmmes of standard ~lteel drilling~ are thoroughly 
dissolved in a t e s t  tub in t h e  cubic cms. of nitric acid, of 
S.G.1.2. A shil8r quantity of the sample is then shili~dy 
treated. Distilled water is then added until the colours agree, 
and the ratio of the amount of liquid in the test kube conhining 
the sa.qple to  &hat of the standard will equal the ratio of carbon 
in the sample to that of the standard. 

Phosphorus. With ordinary scrap there is usually 110 

dficulty in reducing the phosphorus below 0 -02 per cent., m d  
this wiU usually rise to about 0.025 per cent. in the finished 
steel. 

Mmganeae. This is usua,Ily reduced to about 0.2  per cent. ill 

the bath. In adding $be ferro-manganese Ister this figure in 
assumed without t e a t  and the ultimate percentage is practically 
always correct. 

Silicon. If the carbon and phosphom~ are- p ~ p e ~ l Y  elimi~~ntccl 
t h i ~  is reduc~d to  a trace. 

Sulphur. This is normally reduced to about 0 09 per cent. 

If the correct slag and temperature conditions are realissil, 
the slag can be removed without any difficulty. The main 
swihh is broken, the electrodes IiftRd and the furnme tilted. 
The bulk of the slag is then poured off and the remainder i~ 
&immed. This operation removes the surplus cmbon, silicon, 
manganese and phmphoms and a portion of the sulphur. 



After returning the furnace to its norn~al position, the bath ic 
carburised by throwing on anthracite coal in small nut size. 
The amount added is calculated so as to give roughly the required 
ultimate percentage of carbon in the bath, but a margin of 
40 per cent, to 50 per cent. over this estinlated quantity has to be 
made due to the partial contbustion of the coal. It is important 
that good anthracite should be used, low in ash, phmphon~s, 
sulphur and volatile matter (volatiIe matter not exceeding 10 
per cent.), as otherwise irreguIar results nre obtained. 

Stage I I I .  
Immediately after carburising, about 15 Ibs. of 45 p c  cent. 

ferro-silicon is thrown in to deoxidise the metal. (The amount 
of ferro-silicon is worked out so as to provide that the heultimate 
silicon content shall not exceed 0.2  per cent.) This is fo1lowerI 
by the addition of lime and fluor-spm for forming the new slag. 
After this dag has been formed and brought into a good condihion 
and extending over the whole bath, it is maiutahed in a bmic 
reducing condition by periodic additions of powdered anthracite, 
powdered ferro-silicon and h e .  

Basic reducing Slag.-Ep to the time of carburising, the process 
is conducted under conditions that exercise an oxidising action 
on the bath of steel. The at of carburiaing undoubtedIy removes 
a portion of the dissolved iron oxide, but it is incapable of carrying 
the reduction beyond a cedain poinh. It requires a far more 
powerful reduchg agent to deoxidise the steel to such an exten* 
that it will produce a sound casting, and this function is fulfilled 
by the slag formed by h e ,  powdered cod and fluor-spar, supple- 
mented by ferro-silicon. It is also the fundion of this slag to 
ftnaIIy remove the sulphur. In this connection, it will be 
appreciated tha t  iit is of vital importance that the lime and 
fluor-spar should be free from sulphur and the fluor-spar should 
be analysed before use; it should not contain more than 0.5 
per ceni. Recently, great trouhb waa experienced with castings 
on account of excess of sulphur, which after rnlrch difficulty was 
finally proved to be due to the employment of unsuitable fluor- 
spar. 

The slag first formed will be brown or brown-yellow in cdou~ 
when cooled. After the addition of carbon, lime, eh., it will 
become white or greyish in colour and fall to  a fine powder in 
cooling from r e h e s .  This h the  furnaceman's primary indim 
tion that, he has the correct slag. Any tendency to reverh to a 
darker shade of yellow or brown demands an addition of carbon 
dust. If the 81% is h Mck, a small quantity of fluor-spar ahould 
he added ; if too thin, more lime is reqnired. The hhl quantity 
of fluxe~l uwd Aould be aul3oient to form a good covering to 
the bath, so as h prevent the absorption of carbon by the steel 
from the carbon dust added. 

h t i m . - T h e  reactions concern the removal of oxygen and 
sulphur. The oxygen is removed by the femo-silicon and by the 



o~rbon. The reducing action of ferro-silicon is simply due to  
the greater afinity far oxygen of silicon than iron. Silicon is 
oxi'iised and unites with unreduced metallic oxidea ~ t i l i  present 
to form silicak~. wliich rise to the slag. 

The reaction by carbon is a, slag reaction. The deoxidising 
power is due to the formation of ca1cium carbide, which in contact 
with n bath of dissolved oxides, is immediately decomposed with 
liberation of CO and CaO, as follows :-- 

C&, + 3Fe0 = 3Fe + 2 C 0  + CaO. 

The reaction I d n g  to the removal of the suIphur is com- 
paratively slow until the slag is free from oxides, as is indicated 
by itp, white appearance; a t  this point the reaction proceeds 

great rapidity, as follows :- 

(l) Fe8 + CaO + C = Fe + CraS + CO. 
(2) 3FeS + 2CaQ + CaC:, = 3Fe f 3CaS + 2CO. 
" CaS " is fixed in the slag* 

Por the mtisfactory removal of eulphur the slag must be 
maintained in its correct condition for a definite period of time. 
In this respect Stage ILL. differs from Stye  I., where removal of 
impurities kakes place simultaneously with the melting. 

AUog additions.-After the correct ~ l a g  and temperature 
have been maintained for a definite period of time, found hy 
experience, a mail spoon test of the mefd is taken t o  ascertain 
if the metttl11~~ hoen " killed," in other words, deoxitlised. The 
sample i s  poured from the ~poon i n h  a small metal mould. If 
t.he wet41 in the mould mains quiescent it is  ~ n i d  tdn he ''kkietl." 

About PO minutes before the metal i u  likely to  be " killed," 
a second colour test for carbon is taken. On the result of this 
test the additions of spiegeleisen (G-5 per cent., Mn-20 per cent.) 
are made to bring up the carbon content to that required in the 
ultimate prcduct. At the same time ferro-manganese (6 p e ~  
cent., 70 per cent. Mn) is added to bring up the manganese Go 
the requid percentage. In working thiq out the b&th is 
assumed to contain 0- 2 per cent. of manganese, rts earlier stated. 

Finally, aboue five minutes before pouring, about 8 lbs. of 
fern-titanium (20-25 per cent. Ti) m added, p&Iy as a 
deoxidiser and partly because it appears to give better mechanical 
properties to the steel. 

The metal is then poured into the ladle, which is previously 
well heated on a ~pecial stove, The final slag is poured with 
the metal so as to give it a neutral covering in the ladle. For 
this reason bottom teeming ladk we invariably used in the 
bawic pmceas. 

Finally, a md quantity of aluminium (which is a most 
powerful deoxidising agent) is thrown into the ladb. The 
quantity should not exceed about 8 02s. por ton of metal, as 
otherwise it is liable to  advam1y dTecG the mechanical properties 
of the steel, as stahd later. 



It is a good practice to have bhe metal in the ladle for five 
minutes More teeming, aa this o f f m  an opport~~nity for any 
entrapped gases and dag to rise. Stage In. usually lam% about 
an hour. 

3. bflnenoe of the Constihbnh on the Mechanical Propdim, 
The influence of Ghe various constituents found in steel has 

been the subject of a p a t  deal of research and there are still 
a g o d  many points open to controversy. The tendency amo~lgst 
engineers is to get over the diffiouIty by insi~ting upon a material 
aa free as possible from every constituent other than the carbon 
required to produce the requisite hardness, and sufficient 
manganese to  prevent red shortness. The objection to  this 
course is Ghat such a material is necessarily very costly when 
manufactured on a commercial male, and it becomes nebessary 
t o  compromise in everyday practice. 

The Admiralty requirements for steel castings are as follawa :- 

The tensile tests at Pdmnoath Dwlqmrd are made on 
f e s t  pieces 2 inches long by 0.6642-inch diameter, and bend 
tests on test pieces 1 inch square over a radius not greatsr thm 
l g inch. 

The influences of *he following constituents will be 
considered :- 

Carbon, silicon, sulphur, phosphorus, manganese, and 
alumiuium and various g w s .  

- 

-- 

Intricate 
castings. 

Ordinary 
wtinfy. 

Cavbon.-The influence of carbon (other cowtituents bemg 
norrnaI) is best ~hown by the c m ~  on fig. 3. Thme are taken 
from a paper pmenf;ed by Professor Ddby on " Strength and 
Inner Structure of Mild Steel " before the Institution of Xavetl 
Architects in 1917, These curves are only approximate but have 
been most useful. They only hold good if the carbon is in the 
form of " pewlite," in other words, i£ the heat treatment h 
h e n  properly carried out and not unduly prolonged. 

It 4 1  be observed that the e rne  of ultimate tensile etrength 
is a straight line: and in connection with this it is oT interat. 

U.T.S. in Tons. 
P& 5q. in. 

Elongation. 

Not Iees than 

Per cent. 
1% 

15 

Not m m  than 

37 

35 

Bending 
Testa. 

Not lw than 

4 5 O  

60'-90' 

Not lea than 

30 

28 





to note that the hardneaa of the steel, n s  shown by the BrineU. 
hardness test, is practically proportional to  the ultimate tensilc! 
~~trength. 

After considerable experience i t  has been ascertained tha t  
the Admiralty requiremente can be met by a carbon content of 
0.30 to 0.35 per cent. 

The lower the amounf of carbon in the skF the higher the 
melting temperature, aa is ahown by the iron-carbon equilibri~~m 
diagram. Also, the lower the carbon content the more intensely 
oxidising must be the condi~iom of manufacture and con~equen t ly 
the more difficult the deoxidisafion becomes. These two factors 
mahe it desicabla to maintain bhe carbon content as hgh as is 
possibIe, compatible with the material meet,ing the stipulated 
testa. 

&lico~a.--Up to  0'35 per cent. Silicon has practically no 
influence on the rnechanlcal properties of the steel. Above this 
percentage it is Iinble to adversely affect the bend test. 

It is always desirable to retain a little silicon and also some 
manganese in the bath of metal to prevent over-exidieation. 
lrhe exact manner in which silicon and manganese act h this 
respect is not thoroughly understood, but there is little doubt 
that considerable portions are o9idiaed to  SiO, and MnO by 
some of the oxidising gases' present and so by removing these 
gaees, prevent blowholes. This is only a partial explanation. 
There are strong reasons for believing that silicon and rnanganem 
and also aluminium increase the eolvent power of steel for gases, 
and thus prevent the dhsolved gases being liberated on the steel 
cooline;. 

The amount of &con aimed at to meet the above condition9 
h 0.26 per cent. to 0-36  per cm*. Some of the Sheffield steel 
d e w  deliberately aim at 0 . 5  per cent. ta ensure sound tesb 
pieces. 

I5ulphu~.-Sulphur exists in skel as sulphide of iron or 
~ulphide of manganese and these substances may be found in 
f hree forms :- 

(I)  As globules. 
(2) As thin irregular laminae. 
(3) AB a meshwork round the cryst,ds of t.he steel. 

When in the form of globulerr these sulphides are corn- 
paratively harmless, and aa the laminae can bc " baIIed up '' 
into globules by suitable heat t.reatment, the effect of (1) and ( 2 )  
need not be important. 

When the sulphide is present M a meshwork round the crystals 
it is in ih m o ~ t  objectionable form as it cauees ink-crystalline 
weakness, wElich no known he& treatment will remove. It is 
well established that in sound materials the proceas of fracture, 
whether under steady load or under shock, proceeds across the 
body of the crystal. Where inter-crgatdlkne frmture occurs, i t  
i a  a certain eign of some abnormality in the composition or 



condition of the  metal: as is the case when the sulpllide is present 
in t he  form of a meshwork. 

If sulphur i e  present in excess- it lnnlrcs the castings 
" red-short," i.e., they are liable to develop cracks an setting; 
also, it :iriversely affects the elongation and bend testa. As 
previously ment.ioned, owing to a high sulphur content, due to  
bad fluor-spar, a great deal of difliculty was experienced at 
Portsmoutlt Yard in obtaining the ceqr~ireri mechanical ppropertiee 
until thr reason was located. 

The upper safe limit for ssulpE~ur appears to be about 0.04 
per cent. At Portsmouth Dockyard rt sulphur conhnt of not 
more than 0.03 per cent. is .aimed at and usually obtained 
without di%culf;y. 

Phq?im8.----0f all the impurities usually present in steel, 
practical experience has established the fact that phosphorus is 
the one that most prejudicially influences the physical. propertie8 
of the nietal by producing brittleness under shock, and general 
cold shortness, There is no doubt that the lower the phosphorus 
content the safer is $he materiat, but it is not possible to  assess 
the ddefinike maximum limit beyond which this unddable  
feature may arise. In Porbsmouth Dockyard under 0.02 per 
cent. is aimed at, although fihere appeam to be but little danger - - - 

below .Q4 per cent.. 
It is perhaps somewhat difficult to credib the fact that such 

a smaI1 proportion of phosphorus could produce ~ u c h  a serious 
change in the strengt11 characteristic of steeI. Two factors must, 
howe~-er, be borne in mind. In the first. place, the phosphorus 
is present, not in the free condition, but as " Fe$," ao that 
every 0-10 per cent. of phosphonis involves the presence in the 
steel of 0 -48 per cent. of Fe$'. Fbher ,  Fe,P is not uniformly 
disseminated throughout the steel, but resides in %he peripheral 
part8 of the first large crystals which are formed on eooling. It 
is these bigher loam1 concentrations which lead to  fa.ilure under 
test or in  erv vice. 

Mamqane8e.-The influence of manganese m hho properties of 
steel has already been dealt with to a certain extent under the 
heading 01 ailicon. It is no$ an impurity present which metallur- 
gical treatment has failed to remove, but m essential coastibuent 
especiaUy added to  deoxidise the metal so to  prevent its 
being red ahorb. For mild steel, the legs manganme a steel 
contains above that required to ensure solid capthgs and freedom 
from red-shortness. the better. 

The general te&dency of manganese is to increase t he  tensile 
streng-hh and somewhat to reduce fhe dudility. At Port~mouth 
Dockyard, the most, satisfactory resuIta appem to be obtained 
W-ith a manganese content of about 60 per cenf. 

Alaminiuna and G~es.--All rrteeI when in a molten s h t e  
contains a certain m o u a t  of iron oxide whioh has the effect of 
lowering both ita fluidity ahd the atrengtb of +,he caating, making 
it " red-shoA.'"~s oxidieed metal cook, the oxide, under the 



action of earbon is partially reduced, forming carbon monoxide 
gas. The gas so evolved causes a mom or lem violent ebullition 
in the molten metal, giving rise to  blowhole^. The addition of 
very small amounts of metallic aluminium to  such nletal is 
found to stop the violent ebullition of gas and dIow of the 
production of sound castings without blowholes. The explana- 
tion of this action appears to he that aluminium has a far greater 
affinity for oxygen at high temperatures than iron ; the oxide 
is conmquent.ly reduced, while the atumina formed passes out 
of the metal as slag. 

A small addikion of alu~ninium is found to stop aIso the 
evolution d other occluded gases, nitrogen and hydrogen. It 
is sunnosed that the reason for this is that the deoxidation of 
the &ton rnetd increasw its power of retaining occluded grtses 
and tho mcl;rtl retains in solution gmes that otherwise would be 
expelled. 

l3lowi1oles, in the c.wq,sa of steel. may be due either to  the 
mould or to the matoriltl. Those from tlw mould, as shewn t~y 
fracture, are stated to he coloi~red or oxidised, while those from 
the metal are clear and bright, hut no prwtical proof of this 
haa been obtained at Portsmouth Dockyard. 

Aluminium ehould be added cautiously (about 8 02s. to t.he 
ton of metal) aa, if added in hrge qumtit i~,  it seems to have Dhe 
curious effect of causing segregations of impurities in the metal, 
resulting in poor rmistsnce to sllock test's. 

The amount of aluminium in the finished castin~s should 
U 

oertuin1y not exceed m02 per cent. 
Table I. shews ths chemicaI compositions and the  result^ of 

mechanical testa of some recent produck8 from this furnace. 

TABLE I. 
Bwlts  of Chmieal Conapm*tim and N&nic.E Properties. 

G. 

0.18 
G.19 
F.22 
F. 6 
2 

Si. 

-39 
-29 
-29  
-40 
040 
-37 
-27 
m45 
-39 
;34 
m36 

m21 
.30 
a30 
-31 
-31. 

.- 

g. 

,030 
-032 
-017 
-029 
,029 
-024 
-011 
-0.22 
-018 
,024 
m024 

H. 3 
E. l8 
3 
B. 12 
G.17 
33.4  

mt@ah 
tsnslle 

strength. 

Tom per 
sq. in. 

34 
36 
31 
31 
34 
34 

Elong~a. 
tiou. 

Per cent. 
24 
20 
35 
33 
26 
31 
28 
31 
28 
22 

P. 

-32 
-33 
3 3  
-34 
m36 
-38 

Bend 
angle. 

' 
106 
138 
62 
86 
90 
85 

109 
67 

105 
93 

Mn. 

80 

-015 
,020 
-0.28 
.023 
-039 

31 
32 

-81 38 
35 :;:l 
36 1 22 

I 
-036' v?? 
-025 
-008 
-008 
.02Q 
-028 

-80 
-68 
.B6 
.76 
-76  



Steel castings can bo lt~ade either in " 'greensa~ld " or " d~y 
sarlrl" moulds, the former being used for @ht and unimportant 
castings and the latter for high-dws work and articles of heavy 
sectio~l. There is a great saving of time in " greensmid " 
movIding and it ia adopted wherever possible, e.g., for such 
articles as boiIer feet for l'arrorr- boilers, etc. 

The pouring temperature of skel is much higher than that of 
iron or brass; consequc~itl,i+ special satlds of a 11ighIy refractory 
nature are required for facing the moulds. The following sands 
a used at Portsniouth Dockyard:--" YoAsllire, steel," 

31an&eld, steel," '"ilicn hand," etc. They are honild 1vitI1 
" treacIe," " linseed oil," * *  aperaloIin," etc., the object being to 
have a, banding material which will ohar on heating and give 
way on contraction of the nietaI so as to avoid cracks in the 
c8Btings. 

Silica is alwavs the base of all steel moulding eanda, in fact 
the "silica, sand"" used contzains about 98 per-cerlt. of silica. 
The folIowing is a typical composition of rt, sand lrved for " green- 
sa~id moulding '\- 

SiO* - 92.5 per cent ; A1,0, - 4 - 5  p~ cent. ; Fe0 -. 
2 per cent. ; &Q - IF - i per cent. ; MgO - 0.3 per cent. 

The position of the runners and feeding heads is, if anything, 
even of more import-ance hhan in ion and brass work. Generally, 
the feeding heads are Iarger and more numerous owing to t.he 
more rapid solidification of the metal. The; position and nunher 
can only be determined by experience. 

The defects chiefly met with in steel castings are blo~vholea amd 
cracks. Blowholes have been dea1b with briefly already. Pro- 
rided the molten material ia properly made, the presenco or 
absence of blowholm in the castings is chiefly dependent on the 
skill of the moulder; this aspect is, however, rather beyond the 
scope of these notes. 

Considerable GroubIe was experienced recent.1~ with cracks 
in castings. As the contraction of the atwl is equal to  from 
3!lfi-inch to &inch per foot,, it is obvious that special means 
have to be adqpkd to dlow for it ; wherever pm~iblc f r d o n ~ .  
is given both in the moulds and cores to allow for contraction 
by the use of collapsible cores and aections of the moulds. Such 
means as using sawdust and ashes with the mnd have h e n  
adopted wi*h advantage, and 1fikl-y very few castings have 
developed cracks. 

The pouring temperature plays an important pal% in the 
prociuction of sound castings. It is only necesmry to heaf; the 
molten .metal t o  a temperature which will gecure a u c d u l  
running. I3igher temperatures hnd to cause over-oxidisation, 
thereby producing unsoundness and hot c r a c k  It also over- 
taxes the refl-actohne~s of the facing sands, which r n h  fettling 
djffic~~lt. 



I?~$uet~ct  of Desip.-The foul~ill~jman frequently has to 
toatend \~-ifh difficulties in mmoulding U-hich would be avoided if 
there were more co-ordination between him and the designer. 
Castings with long thin sections, thick and thin sections and 
lleavy bosses attached to very thin general sections, are regularly 
met with, ant1 each of these cases requires special treatment. 

Where a thick section adjoins n thin section the Iatter cools 
first and on contrwtion i s  liable to cause cracks at the junction 
bwattse the thick section is ~ t j l l  in n very weak condition when 
the thin section has a&. Such difficulties are overcome sone- 
times: by the use of chills (exkmnl and internal) at the thick 
sections or by casting tempora~r. webs at positionns where the 
casting8 ;RE found liable to crack. 

In many of these cases a little forethought on the part of the 
designer would make them precautions unnecessarp. Evw 
seotione with well-rounded corners and gradual changea of thick- 
ness where variation ia n e c w r y  aho~ild always be aimed &. 

5. Heat Tmhtmt. 
The object of heat treatment of s k l  cmtiag~ is to eliminate 

any internal st ; resm due to cading, and to bring about a, definite 
alteration in the structure by a, re-arrangement of the constituents. 

The heat tmmt is carriecll out in two stages at present 
in Portsmout8h Dockyard, aa follows :- 

(l) The casting is heated relatively rapidly (in about 
four hours) in a closed steel rnaffle to  1,050°C., kept nt 
this temprature for about four hours and cooled in the 
furnace during the night to about 100" C. 

(2) Re-heated to from Slsb h 870" C., retained for two 
hours at this temperature ancl .cooled in the m d e  with 
furnace door open. 

This method was adopted about a year ago with very 
satigfaciwry re~nlte, as nompared with the old method which 
eonaisted i9 heating the caatinge for about 72 hours at 820' C. 
h the following remarks use will be made of *WO metallurgical 

terms, viz., ferrite and pearlite. Ferrite crpstah are crystdg 
of prwticdy pure iron. Pewrlite conaista of lamhe of iron 
carbide (Fe8C) embedded in ferrite. An increase of pearlite 
results in a progressioa hardening of the Wl, as is shewn in 
Fig. 3.. A 0.9  per cent. carbon steel in its x~omal condition is 
entirely pearlitic. 

A typical micrograph of unannealed or overheated steel is 
she- in Fig. 4. The steel has a typical mame zlnd angular 
~ t m c t u r e  and L in a poor condition to reskt the propagation of 
fractum 'with a co~ld~equeflt advem eEect on its mechanical 
proprtie~. Further, as & e m  by Fig. 5, photomicmgmphs of 
un-heat-treated steel sometimes reveal the sulphides in the 
of debhed films in ita stnrcture. Them NUIS have a weakening 
efIect on the s b l ,  aa is a h e m  principauy by the poor results 
under elongat,ion and bend tests. The object of the first part of 



the heat treatment is to ball up the sulphide films into gl~bdea 
as shewn on Fig. 6. The srilphides are then in a relatively 
harmless ~ondit~ion. being present more or lms as a microscopic 
dast in rt matrix of sound metal. 

The second porbion of ithe heat tlratment is to refine the 
structure of the steel by breaking up the large crpf.ds into small 
ones, with an even distribution of the pearlik over each section 
as shem by Fig. 7. 

EfSeci of Crab Size on, Mwhm~kal Prop&im. -m~ is little 
d o ~ ~ b t  that the mechanical properties of steel are better, the 
smaller trhe constituent crystab from ~rkich it ifs built up. Under 
the tensile test, coarseness of structurr! usually resulh only in tb 

slightly lowered yield point, while uX t itnate stress and elongation 
are little impaid .  Lhdex both shock arid fatwe tesGs a coarse 
structure gives unsatisfactory resuIts. The reason ie easily 
understood. As stated previously, in all sound material the 
pat.h of fracture is a c r w  the body of the cryataI and not dong 
the intercryskalline spaces; thus tbe crystal boundaries act as 
a speciea of strengthening skeleton. At each boundary.a crystal 
is supported by its neighbour, probably of different orienhtioa, 
and a fracture must change its direction where it'pmses from 
one crystal to another. In other words, the weakness of one 
c r s d l .  will be balanced by the strewth of the other. Where 
the cry8taIs are large, single surfaces of cleavage extend unbroken 
through relatively large areas and fracture-particularly under 
e hock or fatigue-may be brought about under conditions which 
a fine-graincd stmcture would have resisted. 

Eff~t of Themu.! TrtWmrnt on the iStvwtu7e of Steel.-& 
heating steel containing less than 0 -  9 per cm*. carbon above 
the upper critical temperature, which variea from 900" to  720' C., 
according to  the carbon content, the ferrite cryRtale a;t once 
~mdergo m alIotropic change. The new c~ystaEs when fht  
formed are smaller and more numerous than the pre-existing ones. 
These newl-v-formed crystals, if maintained at a temperature 
above the upper critical one, will begin to grow, and the growth 
wiIl be more rapid the higher the temperature. If therefore, the 
steel is kept at temperaturea above the critical range for any 
considerable time, a coam structure is developed; also, if the 
temperature ia raised above 900" CS, it develop rapidly. On 
cooling, the ever& are to a certain extent reversed but not nemly 
to  the Name d p .  Thus, by 'kverheating" &eel, i.e., by 
exposing it to unduly high kmpera,ttares, or far too long a time, 
R ooarse stmctura reeults. Not only this, but the arrangement 
and f o m a  assumed by the pearlite and ferrite is charackrhtic, 
viz., in elongated and eharplp defined angulrtr patches, as ahewn 
on Fig. 4. " Overheated " ~ k e l  must not be c o h d  with 
" burnt " steel. The former can be reshred bo ft normal filtructme 
by suitable heat Itreatment, while the latter oannot be, and the 
ody remedy is to remelt it. 



Fro. 5. 



If a steel is cooled unduly slowly, or if it is exposed to p- 
longed heating at a temperature approaching 700" C., the l a i n s  
of iron carbide gradually ball up. The resulting structure consists 
of ferrite with some iron carbide scattered among& it. The 
swl then becomes practicdly pure iron with a, coarse cryatdline 
structure and with correspondingly poor mechanical properties. 
Finally, when a material has been subjected to a low red heat 
(about 600" C.) for a very long time, there is a. tendency for the 
iron carbide to  form a meshwork round the ferrite crystals. 
This structuzr: is decidedly objectionable, as it causes inter- 
cr,vstalIine weakness in the same way aa the sulphide meshwork 
mentioned previously. 

The above mentioned three conditions of the steel can alwaya 
be eorreceed by heating the steel to  a Gemperature just above 
the  upper critical one, maintaining it there for a. time only just 
long enough to allow the whole mass of material to  attain the 
temperakure and then cooling as quickly as practicable. Thus 
the maximum refining effect is obtained and this is the object of 
the second portion of the heat tre%tment of cast.ings. 

For comparison, the mechanical properties of heat kreated 
and non-heat-treated t e s t  nieces cmt under the same conditions 
a$ the same time are give; below :- 

C. Si. S. P. Mn. 
Composition - - - - -32 -33  -02 -018 .60 

The photomicrograph of the untreated specimen is shewn in 
Fig. 4, and of the heat-treated specimen, Fig. 7. 
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