
LACK OF HOMOGENEITY IN LARGE INGOTS. 

In No. 3 " Papers on Engulecring Subjects" of April, 1922, 
there is a paper entit81ed " Some Remarks on the Manufacture 
of Steel Purgings " in nhich the Author n ~ ~ n t i o n z  the Inek of 
homogeneity of ingots in general, implying however, that  with 
sufficient carc and precautions this dificulty can be clirninated, 
Ii is the object of this paper to point out tlittt this is not illc case 
a t  the present time and to  give some idea of the limits of accuracy 
which can reasonably ho expected when dealing with ingots 
of large size. 

TI-10 great difficulty involved in proctucing ingots of large 
size is at, the root of nearly all the trollble inherent in the produc- 
tion of t l ~ c  many largo steel forgings, vhieh are so essential a 
factor in the design of modern largc power units, and it is a fact 
that in many cascr specifications for steel for large forgings are 
maclt: out -\\ith a total disregard of the limit5 of accuracy beyond 
which i t  is irnpossiblo t o  work in the production of the initial 
ingot from which the forging is t o  br produced. 

This q~~es t ion  is of so great an  irnportanrlce both to  ihe steel 
maker and to  the engineer that  tllc " Iron and Steel Institute " 
w r e  led in  192-2- t o  set np  a cornmittcc to study the problems of 
inclusions in steel and of the heterogeneity of steel ingots. The 
Keport, of this committee *as presented a t  thc Annual Meeting 
of ille Iroli ancl Steel In~ t i t u t c  in JJ'ay, 1926, and t;tl;es up some 
hurrclr~d pages, from vllich i t  is proposed to extract some facts 
and figures which it is thought will be of interest and service 
to  all Engineer Oficers. 

The cornmittce dealt wit11 ingots of steel onlj-, varying ill 
weight from 15 cwts. t o  over 172 tons, the number: of 111gots 
actually examinecl being 16. I t  m:ty be thought that this is n 
stud1 nurnl~er from which to  draw dctiuctions of practical value, 
but j11 view of tho oxtrerrre carc with which the examinations 
and investigations were made, this objection is hardly ttnable 
even if it cannot be dja~~lissed entirely. 

As a first step each ingot was sectioned along its axis, the 
mac~hineci surface being then ground and polishcd as required. 
The examination of a surface prcpwed in this manner does not, 
as a rule, reveal anything further than the existence of the pipe 
c a ~ i t y  at the top of the ingot, accompanied possibly by slight 
minor cavities and looseness along the central axis. 

After this preliminary examination the propared surface was 
" t tched" with a suitable etching reagent in order to obtain 
evidenco as to, what may be termed, visible heterogeneity. In 
t~ctdition t o  this direce inspeetion, the Uaumann sulphur printing 
nlethod  as employed in ordcr to show up any inequality in the 
distribution of the sulphur compounds over the polished surface. 

The value of examination of steel surfaces by means of sulphxxr 
prints is well understood a11d increasing use is being made of 
this method, as  no substitute has yet been found which is 



equally harn~less, reliable and X-aluable; it llas eyexi been stated 
in support of this method of examination, that if a sulphur-free 
steel is ever prepared, the11 a small proportion of that element 
should be added in order to permit of sulphur prints being 
taken. 

It is not possible in a paper of tliis nature to givo tllc full 
details of all the examinations that mere made, but it is proposed 
to give a few typical results, j i i  ordor to draw Atention to the 
order of thc errors which may be expected in certain given cases. 
I n  order to do this s table has been prepared giving the following 
data from typical ingots, viz. :-size arid weight, " Cast analysis," 
and the highest and lowest content of each of the principal 
elements contained in the ingot, as obtained from the prepared 
surfaccs. 

When examining the figures in the accornpanjlllg Table I, it 
must be remembered that the upper portion of the Ingot ha9 in all 
cases been disrarded, and that the results sliou~l are those taken 
from what may be ternled the pr orking po r t i o~~  of the Ingot. 

As rnight be expected, the results in general show that the 
larger the Tngot, thc grcatcr tllc divergence of tho n~aximnm and 
minimum figures fro111 those of the test figures. The greatest 
differences are to be found in the figurcs obtained for the Carhon, 
Sulphur and Phosphorotls dctorminations, and these are mdor- 
tunately the three most important elements from the point of 
view of the normal specific a, t'  on. 

The causes which lead to heterogeneity are nraliy, ii being 
e~tremely diiIicult to distinguish between the various influences 
at  worlr. or to detcrrui~le their comparative effects, but the 
following observations may be of jntereht ss indicating the trend 
of the idens put fornard bj- the rned1er.8 of the co~nmittec on 
tllis subject :- 

(U) Steel iu not a simple metal: in its liquid form it 
is a solutjon of other c~lerneiits or of their compounds in 
iron. IVhrn solidification begins the primarily formed 
crystals consist of solid solutions of these same elemcnts 
(or of their compounds) in Iron, but, owing to selective 
freezing they arc of a greater purity than thc original 
liquid. The remaining Liquid sted mr-rst therefore become 
progressively richer in these cctrnpo~~nds, and is probably 
of lower density than the original steel. 

( h )  In  the past it has been widely held that heterogeneity 
was associated with rapid cooling, and that the s l o ~ e r  the 
speed of cooling, the more uniform v o d d  be the co~nposition 
of the solidifled ingot. 

It may, however, be shown, by consideration of the equilibrium 
diagrams of the various elements coizcerned, that in fact the 
opposite is the case : rapid cooling provides insufficient time for 
the complete separation of the phases, and thus results in n more 
homogeneous product. 



r 1  I he l ig~~rc  of " r i t ~ ~ g ~  per cont." for each ingot and clemcnt is cxprcsscci as ;I percentage of the element as 
ascertained hy aaaly~is  of the corresponding test ingot. The ingots are arranged in order of increasing weight. 
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The importance of the aborca conclllsio~ls is e~-ident if we 
imagine the scquencc of the events which take place as an ingot 
solidifies. In all ingots the outer layers pass through the freezing 
range very rapidly on account of the great absorbtion of heat 
by thc mould, there being therefore insuifficierlt time for the 
phases to  separate; hcnce the crystills of steel formed in the 
outer layers show little or no varintioa in composition, and there 
is little segregation. 

After the initial " chilling" effect of the mould has been 
overcome, the rate of cooling will gradudly ctecreasc. the time 
occupied in pasing tllrough the freezing range thus increasing 
and the varii~tions in comp~osition beconli~lg nlorc m a r l d .  

I n  order that the material in the centre of thc ingot may cool 
it rrn~st dissipate its heat bhp conduction throngh the sl~rroundin% 
steel to the outside of the mould, mhcnco the heat is firutlly 
rojocted, mainly by radiation. As heat cannot pass from one 
body to another unless the latter is a t  a lower temperaturo than 
the former, it is cvident that n gradient of temperature must 
exist across any soctiorl of thc ingoS. It is probable, as a little 
thought will show, that this tenlperaturc gradient is steeper a t  
the ectgcs than in the centre of the ingot, and that tlte rate of 
cooling is therefore somewhat more rapid as the exterior of thc 
ingot is approached. 

It is suggested, therefore, that in the central zono the 
separation of the phases will be most complete and the crystals 
nil1 show the louest percentages of the segregating elements. 
Burther, it will ba evident thah the cross section of the ingot 
must exercise a fundarnent!al bearing upon the process : t8hv 
greater the cliameter the slower uill be the rate of coolirlg of 
the interior portion of the ingot, and therefore tho more marked 
will the differences in composition become. 

From thes'e considerations it appearb that even whon steel 
is made under the most perfect conditions, absohltely frec from 
any extraneous materii~l and of uniform conlposition wlle~i entc~ring 
the mould, it must exhibit, when solid, certain variations of 
composition because of this sclectivo freezing. The dogree to  
n hich these variations manifest themselves will increa~e :- 

(l)  As the carbon and phosphorous content of the steel 
increases ; 

(2) As the rate of freezing of the ingot falls ; and 
(3) As the cross section of the ingot increases in size. 

The factors govorning the segregation of sulphur require 
separatc consideration, but, so far as can he ascertained from tche 
studies already made on the question, it is very diEcult to assign 
any definite composition to the sulphide which is present in 
liquid or solid steel. 





ll-hen manganese is :~dded to the stecl in the bath, the 
distribution of the sulpllur betwcen the two elen~cnts iron and 
mangane5e is deternliliecl by the relative amounts of the tmo 
metals prcschilt and their respective affinities, the resulting 
sulphirle heilig al \ \ajs  of a co~nples character (&'eNn)S. It is 
generally accepted that  this coniplex sulphide is insoluble in 
iicluid iron, and its distribution i s  governed by a diixere~it law 
from that of the other constituents : in addition, there is no 
doubt that  tllis aulpl~idc is of lower density than Liquid iron. 
It has been siiggeeted that  there are reactions betneen thcse 
sulphides and the oxides left in tho metal, as thoy are sometimes 
founil to be nssocitxted together in the segregated areas. 

Sulphur, then, mainly exists in thc liquid steel in the form 
of lninutr globules of an  intmiscible, cornples suiphidc. During 
the rapid formation of the columnar crystals in an ingot,. these 
globnles are ~)i~slic.ci farther into the interior of the ingot b y  
thc glowir~g crystalites. and as a result there iq  an increase of 
the sulphur content ill thc layer of mother liquor a t  the face 
of crystalisation. The snlall globules oo~lesce and comparatively 
large masses collect a t  the tips of the columnar crystals. These 
masses by virtue of their lower density commence to  r i s ~ ,  but 
are entangled by the glowing crystals, thus fol31ning zones of 
segregate, which are found as string-like masses ,at thc surfaces 
of the columilar crystals. 

In  tlic mass of the still liqltid steel of the ingot a similar 
process occurs, the small globules of sulphide coalescing and 
tending to rise, the larger the globule the quicker being the 
rate of rising. The globules from the ccntral or axial parts 
of tlle ingot rise into the upper portion and ultirutttelx into 
the head, the lower portion of the ingot- being left with much 
lesq sulphur than an) other part, this being especially so in 
trhc ce~lt~ral zone. In the intermediate zones, between the 
columnar crjstals and thc axial zonc, the sulphur segregate 
will not h able to rise as far as the head before it is trapped 
X)y the advancing wall of the iagot. The particles in the outer 
zones will haye but a small period of time in which to  rise, ancl 
therefore only travel a short distance before the thickening 
wall intercepts thcir filrthrr progress. The rlearer the particles 
are sitlxatetl t o  the axis of the ingot, the longer periods will 
they have for rising, and therefore the fa-rthcr will they proceccl 
on their journcy towards the head before bcing arrested by 
the solidifying steel sht.11 of the ingot. 

If  this picture is correct, then i t  would be anticipated that  
the lines of segregate or "ghost lines " would show a gradual 
taper inwards as they pass from thc bottom corners of the 
ingot towards the head, and that  the degree of segregation 
would become rnore pronounced as the head is approached. 
Such is found to  be thc case, ss is shown by the accompallying 
sketches. 



A n ~ l ! ~ s i s  of steel izylof.s crnd fo~itzgi; .-~4s stet11 articles are 
in general ordered to a specification giving the desired chelernical 
analysis, it may be of interest to co~lsider what is the vaIue 
of the results of such an:dysis. 

From what has been said it Inay well 1x3 appreciated that  
a, single sample taken frorrl a steel forging cannot be regarded 
as representatire of the cornpositic3n of the whole, since it is 
a physicaI inipossibility with the prescnt methods t o  produce 
a perfertly homogeneous ingot. Fnrther, the segregates in 
steel are often very ~rlinutc, and thus even t n o  samples froni 
one drilling cannot be considered as being entirely hornogeacous. 

Regarding the chcrnical analysis itself, the figures gh-en for 
the various cieterminations of cavbon, sulphur, $C., cannot be 
taken as being of invariable accuracy. The cl-lemical determina- 
tion of the elenlente present in ail?7 material is subject to the 
ordinary laws as to the limits of accuracy to  which these 
processes may be corisidercd as reliable. 

Unfortunat~lj- it is the habit of ttlmlytical clleriiists t u  report 
their results to three a r ~ d  sonlctimes four places of decimals, 
and this has uncloubtedly gisen rise in rnany q~~ttrters to tltc 
belief that the results may therefore be considcrctl as accurate 
to the last published place. This has been tl, frequent cause 
of frictiori in the accei~ting or rejecting of material supplied 
to a definite specification. 

Check analyses of any given specimen by different chemists 
will often car)- to a considerable degree. due not only to the 
personal equation but also to  the alrnost irrevjtable t-ariations 
in portions of the same sample. 

3 s  an  instance of this, the anslyais of a typical nickel stecl 
pinion shaft which came under the iiuthor'~ notice is given, 
as reported by the fir111 who made the forging, and as reported 
by the Admiralhy Chc~nist a t  Portsmoutl~. 

Elemen f. F i m .  Portsmouth. 
Carbon - - 0.30 0.320 
Silicon - - 0.18 0-210 
Sulphur - - - 0-029 0.030 
Phosphorous - - 0.031 0.018 
Manganese - - - 0 - 5 7  0 - 590 
Nickel - - 3 -62  3 6!)3 

The above figures wcre not selected as being in  any way out of 
the ordinary with regard to their Jirergertce, and as many far 
more striking instances could he produced in almost any chemical 
laboratory, or overseer's office. 

I n  order that some idea may be obtained as to the reasonable 
Limits of accuracy in chemical analyses the following figures 
are given. (Authority, Bauer and Deiss.) 



Tzzsr,e 11. 

C'ctr6on.-If the ccrrholz de/rrmi?~/rtioit be carefully carrie.1 'olrf 
the Jbllozci~lg z7nlves ~t~cry hc fukeir a.9 l~r,.nl iaaihle caricrfio,r s i i i  the 
trwrtlyeis of btrmp1e.s weiqhirlq rrborlt gru1 ,. 

With cr crrrbolz C O T ~ ( L ? I ~ .  C;rccil'e.st ullozmblc 
From T o  Deviutios~. 
0-02 0.157; L - - 0.0057; 
0.75 I . O O ~ ,  -1 0-07% 
1.00 2.  0O0, - - 0.02", 
2.00 crf higher per rrrif. - -- 0.0.3",, 

These jiyurts apply o ~ l y  fo dirccf co?~~bustio)z ?~?ethods. 

L'urium Hydroxide i7IethocZ (belotc curbou slrcl = 0.6: "). 
C'ar/jo~i ('oilfejzf. Permissible Dez.infio,r. 

0.01 fo 0.2- in, ,  - - 0.003", 
1 ,, 0.0'11", - - 0.001", 

Silicon. 
8i (C:on/ent. Allozcnhle Error. 

0.01 (o 0.25"1, - L 0.005°, 
0 -  2.5 ., l . ooO ,, -L - 0 . 0 1 ~ ,  
1 .011 ,, 5. O O " ,  - - 0-02°, 
S-00 ,, 20-oo!;, -- '- 0-03V/o 

(The above refers to Hafcriul Solzible i t ~  i l c i r l . )  

8i CYonre,zt. A4110zccrDle Err0.0~. 
l to 10 0/:, - - 0.05",, 

10 , 20°, - - 0.10"" 
20 ,, 50 ,I; n - 75°/,, 
so ,, 100y; - 1 .  - o.20/o 

(The above refers to the iglzilio?~ method.) 

Xangczmw. 
dZn?lya?z ese C'onic~t~ t. iZllmable Error. 
0.0 10 0.2;/, -' 0.01% 
0 - 2  ,, 7.0% g 0-027; 
1.0 ,, 5.0(y0 -& 0-O.lq; 
5.0 ,, 10-0°, L - 0.06",, 

10.0 ,. 30.0", - - 0.08",, 
30- (1 c i ~ d  zrp~curtl~s - - 0 - l o o ,  

(This  applies lo Lhe gmvimeiric method.) 

Munga-lzese Cos~tent. Allmnrable Error. 
1 to 2y, -1- 0.04", 

,, W5 - 0.06",  
10 to upz~9ard. - O . l O ,  

( I t  i s  diflcult fo get good rpsults z~'Z'th nickel steel wilh tAis 
method.) 



Phosphorous. 
Phosphorous Coute~i t. Allou~uhle Error. 

0 .  fo 0-037, 6 O.ClOlo/, 
a-oa ,, O . I O / ,  - t O . O O ~ ~ / ,  
0 - 1  ,, 0.20/, - ,- o.ons% 
0.8 ,, 1 - OO/, - -  0.005% 
2.0 ,, 2.0% - -  - o.or"/, 
2.0 ,, 5.0% -'A 0 .og 04 
5.0 at more -- - O.0Su/, 

('i'fii~ tzpp1ies geuerrtll?y fo rill rxefhocls 0of n?znlgsis.) 

il ~ B P I L ~ C .  

C'onten.t ?ip to 0-.35i/, Xeslrlt io + 0.010,(, 

SuZpI~ur. 
Sulphur Context. Alloujahle Error. 
0.2 to 0.4°/, -C - 0-OOci"/, 
0.01c50/0 at less. -1- - - 0.0030/, 

Copptr. 
Copper content kss tha?& 0.3 0/,. AZZowabZe E m r  0 .  006 X .  

Sic1 e7. 
SicLeZ Con tent. rillowable Error. 
0.0 to 1.0% o.OOs"/, 
1 -0  ,, 5.0% o.o;?"/, 

(This  applies to DimeAgZgZyoxime method or electro?/sis.) 

Chromium. 
Chromium Content. Al7oua67e Error. 
0 to 0.5% 0.006O/, 

10% and nbove. U - l " G  

lu/nitbiunc. 
B lumlniurn Cowtent. Allozcnb7e E'rror. 
0 .  to 1% -C - 0.050,: 

Ti ta?~ium.  
Ti tanium Content. Allouiahle Error. 
0.05 to 0-Z0/, - -+ - 0702% 
0 . 2  ,, l.OV/, ~t. 0.03% 
1.0 ,, 6.0°/, t 0-7°/,  
5.0 ,, l0.Oo/, 2 Cr.?"/, 

o n .  ( In  special Steel, and Perro Alloys.) 
Pe. Content. AZZowahZe Xrror. 

0.1 to 0.5% O.OZo/, 
0 - 5  ,, 2-0°/, + U.03°/, 
2.0 ,, IO.Oc/, - -C O-C15'/, 

10.0 ,, dS.O% - C  - O.lOO/, 
25.0 ,, 50-0°/, L 0.15O/, 
60.0 ,, 1OO.O0/, 1 - 0.?006 



T t ~ l l g s / e ) ~ .  
l{-. C u ? i [ ? ~ ~ f .  Allloz~~nble Erro~ . .  
0 . 2  f o  0-5:<,  -' 4 0.02°0 
0 .2  ,, 2.00, 1 1 0.030 
1 . 0  ., 5-0"  / O  -I - 0.05i',, 
5 . 0  ,, 1 O . O o h  L -l 0 . OS 

10.0 ,, zo.oq, - I 0 - l o i ; ,  

The follow irig table of l'olcmrlces in chemical arlaljsis u liicli 
%:IS put fc)rn;trd by C. H. Risdnle, F.l.C., F.C.S., before :L joint 
meeting a t  I\liddlcsborougll, of the Clcvcla~id Irlstitution of 
Engineers, the ru'e\\castle section of the Societ;\- of Chm~ical 
Inc-lr~str)-, and the Iristitutc of Cheniistry, is also added as 
bearing on this point. 

TABLE 111. 

C'o?rrl)osifiat/. 

,-lcfurrl/~/fozitid rrntie7. Xlcgqesfcd. 
c.rcej~x,ficn~trllj/ firri~ur(7ble 
condif  ioz S .  

Crr r21o71, ~ $ 1  f o  0.35 ' ,  0-0?5i ) , *  0-076°, 
0.36-0.Y5°{) 0.033 : ,  0 .  O2OC'& 
0.76-1.20U, 0.05", 0.0?5°0 

SiIieoti. f o  11 . 10 , 0.0,450' 0.0751, 
0.1041.20°{, 0 -032 " ,  0.02U0, 

l ?  11. O S O ,  0.001; ( 0 .  O O S ) ~ ,  0-005" ,  
P?~o8phorous, u p  fo 0 . 05~ ' ,  0.006?7, 0 . 00; (; , 

ortrr 0 -  1O0, 0 .O l.":, 0.00;:$ 
~7fat/(/r7t/cse :- 

f'luiti, c(zr!)ot~, 
steels, u p  to O.JSoO 0-021°i, 0.015°0 

O-Jl i - l .O"O 0-OJSoO 0.025:, 
d l loy  S[eels :- 

C7cr,?t lrcnl , rrp to 0 .7 " , 0 .1150 :, 0 - 0 3 0 ( ~ ,  
I t  is hoped that the above uill X)(, of assistance to  those nho  

ma) be cnllcct 11pon t o  rntlke decisions in matters mhich relate 
t o  tlie lio~nogencity or othcr\rise of stccl castings or forgirigs, arid 
-\%ill lead t o  a just apprecintion of ssonie of the factors irivol\~ed in 
the poductiori and esamiriatio~l of these materials. 

P- 

* il'lic pi rcertttrycs of ~.nricztio,! j"01~11i7 (7)ld ~ziggc~sf~(lj for ro~izpositio~z crre ((1s 

i i i  tilt cnsr of zc.6 iyht nlitZ Ic~lgth) perrt.Tttcxycu qf the u.holc 100 units, not of 
the totirl (v thc ~~tzrticztlar e k n i ~ n t  det~rf?iz~l fd n?ily. 
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