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DECARBURIZATION AND WELDING
OF GRAY CAST IRON

INTRODUCTION

In tonnage production gray iron exopeds'all other cast
metals dOmbined. Its applications are many; it is used for
parts in the production of automobiles, farmrimp;ements,
mining machinery and\transportation equipment and for pipe,
pipe fittings, and flanges. The wide range of strengths in
gray irons (from 20,000 to more than 60,000 psi) and its
great damping capacity, plus manufacturing economy, explain
the extensive use of gray iron where high resistance to
dynamic stress is not a governiné factor.

Although gray iron has such a wide fleld of use and is
used in great quantities in comparison with other cast
metals,' no completely satisfactory method of welding it has
yet been developed, Repairs may be made satisfactorily, ir
sultable care 1s taken and i1f the welder is well trained in
the technique to be used.

The purpose of this paper is to report an investigation
or.welding gray iron by a method useable for fabrication of
large assemblies made up of gray iron castings.” The method
consists of decarburization of the gray iron surface tb be
welded and welding by use of a mild steel rod.

Decarburization is accomplished by heating in partially

burnt natural gas. The surfaces to be welded are prepared



before they are decarburized, The pieces are arc-welded by

use of a coated mild-steel electrode.
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DECARBURIZATION

Decarburization is defined in the Metals Handbookl/ as,
"the loss of carbon from the surface of a ferrous alloy as
a result of heating in a medium that reacts with the carbon."
Mudh is known about the mechanism of carbon removal and the
resulting structures, but there are still some points for
which there is no proven explanation. Baukloh and Knapp,g/
in discussing the use of dry hydrogen for decarburization
glve a good explanation of the mechanism and resulting
structure, which is summarized in the following paragraph.

Carbon removal first occurs when the reacting medium
comes in contact with the carbon in solid solution at the
surface of the alloy. At temperatures below 750°C (1350°F)
the iron produced from the initial reaction interferes with
the further contact of the hydrogen with the carbon and
forces the hydrogen to diffuse., As long as the diffusion of
the reacting medium is slower than the reaction itself, the
rate of diffusion governs the speed of the reaction, and is
depende:it upon the temperaturg, carbon content, and concen-
tration of reacting medium, which are the factors governing
the rate of diffusion. Above 750°C (1350°F) the rate of
diffusion of carbon is greater than the rate of the reaction,
and the slower process is the reaction itself, which takes
place at the surface according to the conditions of equi-

librium.



If the iron contuine carbon in the form of graphite as
well as 1a the conbvined form, tiie curbon in the form of
graphite will go into solution to replenish the carbon in
solution as it is removed, providing the temperature is in
the austenitie region. If the temperatureé/ is less tﬁan the
critical tenperature, the graphite flukes will be left intact
in & fTerrite matrix in the decarburized zone.

Three main zones regult from decarburizution., Pro-
gressing from the surface toward tﬁe core, first is & layer
essentially free of carbon, which at room tenperature
appears as ferrite; after that is a zone of varying carbon
content 1lncreasing in carbon toward the ocors; and last is
the core consisting of the original meterial., A general
description of the nschaniam and effects of decarburization
has been given, znd now some of the methods of Zecuarburi-

zation and their related theories willl be discussed.

METHODS OF DECLRBURIZATION ANL THOIR RELATED TIHURIES
Many methods of decarburlzation have been used in the

past. Some of the methods were used for the heat treat-
ment of white 1lron custings, and others were used 1n the
laboratory for the study of(nne effects of decarhurization
on vurious iron-curbon alloys. The Gecarburization of white
iron casgtings has received much zttention in the past,
because of the great deal of laboratory work Aone to develop

gaseous annealling for use in the production of malleable

iron ocastings.



Ore Process

The ore process was developed for the heat treatment of
white iron castings for the production of malleable iron
castings. The process -conslsts of packing the castings, to-
gether with:'a mixture of hematite ore, into cast iron cens,
whioch are sealed and charged into the annealing furnace.
Ivor Jenkinsg/ explains the mechanism of decarburization as
follows: "Decarburizetion during annealing in iron ore is
due to resctions at the surface of the cast iron with gases
generated inside the can. * It has been shown that carbon
removal 1s quite effective if the castings are separated by
a space from the ore. The main decarburizing agent is
carbon dioxide which is probably produced initially by
reaction between air entrapped in the annealing can and
carbon in the surface of the white iron. The carbon dloxide
.thus produced willl react with the carbon in solution in the
iron to produce carbon monoxide. The reducing gas, carbon
monoxide, being generated at the surface of the iron is then
free to reduce the iron ore present, and thus conversion
back t; carbon dlioxlide is effected, and the cycle of decarbu-
rization-oxide reduotion maintained."

Jenkins goes on to say, "During the anneal, furnace
flue gases penetrate through the permeable luted seal into
the ca®m so .that the compqsition of the atmosphere surround-
ing the castings varies somewhat. If these gases are the

products of complete combustion they will comprise, in the



rmain, CO0y, Hp0, Ny, and probably free oxygen, and wlll serve
es regenerating agents for the CO being produced in the can,
and will, momentarily at least, affect the course of the gas-
solid reactions, depending upon the stage at which they
enter, If this occurs when decarburizetion is still active,
then the net result will be to hasten decarburization; if it
is towards the end of the anneal, when the carbon concen-
tration at und near to the surface of the iron is low, then
oxidation and possibly oxide penetration may result,

"On the other hand, 1f the flue guses are products of
incomplete combustion, the above effects will not be so
severe, and in tkhe extreme cases could huve quite the
reverse orfect where the gases are s0 highly reducing that
some recarburizetion naight result, especially on castings
near to the point where the gases enter the can.”

The ore process of decarvurizatlon was used by Ping-
Chao Ohené/ in nis investigution of the possibilities of
welding gray cast iron after Jecarburization. He found
that scaling was bad, which reduced the amount of decarbu-
rization, and also that scaling increased with increased
temperature and time. Cken suggested thut perhaps a better
luting material night be used. In view of Jenkins' findings,
however, it night be easier and more advaniugeous to control
the combustion reactions in the furnace.

Hydrosen Atmosphere

The chemical reaction involved in the decarburization

[62)



of iron carbon alloys proceeds in a similar manner regard-
less of the medium used. The chemical reaction involved in
the decarburization by use of hydrogen is:
FezC # 2Hp = 3Pe / CHy

Baukloh and Knappg/ gdve the following explanation of
the mechanliam of decarburization by the use of hydrogen.
"It is to be noted here that the FezC does not occur in the
free state but is distributed in greater or smaller propor-
tion as a structural constituent of the iron (below the
oritical temperature). This fact serves to explain why it
is that the hydrogen, once it has dissolved the carbon out
of the surface of the iron, is forced to diffuse through
the latter in order to continue to react with the carbon.
Moreover, the methane which 1s produced can escape from the
site of reaction only by diffusion. Hence, so long as the
rate of diffusion of the reacting substances is small in
comparison with that of the actual process of reaction, the
former will be the slower process and will determine the
rate of the reaction itself, But the mobility of the re-
acting constituents in the iron increases with rising
temperature whilst the ability of the hydrogen to react with
carbon diminishes, In partiocular, the rate of diffusion of
carbon increases very rapidly between B00°C (1440°F) and
900°C (1820°F). It follows that above these limits of

temperature the course of the reaction is determined no



longer by the diffusion but by the reactivity itself, the

reaction taking place no longer within the material but on
its surface, and the carbon removed by the hydrogen being

replenished from within the ocore of the specimen.”

Baukloh and Knappg/ state that when decarburization
with hydrogen takes place below 720°C (13000F) a ferritic
boundary layer 1s formed containing lamellae of graphite.
"Here the reaction between the hydrogen and graphite is
very weak, with the result that the lamallse of graphite
are maintained intact.

"Above the oritical temperature the diffusion of carbon
is more rapid than the rate of reaction between the carbon
and hydrogen and the equilibrium can continuously be main-
tained from within the solid body ané the reaction will
occur only at the surface.," i‘/hen this condition exists the
authors above state, "The diffusion of hydrogen is then no
longer of any lmportance, and the mechanism of the reaction
becomes a question of the chemlocal equilibrium between the
individual reactants in the presence of iron at a given
temperature. The significance of this lies in the fact
that up to about 850°C (15300F) the effect of hydrogen upon
carbon-bséring iron is to form a ferritic boundary zone, or
a transition zone with an increasing carbon content, whereas
at higher temperatures the effect is one of uniform decarb-
urization of the solid material throughout the whole cross-

section."



Figure 1, 2, and U are uadopted {rom Baukloh and Knapp.
Figure 1 indicates the reluticuaship hetieosn the reduction of
carbon content and teagerature 7or steels of xiffgrént
carbon content. -Figurela siriows the relationshir time versus
percent decarvurization., Filgure & sheows & threefold re-
lationsuiy for original carbon content, teuperature, and
tiiickness of Territic voandary luyer, for different hydrocen
pressures, It may be seen Trom this graph that the tempera-
ture raage of the ferritic beundary zones decresses as the
carbon content increases at pressures of 20 and 40 atmos-~
pheres. At 60 atmospheres the reuction vetween carbdon and
hydrogen 1s so intense that the ferritic boundary layer
occurs even at highey temyeraturés. It also uay be seen
‘that as tike carbon content increases, tins tnilckness of the
boundary layer cdecreases and decarburizetion is less.
Baukloh and Knapp included in their work o Jdiscussgion of the
effectys o1 decardurization of gray iron, dut their cuperi-
mentul work was conducted using sbteels.

. 5/ .
J. Bernsteins/ found the structure shown in Figsure 4

.
after decarburizing gray cast lroa in dry Lydrogen. The
specimen was annealed 100 hours ia dry bydrogen at 1000°C

zation occurved st the

e

ecarovar

g

(1800°7). He states, "Some
surface, and in the adjacent zone tine flaks grapnile
structure Lud been replaced Ly very fine nmolular peaphite.
The center of tiie seclion bad the noraal fluxe gragnite

gtructure.----In some areas these nodules appeared to
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Figure 4--Structure of gray-iron specimen annealed for 100
hours at 1000°C (1800°F) in pure dry hydrogenO
60X (picric acid etch.)
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consist of remnants of graphite flakes upon which further
precipitation of graphite had taken place during the
anneal.~---Chemical analysis confirmed that little decarbu-
rizaetion had taken place.”

In other experiments on decarburization of white iron,
Bernsteln found that pure dried hydrogen has a limited
decarburizing effect. Figure 5 shows the curves obtained
when the rate of decarburization, expressed in terms of
grams per square meter of surface of the sample per hour,
has been plotted against the time of annealing, He says of
these, "The curve for moist hydrogenjis typlocal of that
obtained where decarburization is effescted by a surface re-
action the rate of which is controlled by a diffusion
process, The ocurves obtained for annealing im dried
hydrogen show that decarburization under these conditions
is an extremely slow process which tends to become slower
with increasing time."

Decarburization by the use of hydrogen has the advan-
tage that the iron does not become oxidized, but this is
relatively unimportant in view of Bernstein's work showing
that hydrogen is a very poor decarburant.
Hydrogen/Water-Vapor Atmosphere

From the preceding discussion and Figure 5 it may be

concluded that the hydrogen/water-vapor atmosphere is much

superior to the pure dry hydrogen atmosphere. The chemical

14
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reaction involved in this process is:
Fe;C # Hy0 = 3Fe f CO £ Hy

The presence of even small amounts of water-vapor in
hydrogen acceleratss the decarburization many fold. The main
difficulty when decarburizing with oxygen, water-vapor, or
carbon dloxide 1s the oxide scale, which forms a layer
through which the oxidizing gases diffuse very slowly.
Hydrogen is very important in the decarburization, as it
serves to keep the surface of the iron free of oxide scale
so that the water-vapor may come in contact with the carbon
and react. .

Figure 6 shows the result obtained by J. Bernsteing/
in decarburizing gray-iron, having the same composition as
that used in Figure 4, in moist hydrogen. The composition
of the iron used in his experiments 1s nearly the same as
that of the iron to be used in the experiments cited in this
paper. The structures obtalned were very complex.

Bernsteln states, "This is taken from a sample an-
nealed for 100 hours at 1000°C (18000F)., The outer zone
consisted of ferrite with an oxide phase replacing the
original pattern of graphite. This was followed by a zone
containing a mixture of ferrite and pearlite in increasing
amount, and then by a relatively deep zone containing fine
graphite nodules in a matrix of pearlite. Following this
the normal gray-iron structure was obtained.”

Since the hydrogen/water-vapor and the carbon
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monoxide/carbon diozide atmospheres are so alike in their
reactions and mechanism of decarburization, further dis-
cussion will be included with that of carbon monoxide/carbon
dioxide.

Carbon Dioxide/Carbon Monoxide Atmosphere

In the ore process earlier described, decardburization
was actually accomplished by a gassous atmosphere; therefore
it 18 to be expeoted that decarburization could take place
1f a suitable mixture of oarbon dloxide and ocarbon monoxide
were introduced from an outside source into a chamber con-
taining the hot iron casting. The overall heating and
cooling oycle could be reduced considerably because the
80114 mass to be heated would be greatly reduced. A British
patenté/ was issued as long ago as 1897 for the decarhuri-
zation of cast iron by carbon dioxids.

A later method for malleablizing cast iron entailed
heating the castings in a closed muffle, The atmosphers
consisted of air diluted with carbon monoxlide-rich cooled
gases formed in the muffle. The oxygen effected the
decarburization; the carbon monoxide was added to control
the oxidation of the carbon and to prevent that of the iron.
The lack of annealing equipment whioch would ensure the
necessary control over the process prevented the use of the
above fnethods.

The recent advances in furnaces and control apparatus

and the development of processes for the heat treatment of
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both ferrous and non-ferrous metals in a prepared atmosphere,
allow excellent control of the surface characteristics of
the charge during the heating operation.

The most active decarburizing agents are water vapor
and carbon dioxide. To prevent oxidation of the iron,
suitable quantities of hydrogen and carbon monoxide should
be present in an atmosphere.

The mechanism of decarburization of iron~-carbon alloys
at annealing temperatures has been discussed rather fully,
but there are some qualities peculiar to carbon dioxide/carbon
monoxide and hydrogen/water vapor atmosphere that should be
discussed.

The reaction involved in the removal of carbon in iron
by carbon dioxide 1is:

Fez C + COg = 3Fe + 2C0
At the temperature of annealing, the diffusion of carbon in
iron is more rapid than the reaction taking place at the
surface; therefore the rate of reaction controls the rate of
decarburization.

D. Polder®/ found by caloulation that at 9109C (18400F)
the rate of diffusion of carbon in alpha iron is 2.8 times
as great as that in gamma iron, and at temperatures slightly
below this the ratio is even greater. This would indicate
that a temperature slightly below 910°C (18400F) would be a
very good annealing temperature.

Figure 7 1s a reproduction of curves presented by Ivor
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Jenkinsé’. These curves indicete the C0_/CO ratios for

2/ .
oxidation, reduetion, carburlzation, and decarburizatiog.
The area included bvetween the two curves 1s the area in
which decarhurization takes pluce but not iron oxidation

at various tesypératures,

It is to be expected thut carbon loss from a gray iron
will be greater than thet from white iron, all annealing
conditions being identicel, because of the greatsr curbon
content. Thls, however, 1s not always the case. The
greater thé combined ocarbon {a more euslily oxidized form
than graphite), the greater will be phe.loss of carbon.
another factor governlng tie amount of c¢ardbon ivemovel 15
tihe wilicon content; us the silicon inersaces, the amount of
carbon removal decreases, and with higzh silicon contents
craclically no carbon removal will result from znncallng,
Hutrieldz/ states, "Here 1s interesting proof that free
carbon doss not oxldize unless it has first recomblned with
the iron, Sliicon relduces the solubility of carbon in iron,
and hence the fact that with lnoreasing silicon‘cantent the
loss of carboii decreases.” These concluslons vere verlfled
in thils reseuxch.

Dguipnent for Gueeous Annealing

Gaseous anxecaling hes the advantages tliat the time at

the mexlnun annealing

& tevperature required for a glven
degree of decarburisatlion is reduced, the overall anneallng

time is less, and castings cocled in the contrclled
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atmosphere exhlbit a clean, oxide free surface, slightly
matte~-finished, because of surface break-up caused by

decarburization.
The principle of the annealing of cast iron by the

modern gaseous process is explained by Ivor Jenkinsg/ as
follows: "The atmosphere discharged from the annealing
furnace is rich in hydrogen and carbon monoxide., If both of
these gases are partly re-converted to water vapor and carbon
dioxide, respectively, by controlled combustion with an
oxidising gus whilst still retaining a mixture non-oxidising
to iron, they can then be returned to the furnace and the
cyocle of operations repeated indefinitely. Theoretically

it would be necessary to commence only with the quantity of
gas initially present in the chamber. Any moderate leakage
‘of gas will be compensated for by the inorease in volume
resulting from the decarburising reaction. A loglcal step
from this stage is to dispense entirely with a prepared
controlled atmosphere and to allow the charge of castings to
generate its own 1nitial atmosphere by reaoction between the
furnace gases and the carbon in the iron, and then to circu-
late and regenerate the reducing gases thus produced by the

controlled addition of an oxidising gas.”
The ore process is in itself regenerative. 1In the

above desoribed method the ore is replaced by an outside
supply of oxygen. Circulation of the spent furnace gases
can be carried out either externally or internally. An

internal circulation method is more economical because of
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Qgcreased neat loss. Circulation may be accomplished by &
high-spced fan whicn has the added advantages of thouroughly
alxing tue ocxidizing gas with tne furnace atmosphere and of
uniform circulation through ths crarge.

Either air or steam may be added for regeneration of
the furnace atmosphere. Alr has the advantage of low cost,
since the only cost 1s thet for the power reqguired to run
the blower., In contrast to this, steax:, which must be
generated from/water, requires an added expense for heat,
which cost is further increased since the water-vapor carbon
reaction 1s endothermic. The steam regeneration process has
many adventages, however, in that the nitrogen content of
the atmcsphere, theoretically at least, will never be greater
than the quantity of nitrogen resulting from the air origi-
nally in the furnace chamber. The atmosphere, virtually
undiluted by any inert guases, 1ls a mixture of active gases
including carbon dloxide, carbon monoxide, hydrogen, and
wabter-varor. This allows operation with a higher concentra-
tion of decarburilzing gases without danger of oxidation of.
the iron,

The cost of procducing the sitocam may be greatly reduced
by removing a small portion of the reacted atmosphere from
the annealing chamber, for combustion in a small boiler,
because the gas generated from the reaction between steam
and the carbon produces a high grade water gas which has a

very high calorific value.



A description of the operation of the equipnent used
for stmosphere regeneration as teken from Ivor Jenkinsé/
i8 ag Tollows: "A typical rurncce Zesigned for the treat-
ment of thiln-section work is shown in Figure 8. The furnace
is of the vervical c¢ylindrical type with a fixed hearth, on
which rests an open cast stool, supporting trays having per-
foriated bvases and lounded with castings, The whole is con-
tained in a lightweight heaut-resisting steel shell, the
luwer Zlznged end of whieh rests in & double-ring seel, one
ring b=ing of sand oud the outer of oili. An electric furnace
is Aro;ped over the bell.

"Civculetion of the atmousyhere inside the tell is
effected by means of u high-speed cenirifugal fan lgcated
helow the botton trauy and driven via & cocled shaft, The
furnace guses sre arawn down through the trays wnd thirown
outwards to maiz with the incoming air or steam which 1is
introduced through the heartii, snd the whole then pesses up
the wnnulus between the bell and the truys und then down
through the cherge. The temperuiure of the latter is indi-
cated by means of a thermocouple pessing through the hearth
and ir contect with the bottom tray. The Turnuce haes a
separate pyrometer which controlis the snnealing cycle and
teriperature through suitable releys cn¢ switchgear, ete.

"Frovision is nude for the periodical exiraction of a
sample of ges fron the annesling chamber, and the proportion

of carbon dioxice, the only gas that need be determined to
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control the process, is registered on an automatic gas-
analysis recorder. In the case of steam regeneration,
auxiliary geur includes & small boiler for generation of the
steam, heated by waste geses from the annealing chamber, the
stean belng rreheated by excess gases discharged from the
furnace. For air generation, only a blower and flow gauge,
with an appropriate control valve, are required.”

Although most of the discussion presented to this point
has concerned white iron, it is applicable to gray iron also
since the difference between the two is prinocipally in the
carbon form and content.

In white iron the early part of the anneal causes
graphitization; whereas 1n gray iron graphitization has
already taken place. The primary structure of gray iron is
graphite and pearlite, which often has small amounts of
ferrite and/or cementite in it. Above the critical tempera-
ture austenite is found, increasing in quantity as the
temperature is ralsed and as more graphite is dissolved to
maintain equilibrium at that temperature, As decarburization
proceeds, there i1s diffusion of carbon from the carbon-rich
interior to the shrfaoe. and more graphite dissolves to main-
tain the equilibrium oonditions of maximum solid solubility.
The rate of solution of gruphite in austenite, in gray iron,
however, is imuch slower than the rate of solution of cem-
entite in austenite, in white iron,

The gaseous annealing equipment used for white iron
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should be very applicable to decarburization of gray iron
in view of the fact that very close control may be main-
tained over the process. ‘

Professor M. C. Smith of the Colorado School of Mines
suggested a much simpler method in which a gas fired furnace
would provide not only the heat for annealing, but also the
atmosphere for decarburization. John Dow§/ found in his
work that an air/gas ratio of less than ¢ to 1 is noncom-
bustible. 1In Narayan'sg/ work and also in the author's work
it was found that an air/gas ratio of less than 4 to 1 is
necessary to obtain decarburization. For this reason a
modification of the original idea will be necessary.

A suggested modification is to use only a portion of
the hot burnt gas and add natural gas to it to obtain the
desired carbon dioxide/carbon monoxide ratio. The reacted
gas from the annealing chamber couid then be returned for
ccombustion in the furnaoe.

With the prineiples of various media, used for decarbu-
rization of iron-carbon alloys, before use, and an idea of
the operation of equipment used for decarburization given,
we now turn to a discussion of the experiments performed,

GRAY IRON DECARBURIZATION EXPERIMENTS AND DISCUSSION

The thesls written by S. N. Anant Narayang/ was used as
a basis for experiments on the decarburization of gray iron.
In this work, air and natural gas were passed into a tube

for combustion and the exhaust gases passed into an



annealing furnace containing the iron specimen. The heat
treatment consisted of heating the iron for 8 hours at
1000°C (1800°F) in an atmosphere consisting of the pro-
ducts of combustion of air and gas in the ratio of 3.5 to 1.
Eéuipment

A ploture of the decarburizing equipment, as used at
the end of the experiments, is shown in Figure 9. At first
compressed air from the laboratory supply line was used,
but the fluctuation of the air supply was far too great for
close control. Later the Cenco-Pressovec 4 pump was obtained
and installed with a surge bottle to smooth out surges
cuused by the strpke of the pump. Control of the air flow
wag accomplished by means of & pinch cook on the bleed-off
hose.

Control of the natural gas flow was maintéined by
manual adjustment of the outlet vulve. The alr and gas
flow was measured with U-tube flow meters filled with a
slightly acidified aqueous solution containing a few drops
of metnyl-orange incdicator. The flow nmeters were cali-
brated in cubic feet of water displacement per minute. To.
neasure the difference in the height of the water coluan,
the buck was soaled off in centimeters. The graph of cubic
feet per minute versus the height of the water column in
centineters is given in Figure 10 for gus and Figure 11 for
air.

The gus and air were mixed and burned in an alundum tube
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tnat wad asated in &« multiple unit electrie tube furnace
with a rheostal manual coabrol. Steel plugs were machined
te fit the tube., Toese piugs were drilled to allow for gas
inlet and outlet by weans of copper tuding brazed Lo the
£lug. Fluster of parls mixed with a very dilute solution
of acetlic acid wus used to lute the plugs in place. (A
much narder and stronger muaterial is obtained with the ad-
dition of tike wucetic acide.] A plece of chromel wire was
wacded iﬁto & loose ball and placed in the combustion tube
to ald 1u heating the gas throughout the cross-section to
eid culioustlion,

The copper lead from the combustion furnace was brazed
to & tee Jjolnt., One lead from the tee joint was used to
outain sul.ples of the burnt gus, while the other lead, also
0T copper, wus used to comduct the atmosphere to the anneal=~
ing furpace, &nu was connected to the alundum tube of the
anneuling Iuirnace in the manner‘previously described,

A Burrell high temperature furnace, with traensformer
centrol snd cerborundum heating elements, was used for
enneaiinug. The exit gases were burned in a bunsen burner.
The tenperatures of the almospherss in the two furnaces were
indicated vy dlrect-recading millivolitumeter-type infstruments
with chromel-alunel touermocouples sealed inside the tube.

The burnt zas was znalyzed with a Burrell Yremier Model
VB gas analyzer, Figure 1l2. This apparatus is fully de-
scribed in "Methods of the Chemists of the U. S, Steel

32



Figure 12--Burrell premier cabinet model VB gas analyzerO
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Corporation for the Sampling and Analysis of Gases." Anely-

the ratio of these as the control figure.

waterial

7

The iron for these experiments was of ths following

analysis: Total Carbon -~ 3.28%
Conbined Carbon - 0.68%
Silicon - 1.99%

03

Tnis iron was cast into rocund bars and flat tensile speci-

3 » ’/
nens. The tensile bars were cast according to A,S.T.M.lg‘

by

specifications for sheet test baurs, and* were I5,/16-inch thick.
{This is not a standard test bar for cast iron.)

Two grouﬁs of experiments were coanducted, the first to
determine the best conditions for decarburization and the
second to Gstermine the effect of decarburization and heat

treatment on the tensile strength of the iron.

Ixperiments on Decarburization

Speciriens approximately 1/2 ‘inch in length, were cut
from the round bars ior use in these zxperiments., These
sanples were given heat treatments as tabulated in Table I,
and were cooled three minutee i the geseous atmosphere,
three minutes in alr, ané then were guenched in water,
After the neat treatment the specimens were cut lengthwise,
and half of each cpecimen was mounted in bakelite to fa-
cilitate polishing for microscopic exemination. The speci-

mens were etched with & 5 percent picral solution to reveal

the ferrite formed during the heat treatment.
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The depth of ferritce formation and the total deﬁth of
decarburization were measured with a filar micrometer which
1s placed in the tube of the mioroscope 1in place of the
huygenlan eyepiece, The filar micrometer was calibrated
w#ith a Bausch and Lomb stage micrometer, at a magnification
of 25X which was used throughout the experiments for these
measurements.

Samples 1T (ocut from tensile bar) and 2R (cut from
round bar) were polished and etched to ocompare the original
microstructures of the two types of castings. The two mlecro-
structures were found to be the same, The microstructure of
the untrested gray iron is shown in Figure 13, The graphite
flake size 1s small and the distribution is good. The amount
of steadite appears to be great, because of the coarse
pearlite also present in the austenltic grain boundary.

Heat treatment at 1800CF with various C0,/CO ratios was
found to be very ineffective. Although the total depth of
decarburization is very good, the depth of ferrite is very
small. This is, possibly, the result of the rapid diffu-
sion of carodon and the rapild solution of graphite at this
temperature., Examination of the microstructure of sample
6R, typlcal of this group, shows a decided segregation in
a layer between the core and the decarburized zone. Very
small specks of ferrite were found in the core of the speci-
men, osused by graphitization during the heat treatment. A

photograph of the polished specimen mounted in bakelite, and



Figure 13--Microstructure of the untreated gra7 iron.
100X (nital etch.)
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a photomilcrogra,i of the steadite concentration, near the
lover left-hand corner of thé.specimen, are shown in Filgure
14,

Although the total depth of decarburizetion was not as
great when treated at 1500°F as was obtalned at 1800°F, the
depth of ferrite is much greater. An interesting point
noted in this group of specimens 1s that the zone of varying
carbon content is not apparent at 254%, the mnagnification used
to measure the depth of decarburization, Graphite flakes
are visihle 1in the ferrite layer as shown in Figure 15.

This indlcates that the carbon diffusion through the ferrite
is nmore rapld than 1s solution of the graphite.

raphite flakes cannot be tolerated in the ferrite layer
since the carbon content of the metul may still be vary high
and thus cause the same 4difficulty in welding that thils re-
search 1s attengting to eliminate. TFor this reason it was
decided to raise the temperature, Since the stesdite segre-
gatlon was found at 1800°F, the melting point of steadite,
it was not possible to go that high. It was decided ?o use
a temperature of about 1700°F for succeeding experinents.
This tengerature is sliightly esbove the ferrite to austenite
transition tenperuture, and so gives a high solublility for
carboxn in iron. This treatuwent temperature eliminated the
graphite flukes in the fsrrite layer.

The heating elements in the combustlion furnace burned

out ufter treatment to sample 13R had been given. No



Figure 14-- (top) Photograph of polished specimen 6R, 4X
(picral etch.)

(bottom) Microphotograph of steadite concentra-
tion, near lower left hand corner, 100X
(picral etch.)



gure 15— 'Microstructure of ferrite layer of sample 12R
100X (picral otch.)



revlacerent elements for this 8-inch furnace were obtalnable
go the furnace was replaced by a 4-inch furnace of the same
design. The change in furnaces gave much higher 002/00
ratios for the same air/gus ratio., The 4-inch furnace
burned out, and a l2-inch furnace of the same design was
used for experiments from Z3R to the end of the lahoratory
wWOork.

To obtain a more easily controlled and more nearly
constant alr supply, a Cenco Pressovac 4 pump was placed in
service starting with sample 20R. In sxperiments 19 through
22 a sample of iron of the same analysis as that used by
Narayang/ was pflaced ia the furnace with the regular sample
to ascertain the affect on a different’ type of iron under
the same heat treating condltions., It may readily b= seen
from the table that the iron used by Narayan has e auch
greater deptia of ferrite, A conparisoa of the zones of
decarburizatlon may be mede from the photographs in Figure
le,

This verified the findings of Hatfieldz/ that increas-
ing slilicon content decreases the carbon loss for a given
heat treatuent. The iron used for these experiments con-
tained 1,99 percent silicon, as was stated eurlier, and the
iron used Ly hurayun coantained 1.40 percent zilicon., From
the experiments run to this polint, it was concluded that the
deptn of ferrite [formation woald never bHe very greut, so

experinments as to time were performed in order tn fix this



Figure 16-- (top)

Photograph of polished specimen 20K, 4X

(picral etch¥)

(bottom) Photograph of polished specimen 203,
4X (picral etch.)
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variable for decarburization of the tensile bars.

From experiments 24R, 25R, and 28R, it was determined
that 10 hours was a convenlent length of time for heat
treatment. All suoceeding experiments were run for 10 hours
inoluding a few with variation of COB/CO ratio in the hope
that a condition might be found that would give a little
greater depth of ferrite. The conditions used for the heat
treatment of sample 29R gave the best decarburized layer
obtained.

The top photograph in Figure 17 shows the polished and
etched surface of the sample. The bottom plcture is a
photomicrograph of the core of the specimen. A more uniform
miorostructure is shown in the heat treated specimen than
was found 1n the original specimen, making the true structure
of the steadite visible,

The photomiorograph, Figure 18, of the ferrite layer of
sample 29R, shows a spheroidized pearlite in a matrix of
ferrite., Polarized light shows the spheroiddized structure
very well. The struoture of the specimen, after decarburi-
zation, 1s now known, and the conditions necessary to obtain
decarburization have been established. The next point to be
discussed is the effect of the heat treatment and of the
decarburized layer formed during heat treatment on the tensile
strength of the bar.

Testing
Two types of tests were made to determine the strength



figure I

~

(to™. ¢ i

x ox FHaXiow*{/d. upee HHCiI 0911, 4-v

(pieral etch.)

{bottom}
E9R, 100X

llicrostructure of the core of sample
(picr&l. etch.)
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of these bars, a tensile test and a flexure test. For the
tensile test, five untreated bars were tested to determine
the original tensile strength, then three of the treated
bars were tested. Also, two bars were heat treated in a
neutral atmosphere to determine the effects of the heat
treatment, without decarburization. The results are shown

'1n Table II.

Table II
Sample Depth of Cross-Sectional Ultimate
No. Decardburization Area Strength
Ferrite Total in% psi
mm’ mm.
12 0.1615 41,800
b 0.1597 42,400
3 0.1750 45,800
4 0.1800 42,800
5 b 0.1658 41,250
30T 0.2768 0.6150 0.1617 24,850
31T 0.3075 0.6150 0.1622 25,750
32T . 0.,3280 0.5125 0.1590 22,000
357° 0.1578 40,600
38T 0.1633 43,740

(a) No heat treatment for samples 1-5.

(b) Heat treatment same as for 29R on 30T-32T.

(¢) Heat treatment, 8 hours at 17300, no decarburiza-
tion. Cooled in the same manner as the deocar-
burized samples.

The elongation was approximately 0.5 percent in 2 inches for
all specimens.

The flexure test was made on the same type of tensile
bars used for the tensile test, since only comparative re-
sults were desired. The bars were laid on edge, on knife
edges 7 inches apart. The results are shown in Table III.
The deflection of treated and untreated samples was nearly

constant for & given load.
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Table III

Sample Depth of Dimension Load at
No. Decarburization Thickness Depth Rupture

Ferrite Total in. in. 1b.

mm., mm.

12 0.317 0.525 620

2 3280 0.528 630

3 0.317 0,511 8620

4 b 0.307 0.507 600
33T 0.5128 0.6150 0.331 0.535 400
54T 0.5330 0.7175 0.315 0.510 370

(a) No heat treatment for samples 1l-4.
(b) Heat treatment same as for 29R on 33T-34T.

The results obtained definitely indicate that a cast
iron section to be used in fabrication by welding after
decarburization will have to be greater in cross-section
than the original design to give the strength desired in
the finzl assembly. Also, they indicate that a low siliecon
iron must be used in order to obtain desirable depths of

decarburization.
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WELDING

The surfaces to be joined when welding cast iron con-
tain carbon both in the combined form and in the free form.
These surfaces must be melted to fuse with the filler metal
in order to produce a sound weld., When the metal becomes
molten, both the graphite and combined carbon go into solution.
Because of the mass of cold metal adjacent to the weld, a
quenching effect tukes place which chills the molten metal
to form white iron, a very hard apd brittle material, at the
edges of the zone of fusion. Silicon and carhon are removed
(burned out) during the heating, and this reductinn tends to
increase the opportunity for white iron formation. Pre-
heating the sections to be welded and insulation to reduce
the rate of cooling after welding will reduce the thickness
of this hard brittle layer and may eliminate it completely.
It ocan also be avoided by using an electrode containing a
high concentration of some graphitizing agent, and nickel
alloy rods are widely used to produce machinable welds in
gray iron.

In the heat-affected reglon adjaceat to the zone of
fusion there is another brittle zone, similar in structure.
to a high-carbon steel, where the cast iron has been heateﬂ
into the gamma region, has dissolved carbon to above the
eutecotold percentage, and has cooled so rapidly that the

excess carbon was precipitated as FeSC rather than graphite.
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Electrode composition cannot affect this action; it can be
overcome only by slow cooling to allow graphitization of
prosutectoid FezC, or by avoiding the carbon pickup in the
first placs.

Since it is dissolution of carbon by molten weld metal
which results in embrittlement of the zone of fusion and
dissolution of carbon by austenite which results in embrittle-
ment of the adjacent heat-affected region, it was(thought
that elimination of carbon from the region to be welded, by
means of a preliminary decarburization treatment, would
eliminate the difficulties involved in welding cast iron.
Decarburization to produce a ferrite layer of sufficlent
depth on the surfaces to he Joined should permit them to be
welded with ordinary nild steel electrodes and by the tech-
niques commonly used to weld low-carbon steels,

The possibilities of this method have already heen
verified by the work of Chen?/, who found that by decarbu-
rizing the outer skin of the cast iron, a weld having very
good properties could be obtained by gas welding, using a
mild steel rod as filler metal. Narayang/ obtained welds
with good properties by arc welding, with a mi1ld steel rod,
cast iron which had a decarburized layer on the surface.

WELDING EXPERIMENTS
The bars whioch were broken to determine the tensile

properties of the untreated iron were used as specimens for
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the welding experiments. The ends of the two piseces to be
Joined were ground on the flat sides so as to form ninety-
degree V when the two pieces were butted together.

The two pleces of the bar were then decarburized simul-
taneously, using the same conditions us those used for sample
29R. Before the two decerburized pieces were jolred, a light
build-up of mild steel was erc welded onto each fece of the
joint. The pieces were then clamped in place with C clamps
and welded. The weld bead to be luald wes so short that tabs
were placed on each side of the joint for starting and
breaking the arc. After sach pass the metal was allowed to
cool to & tengerature suoh that the metal could be touched
with the bere hand,

Welding was done with a 3/32-inoh type E-8012 coated
mild-steel electrode uslng divrect current, reverse ‘polarity.
After the weld had been made, the excess netal was ground off
to give constunt dimensions through the neck of the test bar,
The result of the tensile test on this bar was 14,0680 psi,

a value only about half the strength of the decarburized bar.

A cross-section of this weld is shown in Figure 19. A
snall portion of the ‘parent metal is seen in the weld metai
at the top where the specimen broke. The black areas in the
weld metal are slag inclusions. The heat-affected region
extends rather far into the parent metzal. The decarburized
layer visible in this section is much thinner thgn was that

obtained under the same conditions in sample 29R.



Figure 19— Photograph of weld cross-section 4X (nital etch)



The second weld is shown in Figure 20. This sample
broke when the starting tabs viere hit to detach them. The
sample broke at the edge of the weld. The dark areas between
the weld metal (white) and the parent metal are the metal
that was deposited before tpe two pieces were joined. The
black area, a slag inclusion, shows that no fusion was
obtalined at the root,

The small size of the specimen accentuated the diffic-
culties of welding; more important, penetration of the zone
of fusion could not be reduced to a depth which was less than
the thickness of the decarburized layer. For these reasons,
the test welds were unsuccessful, and no further welds were
attempted. Fortunately, it had been demonstrated by previous
investigations that the welding itself offered no serious
problems if a decarburized layer of suffiolient depth could
be produced on the iron. In this particular iron, such a

layer could not be produced.



Figure 30--?hotogruph of weld cross-section 4X (nital etch;



SUMMARY AND CONCLUSIONS

Cast iron oan be decarburized by the ore process, or by
prolonged heating in a hydrogen atmosphere, a hydrogen/water-
vapor atmosphere, a carbon dioxide/carbon monoxide atmosphere,
or in a mixture of these such as 1s found in an atmosphere
oonsisting of the produots of partial combustion of natural
gas, The faotors governing carbon removal are tim;, tempera-
ture, and carbon dioxide/carbon monoxide ratio. Composition
of the iron is also of importance, because carbon and silicon
content (and probably other elements) affect rate of decarbu-
rization.

The decarburized layer on gray iron reduces the tensile
strength of the iron, For this reason the method of welding
cast iron must probably be limited to such applications as
low-pressure valve bodies, ornamental work, and other similar
uses in which the strength of the fabricated article is not
of primary importance, or where an increase in section is
possible to compensate for the reduction in properties which

acoompanies decarburization.
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