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INTRODUCTION

Carburizing, or cementation, is a process in which the
carbon content of an iron or steel object is increased
without melting the object. The procegs consists of heating
the iron or steel object to a suitable temperature and
holding it at this temperature in contact with a suitable
carburizing agent for a sufficient length of time to allow
carbon to enter the surface and diffuse into the object.

The carburizing sgent may be scolid, liquid or gaseous.
Graphite, charred vegetable or animal matter, coke or almost

-
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ny fo carbvon may be used as a s0lid carburizing
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agent, Liquid carburizing agents are compounds such as sodium
and potassium c¢yanides and calcium cyanamid. Gaseous car-
burizing agents are compounds such as carbon monoxide and
the volatile hydrocarbons. The carburizing temperature used
commercially is usually between 1500° F and 17500 ¥, The
carburizing time varies considerably from about 30 minutes
or more for liquid carburizing up to 8 hours or more for
gas and solid, or pack, carburizing.
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very long time. Giolitti (1)* gives an excellent review of

much of the early work on carburizing. Vannuccio Biringuccio

in 1540 and George Agricola in 1556 describe the first pro-

* The figures in parentheses refer to the bibliography.
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cess recorded. This consisted of heating iron objects in a
bath of molten cast iron. Carburizing with solid agents was
probably used in the sixteenth century to obtain a case on
iron objscts. In ths ssventesnth century carburizatiocn of
iron vars for the purpose of producing blister stesl devel-

opede.

rst scientific study

Pl

Reaumur, 1720-22, reported the T
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i rourization. His invss ed him to ceonclugde:
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wood charcoal base

o

1. the best results were produced with

.
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v cvransformastion

o

to which other subslaances wers added; 2. th
of iron into steel begins at the surface and proceeds in-
ward; 3. the transformation was effected by sulphur and
volatile salts entering the iron. Reaumur described var-
ious carburizing compounds and the equipment to be used in
great detail. This ended the monopoly of those few people
who knew the then secret details of this art. This stimi-
lated the manufacture of blister steel and led to meny
attempts to improve the process.

Scientific investigatiocns were conducted to determine
the mechanism of the action of solid carburizing agents. 1In
1841, Leplay advanced the theory that the carbon reacted with
the oxygen of the air to form carbon dioxide which was re-
duced by the carbon to carbon monoxide. The carbon monoxide
then transferred carbon to the iron or steel and formed more

~carbon dioxide which repeated the cycle. Vhile this theory

of the action of so0lid carbon is the accepted theory today,
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it was not widely accepted in Leplay's time because many
investigators thought that there was no good reason for
eliminating the pessibility of sclution and diffusion of
carbon inbto the stesl by simpls contact bstwsen the steel
and carbon.

Caron, in 1860, concluded from the results of his

investigations that the action of solid carbon was due to
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pounds, according to Caron, resulted from t
the ashes of the charcoal {or salts added to the charcoal)
with nitrogen. Ceron later proposed a carburizing com-
pound of three parts charcoal and one part barium carbonate.
Marguerite, in 1864, disagreed with Caron's cyanide
theory and tried to show that iron is carburized by direct
contact between carbon and iron. arguerite also carbur-
ized iron with pure carbon monoxide in order to disprove
Caron's assertion that carbon monoxide was not capable of
carburizing. Cailletet, in 1865, found no cyanogen or
cyanides in the analyses of gases taken from cerburizing
boxzes. Charpy confirmed this in 1909 by showing that thers
were no cyanides in either the carburizing compound or gases
contained in carburizing boxes. This disproved the cyanide
theory but 4id not settle the gquestion of whether carbon
acted directly on the steel or whether a gas, carbon mon-
oxide, acted as a carrier.

Mannesmann, 1879, studied this guestion and came to
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the conclusion that while the gases inside a carburizing
box may carburize under special conditions they are too

dilute inside s carburizing bex to have any appreciable

carburizing action in commercial practice and that the
action of solid carbvon in the ccrmiercial process was

solution and diffusion of carbon into the steel by direct

L

contact. Roberts-Austen came to the same conclusion in
1890.
Guillet, 1904, showed that carbon did not carburige

n 2 vacuum and dec¢ided that carbon monoxide acted

$te

iron

as a carrier. He also believed that carburizing com-

cunds energizeé with barium carbonate formed barium

tet

cyanide end the ashes of the wcod charcoal formed rotase-
sium cyanide and that these cyanides alsc acted as carriers.
As mentioned previously, Charpy's work later led to dis-
carding the cyanide theory. Ledebur challenged the conclu-
sions of Guillet and attempted to show that the interven-
tion of a gas was not necessary during pack carburizing,
Giolitti end collaborators published the results of

their studies between 1908 and 1912. Giolitti concluded

tnat carbon may diffuse into ircn by ccntact but that this
action is slow and of such intensity that it has no prac-
tical significance. From a study of carbon distribution in
the case of carburized perts he concluded that carbon mon-
oxide diffused into the steel and deposited its carbon where

the carbon concentration of the steel is lower than that at
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the surface. The carbon dioxide formed during this reac-
tion could diffuse back toward the surface and pick up
carbon from the higher carbon steel surface and then Carry
it into the interior of the object. Giolitti believed that
the equilibrium studies of Schenck supported this mechanism.
In his book, Giolitti drew a number of conclusions from
the information avellable up to 1912. These conclusions
were:
1. The direct action of carbon on iron is, at best,
very slight,
2. The action of carburizing compounds composed of
charcoal and alkali or alkaline earth carbonates is
not due to the formation of c¢yanogen or volatile cyan-
ides but to the formetion of carbon monoxide resulting
from the reaction of carbon and the carbon dioxide re-
leased by the carbonates.
3. Carbon monoxide carburizes by acting directly on the
steel.
4. The action of carbon monoxide is greatest in the
presence of carbon and this action predominates over
a1l other mechanisms of carburizing in carburizing

compounds in which carbon monoxide can be formed.
The simple carbon dioxide evolution theory, the second

of Giolitti's conclusions given above, had been and is still

accepted by many as the explanation of the emnergizer action
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of certain carbonates. In more recent years the energizing
action of carbonates has besen the subject of a number of
investigations and the mechanism of this action is not yet
a setivled question. Some of the papers of special interest
will be reviewed briefly.

Takahashi (2),(3) investigated the carburizing reac-
tions and his results led him to conclude that the diffus-

on of carbon monoxide and carbon dicxide in stesl, as pos=-

fede

tulated by Giolitti, was not likely and that the probable
mechanism of the carbon penetration into steel was the devos-
ition of pascent carbon atoms on the surface and diffusion .
of this carbon into the steel. He also showed that carbon
monoxide precipitates carbon in the presence of carbonates.
His final conclusion was that the carbonates accelerate the
precipitation of carbon on the steel surface and this car-
bon being very fine dissolved in the austenite and diffused
inward. The carbon precipitation resulted from reactions
similar to those given for barium carbonaste:

BaCOz—>Ba0+ COs (1)

Ba0 + 2C0—> Bal0z+ © (2]

Papers by Ragatz and Kowalke (4) and by Enos (5) cast
doubt on the previous theories. These investigators showed
that a number of compounds, other than carbonates, are equal-
1y good energizers. For example, sodium carbonate, bicarbon-
ate, hydroxide, acetate, oxalate, cyanide, chromate and tung-

state all gave approximately the same activity when used as
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energizers. This led Ragatz and Kowalke to conclude that
the energizing action was due to the sodium in these com-
pounds since the carburizing compounds used in these exper-
jments were made up in such a way that the weight ratio be-
tween sodium and carbon was the same in each instance. These
investigators proposed a theory in which the energizer act-
ed as a catalyst for the reaction

ca,t ¢ == 2C0 {3)
This provided a high carbon monoxide concentration in the
gas phase which increased the degree of carburization. The
mechanism, as given by Ragatz =nd Xowalke, whereby sodium
and barium carbonates catalyzed reaction (3) consisted of a
seriss of c¢yclic reacticns. For scedium carbonate the follow-
ing reactions occurred at the gas-cerbon interface:

Na2603+ C—> Na0 + 2co (4)

Na 0 + C —=2Ne + CO (5)
The scdium from reaction (5) volatilized and reacted with
carbon dioxide in the gas phase:

2Na + COy —>Na,0 + CO (5)

Nag0 + 00, NayC0gy (7)
The sodium carbonate from reaction (7) dropped back on the
carbon and repeated the cycle, Darium carbonate reacted
according to the following reactions:

BaCOz+ C —>Ba0 T 2C0 (8)

Bal + 002——> Ba005 (9)
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Mahin (6) has supported the simple carbon dioxide
evolution theory. He believes that the gradual evolution
of carbon dioxide by the carbonate flushes the nitrogen
from the carburizing box and that this action is respon-
sible for a high carbon moncxide concentration which would
give more intense carburization. He pointed out that the
good energizers reported by Ragatz and Kowalke were cap-
able of giving off oxygen or carbon dioxide while the poor
energizers contained no available oxygen. He also reported
scme experiments which showed that caleium oxide and barium
oxide were capable of picking up carbon dioxide at low
temperatures during heating. He claimed that this cardon
dioxide would be released later at higher temperatures. The
fact that barium oxide and barium carbonate showed equal
activity had led Enos to believe that the evolution of COg
was not the real function of the energizere.

Fong and Ragatz (7) showed that the carbon dioxlde
given off by barium carbonate and sodium carbonate in &
carburizing compound is not given off gradually and progres-
sively during carburization. Their results indicate that the
svoliution of carvon dioxide Geases Shorcly
carburizing temperature. They concluded that sodium and bar-
ium carbonates can react with carbon at temperatures below
the minimum temperature at which the respective carbonate

can dissociate in the presence of carbon. They alsco showed

that barium hydroxide and sodium hydroxide were converted to
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carbonates when heated with carbon to relatively low tem-
peratures {up to 750° ¢ for sodium hydroxide and up to 850°
¢ for barium hydroxide) but the carbon dioxide absorbed was
evolved rapidly upon further heating. Thsy proposs ths fol-
lowing reaction between sodium carbonate and carbon:

Na _C03 + 2C —> 2Na + 3CO (10)

2
This reaction together with reactions (6) and (7) were said

-~ 4 2 *
for the snsrgizing action. Reazcticns (8)

+a hao wmocnancihila
VO be responsibls

and (9) were given for barium cerbonate.

Object of this investigation:
It is generelly accepted thait carbon monoxide is the

ctive carburizing agent during pack carburizing and that

m

Q

gertain carbonates increase the carburizing action when
added to the carburizing compound. As can be seen from the
above review of thé investigations on this subject, there is
still some question about the mechanism of the energizer
action. The present investigation was intended to yield
further information on this subject. Specifically, the ob-
ject is to study the effect of barium carbonate on two
reactions occurring during pack carburizing.

Carbon dioxide and carbon react to form carbon mon-
oxide according to the reversible reaction

Cog + C (solid) == 2CO (11)

Since this reaction occurs at the carbon-gas interface and

since the carbon monoxide is the carburizing agent, the
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carbon monoxide formed in resasction (11) must diffuse through
the gas phase to the steel surface where it gives up part of
its carbon zcoording to ancther reversible reaction which we
shall write as
200 == 0C02 + C {dissolved in austenite) {12}

These two reactions, (11) and (12), are the reactions under
consideration. The experiments reported in this paper car-
risd out 1S separately under such con
that each occurred in the absence of the other., In this way
the effect of barium carbonate on sach reaction has been

determined.,
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APPARATUS

The apparatus used to study the two carburizing reac-

tions is shown in Figure 1. This apperatus congists of a

fte

vacuum pump A and calcium chloride drying towsr B. The
vacuum pump served to remove water from the system at the
start of each experiment and the drying tower prevented
the moisture from going through the pump,

The gas entering the system, either air or carbon

3

dioxide, passed through twe drving towers, either C ahrd
» 2 J S 9

Towers C and & contained anhydrous calcium chioride while
towers D and F contained magnesium perchlorate.

G and H are two electrically neated tube furnaces.
Fused quartz tubes were used in each furnace. These tubes
were 30 inches long and were 1 inch inside diameter. The
ends of the furnace tubes were closed by rubber stoppers
through which thermocouple wires and alundum tubes entered
the furnaces. The alundum tubes carried the gas into and

out of the furnaces. They were 5/16 inch outside diameter

L)

[

1aq

0
)
oy

3/32 inch bvore.

Jd is a capillary tube flow meter. The manometer of
the flow meter was filled with mineral oil. This flow meter
was merely used to indicate the instantaneous flow rate and
served as a guide in regulating and controlling the flow

rate. All the flow rates reported in this work were deter-
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mined by measuring the time required for a definite volume
of gas to pass through the wet test meter, S.

The gas was analyzed by the absorption bulbs X, L, N
and Q and the hot copper oxide tube M. The gas analysis
will beo described in more detail in a separate sectlon,

R is a drying tower filled with magnesium perchlorate
which prevented water from diffusing back into the system
from the wet test meter S, The gas left the system through
the trap T and the sulfuric acid bubbler U.

The various parts of the spparsitus were connected to-
gether with glass tubing and thick-walled rubber tubing was
used to make connections,

A number of by-passes are shown in Figure l. Whén
using furnace G it was possible to send the gas directly to
the absorption bulbs without going through furnace H. The
capillary tube flow meter was equipped with a by-pass which
was used while the system was being evacuated. A by-pass
was also necessary for the absorption bulbs and copper oxide
tube.

Pressures were measured by the manometers shown in
Figure 1. Pys the manometer on the wet test meter S5, was
£illed with water. All the other manometers were filled
with mercury. The pressure inside the two furnaces was in-
dicated by the manometers P; and Pg. These two manometers
were connected to the furnaces through mercury traps and

stopcocks. Pz, the only closed manometer, indicated the
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pressure in the system while the system was being evacuated.
The pressure of the gas in the wet test meter was measured
by the mancmeter Pg. In all the experiments rsported in
this study the sulfuric scid bubbler was adjusted to keep

P,y at 0.4 inches of waier pressure.
The arrangement of charcoal, thermocouple and alundum

shown in Figure 2. The gas entered through the upper alun-
dum tube which extended down to the surface of the charcoal.
After passing through the bed of charcoal the gas left the
Tfurnace through the lower alundum tube. The lower alundum
tube was fitted with an alundum disce which supported the
charcoal. The hot junction of the thermocouple was placed
in the charcoal just above the gas outlet in the center of
the dise,

The temperature was measured by chromel-alumel thermo-
couples and a potentiometer. Since chromel-alumel thermo-
couples are unreliable in a reducing atmosphere, the temp-
srature of the furnace was controlled by a conbtrol thermo-
couple placed outside the furnace tube as shown in Figure
2. At the start of each experiment, while the system was
evacuated, the furnace was brought up to temperature and
the controller was set to produce the.desired temperature
according to the thermocouple inside the furnacé. The con-

troller then maintained this temperature during the remsin-
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der of the experiment.

Except as noted, a calibrated thermocouple was used in-
side the Turnace for each experiment. The affected portion
of the thermocouple was cut off after the experiment and the
thermocouple was recalibrated for subsequent sxperiments,.
All the thermocouples were calibrated against one referencs
thermocouple. Calibrations were made by placing the hot
Junctions of the two thermocouples inside a hole in a nicksl

block.

In the study of the reaction between carbon monoxide
and austenite, ingot iron samples wers carburized in furnace
H by a carburizing atmosphere generated by passing air
through & bed of hot charcoal in furnace G, After trying
various methods of suspending the sample from the gas-inlet
tube it was realized that some method for obtaining very
intimate contact between gas and sample was necessary. The
arrangement shown in Figure 3 was finally accepted as satis-
factory. As will be seen by the results, hypereutectoid
cases could be produced in four and one-half hours. When
samplesg were suspended inside the furnace about one-half
inch below the inlet tube a very light hypoeutectoid case

~was produced by the same atmosphere in the séme time and at
the same temperature.

The samples shown in Figure 3 were ce¢ylindrical pieces

of ingot iron about 0,45 inches in diameter and 0.85 inches
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long. A 5/16 inch hole was drilled into the samples. The
samples were turned down and drilled on a lathe. These
samplses wers placed over the gas-inlet tube as shown,

A Tlat side was ground on the inlet tubs to provide =2
channel for the gas, The ges-inlet tube measured 0,313
inches (5/16 inch) outside diameter. After grinding the
flat on one side of the tube it measured 0.294 inches across

% 1T 3
LoV

at the flat., With this arrangemsnt &t he gas was
over the surface of the sample at a relatively high veloclity.

In order to determine the effect of barium carbonais On
the reaction, samples were carburized with and without bar-
jum carbonate at the base of the hole. In this way the sam-
ples could be carburized with the gas alone or with the gas
in the presence of barium carbonate. No solid carbon was
present in either case.

The thermocouple was used as a stirrup to prevent the
samples from falling off the alundum tube at the carburiz-

ing temperature. The gas-outlet tube, fitted with a dise,

was placed under the samples as an additional precaution.
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GAS ANALYSIS RN

The gas analyses were first attempted with an Orsat
gas analyzer, Unitized, Technical Time-Saver model. The
carbon dioxide wes absorbed in potassium hydroxide. A
number of procedures were possible for determining the
carbon monoxids., It could be absorbed in acid cuprous
chloride but this absorption was very slow for the high car-
bon monoxide contents encountered in this work. Since the
absorption capacity of acid cuprous chloride is rather low
(8), this procedure was soon abandoned.

The obhsr two procedures invclved oxidizing the carbon
monoxide to carbon dioxide and absorbing it in a potassium
hydroxide solution. In the first of these, copper cxide at
310° C was the oxidizing agent. In the other method, the
carbon monoxide was mixed with oxygen and a slow combustiocn
was effected by passing the mixture over a glowing platinum
coil, Analyses by these two oxidation methods did not check
each other nor could check analyses be obtained with either
method., Marshall and Chipman (9} encountered some of the

11ah
VAN Bds

7]

b o]
<3

eds

above troubles and belisved that carbon moncxids
high concentrations can be absorbed to some exteant in the
potassium hydroxide solution.

The method finally adopted was a dry method. This elim-
inated errors due to the solubility of the various constit-

uents of the gas in any solutions. The arrangement of the
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apparatus is shown in Figure l. The gas was analyzed by the
four absorption bulbs, the hot copper oxide tube and the wet
test meter. The copper oxide tube was constructed from a
one-inch inside diameter fused quartz tube, 28 inches long.
An 11 inch section in the center of the tube was electric-
ally heated. The heated portion of the tube was filled with
copper chips which were then oxidized by heating the tube
and passing air through the chips. The ends of the tube
were closed by rubber stoppers fitted with three-way stop-
cocks,

As menticned above in connection with the Orsat anal-

fu

ysis, carbon monoxids is oxzidized to carbon dicxide by cop-
per oxide. This oxidation (10} will occur at 300° C. Cop-
per oxide will oxidize hydrogen to water at 250° C. A tem-
perature of 510° ¢ is recommended for the Orsat epparatus

when both are pvresent. At this tempsraturs the reaction is
too slow to suit the purposss of this investigation. There-
fore, the copper oxide tube was heated to 600° G in order to

increase the rate of reaction.

ium perchlorats and bt
Water was absorbed in bulb X and carbon dioxide in bulb L.

The remainder of the gas passed through the hot copper oxide
tube where the carbon monoxide and hydrogen were oxidized.

The hydrogen was then absorbed as water in bulb N and the car-

bon monoxide absorbed as carbon dioxide in bulb Q.
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The analysis of the gas was conducted as follows:
The copper was oxidized prior to each analysis by passing
air through the hot tube. The bulbs were replaced by pieces
of eapillary tubing and the air was flushed from the copper
oxids tube. The gas was then changed to the by-pass while
bulbs X and L were put in the train in place of one of the
pieces of capillary tubing. These two bulbs and the copper
oxide tube were flushed. Then bulbs N and Q were put in
the train and the final flushing took place. Since the car-
bon monexide content of the gases was always high, buldb Q
had to absorb an appreciable amount of carbon dioxide, IT

tihils bulb were permitivsd O

bsorb too much carbon dioxids,
it became very hot and the spent Ascarite "caked up". Vhen
this occurred it offered too much resistance to the passage
of gas and interfered with the flow rate. For this reason
bulbs N and Q were inserted during the final fiushing period
only. For this reason, too, bulbs @ and L were cleaned and
refilled frequentlye.

After flushing, the gas was sent through the by-pass
and the copper oxide tube was closed while the bulbs were
the flusning and
analysis and it was allowed to cool to room temperature be-
fore the bulbs were weighed. The welghed bulbs were put
back in the train and a sample of the gas was allowed to

pass through them. Any unabsorbed gas was measured by the

wet test meter. The bulbs were reweighed to complete the
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analysise.

The unabsorbed gas should have been nitrogen, It will
be referred to as "inert gas™. The volume of inert gas as
measured by the wet test meter was corrected for the vapor
pressure of water in the meter and referred to standard con-
ditions (temperature of the meter and barometric pressure
were recorded). The volume of gas at standard conditions,
equivalent to the weight change for each bulb, was also cal-

culated and then the volumetric per cent of each constit-

Sources of error in gas analyses:

The bulhs were weighed on an analytical balance capable
of weighing $o one-tenth milligram. An sbscrption bulb was
uged as a counterpoise on the other balance pan.

The smallest amount of carbon dioxide, resulting from
the oxidation of carbon monoxids, which was weighed in bulb
Q, was larger then 0.5 grams. This weight could be deler-
mined with a small percentage of error. However, as men-
tioned above, bulb § limited the size of the sample because
it would interfere with the flow rate if it picked up too
much carbon dioxigde.

The weight change Tor bulb XK was always small and some-
times it amounted to only a few tenths of a milligram. Since

it was necessary to handle the bulbs, such small weight

changes could produce 100 per cent error. While the actual
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per cent water given in the analyses may be in error, these
values are significant because they show the water content
to be low,

Errors dus 0 small weight changes wsrs alsc produced
by low hydrogen and carbon dioxide conceuntrations. When
air was passed through energized hardwocd charcoal 10-20
milligrams was the usual weight change due to hydrogen while
the weight changs producsed by the carbon dioxi
milligrams. When carbon dioxide was passed through sugar
charcoal, or energized sugar charcoal, the resuwliing gas
showed less hydrogen and the usual weight change due to the
hydrogen was 0.5-1 milligreams., In this case the carbon di-
oxide was greater and the smallest amount of carbon dioxide
weighed was 21.3 milligrams. The largest amount of carbon
dioxide weighed in these experiments was about 250 milii-
grams.,

The smallest division on the wet test meter corresponds
to 0,001 cubic feet, An attempt was made to estimate to the
nearest tenth of one of these divisions. When using air,
0.0300 cubic feet of inert gas, nitrogen, was allowed to pass
through the wet test meter during an analysis, In this way
a gas sample of approximately the same size, 1.1 liters, was
always analyzed. When using carbon dioxide as the initial
gas, the usual reading on the wet test meter was 0.0001l-
0.0003 cubic feet and due to the higher carbon monoxide con-

tent of this gas 0.5 liter samples were anglyzed. An error
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of 0.0001 cubic feet in reeding the meter was equivalent to

about 0.6 per cent of a 0.5 liter sample. The inert gas in

these experiments was one per cent or less and therefore,
The values indicate that the

[\

these values may be in error.

amount of insrt gas in these experimenis was small.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



-25-

MATERIALS

Two different charcoals were used in these experiments.
Chemically pure sugar charcoal was obtained for use in the
study of the effect of barium carbonate on the rate of the
reaction between carbon dioxide and solid carbon. This char-
coal was obtained as a fine powder while a granuiar product
was desired to permit free passage of the gas. In order to
lump up this charcoal, 100 grams of the charcoal were mixed
with 100 grams of sugar and 50 cc. concentrated sulfuric
acld were added to char ithe sugar. The mixture was then

o s P, .
heated to about 7800 ¢ (14000 F) in 2 covered alundum Sruc—

ad. The particles passing through a 3 mesh screen and re-
tained on a 28 mesh screen were then heated to 1290° ¢
(2350° F). This procedure was adopted because it gave a
granular product which was fairly strong. It was found that
the origiﬁal powdered charcoal contained 3,00 per cent ash
and the final product contained 3.94 per cent ash. Spectro-
graphic analysis of the ash showed the following elements to
be present: Mg, Al, Si, Fe Na and Ca. No X, Sr or Ba was
detected in the ash,

The second charcoal, used to generate the carburizing
atmosphere in the experiments on the study of the reaction
between steel and carbon monoxide, was a hardwood charcoal.

It was Tec-Char grade 4 manufactured by the Tennessee East-
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man Corporation. This charcoel was ground and screened.
The charcoal passing through an 8 mesh screen and retained
on a 28 mesh screen was used.

These granuler charcoals did not mix well with barium
carbonate. In order to insure & uniform distribution of the
barium carbonate, it was precipitated on the charcoal. Bar-
ium hydroxide was dissolved in water and this solution was
added to the charcoal. The volume of solution was just suf-
ficient to wet all the charccoal, Carbon dioxide was then
added until all the hydroxide was converted toc carbcnate.

The energized charcoal was dried at 120° ¢ (250° F).

The ingot iron samples were made from 3 inch rods. This

material had the following analysis:

Carbon 0.010 % by weight
Manganese 0.013 %
Silicon 0.001 %
Sulfur 0.022 %
Phosphorus 0.005 %

The carbon dioxide used in these experiments was taken
from one 50 pound cylinder., Orsat analyses showed that more
he potassium
hydroxide solution, indicating less than 0.2 per cent impur-

ities.
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RESULTS

Part I.- The effect of barium carbonate on the reaction
between sustenite and a carbon monoxide-carbon dioxides

carburizing stmosphers.

Reaction (12), the resction between .austenite and
carbon monoxide, was studied by carburizing ingot iron
samplies witni a gas composed of carbon monoxide,; carbon
dioxide and nitrogen. The carburizing atmosphere was gen-
erated in furnace G (ses Figure 1), Thirty grams of ener-

ized hardwcod charcoal was pleced in furnace G as showm in

g
Figure 2. The sample was placed in furnace H as shown in

&
i

izure 3.
At the start of the experiment the system was closed
and evacuated up to stopcock V (see Figure 1), while the
furnaces»wére heated up to temperature, During this per-

od a great deal of moisture was given up by the charcoal

150

and was pumped out of the system by the time the furnaces
reached temperature and the actual carburizing started, As
a vest for the presence of moisture in the system, stopcock
W was closed and the pressure in the system as indicated by
P3 was observed. If all the moisture were not removed the
pressure increased rather rapidly.

The temperature of furnace G was controlled by a ther-
nocouple outside the tube as described above while the tem~

perature of furnace H was adjJusted to the proper value by
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setting the rheostat on the furnace and allowing it to reach
a steady thermal state with its surroundings. After the tem-~
peraturs of esach furnace was adjusted to the same velue and
all moisture was removed from the system the carburizing per-
iod started. About itwo hours were consumed during the heat-
ing period.

In some of the early experiments carbon dioxide was

-

P vy Ta o D e X e s o oo T o TR I
& Uhé carburizing atmosphsers buv 1o

ised TO gensra was Tound
that the flow rate would not remain constant, especially at
the nigher rates, and constant attention was necessary to
maintein a fairly constant flow rate. When it was found
that the flow rate remained more nearly constant when air
was used it was decided to use air instead of carbon dioxide
for these experiments. The first source of air was a blower.
This blower was also the source of air for the gas furnaces
in the laboratory and some difficulty was experienced in
maintaining a constant flow rate when the gas furnaces were
placed in use. ILater it was found that air teken frcm a
compressed sair line maintained at twelve pounds gage pres-
sure gave a flow rate which remained practically ccnstant
and required little or no attention. This source of air
was used in some of the experiments as indicated,

The gas entered the gystem through the drying towers
E and ¥, passed down through the hot energized charcoal and

then over to furnace H where it carburized the ingot iron

sexple. After leaving furnace H the gas passed through the
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flow meter, wet test meter and out of the system. At the
end of the carburization period the furnaces were turned
off and allowed to cool.

The results of the early experiments are shown in Table
I. The ingot iron samples have bsen described above., Bar-
jum carbonate was placed in some of the samples end tapped
very lignhtly with the end of a pencil to spread it over the
pottom of the hoje.

The flow rates given in Table I are the overall average
flow rates as calculated by dividing the total dry volums of
gas at standard conditions by the carburizing time. The
volume of gas passing through the system registered on the
wet test meter. This volume was corrected for the vapor pres-
sure of water and reduced to standerd conditions. The volume
of gas absorbed during any analyses was added and this total
volume was used to calculate the flow rate in liters per
hour. The source of air in these experiments was the blower
mentioned above. |

The case depths were measured on the sectioned and pol-
ished samples at the base of the hole, The case depihs were
measured by projecting the samples at 100 diameters onto the
ground glass focusing screen of a Bausch and Lomb metallo-
graph. The case depths were measured to the base of the
eutectoid zone,

In these experiments the thermocouples had not been

calibrated and had been used more than once.
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It is generally believed that carbon monoxide alone is
a poor carburizing agent. However, it has been shown (11)
that the carburizing action of carbon monoxide depends on
the velocity with which the gas passes over the stesl sur-
face. It will be seen by samrle 13 in Table I that a car-
bon monoxide~-carbon dioxide atmosphere producsd a hypsrsu-
tectoid case in 4.7 hours at 950° C (1742° F). This would
certainly seem to indicate that under special conditions
where very intimate contact between steel and carbon mon-
oxide is possible the carburizing action can be rather in-
tense., Samples 4-8 also indicate that appreciavle case
depths and rather high csrbon contents may be obtained even
when the carbon monoxide is diluted with 65 per cent nitro-
gehe

The data in Table I indicate that the presence of bar-
ium carbonate has a favorable effect on the reaction between
carbon monoxide and austerite., Compariscn of samples 13 and
14 shows that a deeper case was obtained when barium carbon-
ate was present. In this instance, however, sample 14 had a
slight advantage since it was carburized slightly longer

(5 min.) and the flow rate was greater. With samples 1 and

2, sample 1 had the adventage and still the sample with the
barium carbonate formed the deeper case, In addition to the
deeper case, sample 2 had & higher surface carbon content as
indicated by the presence of excess cementite in the case,

Samples 3-12 were carburized over a range of flow rates
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since it was difficult to reproduce a given flow rate. Ex-
cept for samples 5 and 9 the carburizing time was 4.5 hours
in each case. A better correlation between flow rate and
case depth had been expected. However, one striking differ-
ence is immediately apparent hetween samples with and those
without bariwm carbonate present. In each experiment where
barium carbcocnate was present a hypereutectoid case was pro-
duced; whereas, when barium carbocnate was not present a
eutectoid case was produced. Semples 3 and 4 were the two

exceptions. Sample 3 had a hypoeutectoid case while sample

4 nad s hypereutectolid case, No barium carbvonate was present
in either run, Another differsnce betwesen samples with and

without barium carbonate present was the extent of the case
up the side of the samples. This will be discussed and ili-
lustrated in connection with the next set of sxperiments.
The appearance of the samples in these experiments
seemed to indicate that the outside surface was oxidized
during the heating period, reduced during the carburizing
period and then oxidized again during the cooling period.

There was no apparent sign of oxidation inside the hole.

3
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N ke * o e XY ke W N e N ST
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€ Py
<
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-— Al JACA W

§
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the rest of the system during the heating period, after it
had been evacusted, and if it were again closed off from the
system immediately after the carburizing period this oxid-
ation 4id not occur and the samples céme out with a bright

metallic surface.
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Teble II
Gas Analyses
1 Par Cent by Volume
Sample™ % inert % CO % o, % H,0 % B, Kr

11

1 66.9 31.8 0.41 0.30 0.88 24.2
2 86,6 30,8 1,05 0.73 i.82 g.8
3 64.6 33.1 0.52 0.02 1.83 20.4
3 67.3 31.5 .52 0.00 0.4 18.4
4 64.5 31.3 2.87 0.15 1.21 3.3
4 63.7 29.9 4,22 0.48 1.61 2.1
S 65.1 32.9 c.62 .00 1.40 17.7
5 65.4 33.3 0,44 C.00 C.e7 25.2
5 85,3 32.2 0.3 C.C 1.15 30.6
6 65.6 33.0 0.30 0.03 0.95 36.7
7 63.4 35.3 0.36 0.05 0.85 34.8
8 §8.3 S G40 .16 i.11 28.4
8 66.5 32.2 C.24 0.00 1.17 44.5
8 62.3 36.1 0.20 0.00 1.34 67.7
S 62.8 35.4 0.35 G.07 l1.72 37.6
S 04.4 35.2 0.36 0.14 1.98 30.95
10 86,0 31.6 0.70 C.08 1.62 14.1

10 64.0 33.5 0.43 0.08 1.58 25.9
il 835.8 33.0 0.23 0.00 1.08 45.3
i2 65.5 33.6 0.25 0.07 0.65 46.4
12 66,0 33.2 0.25 0.02 0.58 45.5
13 2.13 4.0 3.23 0.01 0.74 27 .4
14 2.20 95.9 l1.62 0.24 0.05 56,7

1. Number of sample refers to ingot iron samplses in
Table I. These analyses were conducted during the
carburizing period of the given samples,
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Gas analyses were made during these experiments. The
ges analyses are tabulated in Table II. The equilibrium

constant for reaction (11) is:

x,, = {0812 5
1L (COZ)

where  (CO} is the volume fraction of carbon monoxide,
(002) is the volume fraction of carbon dioxide
and P is the total pressure.

Since equilibrium was not obtained in the experiments, an

equilibrium constant may not be calculated. However, the

values for carbon monoxide, carbon dioxide and pressure
were substifuted in the equekicn
result is given in Table II as X!_.. This may serve to in-
dicate the degress of

(1742° F) the value of X,. should be 76.7 {12}.

11
The values of K!'_. listed in Table II led to the con-

11
clusion that the gas had precipitated carbon inside furnace
H and formed carbon dioxide by reversing reaction (11). The
equilibrium constant for the reaction increases with in-
crease in temperature. This means that a carbon monoxide-
carbon dioxide atmosphere in equilibrium with solid carbon
will contain more carbon monoxide at a high temperature than
at & lower temperature. It also means that if the equilibrium

gas mixture at the elevated temperature is cooled to a lower

temperature it will have a tendency to form carbon dioxide
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and precipitate carbon. After leaving the sample the gas
was free to circulate inside furnace H (see Figure 3) before
reaching the outlet tube. Therefore, while the sample was
at the same temperature as the charcocal in the other fur-~
nace and there should be no tendency to deposit carbon on
the sample there was a tendency for the gas to precipitate
carbon in the cooler portions of the furnace and carbon was
found on the thermocouple wires in the cooler sections of
the furnace. Since the composition of the gas had changed
before it was analyzed., no definite conclusions can be drawn

from the data in Table II,
A bstter correlation beitween flow rate and case depth
was desired than thaf shown in Table I. Therefore, a new
set of experiments was performed using an improved exper-
imental technique. For these new experiments air was tak-
en from the compresssd air lime in order to cobtain a con-
stant flow »ate. A new calibrated thermocouple was used in
each furnace for each experiment. Furnace H was closed off

from the test of the system during the heating and cooling

periods to prevent the oxidation mentiocned above and the

samples came oubt cle
used to generate the carburizing atmosphere was energized
with 10 per cent barium carbonate. TForty grams of the enper-
gized charcoal was used in each experiment.

The results of thls set of experiments are shown in

Table III. These samples were carburized 4.5 hours at 925° C
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Table IIX

Effect of Barium Carbonate on the Reaction Between

Sample

Iron and Carbon Mcnoxide at 925° C.

Flow
Rate,
L/hr.

Eut.

Case Depths in mm.

Side Wall

Eut.

Samples with no barium carbonate present:

15
16
17
i8
i9
20
21

Samples
22

23
24
25
25

Flow
Rate,
L/hr.

2.88
5.41
5.49
733
8.13
8.53
10.0

2,90
3.09
5.19
8.03
8.11
8.32
9.95

with barium cerbonate present:

o
Ooqun
s & O o [}
OO

> G

33,0

0.80
0.62
0,64
0.€8

0.80

Gas Apnalyses

G.00
G.22
0.28
0.28
G.2

Table IV

Per Cent by Volume

% o,

0.14
0.11
0.12
c.1z
0.08
0.07
0.07

% H,

0.10
0,12
0.07
0.09
0.07
0.086
0.03

¢ % Hy

2.99
0.98
2.50

1,56 .

0.85
0.84
0.30

COOOOOOO
¢ & ¢ 4 9 & o
N OIOMON
GHBOWO i

[N oNoNo R
¢ 2 4 e
~EP~1 v O
NOWO

% inert

63.9
63.2
65.5
64,6
66‘3
66.3
66.86

Hypereut,

0.00
0,00
c.0C
¢.00C

e L
Vel

C.00
0.25

0.00
0.17
0'25
0.27
0.31

K!
11
73.8
95.8
83.7
95.0
133.0
154.0
158.0
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(1697° ). The cese depths were measured by the same
method as was used with the first set of samples. The
eutectoid case depth given in Teble III refers to the dis-
tance from the surface to the base of the eutectoid zone

and therefore, includes the hyrereutectoid zone, The hyper-

i

eutectoid case depths alone were also measured. Table II
gives these case depths as measured at the base of the holse
and on the sides of these sambles. The case in the side wall
was measured near the base where it was of maximum depth.
The reletionship between the case depth and flow rate is shown
in Figures 4-7,

Hypersubectold cases were producsd on all the samples
except samples 16 and 22 which were carburized at the low-
est flow rate. Examination of the data shows that there is
a definite trend toward deeper cases in the presence of bar-
jum carbonate, confirming the results of the first sst of
experiments. When barium carbonate was placed at the bot-
tom of the semples the case extended to the top of the
samples. For example, sample 22 showed an eutectoid case
throughout the length of the side wall. On the other hand,

sam

O
i LUT

| 2

ples with no barium carbonate present the hyper-
eutectoid or eutectoid case did not extend to the top of

the sample except in one instance: sample 19 had a eutectoid
case throughout the side wall but the hypereutecitoid case
did not extend to the teop of the sample. Figure ¢ shows

sample 15 and the extent of the sutsctoid case is marked.
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Figures 10-13 show the extent of the cases in the other
samples where no barium carbonate was present. Figure 14
shows a sample to which barium carbonate was added.

After the last set of samples was carburized a separ-
ate set of experiments was conducted to determine the gas
analyses at various Tlow rates. The gas was sent directly
to the ebsorption bulbs after leaving the charcoal and was
not reheated in furnace H. These analyses represent the
composition of the gas which carburized the samples. These
analyses ere given in Table IV. The value of K{1 ags calcu-
lated from these analyses is also tabulated with the analyses
and is shown graphically as a function of the flow rate in
Figure 8., At 925° C (169'7O F) the value for Kll is 55.0.

Figure 8 indicates that the gas composition was not
constant for the various flow rates. A gas of practically
the same composition at all flow rates was desired in order
to show the effect of gas velocity on the degree of carburi-
zation. However, the effect of gas velocity has been demon-
strated by Bramley and Jinkings (1l1}. For the purpose of
this work the difference in composition of the gas at the

- o~ -—

~w Y v -~ - o P . ~ 3
*LoUS T10W Trates ages ]

v 10
drawn from the experiments since it is believed that ident-
ical conditions existed for the samples at any given flow rate
except for the addition of barium carbonate toc scme of the
samples.

It is evident from the results tabulated in Table IV
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and shown graphically in Figure 38 that the gas composition

was such that K!. was greater than the accepted value of

11

K,7+ This means that either the carbon monoxide was too

11
high or the carbon dioxide was too low to satisfy the equi-
librium conditions for reaction (11). If we assume that the
oxygen in the air reacts to form carbon dioxide and that
this carbon dioxide reascts with more carbon according to
reaction (11) these results are difficult to explain because
the carbon monoxide concentration would not be expected to
exceed the equilibrium value. Since K!_ tends to approach
the valiue of Kll as the flow rate decreases the system
appears to approach squilivrium for rsactiom {11). It may
be that reactions such as (8) and (9), given by Ragatz and

Kowalke, are responsible for the unusual conditions observed

in these experiments as the flow rate is increased.

Part II.- The effect of barium carbonate on the rate of

reaction beitween carbon dioxide and charcoal.

The procedure for these experiments was similar to that
given in Part I, Twenty grams of sugar charcoal, or ener-
gized sugar charcoasl, was placed in furnace H (see Figures 1

and 2). Furnece G was closed off from the rest of the sSys-
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tem during these experiments. The system was evacuated, as
before, while the furnace was brought up to temperaturs.
The temperature was maintained constant in these experiments
by the controller. The control thermocouple was placed out-
side the furnace tube and the controller was adjusted as be-
fore. ATfter the heating period carbon dioxide was admitted
to the system., The ges entered the system through drying
towers C and D, moved up to the tov of furnace H, down
through the bed of charcoal, through the capillary tube flow
meter; drying tower, wet test meter and out of the system
through the trap and bubbler. After adjusting the flow rate
tc the desired valus, a sampls of ths gas was analyzsd by
the procedure described in the section on gas analysis.
Extreme care was used in placing the charcoal in the
furnace to prevent any charcoal or barium carbonate from
getting into the bore of the gas-outlet tube. The hot junc-
tion of the thermocouple was formed into a rather large bead
and this was placed over the opening of the tube leaving
‘just enough - space between the thermocouple and cpening to
allow free vassage of the gas. The bore of the gas~-outlet

a4 2 de Yy e A
. L

s . .
tube was ks orcing high pressure air

e
L1 Ty

clean by
the tube before each experiment and it was occasionally
washed out with dilute hydrochloric acid.

The results of these experiments are shown in Table V.
The flow rates were determined, again, by the time taken for

a definite volume of gas to pass through the wet test meter
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Table V

Effsct of Barium Carbonate on the Rate of Reaction Between
Carbon Dioxide and Carbon an 925° C.

Gas Analyses

Flow Per Cent by Volume
Rate, 42 C0 % co, % Hy0 % Hy, % inert Kil

L/hr.

Sugar charcoal:

0,953 88.6 9.85 0.20 0.33 1.08 7.81
1.21 85.1 14.0 0.00 0.02 0.94 S.0¢
2445 77 .8 20,9 0,04 0,87 0,38 2.87
4,00 73.2 26.3 0.02 0.52 0.C4 2.00
5.08 67.5 31.0 0.58 0.00 0.96 1.46
Suger charcoal energized with 2% BaC0:

C.52 2.6 5.86 0.086 0.18 1,36 i4.2

1.57 85.8 8.8 0.13 0.13 0.93 B8.83
2.55 84.4 13.8 0.33 0.18 1.37 S5.00
3.67 73.6 18.5 0.51 0.48 1.01 3.36
5.02 77.1 21.2 C.21 0.52 0,97 2.81
Sugar charcoal energized with 10% BaC0.:

0.56 97 .6 2.37 0.04 0.00 0.00 35.8

1.67 94,2 4,81 0,12 0.04 1.04 18.7

2.71 91.3 7.79 0.11 0.55 0.37 10.5

3.79 90.0 9.10 0.3¢% 0.10 0.41 8.67
5.93 g88.8 2.82 0.00 .00 1.33 7.85
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and are given as liters per hour of dry gas at standard con-
ditionse

The values of K}, were calculated and give some idea of
the approach to equilibrium. The exXperiments were conducted
at 925° ¢ (15970 F) at which temperaturse the egquilibrium con-
stant, X331, has a value of 55.0, A pure carbon monoxide-car-
bon dioxide atmosphere in equilibrium with carbon at one at-
mosphere pressure contains 898.4 ver cent carbon monoxide.

The carbon monoxlide content of the gas resuliing from
the reaction between the carben dioxide and hot suger cher-

of

the flow rate in

-

Figure 15. These curves show that ths ¢

)

TOON MONOXids COf=-
tent of the gas is increased by the addition of barium car-
bonate to the charcoasl. The addition of 10 per cent ener-
gizer produces a greater effect than the addition of 2 per
cent energizer., The celculated values of Kil are also shown
as a function of the flow rate in Figure 16. These curves
show that, again, the approach to equilibrium is greater

when barium carbonate is added to the charcoal.
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DISCUSSION

During pack carburizing the steel pieces are placed in
a carburizging compound which is contained in a closed car-
burizing box. When the box is heated to and held at the car-
burizing temperature, the case depths and surface carbon con-
centrations will be greater if an energizer has been added o

arburizing compound than if the carbon base alone (usual-

 ——

he

¢

v a mixture of hardwood charcoal and coks) were used as the

ol

(¢

arburizing compcund. Why the difference?

At the present time there is some doubt about the val-
idity of the carbon dioxide evolution theory. According to
this theory the carbonate energizer slowly evolved carbon
dioxide which flushes nitrogen from the carburizing box.
The carbon dicxide then reacts with the chafcoal to form an
atmosphere of nearly pure cerbon monoxide. The high carbon
monoxide concentration is said to be responsible for the
more intense carburizing in the energized charcoal,

It was shown (4), (5) that a carbonate was not neces-
sary and that many other compounds show equal activity as
energizers. However, this evidence was not considered sufl-
ficient to disprove the carbon dioxide eveolution theory be-
cause it was pointed out that the other compounds were cap-
able of evolving oxygen or carbon dioxide, either of which
would produce carbon monoxide by reacting with carbon, and

it was shown that some of these compounds could pick up care
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bon dioxide during heating and release it at elevated tem-
peratures (6), (7). Recently (7) it has been shown that

the svolution of carbon dicxide ceases soon after reaching
carburizing temperature. This, too, has not been considersd
sufficient evidence to warrant discarding the carbon dioxide
evolution theory because the early evolution of carbon di-
oxide would flush the nitrogen from the carburizing box and

-~

after that, evolution OF

1
i

1

o~ - U o~ —~ 2 -t m vawna ~
re carvon dioxide would no ba

;

necessary (13).

The proponents of the carbon dioxide evoliution theory
imply that if an atmosphers of very high carbon monoxide
content is produced inside the carburizing box the steel
will be carburized well. This assumption may not be justi-
fied becsuse Takahashe (3) showed that when carbon monoxide
was passed through a carburizing compound of plain charcoal
the case dépth and carbon concentration of the case were
not so great as those of samples carburized by energized
charcoal in a closed container. When carbon monoxide was
passed through the energized charcoal even deeper cases and
higher carbon concentrations were produced. Apparently the
existence of an atmosphere of very high carbon monoxide con-
tent does not in itself insure rapid carburizing.

Unfortunately actual gas analyses of atmospheres inside
carburizing boxes are not available bult since the boxes are
not air tight it is not likely that analysis will show a

pure carbon monoxide-carbon dioxide atmosphere. During the
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heating period evolution of carbon dioxide by the energizer
may flush most of the nitrogen from the box but after cessa-
tion of carbon dioxide evolution air will undoubtedly dif-
fuse or lesck into the box. This inward diffusion of air
does occur through leaks in heat tresting furnaces and is
the reason why nitrogen cannot be used commercially as an
inert atmosphere (14), (15). In the absence of gas analyses
cunt of air which diffuses

.
3
el W e VELL A

sceunlste on the am

to expect an appreciable

o
s
ct
(o)
ct
pa
o]
o'
O
™
o
(ol
ct
[ o
ct
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)
@
B
(2]
H
o
o
n
O
[
o
o’
| -
®

guantity to sater during the courss of an eight hour carbure
izing period. In this connection, a discussion such as that
of Grossmann (16) is misleading because it is based on the
probably erroneous assumptions that the combined partial
pressures of the carbon monoxide and carbon dioxide is one
atmosphere and that a pure carbon monoxide-carbon dioxide
atmosphere exists inside a carburizing box. Grossmann de-
duces the composition of the atmospheres inside carburizing
boxes when energized and when unenergized charcoal is used
as the carburizing compound. By means of the surface car-
bon content of the case and the equilibrium . data on the car-
bon-cxygen-iron system he concludes that the surface of the
steel is in equilibrium with an atmosphere of 95 per cent
carbon monoxide when unenergized charcoal is used while the
atmosphere contains between 96 and 87 per cent carbon mon-
oxide when energized cherccal is used. This is, indeed, =

clever means’ of obtaining information about the composition
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of the gas ccontained in a carburizing box but the atmosphere
need not contain such high carbon monoxide concenbrations
and, furthermore, the carbon mcnoxide may not be greater
when energized charcoal is used as shown by this line of

£ 2ir lesks into the box

=t

reascning. In the first place,
the combined partial pressures of the carbon monoxide and
carbon dioxide will not be one atmosphere and some nitrogen

will be present salong with other gases. Carburizing com-

pounds maey release quantities of hydrogen and methane (17).

if the gurface of the steel were in ecuilibrium

Therefore, 1

with the surrounding atmosphere such high carbon monoxide

= T
H

S Would 1ot BXisSt ROT &ars thsy necessar)
3 ¥

]

conceniratio
shall see later. In the second place, equilibrium between
the steel surface and the gas may not exist, especially in
the unenergized carburizing compound. The results of the
present investigation show that the energizer accelerates
the rate of reaction between austenite and carbon monoxide,
Suppose the atmospheres are identical when energized and un-
energized charcoal are used. If the energizer accelerates
the rate of reaction between asustenite and carben monoxide
sufTiciently to attain equilibri
tion in the plain charcoal is too slow to attain equilibrium
one would conclude, using Grossmenn's line of reasocning,

that the energized charcocal produced a higher carbon monoxide
concentration than the pvlain charcosal,

In the last paragraph the atatement was made that the
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carbon monoxide content of tae gas inside a carburizing box

need not be as high as that deduced by Grossmann. In order

(4 d

it

E

g best to mention the equilibri

fde
| e

t n thig pein

QA

d

expla

-

studiss of the carbon-oxygen-iron system (18)-(21}. Ths

various sets of data on this system are not in compiste ac-
cord but this need not concern us here. These studies are

concerned with reaction (12) whose equilibrium constant is:

002%- C (dissolved in austenites) = 2C0 {12)
. _ (co)? -
f12 7 (co') *
2-
where {CO) is the voiume fraction of carbon monoxide,
(002} is the volume fraction of carbon dioxide
and P is the total pressure.

It is seen that the same expression represents Kll’ However,
there is a difference between Kll and Kiz. Kll is & function
of temperature only (assuning a given form of carbon) while
Klz is a function of temperature and carbom content of the
austenite. Both the X's are independent of pressure but the
actual gas compositions do change with a2 change in pressure.
For a given total pressure, introduction of an inert gas such
as nitrogen is equivalent to decreasing the pressure of a
pure carbon monoxide-carbon dioxide atmosphere. In order to
use the equilibrium data to deduce the gas composition inside

a carburizing box it is necessary to assume equilibrium

exists between the surface of the steel and the gas. It is
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then necessary to know the carburizing temperature, the car-
bon concentration at the surface of the steel, the total
pressure and the amount of nitrogen and other gases present.
The values Grossmann read off the equilibrium diasgram tell
us that the atmospheres inside the boxes are equivalent to
these carbon monoxide concentraticns in a pure carbon mon-
oxids-carbon dioxide atmosphere at one atmosphere pressure.
Using the wvalues read by Grossmann it is necessary to cal-

culate values of X... These values ars:

12
% CO % CO Total Press., X,
e Atm. -
Q5 5 1 18.1
96 4 1 23.0
97 3 1 31.4

Suppose sufficient nitrogen and other gases are present in
the box to make up 50 per cent of the gas. Iquilibrium is
still possible if the proper relationship exists between
the carbon monoxide and carbon dioxide. This relationship
must be according toc the expression given for Klz. The Klz
values must be the same for the same egquilibrium to exist.
For 50 per cent foreign gases the steel samples would be in

equilibrium with the gas if the analyses were:

% No, etec. % CO % Co0, Total Press., Ko
Atm.
50 48,69 1.31 1 18.1
50 48.96 1.04 i 23.0
50 49.23 0.77 1 3l.4
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Thus, we see that it is not necessary to have nearly pure
carbon monoxide atmospheres in carburizing boxes. The car-
bon dioxide content is equally as important as the carbon
monoxide ceontent. It does not seem reasonable to expect as
much as 95 per cent carbon monoxide in a carburizing box
which is not air tight.

In this investigation hypereutectoid cases were pro-
duced by a carbon monoxide-carbon dioxide atmosphere dilut-
ed with approximately 65 per cent nitrogen. These resulis
were chtained by using rather high gas velocities and in

this respect the conditions were different from those exist-

§

.
-~ 2
Xperiments shcw

d

g

ng in & carburizing box. HDowsver, thesse &

=t

t is possible to obtain high carbon contents and deep cases

[N

with a diluted atmosphere in a short time. Thus, we see tThat
deep cases are possible when an appreciable amount of nitro-
gen is present and Takahashi has shown that the presence ol
a pure carbon monoxide stmosphere in a plain charcoal com-
pound does not give as deep a case as a less pure atmosphere
when an energizer is added to the charcoal., These facits

lead to the conclusion that the funrction of the energizer is

b

s — PR Buvmson 2 e D e D Y rvy, Py PN 2~ o
more than that of furnishing an atmosSphers of high cax

monoxide content,

In recent years there appears to be a trend toward the
theory that the energizer catalyzes the reaction between
carbon dioxide and carbom. Ragatz and co-workers (4), (7)

have offered a rational explanation for the mechanism of this
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action. In this way the energizer decreases the amount of
carbon dioxide in the gas phase and enhances the carburiz-
ing ability of the gas. The function of the energizer in
thig catalytic theory is, in a sense, very similar to that
of the energizer in the carbon dioxide evolution theory.
The difference lies in the means by which the result is ac-
complished. The carbon dioxide evolution theory has the

en from the container with carbon 4di-

izer flush nitrog m

oxide and then assumes that all or most of the carbon diox-
ide is converted to carbon monoxids. Thes cabtalytic thsory
insures conversion of the carbon dioxide to carbon mcnoxide
by having the energizer act as catalyst for the reaction be-
tween the gas and charcoal. Both these theories assume that
if the gas in the carburizing box is in equilibrium with the
charcoal carburization will proceed satisfactorily.

The results of this investigation support the catalytic
theory in that they show that the rate of reaction between
carbon dioxide and charcoal is accelerated by the presence
of barium carbonate. This effect is important if the rate
of carburization is such that carbon dioxide is produced by
reaction (12) more rapidly than plain charcoal can convert
it to carbon monoxide. The carbon monoxide content of the
gas must be relatively large for the gas to have an apprec-
iable carburizing capacity but for every carbon monoxide
analysis, according to X g0 8 corresponding maximum carbon

1
dioxide analysis is permissible if the gas is to have the
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ability to raise the carbon content of the steel surface to
any given value. Thus, one function of the energizer may be
to accelerate reaction (11) in order that it may "keep pace™
with reaction (12). However, evidence indicates that the
function of the energizer is more than maintaining a nearly
pure carbon mounoxide-carbon dioxide atmosphere or maintalin-
ing the proper relastionship between the carbon mornoxide and
carbon dioxide in an atmosphers diluted with nitrogen.

A pure carbon monoxide atmosphere carburizes very slow-
ly unless it is passed over the steel at a fairly high vel-

ocity {(1l). There is no reasocn t¢ expect any great turdu-

4
|.J-

de a carburizing box and s good

ng ; therefore, there

|~

lencse ins

reason to suspect the carburizing ability of a cerbon mon-
oxlide stmosphere inside the box even though regenerstion of
the atmosphere is possible by the charcoal. The results of
this investigation show that the presence of barium carbon-
ate accelerates the rate of carburization by a cerbon mon-
oxide~carbon dioxide atmosphere drawn off a bed of hot char-
coal. The results show that the effect of barium carbonate
ocities, It s
tion was such that the Ycarburizing pctential® was less ab
the lower velocities, Inside a carburizing box this effect
may well be regponsible for the difference in results pro-
duced by energized and unenergized charcoal.

Takahashi (3) found that a number of carbonates accel-
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erated the rate of carburizing by pure carbon monoxide. In
his experiments carbon was precipitated on the samples and
this led him to believe that the function of the carbonate
was to decompese the carbon monoxide and precipitate carbon
on the stesl. This carbon, being very finely divided and in
intimate contact with the surface, was belisved to dissolve
in the austenite. The exact mechanism whereby carbon is
ransferred from the carbon monoxide to the austenite is a
problem which deserves further study but the intermediate
rbon phese may not he necessary. In Takahashi's
experiments with pure carbon monoxide, there was a tendency
¢ precipitate carvon and form some carbvon di-
oxide according to the equilibrium demanded by reaction (11).
However, Takahashi even claimed that certain carbonates had
the ability to promote the precipitation of carbon from mix-
tures of carbon monoxide and carvon dioxide whose carbon
mcnoxide partial pressure was not more than that required

by equilibrium for reaction (1l). In the present experiments
no evidence of carbon precipitation was ever found on the
ingot iron samples or on the alundum tube. It is very pos-

L

o _ - . o o 1 2 o me - - e, - —_ - o
38ible that carbvon monoxide s atsoroved Oxn the meval surfacse

i
L4A]

where a reaction occurs between the austenite and carbon
monoxide forming cementite, The cementite could then dis-
solve in the austenite and diffuse inward.

Another point which should be mentioned here is the fact

that the carburizing experiments in this investigation indi-
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cate that the carbon monoxide is "activated" by contact with
barium carbonate. The gas exhibited a prolonged carburizing
activity after passing over barium carbonate. This action
may be important during pack carburizing since the carbon
monoxide is generated at the carbon surface in contact with
the energizer and must travel through the gas phase %o the
steel surface.

The compositions of the carburizing atmospheres in Par?d
T should also be mentioned. These experiments showed that
the carbon monoxide concentration in a diluted atmosphere

exceeded the equilibrium value for reaction (11). If this

condition can exist inside a carburizing box and if the en-

it may be that an

(2l

s}
S~

13

. .
s responsible for the ccndit

(28

ergizsr
atmosphere in contact with energized charcoal is richer in
carbon monoxide than when it is in contact with plain char-
coal as deduced by Grossmann. This condition would be
important because the atmosphere would havse an increased
carburizing capacity and the carburizing potential would be
inecreased. In Part II of this investigation the carbon
monoxide concentration did not exceed the equilibrium value.

while carbon dioxide was used in

d

Air had been used in P

s 4di evaluate the eBfast of this

pede

Fart II. It
difference and further work is necessary to clarify this
matter. At equilibrium in the presence of solid carbon the

gas composition should be that demanded by Kll'

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CONCLUSIONS

1. Berium carbonate has a definite effect on the rate of
reaction between austenite and a carbon monoxide-carbon
dioxide carburizing atmosphere., In the pressnce of barium
carbonate the atmosphere produced a hypereutectoid case
while the same atmosphere under the same conditions in the
absence of the barium carbonate produced only a eutectoid

case. The presence of barium cerbonate also led to greater

(0]

case depths. This effect is responsible Ffor muek of th
difference produced by energized and unenergized carburizing

gempounds,

2. A cerbor mcnoxide-carbon digxide cerd rizing atmosphere
is "activated™ by barium carbonete and this activity per-
sists for some time after the gas leaves the barium car-
bonate. This effect is also important during peck carburiz-

ing with an energized compound.

3. Barium carbonate accelerates the rate of reaction
between carbon dioxide and charccal. The optimum smount of
barium carbecnate has oo been determined but ﬁhe addition
of 10 per cent barium.carbonate to the charcoal has & much
greater effect than the addition of 2 per cent. This effect
is important if the carburizing reaction produces carbon
dioxide faster than plain charcoal can convert it to carbon

monoxide.,
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