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I. INTRODUCTION

The process by which the carbon content of the metal
near the surface of a piece of iron or steel 1s increused
without subjecting the metal to fusion is termed carburizing
or case hardening. By the middle of the sixteenth century
the art of case hardening was being used in making weapons
by heating the part to be hardened in a mixture of charcoal
and organic substances., Somd of the first researches on the
carburizing process were to study the possibility of the
direct interaction of the solid carbon with the steel.
Giolitti (1, pp. 118-125) concluded that while some carburi-
zation by direct contact may occur, particularly under ex-
tremely intimate contact, the action is so slight as to be
of no practical importance. This conclusion has been accepted,
without further experimental verification, by recent writers
(2, 3, 4) and some (5, 6) seem to imply that the direct action
cannot teke place. Among the few writars that allow for a
possibility of some measurable degree of direct action between
the carbon and iron is Grossmann (7, p. 428) who has stated:
"It seens clear from many experiments that pack carburizing
‘takes place tﬁraugﬁ the formation of carbon monoxide gas
which in turn reacts with the steel, although this does not
exclude the possibility that carbon might carburize iron

under proper conditions of intimate contact.” The purpose
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of part of the work reported in this thesis was not to disprove
the gas theory, but to study the direct action of pure sugar
carbon on steel 1n the presence of as little gas as was
possible or, in other words, at pressures approaching a true
vacuum,

In the flelds of gas carburizing and furnace atmospheres
a great desl of work has been done on the effect of water
vapor. As will be seen throughout the historical section,
especlally in the latter part where the present theories of
pack aarbﬁriziﬂg are outlined, there has been little or no
mention made of water vapor., Lewis (8) pointed out that
in the opinion of many maﬁallurgists molsture in the carbu-
rizing compound ig a source of soft spots ln the case and
that sonme éc g0 far as to evold the shipping of their con-
pounds by water freight. Lewis (8, p. 897) wrote: "It is
hard to concelive that small amounts of water vapor heated
to some 1700 degrees Fahrenheit in the presence of carbon
can remain as steam and do harm to the work." He also stated
that he had nevsr‘baan able to trace soft spots to absorbed
moisture in carburlzing compounds. Sutton and Ragatz (9)
expressed the same view in regard to the presence of moisture
in c&rburizing compounds. Webber (10) reported an experi-
ment in whieh he sosked charcoal in water and allowed it to
drain before using 1t as a pack in = commercial carburizing
box. ﬁﬁ'heatea iron packed in this charcoal to 800° C. and

ocbtained increased decarburization which he sald was due
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t0 the hydrogen formed by the reaction 2H,0 + C = 2H, + CO,.
Webber concluded from this experiment that extreme care must
be taken to remove moisture from the atmosphere even in the
presence of carbon. His experiment has little bearing on
the point in guestion, however, because of the very large
amount of moisture and the low temperature which he used.

Since there was doubt as to the effect of small amounts
of water vapor on the carburization reactlon, it seemed
advisable to perform a series of experiments using dry azir
and alr saturated with water vapor at room temperaturs.

Both plain sugar charcoal and & pack containing 15 o/0 barium
carbonate were used 1in this part of the investigation.

Two fairly independent phases of the mechanism of
carburization have thus been investigated and the results
reported here. {ne of these investigetions deals with the
direct action of carbon and iron, or vacuum carburization.
The other part of this report is the result of a study of

the part played by water vapor in ordinary pack carburization.



II. HISTORICAL

Al though the process of carburization was employed as
early as 1556, the flirst researches carried out to deter-
mine the nature and cause of the process date from the be-
ginning of the eighteenth century when, as pointed out by
Giolitta (1, y.‘a), Reaumur started a systematic study of
various carbonaceous materials then employed in case hard-
ening. The purpose of his work was to find the best material
to use in carrying out the hardening process, although in
some of hls work he attempted to ascertain the cause of car-
buri-ation. Reaumur wae one of the first investigators to
show that a plece of lron increased in weight upon being
carburized.

During the latter part of the eighteenth century the
subject of the mechanlism of the carbon enrichmont began to
recelve considerable attention. There were two trains of
thought in regard to this question, one dcaling with the
action of gases and the other with the dlrect interaction of
the carbon with the iron or stesl., The latter 1dea was the
mosgt important at the beginning of the investigations. The
use of a vacuum and the use of gases, such as hydrogen and
nitrogen, were the two approaches used to study this problem.
Nitrogen and hyﬁrwg@ﬁ, which were considered inert, were

ugsed to dlsplace all other gases present, or in other words,
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they were used as a substitute for vaocuum conditions. In-
terpretation of the correctness of the results obtalned by
many of the early investigators is difficult because of the
manner in which the experimental conditionsg, such as tempera-
ture, pressure, and purity of materisls were reported.

As reviewed by Guyton de Morveau (11), Clouet in 1799
heated san iron cruclible containing diamond to bright red
heat and obtalned an increase in welght of the crucible,
which he accounted for by the dlrect prenetratiocn of the car-
bon into the iron of the contalner. Obviously his investl-
gation suffers from the fzot that the gases from the furnace
were not axcluded from the erucible. Gay~-lussac (12) stated
in his paper of 1846 that he could see no reason for exclud-
ing the possibly that the carbon can act simply by ocontact,
dissolving directly in the lron without the intervention of
any gas or vapor. He did not present experimental work of
his own, but ressoned from his theory that all substances
are capable of reacting with easch other when brought into
contact, whatover may be thelr state of aggregation. He
admlitted, however, that the solld state must be considered
the least favorable for the operation of reactions depend-
ent upon chemical affinity. Margueritte (13) was the next
investigator to support the theory or supposition of the
direct setlon of earbon on iren or steel. In his work he
uged an stmosphere of pure dry hydrogen and a temperature

of "bright redness®. By heating iron with diamond dust,



graphite, or sugar carbon he found that carburization took
Place. Margueritte Justified his use of hydrogen by point-
ing out that where the iron was not in contact with the
carbon there wag no spparent carburization.

Giolitsi (1, pp. 14-16) summarized the works of Mannes-
mann who in 1879 began a series of investigations on carburi-
zation. In his experiments he attacked the problem of the
direct action of carbon on steel by heating together, in the
presence of the furnace gases, two gteels of different car-
bon content. He found when the two bars were placed so that
they were firmly together the carbon migrated from the bar
of higher carbon ﬁﬂntent to the bar of lower carbon content.
In addition to thig, he carried ont the same experiment with
the bars immersed 1ln a molten salt so as to exclude all
gases, except, of course, those glready present in the metal.
The same carbon migration was found to take place.

Mannesmann thus concluded from his experiments that the car-
burizing action 1g due to solid oarbon reacting with the steel
and that the carbon migrates into the steel by moleocular
migration. A few years lat.r Hempel (14) stated that he had
ﬁeen able to prove experimentally that the dlamond exercises

a carburizing action on iron beginning at a temperature of
sbout 1160° C¢. In his investigations he used an atmogphsre
freed from the least trace of oxygen. The criticism of hisg
work is that hig temperatures can hardly be consldered as

being any more than approxinmate, since he measured them by
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stated: ‘Ythe dlamond, as such, does not cement iron but
first undergoes a molecular transformstion which renders it
capable of carburizing®., However, 1t i1s rather difficult to
ses Justification of this conclusion from the small smount
of data and observations which he pregented.

Garnier (17) studied the direct action of carbon on
iron in another manner. He placed a bar of steel in a hole
in a bar of retort carbon, and heated both to a tenpera~-

ture between 800° and 1000°C. in a reverberatory furnsce. A

current of 55 smpereg at a potentisl of 7 volts was then
passed through the assembly, the carbon belng the positive
pole and the steel the negative pole. He reported that in
three hours he obtalned g case 10 mu. deep. Garnler next
substituted for the bar of carbon gnother bar of gteel. Be~-
twaen the two Dbars of steel was placed a 1 cm. layer of
compressed wood charcoal. The experiment was then repeated
in the same manner and it was found that only the bar acting
as the cathode was carburized, He dld not report experiments
without the use of the electric current so that hie results
are not very comparable with those of other investigators.
Algo, rll his work was carried out in the presence of the
furnace gases.

After the publications of Osmond (16) and Hempel (14),
Roberte-Augten wrote a paper (18) in which he reviewed,
along with hig own (18), the results of the above workers

and concluded that 1t was proved that the process of



- 13 -

carburizing steel 18 & true phenomenon of diffusion by cone
tact. Royston (19) in hle paper on the relation of carbon

to iron st high temperatures reported on the problem of the
direet action of carbon end iron. He heated two bars of soft
steel, one of 0.15 o/o carbon and one of 0.85 o/0 carbon for
12 hours in a vacuum (pressures not given). It was found that
- whon the bars were ln contact with sach other the carbon
migrated from the one of higher carbon content to the one of
lower carbon content. No change was observed when the two
bars were not in contact with each other. Royston coneluded
that his experiments proved the hypothesls according to which
carbon diffusgses into iron by simple difference in concenw
tration and without the necessity of the interventlon of
gases. Oulllet (20) in 2 review of some of his work on car-
burization with cements reported that lmportant expériments
recently completed had permitted him to establish that sugar
carbon, graphite, and wood charcoasl can not act by simple
solution of the carbon by the iron. In his paper he did not
elaborate on the experiments that proved this point. About
five years later, Gulllet and Griffith (31) publighed a
paper in which they gave a lengthy report of thelr experi-
maat# on the carburization of iron with sugar carbon in a
vacuun. They treated their sugar carbon in a vacuum st 1000° C,
for a long period of time (exact time not gilven) and repeated
the eame procedure for the iron used. Thelr first experi-

ment was to pack the iron wires in the carbon and heat in a
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vacuum at 1000 ® C. for five hours a plate of steel kept in
contact with the sugar carbon by a pressure of g few graums.
Ageain they obtalned no carburlzation. The last set of experl-
ments was to use an arrsngement whereby they could preas the
plate against the sugar charcosl by means of a screw, thus
obtalning very good contact between the iron and carbon.

When heated at 1000® C. for five hours in s vacuum, the plate
incressed in carbon concentration from 0.08 o/o to 0.32 o/0.
The pregsure obtained,which they referred to as a vacuum, were
not stated, the only statement relative %o pPressures beling
that when the charcoal was treated in s vacuum the minimum
pressure obtalned wae 5 om. of meroury.

About the same time Glolitti (1, pp. 116~128) reported
the results of his experiments on csrburizing in a vacuun,
He uged sugar chsrcoal and an iron of 0.09 o/0 carbon. His
apparstus was 80 arranged that 1t was possible to heat the
earbon in the veouum and then drop the iron into the carbon
without interrupting the vacuum. In carrying out the experi-
ment, the oharcoal was heated to 1100° C. until the pressure
was reduced to 0.5 mm. The apparatue was then filled with
pure nitrogen and asgain evacuated. This operation was re-
reated three times. The temperature was then lowered to
1000° G., the pressure reduced o 0.5 mm,, and the samples
dropped into the charcosl. The teumperature was held at
1000° C. for three hours, during whiech time the pressure
remained in the vieinisty of 0.5 mm., Giolittl stated that
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the pPressure 4id not fall below thils value because of the
slight permeability which the porecelaln tube asgumed at the
high temperature. He wrote that these minimum quantities of
air had no influence on the process of ecarburization. Hisg
results indicated that slight carburlzation was obtalned at
the points where the carbon adhered to the surface of the
iron. The photomiorographs given indicate very shallow and
uneven cases. From thess regﬁlts G1lolittl consluded that
while some carburization may ocour, partiocularly under ex-
tremely intlimate contact, the action is 80 glight as to be of
ne practical importance.

Weyl {223) carried out a series of experiments in an
apparatus similar to the one uged by Glolitti, but capable
of lower preassures. He tested the action of sugar carbon,
graphite, and diamond on a steel of 0.06 o/o carbon. The
experimental procedure was the same as Glolittli's except that
the iron reached a higher temperature in the vacuum before
being brought in contact with the carbon. The pressures when
using sugar charcoal vwere about 0.2 mn. instead of 0.5 nm.
In the case of the graphite on the dlamond the pressures
were from 0.10 mm. to 0.05 mm. Weyl obtalned very aslight
carburization, the results being comparable to those of
Glolitti.

In 1910 Charpy snd Bonnerot (233) publighed a short
paper on their work with sugar carbon, graphite, and dilsmond

dust. They stated that they were unable to detect the
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slightest trace of carburization after heating iron in con-
taot with carbon at 1000% C, for a2 long time in s vaocuum
(pressures not given). Both the iron and the carbon were
heated for g long time in 2 vacuum before belng used.

The works of Giolitti (1, pp. 116-128), Guillet and
Griffith (31), and Weyl {22) are the ones most often referred
to by present writers, especlally Glolitti's summary of the
above three papers. Thig accounts for the genersl bellef
today that solld carbon does not react dlrectly with solid
iron to any considersble degree at ordinary carburization
Tteuperatures.

Even before research on the carburization process was
started 1t wag known that when substances such as plants,
agheg, and blood were mixed with the ¢harcoal the carburiza-
tion action was greatly increaged. Thlg fact was probably
one of the greatest cesuses for the non-szcceptance of the
direct contact theory and thus stimulsted research along
lines involving the role of gases in carburization.

One of the first to propese a theory of carburization
involving gases was Uagron who in 1880 stated that carburiza~
tion was due only to the formation of volatile cyanides which
were capable 6!;'“ penetrating into the pores of the metal and
giving up thelr carbon. Caron's work is reviewed in detall
by Necolardot (24). The experiment upon which Caron based
his theory was the heating of iron bars surrounded by wood

chareoal while passing a current of dry gaseous ammonia
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through the apparatus. He reported that good carburization
waa obtalned. By repeatling the experlment using hydrogen,
nitrogen, carbon monoxide, or alr he obtained no ecarburiza-
tion. In order to determine the amount of carburization,
Carcn studled the graln of the fracture after breaking the
gpeclmens. This method would not be very reliable and may
acocount for the resulte reported, whioch, especlially in the
case of carbon monoxide, were soon proved incarrect. Caron
also ran experiments with charcoal to which he added csrbone-
ates or cyanides. He found that both substances increased
carburization and, ln order to account for the effect of
barium carbonate, he concluded that barium oyanide was formed.
The aotual detection of a cyanids, however, was not reported.
Later experimentes by Caron showed that it was prossible to
carburlze iron wlth pure hydrocarbons in the absence of
charcoal. Thisg fact was againet his own theory of the cyasnide
aetion and he had %o admlt that certaln carburetted compounda
can carburize without the presence of cyanides.

During ﬁha time that Caron was carrying out his experi-
ments, investigators began to foous thelir attention on the
action of carbon monoxide in the carburization of iron. 1In
a series of papers Margueritte (25) desoribed experiments
carried out by heating pure iron in a glazed porcelaln tube
through vhich was cireulated a current of very pure carbon
monoxlde. He obtained marked carburization of the iron. It

will be remembered that Margueritte (13) also upheld the
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direct action of carbon theory. He summsrized his results
(26, p. 378) by stating: ‘carburization takes place by means
of direct contact and also by the decomposition of a car-
buretted gas; these two causes of carburization aoting simul-
taneously in the box". In his papers Hargueritte reviewed
the work of other investigators and aoccounted for thelr nega-
tive resulte with carbon monoxide by the fact that they used
%00 slow a ocurrent of gas sc that the presence of ocarbon
dioxide prevented carburization.

In 1803 Charpy (27, 28) reported the results of his ex-
periments on carburization. His experimental conditiong were
muaﬁ better controlled and hie results more exact than those
repoftad by most previous lnvestigators. Thie seems to be
true of most of the work done from this time on, since the
research men began to interpret thelr results more in terms
of metallographle structure, the carbon content, the lncrease
in welght, and the depth of carbon psnetration. Temperatures
were also resorded and controlled more carefully. BSome of
Charpy's most signiflcant experiments were the heating of
pleces of iron to various temperatures while pessing over
them a stream of pure carbon monoxide. He determined the
incresse in welght, the incresse in carbon content by combusg-
tion methods, and the amount of carbon dloxide evolved from
the furnace. Charpy reported that carburization took place
at a btemperature as low as 560° C. SHince he used wires for

hie determinations, he could not study the amount of penetration.
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Charpy also studied the actlion of packs made by adding alka-
line earth carbonates, oxlides of carbon, oysnogen, and
potassiun oyanide to wood chsrcoal. In some of his experi-
ments he recognized the fact that carbon diffusged into the
iron beecausgse of a concentration gradient and that the diffu-
gion inereased with temperature. Guillet (29) salsec 4id some
work usling packs to which he added potassium dichromate,
potagsium fsrrdcyauiﬁe. potasslium gyanide, potassium carbon-
ate, or barium carbonate. He studled the penetration of the
carbon with respect to the temperature and the energizer used.
From hig papers it lg evident that he belleved in the cyanide
theory of Uaron, but offered no good proof to substantiate it.
In 1807 Giolitti began to carry out experiments on
carburization whieh led investigstors to astart a correlation
of ldeas and data. CGlolittl summarized hie work in Chapter
IV of hieg book (1, pp. 2358-390). One of the firat set of
experiments carried out by him was on the distribution of
carbon in the ocase. He used chemical anslyslis and metallo-
graphlie methods in studying the effect of energizers, time,
and temperasture on thie dlstribution. His results are smong
the first of any value to be cobtalned on this subject. 1In
this work he was the first to actually determine the existence
of well defined zones (hypereutectold, eutectoid, and
hypoeuteotold) in the carburized portion of the speocimen.
G10l11ttl and his oco-workers 414 a great deal of work on the

relation of carbon monoxidse to carburization. Thelr work
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showed that Caron's cyanide theory wes wrong, and that in
ordinary pack carburizing the presence of carbon monoxide
pilayed an imporisnt role. They proved that the presence of
eyanides was not necesgeary for carburization to take place
and also they could not ¢etect the presence of traces of
cyanides in the carburizing box when using carbonates as
energizers. (lolittl gave no explanation for the energlzing
action of certain eyanides. In a series of experiments with
carbon monoxide, Glollttl and Cxrnevall worked at increased
pressures and showed that with carbon monoxide and solid
carbon the thicknesgs of the case incressed considerably when
the preseure on the gas waeg lnoressed from one to over nine
atmospheres. Glolitil also studied the action of carbon on
iron in the absence of all gases except nltrogen. He aeonclud-
ed that the presence of pure nitrogen did not inecrease, ex~
cept to a minimum extent, the carburizing aotion of the free
carbon. Glolitti's work on the direct action of carbon hasg
already been eilted above. The findings and reasonings of
(1011t and investigators of the same time proved to be the
baglis for subsequent theorlies and researcheg on pack carburige
ing as outlined in the following pages.

In ordinary pack carburizing the iron or steel to be
case hardened ls packed in & ocarbonaceous material and heated
tc & temperature of 900° to 880° €. In order to understand
the mechaniaom of this carburization, consider thset the pack

gonsists of only pure so0lid carbon. As the tempersture 1is
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ineressed to avound 950° €., the alr entrapped in the care
burizing box combines with carbon and an atmosphere of
nitrogen, carbon monoxlde, and carbon dloxide is formed.
The carbon monoxlde reacts with the steel as shown by the
following equation @

3Fe + 200 = ezl + €O, (1)
It may be considered that the cementite {FeazC) thue formed
at the surface of the steel dlssolves and thus diffuses in-
ward. There is some controversy asmong investigators as td
the manner in which carbon enters the surface of the steel.
Giolittl (1, pp. 358-390), Mahin (5), and Shephard {(30)
contend that the carbon monoxide diffuses inte the steel and
gives up 1ts ocarbon acocording to the remotion 300 = Co, + C,
but do not offer experimental proof for thelr statements
other than the incressed pressure work of Glollittl and
Carnvall cited above. Filghel and Woodell (31) reported a
rather extensive xnveétigation in whiech they determined that
carbon monoxide gan not penetrate iron or steel to an extent
capable of accounting for carburization. The researches of
Takshashi (33) on this question seem to prove that the re-
sotion 1s confined to the surface of the steel, although he
did not believe in equation (I). His theory 1s that the
earbon iz deposited in s finely dlvided form on the surface
and then diffuses into the interior (33). In any event, the
carbon monoxide carries the carbon to or intc the steel with
the formation of carbon dloxide. This carbon dloxide is then
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gald to react with the hot carbon according to the following
equation:’

00p # C = 200 (11)
The carbon monoxide then reacts with the steel sgain.
Usually the explanstion of the mechanism by which the carbon
diloxide is removed from th@ steel surface and the carbon mon-
oxide again'gats back to the surface of the steel 1s dlsmligaged
from the digoussion of the sbove reactions. Ragatz and
Kowalke {2) gave a scheme whereby they explained the mechane
ism in terms of concentration gradients and 4iffusion of the
two gases according to Flck's law. HeQuaild (34) suggested
that, since carbon in the form of soot, lamp black,or graph-
ite does not ecarburize iron, the explanation lies in the
apparent property of the chsrcosl to absorb carbon dloxide
more sirongly than sarbon monoxide at red heat. He also
pointed out that in order to carburize with carbon monoxide
alone 1t is necessary %o have turbulence by a rapid flow of
the gas. It is assumed that this is to keep the earbon
dioxide from colleoting at the surface of the steel, HMNeQuald
believes that the evolution of the carbon monoxide from the
charcogl may oreate the turbulence whioh aids in the removal
of the oarbon dioxide from the surface. Since MeQuald has
ne actusl data to show the relative absorbing properties of
charcoal for carbon monoxide and carbon dloxide at carburize
ing temperatures, his theory has met with a great deal of
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oritleism as evidenced by the dlscusslons at the end of his
paper.

Resction (II) is reversible and therefore involves
equlilibrium conditions. Much work hss been done on the
equilibrium ges compositions for the aystem (C:00,:C0)
represented by this reaction (35, 36, 37). When consider-
ing reaction (I), another equilibrium for the system,
gteel:C0:1C0, is 1n&w1vaa§ Values for this equilibrium have
been determined (38, 38, 40). In regards to the above
equilibrium volues, Ragatz and Kowalke (2, p. 344) stated:
“these values do not neocessarily give the gaseous compogi-
tions at tﬁe gasicarbon and the gasisteel interfaces, as 1t
is always questionable whether the equillibrium velues are
sseumed at the interfaces in a heterogeneous chemlcal re-
actlon, particularly if one phase is a so0lid and the other a
gas. At the steeligas interface an additlional complication
arises due to the constantly wvarying carbon content of the
austenite, which demands constantly changing gas compositions
for equilibrium”. UGpranted that the above statements are
true, the various equilibrium values ﬁetermineé are neverthe~
less very helpful in predicting, in a qualitative way at
least, what the condlitions are inside the carburizing box.

The discussion above has considered only what happens
at the surface of the stesl. Since the interlor of the
plece ig low in carbon, diffusion takes place and the carbon



mlgrates from the surface towards the interior. As a result
of this diffusion there is s gradual deoresse in the carbon
content of the case as the core of the plece 1s approached.
This &iffusion should follow the ordinary laws of diffusion
and the reasoning that goes with Filcks law sghould apply.
The depth of penetration should depend upon the time, the
temperature, and the eoncentration gradlent. It has been
shown that thie 1s true. Even though the concentration
gradient ig an important factor in the rate of diffusion,
the effect of time or tempersture has a more sensltive con-
trol over the rate of penetration. This has bsen brought out
by Day (41) and Takshashi (42). Curves showing the variation
of carbon concentrstion with case depth and the relation of
case depth to time and tempersture have been determined
(41, 43, 9). Although the guantitative appliocation of
Fick's law to the diffusion of carbon in iron 1sg difficult,
there have been gome interestling experiments carried ocut to
determine the diffuslon coefficlents at various temperaturss
(41, 44). There ig much yet to be learned about the diffu-
sion of carbon in iron and, as pointed out by Mehl (45), the
field from the sbandpoint of physical chemisgtry 1ls almost
untouched.

Ag previously stated, 1t was known in early times that
the addition of certaln substances to the charcoal greatly
increased the carburizing process, and a knowledge of their

gxistance gave rise to some theories of carburlzation. These



gubstances have come to be known as energlzers, and the
mixture of charcoal and energlzer as a carburlzing compound.
A great deal ¢of work has been done on the mechanism of
energizer action sinee the time of Caron and several theor-
ies have been postulated.

One of the first theorles of energizer sotlon was the
eyanide theory of Caron (24), which has been mentioned in
connection with the early developmente of carburlzing.
Glolitts (1, pp. 116~135) stated that 1t was impossible for
him, or other inveastligators at hies time, to detect the pres-
ence of cyanides. This ie¢ still the case today and the
cyanide theory has definitely been abandoned.

Bince the most commonly employed energlizers are car-
bonates, one of the first theories (and atill accepted by
many, for example, 5, 6) of energizer action was the simple
carbon dloxide evolution theory (46, 47, 48, 48). Acoording
to this theory, the carbonate dlssoclates inta the metallic
oxide and the carbon dloxlide at the carburizing temperaturs.
The carbon dioxide then reacts according to equation (2)
above and thus inereases the smount of carburization. This
theory indleates that the efficiency of an energlzer would
depend upon its ability to liberate carbon dioxide at or
Just below the carburizing temperature. It has been men-
tioned sbove that compounds other than carbonates were known

to aet as energlizers. They, however, were not tested in a
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systematic and precise manner. The carbon dloxide evolu-
‘tion theory becsme inadequate when Fechtchenko-Tchopovsky
{60) tested very carefully the sction of compounds other
than carbonates and found that they definitely exhiblted

an energlzing action. Roduman {51) was one of the first in-
vestigators to show that there 1s no relationchip between
the energlzing powsr of a cerbonaste and the quantity of car-
bon dloxide avallable. He did not seem to stress the faot
that the carbon dloxide should be avallable at the carburize-
ing tenmperature and not at a lower temperature.

As discussed below, Takshmshi (33) reported experiments
which point to the inadequacy of thies theory. Ragatz and
Kowalke (53) tested the snergizing aoctlion of a large number
of compounds and found that chemicals other than carbonstes
gave good results. Enos (4) also tested several compounds
other than carbonstes, although to no extent the number in-
veatigeted by Ragatz and Kowalke. The results of investiga-
tions like these led t¢ the postulation of other theorles.

Fetachenko-Tschopiwleki) (53) suggested a theory to
explain the enewgiﬁiag sotion of barium and potassium ocarw
bonates. In his theory he sugpested a series of oycllie re-
actions in which the energizer vlays an important role. Hisg
theory has not met with much comment but 1t does seem that
some of his proposed yaa@tieﬁ$ warrant more investigation.

Agoording %o his proposed thscry‘ﬁhé resction meshaniem for
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the barium sarbonate energlzing action is represented by the
following schenmetl

'
BaCOy # € —— > 200 + B&? 1
J Bﬁ? 4 GT‘Q‘ — B&GO 3

{
Solid solution «—— YFe + C
of C in yPe

300 « ¢+ COg

In 1928 Takshashil (33) carried out a very extensive
gerles of inveatigatiaas on almost all phases of carbonate
energizera. He showed that a carbonate increasged the carburl-
zation veloeity even when there was no dissoclation, and that
when carburization was carried out in a current of carbon
monoxide, the presence of the carbonate accelersated the
velocity of carburization even in the absence of solid car-
bon. Takahasghl next showed that when carbon monoxide was
passed over heated carbonate, » dense deposit of finely
divided carbon was obtained. From these experiments he formu-
lated his theory of energlzer sction which is eesentially as
foellows; A%t the carburizing temperature, the carbonate begins
to dissoclate according to the reaction MCO; = MO + COz; and,
with the carbon of the pack, the equilibrium gas composgition
for the reaction C 4+ CQ, = 300 1g established. The carbon
monoxide then rescts acoording toc the resction MO + 300 =

MC0z + € and the carbon, liberated in s finely dlvided form,



reacts directly with the steel. The cyole ig then repeated.
The main criticlsms of hig theory seem to be that the car-
bonates which act as energlzers do not underge direct decompo-
gition, as required by his theory, st carburizing temperatures.
Also he obtalned the deposit of carbon when he passed carbon
monoxide over calelum carbonate, which 1g known to be inert

ag an energizer.

Another theory of energlzers i1s that proposed by Ragatz
and Kowalke (2, p. 347). The statement of their theory is:
“the energlzing action exerted by eertailn chemloals in the
carburization of steel ls primarily due to the catalytic
effect produced upon the C:00,:00 reaction®. They explained
the energizing action of the various types of sompounds ine
vestigated by them (52) on the basis of their theory. Accorde
ing to thelr theory, the function of barium carbonate as an
energizer la as follows! At the point of contact with the
carbon, the reaction BalOz; + C = Ba0 + 200 is sald to take
place. This direct interaction of carbon with the carbonate
ineresses the carbon monoxide concentration in the malin mase
of the gaseous phase beyond that demsnded by the C:C04:00
equilibrium. The partlal pressure of carbon dloxide in
equilibrium with barium oxide is known %o be low, Therefore,
they postulate that the absgorpition of carbon dioxlde from the
gaseous pPhase will be more rapld than if the carbon dloxide
is required to combine with the carbon. Thig absorption w&il

lower the carbon dloxide concentration at the steeligas



interface, and thus there will be lnoreassed carburization.
Ragatz and Kowalke explain that calelum carbonate and
magnesium carbonate are poor energlzers because they
decomposs at too low a temperature and the high partial
pressures of the axiﬁee‘at‘ﬁaﬁburiz&ng temperatures eliminate
the posgslbility of the carbon dloxlide absorptlon pointed out
in the case of basrium carbonate. They also explain the
action of other sompounds, such sg the oyanlides, oxalates,
chromates, ete., by stating that the oxldes are formed which
then react in the ssme manner as indicated in the explana-
tion of barium carbonate. The theory proposed by Ragatz
and Kowslke is very general and tends to explain the action
of more types of energizers than any given before. It is
the first one postulated (except the cyanlde theory) thsat
sttempts to explain the energizing action of compounds
other than carbonates. The only type of criticlam of the
above theory that has appeared in the literature 1s that
it eslls for experimental investigaticn.

Enos (4, p. 48) indilcated that: "theilr (only those
. energizers which can be readily decomposed to yield oxygen)
sole role is to produce oxygen-carbon or oxygen~iron
compounds®. As he pointed out, any definite conslusion
from his experiments may be prematurse.

In the above theories of pack carburization and ener-
glzer sotion there has been no mentlon made as to the effect

of water vapor. In the flelds of gas carburizing and
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furnsce atmospheres a great deal of work has been done on the
effect of water vapor, for exsmple, pure dry nitrogen is in-
ert but in the pregence of very small amounte of water wvapor
it becomes very actively decarburizing. As has been pointed
out in the Introduetion, there 1s some controversy among
metallurglasts concerning the effeot of small amounts of water
vapor in ordinary pack carburization. Unless extreme precau-
tions are taken, there will always be at least small amounts
of water vapor pregent in the materials uged for pack carburiz-
ing, and the question of the effect of these small amounts
of water vapor on ordinary pack carburizing seems lmportant.
The mechanlgm of the steam-carbon reaction has recently

been reviewed by Secott (54). As he points out, there is some
doubt as to what reactions ocecour, and especlally there ig
doubt ae to the primary reactlon. Host data, however, indi-
cate that below 1000° €. the primary reaction is C + 2H,0 =
COgz + 3Hy. Other reactlons which probsbly ocour are:
C+ HD = CO 4 Hy and 0 + Hg0 = €0, + H,. Since hydrogen

is one of the products in 211 of these reaoctions, and carbon
dloxide in sll but one, it might be thought that the presence
of water vapor would alwayse have a decarburizing action. As
pointed out in the Introduection, Webber (10) used the reaction
G + 2H,0 = COp + 2Hy to explain the increased decarburization
obtained when he used sosnked charcoal st 800°C. It seems a

1ittle remote that small smounts of water vapor would give
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anough of the decarburlzing gasses, especlally hydrogen, to
have & very pronounced decarburlizing sction.

It might be that traces of water vapor would have a
catalyvtic effsct (either positive or negative) on some of
the resctlions listed in the above theories of energizers.
Also there ls the pogsibility that the reactlon between the
narbon and water may have an effect on the surface of the
charcoal to meke it show selectlve absorption for carbon
dloxide or carbon monoxlde.

Because of the controversy among mebtallurgists as to the
offect of water vapor, the omisslon of it in the energizer
theories, and the pogsibilitles of 1ts effect mentloned
above, the moisture investigations reported in this thesis

ware parformed.
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IXI. EXPERIMENTAL
A. Apparatus

A gchematlc dlspram of the apparstus used in this investi-
gation is shown in Figure I. Part of the winding of the
electrie resistance furnace (H) wae # helix coil of No. 8
Chromel YA"™ wire. This coil, of thirty turns, had an out-
slde aiameter of 6.25 em. and was 30 om, long. It was
mounted inside an alundum tube which had a wall thickneas of
1 em. In addition %o thisuaail, there were four turns, 1 om.
apart, around the outside of each end of the alundum tube.
These were for the purpose of m&intaining 2 more nearly uni-
form temperature over the entire length of the furnace. The
asgembly was insulated by means of Bllooel contained in the
furnace shell (Q). By carefully probing the vitreosil furnace
tube {(I) with a thermocouple, it was found that there was a
7.5 em. reglion over which the temperature did not vary by
more than 0.5° C. The genter of this uniform temperature
region of the furnsce will be designated as "thermal center®.
The vitreosil thermocouple sheath (J) was arranged so that
the thermocuople Junction was always on thermal center. A
chromel-alumel thermocouple was used, the junction being
made by welding the two ends together in the flame of a

carbon arc. HNot more than three runs were made without
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renewlng the Junction. The thermocouple wires were cheocked
agalnst chromel and glumel wires obtained from the Bureau of
Standards. All temperatures were controlled to within £3° C.
by meansg of a Leeds Northrup recording controller. The
temperatures listed in this work are the averaée values as
controlled by the regulator. The vitreosil tube (G) was
45 em. long, had an inside dlameter of 44 mm., a wall thiocke
negs of 3 mm., and was cloged at one end. It was held in
place by means of the rubber ring (R). Inside this tube
wae placed snother vitreosil tube (E). This tube was 75 om.
long, had an inside dlameter of 23 mm., and a wall thickness
of 2 mm. The pack and samples were placed in (E) as des-
eribed in the Method of Procedure. The pyrex sleeve (F) was
sesled to the tubes (E) and (G) by means of Pyseal at the
points marked X in Figure II. In Figure I Pysesl was used
to make the pyrex to pyrex seals (K) and (L) and the pyrex
to vitreosil jJunction (N). The differentiasl meroury manome-
ter (D) eerved to show the difference in pressure across the
pack. The three-way stop cocks (B) and (C) connected the
assembly to the vaouum line. At (A) was connected a mercury-
vapor pump with a Megavac force pump. A mercury manometer
was connected to the discharge side of the vapor pump. The
Heleod gage was at point P.

It wae necessary in part of this investigation to pass
air through the pack by admitting air at (M) (Figure I). In

order to maintain a small dlfference in pressure between (A)
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and (M), the set~up shown in the following figure was used
in place of the Megavac oll pump.

alr

E
to aspirator “_

gas from furnace
il

— &

o © °°°?

Flgure III. Pressure Regulator

The glass tube (F) contained water to a level (G). A water
aspirator was connected at point (B) and connection to (A)
(Figure 1) was made at point (D). By varying the distance
which the open tube (E) extended below the surface of the
water, 1t was possible to maintain different pressures in
the space above the water.

Two gas trains were required for the molsture investl-
gations; one for drying sir and one for obtaining alr
gaturated with water vapor at the temperature of the room.
The flirst unlt of the drying traln was a gas washing bottle
contalining saturated sodium hydroxide. This was followed by
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a drying tube (30 om. long and 30 mm. inside diameter)
packed with a 9 cm. layer of anhydrous calclium chloride and
2 16 om. sectlion of Drierite. The two drying agents were
geparated by a layer of cotton and were packed soc as to fill
the entire cross section of the tube. Thls traln could be
connected through a stopsoock to (M) in Figure I. The train
used to saturate the alr with water vapor consisted of two
gas washing bottles; the first contalning saturated sodium
hydroxlide and the second distilled water. This traiﬁ could
also be connected through a stop cock to (M) in Filgure I. In
both cases the seals at (M) were made with Pyseal. The satu-
rated godium hydroxide wash was uged to remove any COy, from
the alr and as a means for determining the rate of gas flow

through the pack.

B. HYaterials

The sugar charcoal used in thls investigation was pre-
pared from C.P. dextrose which had an almost negligible ash
content and contalned neo sal%anes, shleorides, aluminum,
calecium or heavy metals. The sugar was first reduced to a
charred mass by heating in porcelaln casseroles. The
charred materlal was then placed in a steel can whlch had a
depth of 20 cm. and a diameter of 15 cm. This contalner was

closed by welding on a steel cover which was provided with a



vecuum connection. The contalner was then placed in a Hump
furnace, conneoctlion made to a water aspirator and the pressure
reduced to 2 em. before the heatling was started. As the
temperature increassd, the pressure gradually increassed due
to the further deaempcsitiaa ¢f the charred sugar, and at
about B500® C¢. a large amount of liquid ( mostly water) was
evolved. The temperature was controlled at 645° C. for two
hours, during which time the pressure dropped to 3 em. Upon
ralsing the temperature to 7C0°C. the pressure increased to
7 om. with a further but small amount of liquld being
evolved. The temperature wes controlled at 700°C. for three
hours, during which time a pressure of 5 mm. was obtained by
means of the Megavac oll pump. The furnsce was then turned
off and the pressure kept reduced until room temperature was
reached. The 114 of the contalner was removed on s lathe and
the sugar charcoal placed in s tightly covered bottle.
Thirty five gram portions were ground in a porcelsin mortar
and placed in the closed end of the vitreosil tube ( &) in
Figure I. The tube was then piaae& in the furnace so that
the geotion contalining the charcoal was in the uniform
temperature reglon of the furnace.

A gpecial adapter, not shown in the figure, was used
to connect tube (&) directly to the vacuum line (A). The
pressure was reduced to less than 50 mlcrons and the heating

started. The tempsrature was controlled at 950° C. for two



hours and then reised and controlled at 1000° C. for an
additional two hours. The precsure at the time the furnace
was turned off was about 50 microns and on ecooling to room
tenperature, the pressure dropped to less than one micron.
The treated charcoal was stored in a dessicator until used.
The yield of treated charcosl wae 12 o/o of the weight of
the sugsr teken. 7The ash in the prepared charcoal wses found
to be 0.23 o/0o. The ash wss insoluble in hot dilute HC1. A

sleve anslysls of the echereosl used in all runs was as

follows:
+* 3Q m&&h s » 8 & = 1509 Q/Q
+ 60 mesh . . . . . 18.0
+ 80 mesh . . . . . 12.0
*160 mﬁﬁh o & & e @ 16;4
*gﬂﬂ m@ﬂh - » - - . 30-?
"80@ mﬁSh O S Y 31.0

2. BSleel

The steel used throughout the guantitative part of the
work reported here was obtalned in the form of 3/8%, colde
drawn squares and had the following analysls:

Cgrbon . . . . . . 0.173 ofo
Manganese . . . . 0.750
Phogpherus . . « . 0.020
Balphar. . . . . . 0,037
Siliecon. . . . . . ©0.173

A spectrographlic anslysls of the steel showed algso traces

of copper, germanium, chromium, and tin. The steel exhibited
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& normal case after carburizing. Figure IV 1g a photo-

mlcrograph of the steel as recelved.

Figure IV. Photomiorograph of Original Steel. X 50
Efched in Nital

3. Cerburdzing Compound

The carburizing compound used in this inveetigation
contalned 15 o/0 by weight of barium carbonate which was
of reagent grade and met the gpeclficatlons of the Amerlcan
Chemical Soclety. The sugar carbon was the asame as des-
eribed above. In making up the compound the chareoal and
barium carbonate were mixed by grinding them together in a
mortar. After grinding, the compound was placed in a tight-
1y covered bottle and rolled to insure thorough mixing. The

carburlizing compound was keptvia & desslecator untll used.



- 4] -

¢. Hethod of Procedure

The steel samples used throughout the investigatlons were
19 mm. in length and 9 mm. on each side. They were obtained
from the above 3/8% cold-drawn squares. The samples were re-
duced to size by grinding eqgually the sides and ends on a
No, 30 Oxalums wheel. (Identification marks were stamped on
the ends of the samples.) During the grinding operation, the
samples wers held with a clean cloth in order to aveld con-
tanination of the surfaces with grease from the hands. The
gpecimens were handled at all times with bone~tipped twee:zers.
After grinding, the samples were washed in absgolute aloohol
and in redistilled ether. They were transferred directly from
the ether to a dessicator and sllowed to come to room tewlsra-
ture before belng welghed. A4ll specimens welghed approxi-
mately 13 grame snd did not vary in welght hy more than 13 mg.

The specimens were packed in the tube (E) as indicated
in Figure II, the perforated plates (H) and (I) being used to
keep the pack in place. Charcoal was placed on plate (H) to a
depth of € mm. One of the samples wase DPlaced on this layer
and packed by tamping charcoal tightly around 1t. This was
followed by another & mm. layer before the second sample was
packed and the plate (I) placed in position.

The tube contailning the packed samples was placed inside
tube () and the assembly connected to the vacuum line as

shown in Figure I. All connectlons were made with Pyseal.
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The entire length of the pack was located In the uniform
temperature region of the furnace. HNew charcoal was used
for each run.

For the various reduced pressure muns down to 2 mm. a
five liter flask, provided with an air inlet, was placed be-
tween the Megavac pump and the vacuum line. By varying the
amount of alr bled into the flask while the pump was oper-
ating, the wvarious desired pressures could be maintained. The
purpose of the flask was to ellminate the flusctuations in
pressure due to the oycle of the pump. The pressure in the
system was first reduced to a low value in order to test for
leaks with & spark coill. Alr was then let in and the
"bleeder" adjusted to malntaln the desire” pressure. The
furna@s wag turned on and when temperature was reached, whiqh
was 950° C, f@r'all the varisble pressure mns, the recording
controller was set. The average time Tor the furnace to reach
thles Semperature was 1 hour and 35 minutes. The number of
hours at temperature signifies the time interval between the
time the temperature was reached and the time the current was
turned off. The average rate of cooling from 950° C. to
800° C. was approximately 4 minute as the samples were
furnace gooled to rﬁamkzamperature under the pressure of the
run. The assembly was then disconnected and the samples
removed. They were washed thoroughly in ether, placed in the
dessloator, and welghed after they had reached the tempera-

ture of the room. After sawlng off 3 mm. from one end of
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the sample, the sawed surface of the remainder of the sample
was polished and etched for microscopic examination.

In making the "vacuum" runs, the samples were prepared
and packed as explasined sbove. The pressure in the system
was kept reduced during these runs by means of the continuous
operation of the Megavac and mersury-vapor pumpse, the flask
and "bleeder” being dilsconnected from the line. A epark coll
was used to test for leaks in the system. Heatlng was astarted
after the pressure was reduced to less than 19 mlcrons. In
Figure V are given representative time-temperature curves
along with the corresponding time-pressure curves for a
numbeyr of carburlizing runs. Polnte 4, B, C, D, and E sghow
the times at which the temperatures 1000°, 950°, 900°, 850°,
and 800% C. respectively were reached, while the points A!,
BY, ¢', D', and E' on the presesure curves show the pressures
at the times these corresponding temperatures were atialned.
S8ince the rate of heating and the change in pregsure with
tempersture was approximstely the same for all runs up to
the lowest temperature under consideration (800°), the portion
of the time~pressure ocurve FME' 1g common to all of the runs
and ie independent of the temperatures reached. After the
desivred temperature was reached and the sontroller set, the
preasure dropped as shown by the curves.

As an example, conelder the curve (F M B' B" N) for the
950° run. A% room temperature the Pressure was 19 microns.

Thirty ninutes after turning on the current, and at a
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temperature of 380%, the pressure had increased to 475

microns (M). It then deoreased rspidly until at 950° and

a time of 1 hour and 35 mimutes the pressure was 125 microns
(B'). One hour later the pressure had decressed to 25 microns
(BY) and after four hours at temperature, when the current was
turned off, the preasuré wae 14 micrens (N). Similarly the
remalning time-pressure curves represent the conditions for
the other tewperatures, for example, the curve (F M E' E® N)
is for the 800° run. Upon cooling to room temperature, the
pressure decreased, for example, at 630 the reading on the
HoLeod gage was 0.10 micron. The change in pressure during
“the cooling perlod 1s not shown by the ocurves in Flgure V.
After the furnace had reached room temperature and alr waa

let into the system, the gamples were handled as outlined in
the yroée@ura for the variable pressure runs.

The same procedure as glven above wae followed for the
950° "yagouum® runs in which the time at temperature was
varied. The ¥zero" time at temperature ssmples were run in
the same way, the current belng turned off ag soon as tempera-
ture was remched. As shown by the curve (F M B' B* N) in
Figure V, the pressure at the end of the 1 hour and 10 minute
run was 30 microns. In the case of the 8 hour and the 16
hour runsg the pressures at the time the ocurrent was turned
off were 10 microns and 5 microns respectively.

The investligatliong using dry alr and alr saturated with
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water vapor at room temperature involved the use of procedures
quite different from those given above. Congider first the
runs using a non-energlzed pack. The gas trains used to
obtain the dry slr and the saturated alr are described under
the Apparatus. All samples were prepared and packed in the
same manner as previously described. One of the trains was
conneoted to tube (M) (Figure I) through s estopsock. With
the stopoock closed, the pressure in the system was reduced
to sbout 50 microns by means of the Megavac pump. The pump
was then turned off and air allowed to bubble through the
train into the system, This flushing operation was carried
out three times. The pressure was then reduced by means of
both the Megavac and mercury-vapor pumps. When the pressure
hed been reduced to 19 microns or legs the heating was started,
the pressure varying with time and temperature in the same
manner as shown in Figure V. When the desired temperature
was reached, the stopcock (B} (Figure I) was turned so as

to close the system to the vecuum 1line {A). The stopocok
between (M) and the train was then opened and air sllowed to
pags into the éystam at the rate of approximately 1.5 ml. per
minute, While the system was filling with alr the pressure
apparatus shown in Figure III was connected to (A). When

the system had resched atmospheriso pressure, stopcock (B) was
opaaﬁﬁ and stopoock (C) wae turned so as to require the alr

entering at (M) to pass through the pack. The rate of flow



was adjusted to one bubble or approximately 0.3 ml. per
minute. The differential on the manometer (D) was about
5 mm. At the end of the four hour perioed at temperature the
current was turned off snd the air flow contlnued until room
temperature was reached. The samples were then handled in
the same manner as in other runs. The only difference in
procedure between the runs involving dry alir and alr saturated
with water vapor at room temperature waeg the gas trains used.
The samples for the runs in which the carburizing com-
pound was used were prepared in the sale way as desoribed
sbove. They were also packed the same except thst the com-
pound was used 1ln place of the sugar charcoal alone. The same
gas trains were enployed for thls part of the investigation
a8 were uged for the non~energlzed molsture Investigations.
After the seale were made, the pregsure in the system was
reduced to approximately 0.1 mm. and the alr let back in
through the gas train st the rate of 1.5 ml. per minute.
When all the alr was in, the pressure was reduced and the alr
again allowed to enter through the gas train. Thig flushing
operation was repeated three times after which the pressure
regulator (Figure III) was connected at (A) (Figure I). The
atopcocks (B) and (C) were adjusted so that the alr passed
through the pack. The flow of alr was then adlusted to about
1.5 ml., per minute, this rate of flow being maintalned for
apprroximately nine hours. When the heating waz started, the

flow of alr through the system was reduced to 0.3 ml. per
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minute. A B mm., differential was shown by the manometer (D).
The temperature was controlled at the desired temperature
for four hours, after which the furnace wes allowed to cool
$0 room temperature without interrupting the flow of alr,

The samples were handled 1n the same manner as in other runs.
Again the only difference in the procedures for the runs in-
volving dry alr and alr saturated with water vapor at room
temperature was the gas traln used.

The preliminary pollshing of each sample vaas carried
out by polishing from g No. 30 Oxaluma wheel through numbers
150, 1, 3-0, 3-0, and 4-0 emery papers respectively. The
firnal polishing was done using levigated alumina suspended
in a sosp solution which contalned glycerine. Care wag taken
to keep the edges of the samples as aquare as possible. The
etching was for 7 seconds in 5 o/o Nitsl. The samples were
then examined under the microscope at 100 dilameters. After
seleoting a repregentative sample for s gilven sget of condi-
tiong, a representative slde was picked for photographing.

In ordey to obtaln as sharp an edge as possible, the chogen
sides of two samples were clsmped together and the ocomplete
polighing procedure repeated. fhe etching time for the
samples to be photographed varled from 8 seconds for
hypoeutectold cases to 18 seconds for hypereutectold cases.

The photomicrographs were taken at a magnifieation of
50 dismeters on a Leitz metallograph. The source of light
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was a direct current carbon arc which was operated at 4
amperes on 110 volts. A plste of Noviol "CF and a plate of
Sextant green were used as filters. Eastmaﬁ contrast ortho-
chromatic antihalation film was used for all photomlerographs.
The exposure time waried from 1 second to 4 seconds, the time
depending upon the ssmple belng taken. The film was developed
for 5 minutes st 18% G, in Eastman D-19 developer, and fixed
for 7 minutes in Esatman F-5 fixer. Azo F-4 paper was used
for making the prints.

In measuring representative case depths, three values
were determined: total case depth (depth to the core), depth
of the hypersutectold zone, snd depth of the eutectold zone
(the hypereutectold plus euctectold region). Measurements
were made at 50 dlameters on the ground glass sliide of the
metallograph and cheok meagurements were made on the photo-
micrographs. All measurements were checked by an independent

cbaerver.



IV. PRESENTATION AND DISCUSSION OF RESULTS

A. Low Pressure or "Vscuum" Carburization

The procedures used to obtain the data pPresented below
have been given in the Hethod of Procedure. Each figure
for welght ilnorease is an average value obtained from data

of at least two determinations.

1, The Effect of Pressure on Carburization

For thig part of the investigation the pressure in the
syster was varied from atmospheric to the "vacuum® pressures.
The teuperature was 950% C. and the time at this temperature
was four hours. The data obtalned on this phase of the work
are given in Table I. The ecurve showlng the variation of
the welght increage with pressure 1s given in Figure VI,
Here the gain in welght is plotted agasinst the pressure in
nilimeters on semilogarithmic paper. Photomlcrographs of
representative cases for each sample are given in Figure
YII. They are arranged in the same order as in Table I.

The curve in Figure VI indicates that as the pressure
in the systenm was decreased from gtmospherie the carburig-
irg action (or gain in weight) showed a slight but general
irnorease until a pressure of sbout 12 mm. was reached. As

is evident from the irregularities in the welght increase



Table I

Data Showing the Effect of Pressure on Carburization
Temperature, $50° C,, Time, 4 hours at temperature

Photomicrograph  Pressure  Average Weight  Type of Representative Depth
(see Fig., VII) (mm. ) - Increase Case of Case (mm.)
(mgz.) Hyper. Euteetoid Total
A 739.0 12.5 Hypo. - 1.00
B 369.0 17.5 Hypo. - 1.00
c 188.0 15.8 Hypo. - 1.00
D 44,0 25.1 Hypo. - 1.06
B 16.4 23.5 Hypo. - 1.04
F 12.0 42,0 Euteetoid - 0.60 1.20
G 2.0 46.7 Hyper. 0.38 0.72 1.30
H 5.5 52.8 Hyper. .60 .86 1.36
I 3.0 50.8 Hyper. 0.50 0.80 1.28
J 2.0 52.8 Hyper. 0.60 0.90 1.40
K "yacuun" 51.1 Hyper. 0.52 0.82 1.36
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data, the carburlzatlion was somewhat uneven in the range
from atmospherie pressure to a pressure of about 12 mm. The
sanples showed temper colors and small spots where apparently
the action had been less. With the small cases obtalned at
these pressures 1t was dlfficult to ascertaln the actual
effect of these epots because, possibly due to diffusion,
the cases appeared fairly uniform. This is shown by the
photomicrographs (A), (B), (C), (D), and (E) in Figure VII,
The cases, hawever, vary slightly in appearance from sample
to sample, but the total cage depthsof the five ssmples are
very nearly the same. The results at atmospheric pressure
(A) show that the carburlzing capacity of the charcoal is
very small under the usual conditions of pressure. Enos (4)
ran some ééterminations'using sugar charcosl alone at atmog=-
- pheric pressure and obialned slight ocarburization. Although
he used a temperature of 915° (. and time of 6 hours, the
results obtained by him are comparable to those reported
here; both showing the slight carburlizing capacity of sugar
charcoal in unenergized pack carburizing.

At a pressure of 12 mm. the gain in weight slmost
doubled in comparison to that obitained at 16.4 mm. The
photomicrograph (F) shows the difference in the ease produced.
The appearance of the surface of the samples was also differ-
ent, there being fewer épats and less temper color than at

the higher pressures. From 12 mm, %o 5.5 mm. there was only
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& gradual ohange in the amount of carburization and the
change, if any, from 5.5 mm. to the "vacuum® presaures was
negligible. The samples (H), (I), (J), and (K) showed
practically no spots and the cases obtalned were uniform.

As shown by the photomicrographs of these samples, the cases
were normal and contalned well deflned zones of hypera&tec-
told, eutectolid, and hypoeutectoid. The structure of s
typioal hypereutectold zone {(J), as brought out by an alka~-
1line podium picrate etch, ig shown in Figure VIII. By
somparing the welght increace data with the photomlerographe
it ocan be seen that there lg good correlation between the

apount of carbon in the case and the gain in welight.

Figure VIIX. Photomicrograph of Sample (J)
Figure VII Alkeline Sodium
Picrate Etch. X S0
From a study of Figure VI and the case depth data of

Table I 1% 18 evident that the total case depths for all the
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sampleg are nearly the same, the great differences belng
in the carbon content of the case. Thisg indlcates that
there 1g a difference in the diffusion rate with relation
to the concentration gradlent for the carburizstion which
tekes place a2t the higher pressures and thaet which takes
place at the lower pressures. According to the laws of
diffuslon, 1t does not seem that the penetration at the
higher pressures would be ag comparable to those at the
lower pressures since the amcunt of carbon entering, and
thus the concentration gradient, 1s so much different. One
pogsible factor to be congldered in the explanation of this
effect 18 that at the higher pressures & gas within the
metal effects the diffusion of the carbon.

Gielittl (1, pp. 358 - 390) has reported the results
of experiments in which he carburized with carbon monoxide
and so0lld earben st DPressures above atmospherioc. By in-
creasing the pressure on the gas from one %o nine atmoe-
pheres he increased the carbon concentration in the case
and almost doubled the depth of penetration. According to
(tlolittl, thesge results indicated that the carbon monoxids
penetrated the steel and depogited carbon. It can also be
argued that the increase in pregsure increased the carbon
depoaition at the surface of the steel and the increased
penetration was due to the increased carbon gradient. The
méahanizm of the method of carbon depesition 1s of course
a debateable question. The results of the penetration in
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relation to carbon content obtained at atmospherie and the
lower pressures might, however, point to the action of gome
gas in aiding penetration, yet being practically inert as
far as its abllity %o deposit carbon. This gas could
elther penetrate into the lron at the earburizing tempera-
tures or already be present in the iron. As the pressure
1s diminished at the elevated temperatures, thls gas would
then be reduced at the surface and in the interior and 1ts
effect on the carbon penetration would be greatly reduced.
At these diminished pregsures, the carbon enters the surface
of the steel t0 a much grester extent and diffusion takes
place due to the concentration gradlent ereated. Perhaps
the pas which 1s postulated to sid in this carbon penetra-
tion is nitrogen, hydrogen, or oxygen. Nothing hag appeared
in the literature relative to the effect of these gases on
the penetration of ocarbon, and as pointed out by Grossmann
(7), there is much yet to be learned about their effect dur-
ing carburization. The gas might also be carbon monoxide,
but again the effect of this gas in the metal is not known
and as to whether it diffusees into the steel during carburi-
zation 1s unknown. %The explanation given above is only in
the form of an hypotheglis and suggeste the need of consasider-
able experimental verification.

The "vacuum" sample (K) shows that carburization was

obtalned #hsﬁ very low pressures were used. The curves
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showing the variatlion in pressure with time and temperature
during the running of a sample similar to (K) have been given
and explained in the Method of Proecedure (Figure V). In
review, during these "vacuum® runs the pressure increased
from 19 mlorons at 25° C. to sbout 475 microns at & tempera-
ture of 380° C. It then decreased so that by the time 950° C.
wag reached the pressure was 125 mierons. The pressure con-
tinued to decrease and at the end of four hours at $50° C,
was 14 microns. The question arose as to when 4id the
sarburization occur and does it continue after the pressure
has been reduced to a very low value? In order to study
this, the "vacuum® carburizations were carried out for

different periods of time at 950°C.
3. The Effect of Time

The data for thles part of the lnvestigation are glven
in Table II.

Figure 1X ghows the welght increase as a function of
tinme at temperature and Figure X ghows the case depth
versus time at temperature. FPhotomlerographs of representa-
$ive cages for the various times sre glven in Figure XI.
They are arranged and lsbeled in a manner corregponding ftoe

that of Table II.



Data Showing the Effect of Time at Temperature on Carburization

Table

Temperature, 950° C,

IX

Pressure, "vacuum".

Photomlerograph Tine

Average Welght

Type of

Representative Depth of

(See Pig. XI) at Increase Case Case. (mm.)
250° C. {ng.) Hyper. ZRutectoid Total
A 0 1.0 Hypo. - - 0.04
B 1 br. 10 min. 27.5 Eutectold - 0.44 0.88
C 4 hrs. 51.1 Hyper. 0.52 0.82 1.38
D 8 hrs. 63,8 Hyper. 0.64 1.10 2.04
B 16 hrs. 83.8 Hypsr. .82 1.80 2.90




120

110

100

(Y
@]

g.

~N
O &)

o
O

Weight Increase, m
»
o)

40
30} i
20
10
0 L '
0 2 4 6 8 10 E 14 16 I8

Hours at 950° C.

Figure IX. Curve Showing the Effect of Time at Temperature on the
Increase in Weight. Temp. 950° C. Pressure, "vacuun",



4.0

Case Depth, mm,

.
|
3.0
2.0 ——t / -
/»
1.0
o)
0 !
0 2 4 6 8 10 i2 14 16
Hours gt 950°C.
Figure X. Time at Temperature-penetration Curve. Temp. 950° C.
Pressure, "vacuum".



A
"Zero® Time

B
1 hr, 10 min.

R ’(;{‘\;‘: SR I DO

Figure XI. Effect of Time at Temperature on Carburization. 950°C.

Pressure, *Vacuum®. Surface of Sample Indicated by White Line at
Left. X BO



- 63 -

The "zero time sgamples were run the same as any other
iyaouum” samples except that the heating current was turned
éff whaﬁ the temperature reached 850% ¢. The photomlerograph
{A) and the data in Table II indicates that the carburization
which ftoock place on heating to temperature and cooling was
very slight. The next time at temperature was one hour and
ten minutes. This time was chosen because in that interval
the pressure dropped from 135 microns to & pressure (20
miocrons} which wag ¢lose to that maintalned for the remainder
of a four hour run. The results of the time are given in the
table and figuree already referred to in the Discussion. The
four hour, eight hour, and sixteen hour samples show that
there was a definite increase in the amount$ of carburiza-
tion with time at & Dressure of only & few microna. PFigure
IX indicates that carburizetion would continue beyond the
slxteen hour period. The time, however, was not extended
beyond sixteen hours because, due to the coalescence of the
casee of adlescent sides, further carburizatlon would no
longer have been representative. In Flgure XII 1s glven a
photomicrograph of samples (B), (C), (D}, and (E}. Thie shows,
more or less vigually, the effect of time on the case obtalned
and algo pﬂints‘aut that the size of the sample 1limitas the
time of representative carburization to sixteen hours. All
rhotomiorographe of casee shown at 50 dlameters were made
from sections near the mlddle of the sides of the square

seotions shown in Figure XII. 7The pressure for the eight
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hour run varied the same as for the four hour run and continued
to decrease after this time, for example, after four hours at
temperature the pressure was about 14 microns, an hour later
11 microng, and at the end of the eight hour period 1t was
10 microns. The pressure also varied in approximately the
game way for the sixteen hour run; the pressure at the end
of eight hours belng 8 micreas, ét the end of 12 hours 7
miorons, snd at the end of sixteen hours 5 mierons. The
curve showlng case depth versus time (Figure X) 1s typlecal
of time-penetration curves given in the literature (42) for
other methods of carburizing. The data obtained from the
time at temperature lesad to the following facts oconcerning
the "vacuum® carburization:
1. Yafy slight carburization ocoure during the heating
and gooling period used 1& these experiments.
2. The amount of carburization increasses with time.
3. Carburlzation takes place at very low pressures
(5 - 10 microns), as lg shown especially by the
eight hour and sixteen hour runs.
4. The higher pressure of the gas which was produced
on bringing the system up to 950° C. (see Figure V)

was not effectively carburizing.
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Figure XII. Photomisrograph af Samples (B), (C), (D),
and (E). (Figure XI X3

3. The Effect of Teuperature

The effect of temperature on the “vacuum® carburization
was studled by running samples at 800°, 850°, 900°, 950°,
and 1000° G, The time at temperature was four hours in all
determingtions. The data obtained sre given in Table IIXI.



Table III

Data Showing the Effect of Temperature on Carburization
Time, 4 hours at temperature, Pressure, "vacuum"

Photomicrograph  Temp. Average Weight Type of Representative Depth of

{(see Fig., XV) {e C) Increase Lase Cage. (mm.)
| (mg. ) | Hyper. BEutectoid Total
A 800 2.1 Hypo. - - 0.14
B a50 6.8 Hypo. - - 0.48
c 900 19.8 Futectoid - 0.26 .80
D 950 51.1 Hyper. 0.52 0.82 1.36
B 1000 74.5 Hyper. 0.78 1.20 1.85
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Curves showing the welght increase as a function of
temperature and the variation of case depth with temperature
are glven in Figures XIII and XIV respectively. Photo-
micrographs of the representative cases obtalned are given
in Figure XV. The weight increase-temperature curve (Figure
XIII) sghows that carturization was inoreased considerably by
ralging the temperature. The case depth-penetration curve
in Figure XIV 1g typical of similar curves given in the
literature (9) for ordinary pack carburizing. It can be con-
cluded from this phasge of the investigation that the carburiza-
tion at the low pressure follows the same general trends with
respect to temperature as would be expeeted from the laws of

rate of reaction and 4diffusion.

4. General Discussion

The results given above show that carburization was
obtained at very low pressures and that the carburization at
these pressures followed the same general trends with respect
to time and temperature as does ordinary pack carburizing. 1In
order to arrive st the experimental condlitlons used for the
*vacuum® or low preessure runs, several investigations were
éarrieﬁjout t0 overcome experimental difficultles and to
study the general charscteristiocs of the process.

One of the first experimental difficulties encountered
was uneven carburization, that is, there were small gpots on

the surface of the samples which proved to be points st which
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the carbon penetration was less. This type of carburization
had to be eliminsted before the welght increase dasta could be
used in making correlations. Investigetlons on the prepara-
tion of the proper surface led to some interesting facts. It
was found that if the surface of the cold-rolled stesl was
washed well, but not ground down, that the carburlzation dld
not take place, Experiments were carried out to determine

the effect of varicus degrees of gurface polishing. The outer
surface was always removed on the Ho. 30 Oxaluma grinding
wheel as deseribed in the Method of Procedurs. (It had previ-
ousgly been found that the grinding of the surface to a greater
depth made no difference.) The surfaces were then polished
on papers rang;ing from 1 grit through 4-0 paper. Some
surfaces were polished with levigated aluminas after finishing
through the 4«0 paper. The results obtained indlcated that
the carbon penetration was the same whether the surface was
ground on the Oxaluma wheel or flret on thie and then polighed
on finer papers. It was also found that the carburization was
uneven 1f & paper or fine grinding wheel left a film or dls-
coloration which did not wash off in the sloohol or ether.
S8ince the degree of polishing had no effect on the results,

it was found best to use the Ozaluma whesl and thus avold the
possibllity of the film and discoloration difflculties given
above.

¥While experimenting with the uneven carburization, 1%



was thought that perhaps the spots could be eliminated by
applyling something to the surface which would assure very
cloge contact of the carbon. The surfaces were ground down on
the grinding wheel and a thin film of pure vaseline applied.
Fine charcoal was gprinkled over this film and the samples
packed in the usual manner. The carburization was found to
be very slight and the surfaces ghowed many spote, which upon
microscople examinatlon of the case, indicated practically no
¢arbon penetratlon. Other samples were dipped in a thin
syrup made from the sugar uszed for the preparation of the
charcosl. This covered the surfaces with a very thin but
even film of syrup. The samples thus prepared were packed
snd run in the usual manner; the resulis being comparable
%o those obtained when nothing was appllied to the ground sur-
faces., The investigations ocutlined above showed that the
surfaces must be freshly ground and clesn. To obtain these
conditions, the method of sample preparation outlined in the
Hethod of Procedure was adapted. Even when this procedure
was used, the cases sometlimes were spotted with low carburized
areas which evidently had not had suffiolent contact with the
solld pack.

Another experiment in connection with the “vacuum®
earburization was to treat the samples for four hours at
950° C. under the reduced pressure without the pack. The
preasure at the beginning of thie type of run was reduced
to a value of about 1 mieren. During the heating, the
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pressure increased to about 10 microns at around 950° G, but
soon decreased to the vieinlty of 1 mleron or less. After
cooling under the reduced pressure, the samples showed a
slight discoloration and a loss of about .10 mg. in weight.
Some of the sides of thease samples were then reground on the
Oxaluma wheel while other sides were left as they were after
the treatment. The samples ware packed and run in the usual
manner. The results indicated that the soloration produced
by the heating of the gamples under the reduced pregsure had
a glight effect on the carbon peneciration. The sides which
were reground before carburizing showed mors even penetra-
tion than the sldes which had not been so treated. This again
emphasized the necessity of having clean fresh surfaces.

In order to ascertain 1f the carburlzation which took
place at the low pressures was lnherent with the partiocular
get of experimental conditiong being usged, the Investigations
given in the following paragraphs were carried out.

A sugar charcoal which hed been prepared at least twenty
years ago in Germany was used. It was found that this char-
coal was in sbout the same stage of preparation as the chare
coal prepared in the porcelain cassercles (see Materials).

It therefore had to be given a preliminary treatment under
redueed pressure in order to obtain a product which could be
run at low pressures. This treatment was carrled out in a
manner gimilar to that outlined under Materlals. The char-

‘eoal was then used for a pack in the regular "vacuum®
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prrocedure. Conmparable carburization was found to take place.
As pointed out in the procedure for the preparation of
the sugar charcoal, the materiazl which was treated in the
Hump furnace was given a final treatment under reduced pres-
sure at 1000° C. Thls was done in order to obltain a charcoal
which gave a minimum pressure increase when used as a pack
for the "vacuum® runs. Some runs were made using the pre-
pared ﬁugar ehaﬁa@al before 1% was given this final tresat-
ment. The pressure with this charcoal Aincreased to around
4 mun. in the vieinity of 800° C. VWhen a temperature of
980° ¢, was sttained, the pressure was about 2.5 mm. and at
the end of four hours at temperature 1t had decreased to
80 mlerons. The carburization obtained was comparable to
that found when using charcoal which had been given the final
treatuent. Specirographic carbon rods that had been heated to
2400° C, were ground up and used as a pack. The results were
of the same order as those obtained with sugar charcoal.
Runs were algo made using Bees-Wax for all the sesals
in place of Pyseal. HNo difference in the "vaocuum® carburiza-
tion was found. The vitreosil tubes (@) and (E) (Flgure I)
weﬁe replaced byvether vitreosil tubes and agaln the results
of the low pressure carburization were the same. Loocaely
packed samples in open cruecibles gave good carburization in
the vacuum at 950° C. Cold-rolled stesls of approximately
the same carbon content, but from other sources, were run

and the results found to be comparable. A hot-rolled steel
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and a carbonyl lron were tested 1n the vacuum psck and the
strong carburization effect was agaln observed.

The experiments cited above show that the "vacuum® or
low pressure carburization was quite generally ébtainable
with pure carbon and ordinary steels; an important factor

being the condition of the surface of the steel.

5. Comparison with Previous Investigations

The previous investigations on carburization at low
pressures have been reviewed in the History. In most of
these the axperimentai conditions were not given enough in
detall to be able to evaluate the results obtalned. The
experiments of Glolitti (1, pp. 118-134) and those of Weyl
(22) were reported more in detail and an interpretation of
their work 1s poseible. DBoth Glolittl and Weyl obtained
very slight ocarburization with sugar charceal in, what
they termed, & vacuum. The pressures used by Glolittl were
in the vieinity of 0.5 Bm., while those used by Weyl were
about 0.2 mm. Both experimenters had an arrangement whersby
they could heat the charcoal and the iron under the reduced
pressure and then effect contact of the two without changing
the pressure. They alse flushed the system with nitrogen
during the preliminary heating of the iron and the charecoal.
The ocarburization experiments were run at 1000® C. for three
hours. As outlined in the History, Guillet and Griffith (21)

also ran a series of experiments at reduced presgsures
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(pressures not listed) and applied pressure to the iron in
order to insure intimate contact. They obtalned very alight
and uneven carburization and then only when the iron was
preggsed firmly agalnst the charcosal.

In none of the three papers referred to above did the
writers report the character of the surface of the samples
uged. As has been explained, the preparation of the surfsace
wag very important. If a clean fresh surface was not used,
and especislly 1f the originel rolled sarface was used, the
earburization was very slight or nil. Furthermore, 1t 1s
possible that the investigators changed the surfaces of
their samples dhring the heating before the iron was
brought in contact with the charcoal. Even though Gilolitti
dld not have the iron at the same temperature as the char-
coal during the preliminary treatment, a study of the dls-
gran of hls apparatus shows that the iron poseibly reached a
temperature high enough for the surface %o be affected by the
gases present. Glolittl pointed ocut that the porcelain tube
used was porous at the high temperature, thus limiting the
pressure obtained to 0.5 mm. It was reported above that
even the slight coloration obtained when the samples were
heated alone at pressures as low as 10 microns had a definite
interference effect on the *vacuum® carburization.

The pressures used in ﬁhia 1n§estigatien were much
lower than any previously reported, yet as can be seen from

the results, very good carburization was obtained. The very



slight or negative carburlzing effeoct reported by others for
vacuum work oould have been due %o the condltion of the

gsurfaces of the stesl gamples.

B. Holsture Studles

1. Sugar Charcoal Pack

The detalls of the procedure used for the moisture
investigations with the gsugar charcocal pack have been given
in the Method of Procedure. The runsg were carrled out in
the same manner as the low pressure or "vacuum" runs except
that when the desired temperature was reaohsd,'either ary
air or air gaturated with water vapor at 235° C. was let in.
The alr was then passed through the pack at a rate of
0.3 ml. per mimute. The time at temperature was four hours.
At least two runs were made for each set of conditlons, the
welght incresse value glven being an sverage figure. The
data obtained for sets of samples run at corresponding
temperatures, but with dlfferent molsture contents in the
air, are given in Taeble IV. Photomierographs of representa-
tive cases obtalned at the various conditions are glven in

Figure XVII. They are arranged and labeled as in Table IV.



Table IV

Data Showing the Effect of Dry Air and Air Saturated with
Water Vapor at 88° ¢, on Carburization with Sugar Charcosl,
Time, 4 hours at temperature, Pressure, Atn.

Photomicorograph  Tenp,. Moisture  Average . t. Type of Representative Depth

(See Fig. XVII) (°C in air Increase Case of Case. (mm.)

{mma, H,0) (mg.) Hyper. Eutectoid Total
A 800 0 -3.4 Decarb. - - ~0.36
B 800 25.8 -3.8 Decarb. - - -0. 34
G 850 0 0.8 Hypo. - -~ 0.06
D 850 25.2 1.6 Hypo. - - 0.14
B 900 0 7.5 Hypo. - - 0.43
F 900 25,2 8.2 Hypo. - - 0.42
G 950 ¢ 15.2 Hypo. - - 1.00
H 950 25.2 16.5 Hypo. - - 1.00
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The welght increase data show that there is, on the
average, a constant difference of about 1 nmg. in favor of the
samples run with alr saturated with water vapor at 35° C.
(25.2 mm. Ho0)., This is shown graphically in Figure XVI,
where both sets of data are plotted. Ag brought out by the
case depth data, the slight difference in welght incresase
does not é%feet the carbon penetration. There is, however, a
small dirfference in the appearance of the case obtained at
950% ¢. (@) and (H) (Figure XVI). Sample (H), which was run
with saturated alr, has less ferrite extending to the edge of
the samples than does (@), which was run with dry air. The
same trend 1s also shown by samples (E) and (F), although not
gqulte ae much.

The samples run at 800° €. were decsrburized, the amount
of decarburization being practically the same with ary air as
with saturated alr. Decarburization with unenergized charcoal
in the vieinity of 800° C, 1s not uncommon, having been re-
ported by several writers (10, 55, 58, 57, 58). At this
temperature the resction 300 = CO5; + C shifes to the right,
thus giving at equilibrium a high percentage of carbon
dloxide.in comparigon to earbon monoxide. The amount of the
decarburizing zas, carbon dlexide, present probably accounts
for the decarburization at this temperature. It was pointed
out in tne Introduction that Webber (10) obtained incressed
decarburization with wood charcoal at 800° C. Dby first
soaking the charoosl in water and allowlng the excess to drain
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off. It 1s obvious that hils resultes are not comparable with
those reported here becsuse of the large amount of molsture
which he had present. Alsgo, 1t should be remembered that
the atmosphere here was forced through the pack while Webber's
experiment probably represents a statlc conditlion. The
results reported in thils thesis, however, seem to cvontradict
Webber's statement that: "extreme care mugt be taken to re-
move all molsture from the‘atmaspbera, even in the presence
of carbon®.

It aﬁa be concluded from the series of investigations re-
ported in this section that, under the experimental condi-
tions used, the presence of 25.2 mm. of water vapor has no

important effect on carburization with sugar charcoal.

2. Energized Sugar Charcoal Pack

The procedure used for the molature investigations with
a 15 o/o barium carbonate pack has been given in the Method
of Procedure. The pressure was not kept reduced until the
desired temperature was reached becauge, 1f thig had been
done, the effeot of the energlzer would not have been repre-
sentative. The flushing out of the system snd the nine hours
of passing alr through the pack would have provided the de-
sired atmosphere with respect to molsture. The time at
temperature was four hours and, agein, the welght increase
flgures are average values obtained from at least two rTuns.

Some fuslon of the barium carbonats on the surface of the
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samples was notlced at 950° and 875° ¢. The surfaces were

cleaned well with a etiff brush in alcohol and ether, thus

removing practically all the fuslon product. From the cheoks

ocbtalned it was considered that the welght increase values
were relliable for making correlations. Considerable soot or
graphite deposition was also notlced. This sort of deposi-
tion has recently been reported by Sutton and Hagatz (9).

The data obtalned for this phase of the imvestigations
are given 1n the usual manner in Table V and Figures XVIII
and XIX.

The welght inorease data indicate that there was again
the smell difference in favor of the samples run with air
saturated with water vapor at 35% C. This is alsc shown by
the curve in Pigure XVIII, where both sets of data are
plotted. The photomiocrographs (Figure XIX) do not show the
aifféreuea in case structure that was noticeable with the

samples yun in sugar charcoal alone.



Table V

Data Showing the Effect of Dry Air and Air Saturated with
Water Vapor at 25° C, on Carburization with 15 o/o BaC0, Pack.
Time, 4 hours at temperature, Pressure, Atm.

Photomlerograph  Temp. Holsture  Average ilt. Type of Representative Depth

{See FPig. XVIII) (°C in air Increase Case of Case. (mm.)
' : (mm. Hgp0) - {(mg. ) Hyper. Butectoid Total
A 800 0 2.3 Hypo. - - 0.11
B 800 25,2 3,3 Hypo. - - 0.12
c 875 0 25.7 Butectold - 0.36 0.77
D 875 25.2 27.9 Eutectoid - 0.38 0.80
E 950 0 54.0 Hyper. 0.55 0.82 l.42
F 950 25.2 - 55.5 Hyper. 0.58 0.80 1.40

- %8 -
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The welght increase data, as well as the case depths,
for the samples run at 950° (. were of the same order of
magnitude as those obtalned with the "vacuum® or low pressure
carburizetion. This is also found by a eampsrison of the
800% (. gamples. MNo descarburizatlon was obtained at 800° C,.
when low pressures were used. Thig indicates that the carbon
dloxide, which decarburized at thls temperature with the
sugar charcoal alone, was not present during the low pressure
or "yacuum" rins. Alse decarburization was not obtained =zt
8@&5 c. naing the energized paock. According to the theory of
Ragatz and Kowalke (2), the function of the barium carbonate
in preventing thls decarburization would be to shift the re-
action 300 = (0g; + € to the left and thus reduce the carbon
dloxide concentration at equilibrium.

During the discussglion of the varisble pressure data, it
wes polnted out that the total depth of carbon penetration at
atmospheric and down to 12 mm. pressure was hnearly the same
as it was at the lower pregsures, even though the amount of
carbon entering was much less, This game phenomenon is again
evident when samples (@) and (H) (Table IV) are compared with
gsamples (E) and (F) of Table V. The amount of carbon entering
the samples during the carburization with the unenerglzed
pack was much less than during the runs usging the energized
pack, yet the depth of carbon pendtratlion was about the same.
It was suggested in the previocus discusgsglon that perhaps this
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phenomenon wae due to some gas. The fact that the cases
obtained at 950° C. with the energized pack are comparable to
those obtained at the same temperature with low Dpressures

seemsg to substantiate this hypothesls. If the carbon dloxide
evolution theory of energizer sctlon 1ls used, the decomposition
of the barium carbonate would replace this gas with carbon
dioxide and carbon monoxlde and thus 1t would not be avallable
to aild in the carbon penetration. If elther the theory of
Ragatz and Kowalke (2) or that of Takashahi (33) ia followed,
the net result is s%1ll an inorease in volume whieﬁ would cause
a displacement of the postulated gas. After this displace-
»m&nt of the gas has taken place, the carbon penetration would,
as did at the low pressures, depend upon diffusion under in-
creased carbon gradient. Thilsg explanation of the phenomenon
under discussion is sgain only in the form of a hypothesis

and suggests the need of considerable experimental verification.
The comparable depths of case obtalned for practlcally the

same welght increase with the low pressure samples and the
samples run in an energlzed pack indicates that perhaps the
mechanism of carbon penetration 1s due to molzoular migration

and not to the carbon monoxide digsolving in the iron or steel.
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V. SUMMARY AND CONCLUSIONS

A, Low Pressure or "Vacuum” Carburization

The results of carburization with sugar charcoael at
reduced pressures may be summarized by the following facts
and conclusions:

1. At 950° C. earburization was increased by reducing
the pressure in the system, the largest rate of increase
with change of pressure ocourring at a pressure of about
12 mm. The amount of carburization was a maximum and almost
sonstant for pressures between 5 mm. and the "vacuunm"
pressure. The cases obtained were normal,

* 8. With the conditions used, carburization took place
with sugar charcoal at pressure below 20 microns. The
carburization at low pressures was not inherent with the
experimental comditions such as charcosal, steel, or con-
tainers., The carbon penetration was very sensitive with
respect to the condition of the surface of the steel, the
proper conditions belng a fresh clean surfaoce.

3. The "vacuum" or low pressure carburization inereased
in a logleal mannﬂr.with an increase in time or temperature.
4, The depth of penetration at pressures between
atmospherie aﬁd‘lz mm. wag approximately the same as for the

lower pressurss, even though the amount of carbon in the case
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was considerably lesg. An hypothesis has been suggested

that the penetration at the higher pressures may be due to

the action of a gas which aids in the penetration, even though
the carbon gradient is low. The verification of such an
explanation, however, would require considerable experimental
investigation.

5. The "vacuum"™ oOr low pressure carburizastion was
obteined at pressures considerably lower than those used by
previous investigators, who reported either very slight or
negative results. The explanation for their results could
lie in the condition of the surface of the steel used.

6. Since good carburization took place al pressures
below 20 microns, it is hard to conceive that the small amount
of‘gas left could account for the process. It is concluded
that the dlrect action of carbon with iron tekes place under
the conditions of the investigation., The carbon zey dissolve
directly in the austenite or Fe,U may be Tormed and this
dissolves and diffuses inward. The poor carburization obtained
at the higher pressures could bes due to the fact that the
gases present prevent the direct interaction of the carbon
with the iron.

7« Since this high carbon absorption took place at low
preassures, and then only through fresh clean surfaces, the

method is of limited importasnce in the practice of carburization.
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B. Holsture Studies

The investigetions on the effect of moisture (up to
25.2 mm. Hy0 vapor) on carburization with sugar charcoal alone
and with & 15 o/o barium carbonate energized pack may be
summarized as follows:

1. In sugar charcoal alone, the samples run at 850° C.
and 875°C, using air saturated at 25° C. showsd, on the
average, about 1 mg. greater gain in weight than samples run
at the corresponding temperstures using dry air. The cases
obtained using saturated alr showed slightly less ferrite ex-
tandiﬁg to the edge of the samples than did the casses obtained
uging dry air. |

2. samplas run in suger chsrcoal alone were decarburized
at 800° C., the amount of decarburizetion not being affected
by the m@isﬁuré content of the air used.

3. With a 15 o/o barium carbonate enerzized pack the
samples run at 950°, 875°, and 800° C. using saturated ailr
ghowed about 1 mg. greater gain in weight than the correspond-
ing samples obtained when using dry alr. No difference in
case characteristics was noticeable.

4. The case obtained at 950° C. with the energized pack
was about the same as that obtained at the same temperature
with the "vacuum" carburlization.

5. The depth of carbon penetration in the unensergized

charceoal was approximately the same zs that in the energlzed
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pack, even though the amount of carbon in the case was ruch
less. This phenomenon was brought out in the study of
variable pressures. Since the cases obtained at 950° C,

in an energlized pack and those obtained at the same tempera-
ture with the "vacuum" carburization were compurable, it was
suggested that this substantiates the hypothesis that some
gas alds in the carbon penetration when air is present.

6, The presence of the energizer prevented decarbu-
rization at 800° C¢. It is concluded that the C0,/C0 ratio
is decreased by the energizer. No decarburization occurred
at this temperature during the "vacuum" carburization dbecause

of the absence of carbon diloxide.
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