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INTRODUCTION

The ends achieved by the studies related in the
pages that follow depend rather largely upon the viewpoint
and interests of the person studying the results. In setiing
forth the problem of the study of reactions in iron-carbon
powder glloys one of the prime interssts was to determine
whether reactlions which occur In the s0lid state in ordinary
steels are simllar to those in the powder glloys. W. D. Jones
(1) has poinied out that the powdser approach to the solution
of many intrlicate problems confronting metallurgists consti-
tuted a poweriul tool. He states, "By the sintering method
t 15 possibls t0 vary the intsrcrystalline pnase at will.”
Problems of grain growth, austsnits decomposition, inter=
granular corrosion of stainless stsels, secason cracking in
copper base alloys, carburization of iron, and graphitization
of iron-carbon alloys are but a few of the meny problems that
may be approached from the powder state. By its methods one
often has a better opportunity to incorporate constituents
in a controlled fashion in solld solutlon and in additional
phasss that may lead to the anglysls of a glven problem.

Cf particular lutsrest is the fundamental problem befors
metallurgists continually--namely, the nature of the grain
boundary. Following are listed then the objectives sought

in this study. Soms of these developed as the research

progressed:
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I. How 1s the isothsrmal decomposition of austenite
influenced when the steel is formed from the
powder state?

IT. How can stesls bs formsd from the powder state
and what factors are of particular import?

IIT. Vhat are the carburizing characteristics of iron
powder?

IV. Vhat are the austenite formation characteristics
of steels made from lron powdsr?

Some of the gquestions proposed are answered with
some degree of satisfaection in thls dlssertation. The results,
nowsver, constitute but a small veginning towsrd thorough
understanding of ths objectives sought. One may s3ay that nsw

horizons are at least brought intec view.
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POWDER METALLURGY

In order to understand thoroughly the problems to
be discussed some attention should be given to the genersal
method used for the preparation of materials used in this
study. Specimens were prepared by the methods of powder
metallurgy practice. Powder parts in general are manufactured
in relatively few and simple steps:

To Pormation of ths powdey
Many methods are avallable for the production
of metal powders, They are:
A. Machining
Bs Comminution
C. 8hotting
D. Granulation
E. Atomization
¥, Condensation
G. Precipitstion
He. Flectrodeposition from solutlions including
fused salt baths
I. Reduction of metal oxides
Jo Distillation of a volatile constituent
from an glloy
KXo Carbonyl decomposition
Lo Decomposition of mebal hydrides

Mo Inbtergranular corrosion
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0f the methods listed reduction of metal oxldes, elsctro-
deposition, atomization, comminution, and carbonyl decompo-
sitlion are at present most important commercially. In
general, fine powders of varying mesh size that are not
strain-hardened are desired., Certain applications, however,
requirs coarse powders.
IT. Pressing of the powder

The next operation requlres pressing of the
metal powder into parts of desired shape. Thig is often
accomplished in the "cold state®. That 1s pressing is done
at ordinary temperagtures with the pressures required vervying
over a rairlily wide range, but in commercial practice being
of the order of twenty-five tons per square inch., It is
roadily appreciated that the pressing pressurss required
tend to limit the size of parts produced by powder methods,
In order to malntain low pressing pressures the powder is
generally plastic so that many atomic bonds may be made in
pressing. In some Instances it is feagsible to add graphlte,
stearic acid or other lubricants to the powder mix to facll=
itate formatlon of the part by lowering pressing pressures
required. As the pressing pressure increases the density and
hardness of the compact incregse. Quite often high pressurss
are wndesirable because gases which are present lower the
density of the part durling sintering. ¢ significant pcint
to recognize is that nydrostatic conditions are not maintalned

as pressing occurs. This leads to pressurs gradlents as
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compacting is accomplished with the result that, in sintering,
one portion of the compact may even expand while another
section contracts.
IiT. Sintering of the compact

While the compact formed by cold pressing may
be handled conveniently, it does not possess generally
sufficiently high mechanical properties to be of much value.
It is essentlal therefore to heat the compsct to elevated
temperatures., In many instances this sintering temperature
is well below the melting point or range of the alloy system
considered. Sometimes one or more phases of the compact go
into the llgquid state. Before long, however, diffusion
occurs and g solild is formed., In sintering, stress relief,
recrystallization, and diffusion give rise to incrsased

bonding. Some attention has besn devoted to the temperature

+

at which sintering begins. Without question the beglnnlng
of sintering occurs in the pressing of the powder, but not
to a sufficient extent to give the required mechanical
propertlises. For close dimensional control it 1ls common to
follow sintering by a slzing operation--a repressing in
finlshing dies to achleve set dimensional tolerances,

The "cold pressing" method is the one most
widely used for production of powder parts, but there are
several others of importance. The hot pressing practice
accomplishes pressing and sintering simultaneously by use

of hot diles. DBy this method one may produce higher density
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parts with lower pressing pressures. The mgintenance of dies
at elevated temperaturss usually glves rise to much difficulty.
Another method is one utilizing the cold pressing practice
incivding sintering. These steps are then followed by a
reheating and subsequent shaping by any of the conventlonal
mechanieal working procsdures.

Through utillzation of thsse methods for
shaping parts from powders it has been possible to develop
many interesating products:

I. Refractory metals
Since melting of the metal is not required it
has been convenient to use the powder methods for production
of such high melting metals as tungsten, tentalum, columbium,
and molybdenum. These metals are difficult to meli and caste.
Difficulties are encountered particularly in the selectlon of
suitable refractories and in Impurities, including gases,
which are absorbed readily in the liguid state.

IT. "0il-less" bearings

These have been producsed by the millions for
varied spplications. In slectric shavers, sewing mschines,
phonographs, etc, many bearings are sealad into the units
for the life of the machine. The oil required is introduced
into the continuous pores that are developed by the cold
pressing btechnique. Such continuous porosity, as high as
forty per cent of the volume of the compact, cannot be

achieved economically in cast metals.
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ITII. Friction parts

Some very useful high temperature friction
parts have been developed by the introduction of nonmetalliece
minergls in a metal base. Since it is difficult to disperse
the lighter minerals properly in the liquid metal, powder
methods are used.

IVe Dual Alloys

In an effort to achieve dual functions with
certain alloys it was found necessary to nake combinations
such as copper-tungsten, silver-tungsten, etc. These combi-
nations have excellent refractory characteristics along w
good electrical conductivity. These dispersions are extremely
difficult to develop satisfactorily from the ligquid state.

The above are but a few of the many applications
of powder methods where there is little or no competition
from other methods of fabrication. In addition to these
type applications are ones in whieh the powder method enters
into competition with the more conventional procedures. In
many applications, in spite of higher raw materiasl cost, it
is more sconomical to process powder rather than to form the
product from the 1ligquid state. It 1s this phase of powder
metallurgy in which considerable interest has been shown
recently. In fact this dissertation has direct bearing on
the problem of powder metallurgy in competition with conven-

tional fabrication procedures,
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This section just concluded and titled "Powder
Metallurgy” is intended to be but a brisf sketech of the
general procedures employed to ald the reader in the analysis
of discussions to follow., References (1) - (11) inclusivse
are particularly valuable as sources of both general and

speclific Information relating to problems in powder metallurgy.
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THE POWDER METALLURGY OF STEEL

In recent years conslderable interest has been shown
in the field where powder metallurgy is competitive with other
fabrication proecedures. F. P. Peters (12) and A. J. Langhommen
(13) in recent pespers have discussed some of the questions
relating to this general problem. Peters pointed out that
from considerations of design powder metallurgy may be
compatitive with sand casting, die casting, permanent molid
casting, precision investment casting, machined bar stock,
screw machine parts, cold-hsading, drop forging, stamp
and drawing. Langheormer 4 ] ]
advantages and limitations of powder metallurgy as applied
t0 machine parts. In this fisid, from a material standpoint,
much emphasis has been placed upon the use of iron and iron
base alloys--in particular those alloys which are designated
as steels,

Before and during World War II important applica-~
tions were made of steels developed by powder methods, but it

may be sald that there is, as yet, not enough work of a

Some of the more

interesting developments are summarized in paragraphs that
follow,
W, D, Jones (1) has summarized the work of German

investigators particularly E. K. Offermann, H. Buchholtz, and
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10,

E. Ho Schulz. These men produced steels by sintering carbonyl
iron powders of varying carbon and oxygen contents. To these

powders they added graphite, ferromanganese, and other agents

as desired. After sintering the ingots were forged into

blllets. Propertiss of these steels, including tensile

magnetic properties; hardness

strength. electrical resistance, D R
mlcrostructurgl characteristics, heat treating properties,
weldability, and others; were then studied and compared with
stesls produced from the molten condition. The results are

quite detalled but one gets a very definite impression that

]

s P = o 2 S oy domy o 2
tion of composition and grain structure in a

e

the same cond

ol

elther

[~

steel nmay be achieve
without too much difficulty. When one considers the subtleties
possible In the condition of the grain boundary, this is a
rather sweeping statement to meke. Lest there be a misunder-
stending it might be added that the equivalency referred to
has not as yebt been established but there is a distinct trend
toward 1t.

Co W. Balke (14) has reported some of his studies
onn the sffect of pressure vn the propervies of powder compacitss
He made steels with electrolytic iron as s base and Included
carbon and other zlloying elements necessary to approzch steels
deslgnated ordinarily as S.A.E. 1000 series, S.A.E. 4560 and
SoleBe 3140, 1In the case of g ceriain manganese-molybdenum

steel he found 1in certealin respects the powder steel to be
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superior. Not enough informgtlion is given, however, to draw
definite conclusions regarding equivalency.

J. Wulff (15) has reported on the production of a
steel from powders which approached closely the composition
of S.A.E. 4340, He too finds the properties of this material
similer to those of the ordinary bar stock.

In addltion to these attempts at produclng powder
alloys resembling the cast and wrought steels there have
been a number of interesting developments where physical
rropertlies, though not approaching wrought steels, are more

than sdequate. F. V., Lenel (18) reported thet ¢ number of

¥ enel ( T
iron parts have been made and that some of these were used

in gquantities of a million or more., In particuler he has
interesting remarks to make concerning production of an oil
pvnp gear used in automotive work. The microstructure
developed mlght be conslidered more nearly that of cast-iron
than of steel., The materials required for the production of
the part are reduced iron snd graphite. The resultant struc-
ture after sintering ls graphlite in a matrix of alpha ferrite
and cementite. A large amount of the alpha ferrite and
cementite are present in the microconstituent kmowm as pearlite.
Some of the advantages gained include: less raw materigl

waste, more accurate contour resulting in better periormance,
porosity for oil impregnation, lower isbor costs, and

strengths equivalent tc that of the cast ilron gears formerl
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used. Some of the savings made in the production of powder
machine parts have been astounding. In some British manu-
facturing procedures on gun parts 1,250,000 pounds of
critical materials and 5,000,000 man hours were saved over a
twelve month period during the recent war. According to
Langhammer (13), even such parts as micrometer frames and
V-blocks have been prcduced. The agbove publicgtions along
with countless patents in sll countrles have dealt with the
problem of steel powder and parts production,

In reviewling the literature on steel parts from
powders several general methods are prominent. Very frequently
carpon in the form of graphite or carbon blasck has been

introduced into the powder mix with hydrogen reduced or

a

lectrolytic ivecns.. In scme instances brittle alioys such as
white cast iron have been pulverlized and mixed in appropriste
guantities intc iron powders. In both methods satisfactory
pressing and homogenizatlon have been attained. One of the
prime difficulities encountered in pressing steel powders into
compact form 1s the poor plastielty which gives rise to poor
gresn strength. The presence of an adequate gquantity of the
plastic iron powder obviates trouble to a marked degree. 1In
gsome aspplications it has been sufficient to provide a soft
layer on the surface of alloy powders. Thls may be achieved

by a partial decarburization of the powder particies under

conditions where no oxldatlon occurs. Alloying elements
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such as manganese, nickel, chromium and others havs been
introduced in the same way as carbon, (i.e.) by incorporating
them in the powder mix. P. R, Kallscher in a discussion of
work by Balke (14) states that by use of controlled atmos-
rheres they have been able to maintsin carbon contents in
compacts to within 0.02-0.03 per cent, This is remarkable.
Another method to which there hgs been but brief
reference in the llterature is one involving carburization of
a compact already formed. Carburizing and sintering may take
place simultaneously--it might be termed carbasintering. Some
work has been reported very recently by A. S. Margolies (17).
In reviewing the literature on production of steels
from powders it is clearly evident that one of the important

onsidsyr is oxygen content of the metal powders,

y

G

actors to
especially that in iron. In order to provide uniformity Iin

the finished product negligibis oxygen or at legst uniform
oxygen content ls essentlal in powder production. Any number
of so~called steel parts that have been examined micro-
gcopically are no more than iron base parts with iron oxids
pertlcles distributed in the matrix with 1ittle or no carbon
present, An examination of many ircn powders sold commercigily
reveals large quantitles of iron oxids with no recognition
made of quantitles of oxide present.

In concluding one may say that the econcmy of lowsr

strength ircn base alloys, such as the oil-pump gear referred

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



14.

to earlier, 1is well established. There is, however, a trend
toward the development of higher strength parts made of steel.

These have every chance of meeting competition offered by

other methods. At the same time the need for fundamental

data on their formstion, reactions, and performence is clearly

manifest.
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THE PRODUCTION OF STEEL COMPACTS BY CARBURIZATION

With the revealed interest in the development of
high strength steels from powder, a logical study to make is
oné dealing with the heat treating characteristics of such
steels. More specifically it would be waluable to have infor-
mation concerning the austenite transformation characteristics
of stsel powder compacts so that they might be compared with
the conventional materials, TIn starting this program it was
decided to prepare as pure an iron=carbon alloy as feasible
in order to maintain better control of the pertinent variavles
during the transformatlion of austsnite,

The very first attempts at producing an iron carbon
alloy to be used in this study were made by adding graphite
to hydrogen reduced iron of relatively high nurity. With the
first experiments run, diffleculty was encountered in getting
carbon into the iron when the materlial was heatsed into the
sustenite field, Labter it wes found that this was caused by
the high oxygen content of the iron powdsrs and much mors
carbon than required for the alloy should have been added.
Meanwhile thought was given %o the possibility of carburlzing
pure iron compacts, Listed below are some of ths typleal

analyses from which a selesctlon was made,
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Electrolytic Iron Powder - Annealed

Total Iron 99,50%
Copper 0.01
Siliea 0.02
Manganese 0.027
Zinc 0,090
Nickel None
Sulphur 0.001
Phosphorous 0,002
Free Carbon 0.005
Oxygen -

Electrolytic Iron Powder

Metallie Iron o7 .2%
Total Iron 98,0

Total Carbon 0,07
S102 0,017

Hydrogen Reduced Iron Powder

Total Iron 99%
Carbon 0.04
langanese 0,13
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Carbonyl Irons

Grade % Carbon % 0xygen % Nitrogen
L 0.005-0,03 0.1 =0.2 0.005-0,05
C 0.03 =0,12 0.1 =0.3 0.0 =0,1
B 0.65 =0.80 0.,45=0.60 0e6 =0,7
TH 0.5 =0.6 0.5 =0,7 0.5 =0.6
SF 0s5 =046 0.7 =03 0.5 =0,6

The statement carrlsd along with the above analysss
i1s "With reference to the chemical analysis shown above it
should be notsd that spoctroscopic analysls shows the rest
to be iron with other elsments present 1n traces only." In-
asmuch as chemical purity was a requirement for this study,
it was very easy to make a choice of materigi. The logical
cholce was Carbonyl-L. By carburizing this iron in compact
form it was possible to produce uniform composition sampies
that could be used for austenite transformstion studles. In
a very general way the following procedure was adopted.

I The carbonyl iron "L" as received from the manu-
facturer was subjected to a hydrogen drying broate
ment at low temperatures.

1T The iron as prepared in step I was pressed into
compact form in a steesl dils.

11T These samples wore then wsighed on an assgy balance

to 0,01 of a milligram.
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Iv The weighed samples were then packed in hardwood
charcoal. The carburizing time and temperaturs
wers controlled to obtain thes desired carbon
analysis in the speclmens.

\') The specimens wers weighed in order to determine
the weight increase.,

VI The specimens were homogenized in a nitrogen atmos-
phere at slevated temperatures and reweighed after
thls treatmente.

VII While carbon contents were determined by the weight

,
nalyses were made by

several laboratoriss to compare the methods so that

a correlation could be mads.
The samples as prepared above wers then cut into smaller pieces
for the studies reported in the following sectlion of this
dissertation. Before developing this phnase of the work
consideration is to be given to some of the detalls of the
steps just mentioned gnd to scme of the results achleved,

I

The carbonyl iron "L" was treated with dry hydrogen
at a temperature of 260°C for twenty-four hours. The hydrogen
was bubbled through a mass of powder kept in a vertlecal posi-
tion. The gas sesmad to make good contact with the powder
particles. After btreatment there was & noticegbls improvement

in the color and chemical activity of the powder. One might
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19.

conslder that the treatment glven would lead to a highly
reactive surface that might pick up even 1arger amounts of
oxygen. As will be shown later this is ﬂo& the case for the
chemlcal analyses compared with the weight cnanges in carbur-
1zing indicate a lower oxygen contentxthan the-0,1-0.4£ reported
for this powdler.
The temperature of 260°C was chosen because it was

possible to keep the powder from going into lumps at this
emperaéura. If lumps formed they could be disintegrated by
shaking the tube in which the powder was treated. AL tempera=-
5° lumping occurs--in fact in

onsideravl
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he povder wa
only Information available from the manufacturer 1s that
sintering occurs below 500°C., From work on carbonyl wy and

"% 1t would seem to ocecur around 285°C in a hydrogen atmospherse.
Scme work on carbonyl CY showsd that there was no‘color
improvement, (is) brightening of the powder, when it was

treated as above for eighteen hours at 150°C.

When the reduced powder was tested with concentrated
nitric acid it was very reactive, With many of the fine iron
powders it is possible to add ths nitris acid without having
any reaction apparsnt., In some cases a very slow addition,

a drop running down the slde of a test tube, will give rise
to a vigorous regction. In the freshly prepared irons above

it was impossible to add the nliric acid fast enough to prevent
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reaction; it was almost explosive in character.

Some passivity tests were also run on the powder
using a copper nitrate solution. Directly after reduction
with hydrogen the resactlon as noted by a color shift in the
solution from blue to green takes place rapidly, In one
test with freshly reduced powder it took but two minutes to
show a shift while after forty minutes it took silx and one-
hglf minutes. Four days later it took twenty minutes. The
carbonyl "L" without hydrogen trsatmont showsd a time of
approximately twenty minutes also. If the test 1s carried
to a point whero the soluticn is gulte definlitely green, the
reduced powders generally take more time. Not enough tests
were run to gain knowledge of any appreciable significance.

By drying the powder and eliminating some of tThse
oxygen 1t was possible to obtain a powder sultable for meking
carbon analyses by weight changes.

IT

The compacts used were pressed in a small heat-
treated high carbon, high chromium steel die. Care was taken
in the design of the die to provide uniform loading., rress
capacity was limited so a Brinell hardness tester was used to
supply the load. The dimensions of the compacits were 1/4"% in
diameter and thickness of the order of 0.,035". They weighed
of the order of 0.2 grams. They were kept small to minimlze
preasure variations through the compact. The load used for

the samples was 3000 kg. Considering the exact dimensions

f-Pa2
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of the sample the pressing pressure used was 138,000 psi.
This was sufficlent to give dense enough samples so that no
difficulty was encountered in preparation and subsequent
microscopic examination.
IIT

After careful brushing of the samplss they were
welghed on the assay balance as indicated previously. In no
case were the compacts handled except with tweezers used
ordinarily for analytical weights,

Iv

Forty specimens as prepared above were then trans-
ferred to a 3/4" capped short pipe nipple. The nipple was
filled with a 200 through 150 mesh hardwood charcoal surrounde
ing the sampies. This capped nipple was then placed inside
of a similar but larger nipple, a 1 1/2" size., Similar charcoal
was also placed in the larger nlpprle. This tube-within-a-tube
combination circumvents any difficulty of samples stainlng
by drawing air in upon them during cooling. More consistent
carbon plck-up was also obtained by this practice as compared
with singls tube practice. These samples were cavburized for
fifteen hours at 870°C under carefully controlled tempera-
ture condlitions. The sample weights in the lot of forty
varied from 0,13721 to 0,22694 grams. This combined with

packing varistions and the fact that the nipple was "over-

crowded! gave rise to more than usual variation in the weight
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gains. The varlation was from 0.35% to 0.91%. There were
enough samples of the same content to carry out the necessary
tests. For example twelve of them were in the range 0.85-0.36%,
fourteen in the range 0.87-0.88% and nine in the range 0.90-0.91%.

Whenever tests were run with fewer samples, after
the technlgue was scquired, much better results were secured.
Typlecal are the following, not necessarily carburized at the
temperatures and times used for ths larger batch.

A. 5 samples 0.88-0.897 weight increase

B, 5 samples 0.71-0,72% welght increase

C. 5 samples 0.61-0.64% weight increase
D. 6 samples 0.84=0.85% weight increase
B. 4 samples 0,97=0.99% weight increase
Fo. & samples U.725 welght increase

G. 2 samples 0,78=0.792% welght increase

2 samples ©C.52% welght Increase
These results show that check results are attained, and with=-
cut too much difficulty it might be added.

A

In order tc make the weight gnelyses indieated
previously the samples were carefully removed from the car-
burizing pack and then brushed to remove sny of the carbon dust
that might have adhered to them. The samples as carburized

are perfectly bright.
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VI

After weighling, the samples used for further work
were homogenized in a nitrogen atmosphere for three hours at
a temperature of 1105°C., After removal from this atmosphere
the samples were reweighed. Tests with samples of wrought
steels in the nitrogen atmosphere used show extremely small
changes in welight. Typical would be a loss of 0,00001 g in
a sample welighing 0.36519 g in a periecd of twelve hours at
1095°C., The same sample showsd no change in weight in 2 1/2
hours at 1040°C, The sample was carefully handled for the
tests and weights ussed wers left undisturhed on the balence
ran.

The train developed malnly by E. E, Stansbury (18)
is deseribed in detail by him., It consists of the following
items through which tank nitrogen of high purity 1s passed.

A. A tower of sodg-lime

B, Two bubble towers of concentrated sulphuric acid

Co Tube of freshly reduced copper maintained at

about 300°C

De A long tube of magnesium perchlorate at rowm

tempergture

E. Steel wool just ghead of the sample In the

gilicg tube in which the homogenizatlion 1is

accomplished.,
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The sillca tube is equipped with a solenold so
that samples may be flushed by the furnace atmosphere and may
also be allowsd to cool in the colder portion of the tube
in the same nitrogen atmosphere. The train is regenerated
as required with tank hydrogen.

VIT

For one set of tests on carburization several larger
compacts weighing between two and three grams were prepared
in a 3/8" diameter dle. These samples wers carburizsd and

the weight gains noted. They were then run for carbon by the

usual combustion method. Results wers:
Welght 4 gain Chemieal Analysis % Carbon
1.17% 1.,21%
1.13 1.20
1.13 117
0.76 0.83

In addition a set of six of the forty compacts
averaging 0.88% weight pickup showed a value of 0,959 carbon.
Another set of six samples of the same group were checked
after veing homogenized at 1105°C. The welight percentage was
0.91% (based upon weight after carburizing) whlle the carben
determination gave 0,93% C. Other results on single samples
welghing abouk 0.2 g and after homogenization show comparisons

that are consistent.
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Weight % Carbon %
0,72 0,74

0.89 0.93
During homogenization there is always a weight loss
on the compacts. This is because oxygen that 1s present
after the carburizing cyele combines with ecarbon to go off
in the form (C0-C02). The trailn was always checked carefully
to see that it was not the No atmosphere causing this loss.

Some conception of the loss may be gained from the following

table:
Original Welght Weight alter Weight after
a8 Pressed Carburicotion Homogenizetion

TR { o) { e
\&/ \&/ A&/

Ae 0.18740 0.18902 0.,18894

B. 0,20071 0.20242 0,20234

C. 0,20387 0.20564 0.20554

D 0.20788 0.20973 020264

E, 0.17659 0.,17811 0,17802

It would appear that by making the appropriate
correction the carbon analysis of any sample could be
ascertained from a carefully made weight gain checke

Spectrographic estimates were conducted on samples
in verious stages of processing.

Ao Carbonyl iron "L" as received.

The following elements wers checked but not

found: copper, silicon, sodium, manganese,
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nickel, chromium, cobalt, molybdenum, vanadium,
tungsten, lead, tin, antimony, aluminum,
titanium, zinec, caleivm, barium, snd strontium.
B. Carbonyl iron "LY after the hydrogen treatment
and pressing only
Same as Iin A.
Ce Carbonyl iron "L" after carburizastion
Same as In A but two out of three samples
showed an estimated quantity of copper egual to
0.0001-0.0009%.

D. Carbenyl iron "L" after carburization and then

h

with homogenization at 1105°
Tn addition to 0.0001-0.0009% copper it
reveslsd an estimatsd 0.0001-0.0009% of silicon.

Otherviise the sample was like A.
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The compacts thus prepared can logically be conslidered
to be relatively high purity iron-carbon alloys of known
carbon content. Those selected for transformation studies
had an actual carbon content computed to range from 0.87-0.29%

2 . ~s - - PSS o /
and a density after homogenization of 7.2 g/cc.
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AUSTENITE DECCMPOSITION STUDIES ON

IRON-CARBON POWDER COMPACTS

The steels made from powdered iron by carburization
were studied further to determine thelir austenite transforma~
tion characteristics. As indicated previously the carbon
content of the steel selected for this work was 0.87-0.8%5%C.
The TTT (time-temperature-transformation) diagram or "S" curve

for this steel is shown in Figure 1 and the data from which

the curve is plotted are listed in Table I, The condltions

I Austenitizing was accomplished at a temperature
of 1000°C for twenty minutes in the same nitrogen
atmosphére used for homogenlzgtion of the samples
after they had been carburized.,

IT Small notched samples {dimensions approximately
0,035" square and 1/8" long) were suspended in
the atmosphere by a small stainless steel wlre
{0.,003") attached to g nickel wire (0,066").
The small samples were made by cutting the 1/4"
dismeter compacts into seven or eight pleces with
g Jeweler'!s saw. The structure is shown in Figure 3.

ITT The samples were held In the nitrogen atmosphere In
the cold portion of the tube for {flushing. They

were then advanced intc the hot zone of the furnace,
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(Transformation of austenite at constant sub-critical
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Table I

Data for TTT Diagram in Figure 1

Sample No. Temperature Time (Seconds)
(,C) Beginning Ending
Pegrlite Formgtion

108 714 660

1100 713 >3000

134 704 60

136 704 630

183 688 12

184 688 80

Ie s7s 1

15 576 20

- 63% ?

163 839 2

Bainite Formation

- 546 ?

162 546 1 or less

I59 500 1

160 500 5

57 455 2

188 450 i8

146 404 10

153 404 60

165 353 30

170 353 225

161 308 75

164 308 600

177 244 300

I78 244 3000

Martensite Formation

¥g Point 242°¢C

¥y Point 96°0C
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In order to support the nlckel wire the end was
inserted into the rubber stopper which was used to
close the silica tube. After holding for twenty
minutes at 1000°C; the semples were quickly trans-
ferred to the métal batha,

was ussed as a quenching medium in the upper

u

T oo
Lou

4

temperature ranges and the quaternary eutectiec

(Bi 50%, Cd 10%, Pb 27%, Sn 13%) was used for work
at lower temperstures. For determination of trsnse-
formation char;cteristics to peariite or bainite
the sampies were quenched in g dilute NaOH solution
directiy from ths metal baths. When martensite
studies were conducted, the samples were temperad
at 280°C for 10 secs, prior to guenching in the
dilute NaOH solution.

v The analyses of the transformstion products were
21l made by mlcroscopiec examingtion. IFigures 4 to 33
show the typical structures that were obbtained in
developing the TTT diagram (Figure 1).

There ars g number of comments of interest that nmay
be made with respect to this diagrem. First, it may be stated
that 1t is subject to the limitations of the metallographic
method of analysis. I% is very dlfficult to decide when g
product firat appears and when transformation to 1t has been

completed. This is to be expected when ons considers the
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kinetics of austenite decomposition. In the diagram shown
this work was done carefully but not scrupulously. In the
opinion of the author the dlagram represents an excellent
estimate of the transformation of austenite. A conservative
estimate would be a 10% variation in placing beginning and
ending times oxcept at temperatures where very rapid trans-
formation cccurse.

It is interesting to note that the reactiona are not
far different from TTT diagrams for wrought steels. A compari-

&>
e ieg difficu

T3 +n o - A
W v Uy <

make for no ons has p ed, a3 far as
I know, a TTT diggream for a high purity wrought iron alloy.
However, one diagram exlsts for a 0.89% carbon steel with
0.3% manganese (Figure 2)., 0No other elements hsve been
reportaed but it 13 bellieved that small quanititiss of slilicon,
gulphur, and phosphorus at least are present.

The lower region where martsnsite formatlon occurs
is entirely wrong in Figure (2). However, it was possible to
compare the Mg polnts for the powder and wrought alloys, A. B.
Greningsr (19) showed an Mg point for a 0.85% iron-carbon
alloy of aboubt 240°C. The data in Table I shows an Mg point
0f 242°C for the steel considersd. It would appear that these
are no different from similar polats found in wrought pure
steels. In other words the fact that the density of the powder

compact is buk 7.2 g/cc as compared to 7.80 gfce for the

wrought pure steels makes no differsunce in the beginning and
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ending of martensite formation. Whether this 1s true for a
less denss compact has not been ascertained. Further it is
not known whether the rates of martensite formation wilth
temperature drop are the sama. Tn other words while the Mg
and Mf polnts are the sames the transformation characteristies
could deviate within this range.

It is of interest to note that in the upper part of
thers 1s a large range where very rapld reactlons

oceur, Just what the transformation characteristics are in

extremely rapld for such high purity elloys o8 mesed 3In thess
experiments,
Both pearlite and balnits beginning snd snding lines

ssem to be falirly strsight when plotted on semislog paper.
An exagmination of the curve as drawn would lead one Lo belleve
that the most rapid rate of transformation 1ls somewhere betwsen
600 and 650°C imstead of around 550°C as shown in the diagrems
of eutectoild plain carbon steels published previously by other
investigators. Some theoretlcal deductions by C, Zener {20)
1ndic§te that the nose of ths TTT diagram should bhe higher
than 550°C,

| 4 remaining item of particular interest (not shown
in Pigure 1 but for which microstruchburss ars showm, Figures
11, 12, 13) is the rapid rate at whiech spheroldizgtion occurs.

This is no doubt a function of the purity of the alloy rather
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°

than the fact that the material is a powder compact. For
example at 688°C spheroidization was noticeable in 15 minutes
and almost complete in 93 minutes + In controlling physical

nroparties in relstively hi

» ~ & - RRAC AL, SN

gh purlty alloyr in isothermal

tion occurs after formation of the pearlite,

In addition to the TTT diagram determined some points
were compared with a varliatloa iln The sustenitizling temparafurae
Scattersd studies wers made with austenitlzing temperatures
varying from 87S°C to 1100°C and with transformations to

and martensite. There was 1ittle varistion

for the times and temperatures ussd. More detalled studles

ars necessary to be certain of the resultse.
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PHOTOKICROGRAPHS

Figures 4-33 inclusive are photomlcrographs taken
of the transformation products of austenlte decomposition for
the 0.87-0,89% C "powder" steel. They were all taken at
1000 digmeters magnification with a 54X oll immersion objective.

“

Vaudol La e f ea O N - - Y b
ociubion containing 100 ce gbsoiuts

U A 2w
4 n 9o

.

ng was done wit

aleohol, 2 cc of fuming nitric acid and 0.5 g of urea.
Other photomicrographs in this dissertation were

also etched in a simlilar manner and photographed st 100C

diameters.,
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Figure 3
Sample No., I38

N

Fina near:

ite; the structure of the 0.87.0.29

<
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.

steel following homogenization. In this form it was

used for the isotheormsl transformaetion studlses.
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Figure 4
Sample No, 1103
Isothermal transformation temperature 720
Time 60 minutes

Cementites and Nartensits
Cemontite 1is beginning to form near the edge orf the
sampls. No transformation was shown in the centsr of the
specimen., In this gnd in all other photograpns of iso-
thermal btransformabions the martensite is equivalent to
gustenite untransformed at the lsothermal transformation

5

temperaturs.,
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Figure 5
Isothermal transformation temperaturs 720°C
Time 15 1/2 hours

Alpha Ferrite, Cementite, and Martensite

Large crystals of cementite are shown. This sample

1]

wra
oy

¥}

not uzed in nlotiting dsta for Figure 1. The

gustenitizing temperature was 1050°C,
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Flgure B5a

Same as Figure 5 bubt a different sectlon of the

sample.
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Figurs 6
Sample No, 198

Alpha Ferrlite, Cementite, and Martensite
Shows transformation progressing et the edge. Also
showed small cementlte particiss in center poriion cf

the specimen.
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Figure 7
Samples No. I100
Isothermgl transformation temperature 713°C
Tims 51 minutes

Alpha Ferrite and Cementite with some present as pearlite
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Pigure Ta
Semple No, I100
Isothermal transformation temperature %713°C
Time 51 minutes

Qame ss Figure 7 but a different portion of the
specimen. A few sections, as illustrated here, revsalsd
soma austenite untransformed. This, as usual, is

revegled by the martenslte present,

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



TR

Figure 8
Sample lo. I83
Isothermal transformation temperature 688°C
Tiiae 12 seconds

Pegrlite and Martensite
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Pearliits and Mariensits
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Figure 10
Sample No. I81

Isothermal transformation temperature 688°C
Time 90 seconds
Pearlite
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Figure 11
Samplie No. I82
Isothermal transformation temperature 688°C
Time 15 minutes

Pearlits
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Figure 12
Sempls No, I85
Tsothermal transformation temperaturs 688°C

T o T e ® amao de o m
1ama DO HLIIGTCES

Alpha Ferrite, Spheroidized Cementite, and Peariite
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Figure 13
Sample No, I88
Isothermal transformation temperature 688°C

2 P lrd 2
Tims 03 minutes

Alpha Ferrlte, Spheroidized Cementite, and Peariite
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Figure 14

Sample lo. I9
Isothermal transformation temperature 676°C
Tims 1 second

Pearlite and Nariensite
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Pigurs 15
Sample No., I10 .
Isothermal transformation temperature 678°C
Tims 3 seconds

Pearlits and Martensgite
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Flgure 16
Sample No. Iil
Tsothermal transformation temperabure 675°C
Tine 8 seconds
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Figure 17
Sampls Hoe I18
lzotherel transfcimzitlon temperzture 675°C
ime 8 seconds

Peariite end MNartensibe
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Figurs 18
Semple Mo, I13
Isothermsl transformstion temperature 676°C
Time 10 seconas

Pegrlite and Martensite
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Figure 19
Sample No., 114
Isothermal transformation tempersture 676°C
Time 15 seconds

Pearlite and a wvery small

ernount of Nartensite

1l
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Figure 20
Sample No. I5
Tsobhermal transformstion temperature 676°C
Time 20 seconds

Peariite
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Figure 21
Sample Mo, 169
Iscthermal transiormetion temperaturs 353°C
Time 30 seconds

Bainite and Martensits
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Figure 22
Semple No. 166
Isothermal transformation tempersture 353°C
Time 13C ssconds

Bainite and Hartensite
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Figurs 23
Sample Ho. 167
Isothermal transformastion temperature 353
Tims 180 secon

Bainite and lartensits
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Figure 24
Sgauple No. I690
nermal trensformation temperature 353°C
Time 195 seccnds

Bglinite and WVartensite
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5

Sample No. I7C

Isothermal transiormat temperaturs 353°C
Time 225 seconds

<t
}..h
Q
=

-

Bainitse and 2 smzll amount of ¥artensite
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Figure 286
ample No. IFY
Iscothermal transformation tempersture 244°C
Time 5 minutes

Bainite and Martensite
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Figure 27
Sample Ho. I79
obhermal tranaformabion temperature 244°C
Time 15 minutes

Bainite and Martensite
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Pigure 28

Sample 0. I78 o

Tsothermal btransformation tempersture 244°C
19%9]

"
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s
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rame oV hiailiv

Balinite
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Flgurs 29

Sample No. I1
Quenching Temperasture 242°C Time 135 secondg
Tempering Tewperature 270°C Time 10 seconds

Tempered and Untempered Martensgite
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Pigure 30
Sample No. 145
Quenching Temperature 175°C Time 10 seconds
Tempering Temperature 283°C Time 5 secconds

Tempered and Untempsred Martensite
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Figure 31
Sample No, I47

ng Temperaiure 126°C
mperature 282°C

Tempered and Untemperl

MLan~ 1 ~ N
4oL oW DT UL
Ti & 5 seconds

Martensite

-
AN -]
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Figure 32
Qample No. T49
Quenching Temperabure 108°C Time 10 seconds
Tempering Temperature 283°C Time S seconds

Tempered and Untempered Martensite
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Pigure 33
Sample No, IS0
Quenching Temperature 96°C

LRSI R

Ti 0 gec
Tempering Temperature 282°C Time 5 seconds

ma 1

Tempered Martenslite and a very small amount

of Untempered Martensite
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THE FORMATION OF AUSTENITE IN

IRON=-CARBON POWDER PRODUCTS

A Tew studles were made of the formation of austenite
in the 0.87-0.89%C irocn-carbon alloys that were prepared.
Samples in the conditlion shown in Figurs (3) were guenched
In 5 lsad pot for the times and at the temperatures desired,
Flgures (34), (35) and (36) show the structures resulting
when taken to 728°C for 30 secs, 97 mimmtes, end 14 1/2 hours
respectively. Afﬁer the times indicated at 728°C the samples
were quenched rapldly to room temperaturs and then prepared
for microscopic examination. Figures (37) and (38) show
rosults obtained Tor like samples taken to 724°C for 38 seconds
and 19 hours respectively. Some samples wers élso mn In a2
like manner at lower temperasturss., The structures of samples
heated at 713°C for 8 minutes and 68 minutes are showm in
Figures (39} énd (40) while one heated at 716°C for 200 seconds
is shown in Figure (41), |

The above results show that the complete formation
of austenite 1s very rapid at 728°C as compared to 724°C,.

The results at temperatures as low as 713°C indicate elther
segregation due possibly to oxygen or nitrogen or that austénite
formation may start at such a low tempersture. rther work

is definitely required befors conclusions may bs reached,
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Flgure 34
Semple No, I109
Austenitizing Temperature 728°C
Time 30 szeconds

Martensite and fine carbldes
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o
1s Mo, 1210

Mustenitizing Temperature 728°C

Time 97 minutes

Martensite and Ceomentite
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Figure 36
Sample No, I12C
Austenltizing Temperature 728°C
Time 14 1/2 hours

HMartensite and Cementite

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



T4,

igure 37
le Voo, T124
Austenitizing Temperature 724°C

Time 38 seconds

Martensite, Cementite and Alpha Ferrite
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Figure 38
Smph No. I119 .
Austenitizing Temperature 724°G
Time 15 nours

Martensite, Ferrite, and Cementite
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PACK CARBURIZING STUDIES OF IRON POWDER COMPACTS

Earlier 1n thls presentation comments were made
pertalning to the method used for preparation of iron-carbon
alloysvby carburizing pure iron compacts in hardwood charcoal.
Before this procedure was decided upon other experiments had
been periormed which ylelded interesting results:

Carburizing with Energized Charcoal

The samples thst were prepeswred for isscthermal
transformation studles of gustenlte decompositlion were all
caerburized in ordinsgry hardwood charcoal. Samples carburized
in this manner tend to reach what one might sasily consider a
maximum carbon content. For example, at 925°C a O.15 gram
sample of carbonyl iron "L" pressed at 25,000 psi will reach
an average carbon content of 1,25%C after 50 hours carburizing
times The rate of carbon plek-up is slow after gbout an hour
at temperature. On the other hand, the carbon absorption is
very rapld and reaches high values when energlzed charcoal
is used,

In these experiments sodlum carbonate was used ss
an energizar, The energized charcoal was prepared by first
dissolving ¥Ma2C03 in an amount of water just sufficlent to
dampen thoroughly the gquantity of charcoasl used. The gmount
of energizer added was equal to 10% of the weight of the
charcoal., The moistened charcoal aftex thorough mixing was

driad at 150°C., After drying 1t was used in a double
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carburizing tube exactly as in previous studies with ordinary
hardwood charcoal,

It was found that with energized charcocal carburizing
procesds very rapidly to extremely high carbon contents and
that carbon absorption in appreciable gmounts may occur at low
temperatures.

Carbon absorption was followed primarily by weight
changes and supplemented with mlcroscopic examination and
chemical analysis, Table II shows soms of the results of
energlzed charcoal studies on carbonyl iron "L", electrolytic
lron (28 plated), ingot iron, tungsten powder compscts, and
titanium powder compacts. The carbonyl irom "L" compacts

welghed of the order of 0.2 grem snd were 1/4" in dismeter.

i

The specimens of electrolytic iron varied in thickness end in

shape and as a result there is a fair varlation in average
rercentage welght Increase., The tungsten and titenium powders
were pressed as recelved from the manufacturers. They were

not checked for oxygen or molsture contents. It ls very likely
therefore that the actual carbon contents are hilgher than the

velues listed as percentage weight incrsa

¢4}

es.
In order to gain a clearer plcture of the significance
of the percentage welght increase, it may be stated that for
short carburizing times and in caszes where the temperature ic
low this percentage wvalue may be at wvariance with the actual

carbon content. For exsmple, samples Nos. 2 and 4 of Table II
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showed an actual carbon analysis of 5.5%C. Further, sample

no, 27 after pressing welghed 0.19525 grems and after carbur-
izing weighed 0.1965¢ g. This sample was then heated to 1065°C
for ten minutes in the neutral nitrogen atmosphere referred

to earlier. The final weight was 0.19638, If it is asssumed
that the oxygen leaves as carbon monoxide; then thae final
carbon content of the compact i1s about 0.538% and the csrbon
picked up in carburizing is C.62%. These values are bgsed on
the assumption that there is no oxygen present in the original
powder. Both values should probably be gbout 0,07% higher.

In another experiment the following data were obtained when
carbonyl iron "L¥ was earburized with energizer at 55

two hours:

Sample Welght after pressing Weilght after Welght after No
No. at 3000 kg carburizing atmosphere heating at
1850°F for 1/2 hour
A, 0.B0732 0.80885 0,80732
B, 0,17168 0,172C8 0,17191
Co 0.16547 0.16593 0.16578
Percentage Welght Incroase Tsreeulage Weight. Increase Estimated
after Carburizing after homogenization Percentags
Carbon
Ae 0.17 0 0.07
Bo 0.25 0,15 0.26
C. 0.2%7 0,18 0.29
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TABLE IT
Sample Pressing Carburizing Time Percentage Welght
Noo Pressure  Tenmperature  (Hours) Increase
(psi) °c

Carbonyl Iron "L"

23,000 925 0.34 5.58
2 23,000 925 0.34 5.82
3 23,000 925 0.50 .20
4 23,000 925 0.50 6445
5 9,000 925 0,50 7,50
5 138,000 925 22,5 3,00
7 138,000 925 22,5 3,18
8 23,000 925 22,5 10.2
9 23,000 925 22,5 12,0
10 9,000 925 22.5 15,3
1i 9,000 925 22 .5 4.8
12 138,000 850 23,0 2,07
1z 138,000 850 23,0 2,40
14 138,000 850 23,0 2,30
15 138,000 850 23,0 2,80
16 69,000 850 23.0 5.80
17 §9,000 850 23,0 5,62
18 138,000 860 25,8 2,70
19 138,000 660 25.8 2,71
20 46,000 660 25.8 6412
21 46,000 660 25,8 6,12
22 138,000 650 358 3,19
23 138,000 650 3508 5,28
24 46,000 650 55.8 635
25 46,000 650 3568 534
26 138,000 595 41,0 0.69
27 138,000 595 41.0 0,68
28 138,000 585 16 0,10
29 138,000 595 15 0,07

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



83.

TABLE IT (continued)

Sample Pressing Carburlzing Time Percentage VWelight
Yo, Pressure Temperature (Hours ) Increase
(psi) °g

Electrolytic Iron (As Plated-Thin Sheet)

Analysis (C 0.006%, ¥n { 0,001%, S 0.006%, si 0,0023%, P < 0.,002%)

30 - 925 . 22,5 3656
31 - 925 22,5 3014
32 - 925 22,5 3.40
33 - 925 2245 2.36

Ingot Iron (Thin Piece)
Analysis (C 0.010%. NMn 0.013%, S 0.022%, Si 0.001%, P 0.005%)

sS4 - 925 2245 44,80
Tungsten Powder

35 46,000 995 21.0 4,07

36 46,000 905 21,0 4,19
Titanium Powder

37 46,000 995 21.0 23.0

33 46,000 995 21.0 22,3

]
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It may be noted that the larger compact, more loosely
pressed becguse of lack of hydrcstatic conditions in the
powder mass, showed little permanent gain in carbon becguse
of the gregter quantltles of oxygen absorbed along with the
carbon, Samples 28 gnd 29 of Table IT also showed no permanent
woight gains. Yet after carburizing the presence of carbide
was ascertained by microscopic examination.

In contraest with shorter times and lower temperg=
tures are the results at somewhat higher temperatures and
especlally at longer times. Sample No. 19 of Table II when
heated at 1040°C showed no greater weight loss than experienced
lez hemegenized Por 1soth®rumal transiormation
studles and also gave a microstructure of cementits and pesarlite.

In Teble IT g number of valuss are shown of carbon
conténts in a renge of 5-15%. It appears that the carbon is
first picked up 1In solutlion in the gamma ferrite at higher
temperstures, then precipitated as FezC which then decomposes
to give graphite. At Lower temperatures, say 650°C, the

carbide appears to be stable even in contents of 6.35% carbon.

Incidentally this material, as one would expect, is very hard

4o Ve o 2o
and cuts glass

*cadilye.
At this time 1t might be of interest to show what
happens, using energized charcoal, below the temperatures

in Table II. The following data listed in Table ITI

‘..1

[

ists

were obtained:
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TABLE ITIX
Sample Pressing Carburizing Time Percentage Welght
No. Pressure  Temperature (Hours) Increase
(psi) °C

Carbonyl Ircen "LV

1 138,000 540 50 1043
2 138,000 540 60 143
3 138,000 540 60 1.35
4 138,000 540 60 1,53
5 46,000 540 60 7.03
8 45,000 540 60 7.05
7 46,000 540 60 6475
8 46,000 540 60 6485
9 23,000 540 60 10,27
10 23,000 540 80 10,37

Samples 2, 3, 5 and & wsrs gnalyzed for carbon chemically and
showed none. Further sample No, 4 after being heated at
1040°C for 1 1/2 hours showed & weight loss of but 0,00008
gramé. Microscople examination reveasled no carbon, but
instead showed iron oxlde dispersed in a matrix of alphsa
ferrite. It is quite obvious that oxidation has taken place
preferentially. From experiments performed it aprears that
oxidation occurs definitely under the pack carburizing condi-
tions malntained when the temperature is 565°C and carburiza-
tion occurs definitely at 585°C. These valués hold when Na2CO03
energizer 1s used. When ordinsry hardwocd charcoal {on 200
through 150 mesh) without energizer Intentionally added is
used, then even at 650°C there 1s no carburization but ilnstead

oxidation ceccurs.
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In Table IV are swmarized the equilibrium constants
for a serles of reactions and in Filgure 42 1s a plot of data
for reactions (2) and (4). Data for (4) is given at 0.2 and
1 atmosphero pressure., From this data one might well expect
results such as have been obtained. It shows that a tempera-
tures would be expected at which oxidation occurs preferentially.
Not enough informatlion, unfortunately, exists to ascertain
whether the introductlon of the ensrgizer shifts the CO con-
centration or whether 1t ssrves to shift the pressars of CO +
CO2 to a lower value. As a result no explanation is offered
for the fact that oxidation oceurs even st 630°C when no MHazClgz
energizer 1s used. See Figure 47, It might also be
remambersd that the constants for eguation (4) are for carbon
as gZraphite and not gmorphous carbon,

One experiment conducted on Carbonyl Iron "L showed
that In sixteen hours at 925°C a carbon conbent of 1.207 was
reached in ordinary hardwood charcoal whlle under the same
conditions of time and temperaturs bubl 0.697 C resulted in
using pure finely divided graphite. This too may De & condi-

on of rate of absorntion rather than 20 concentration maline

ot
s

A

cd. Alonng those same lines differsnces wers abpparsant in

(’f‘

-3 v
G e e AN/
using charcoal of varylag mesh., For example, carbonyl iron

"I was carburlzed 51 hours at 925°C in 5-8 mesh charcoal

4]

{no energizer) and anobthsr set of samples were carburized in

i

(’)

200 mesh charcoal (no energizer other than the ash of the
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TABLE IV
See Bilbliography (21)

Equilibrium Constants for Reaclions 1 to 58

-uoissiwiad (noynm papqyoid uononpoidas Jeyung "JSUMO WBLAdOD By} jo uoissiuiad yum paonposday

P P P.. x pe P
£°C £°F Ky = .02 K = 20 Ky = ;Eﬁ._.fﬁﬁa K, = =29 Kg = T H,
Pye0 Poog Pya0 * oo Pcog Pom,
400 752 9,12% 0.74% 12,3 9 108 5,66 x 102
45Q 842 8 ,38% 0,86% 7,38 763 x 107 0,164
500 952 4,68% 0.96%* 4,88 4,7 x 107 0,422
550 1022 3a53% 1,03% 3445 0602 06977
600 1112 2,99 1.17 255 0.09 2,09
650 1202 2,65 1,35 1,96 04343 3,92
’700 1292 2«»38 1053 1.56 1906 7.16
750 1382 2617 1,72 1.27 2,96 12,3
800 1472 2,00 1.90 1,05 7«48 20,1
850 1562 lm84 2\)07 00891 17.46 51‘8
200 1652 1,72 2,24 0,765 37.'76 4843
950 iv42 1,61 2,41 0,668 76 70 71,0
1000 1832 1,51 2,57 0.539 146 .5 102.4
1350 1922 1o44 2,72 0,527 264 ,0 141,.2
1100 2012 1637 2,88 0.474 463 .4 1920
1150 2102 1,31 3,03 0,433 767 o4 25640
1200 2192 1.26 3,21 0,395 1244 33560
1250 2282 1.22 3,36 0,563 1945 431,5
13500 2372 1,18 3,49 0,359 2051 547 .0

not so accurate as the others,

81)
(2)
(3)

Peo + }"IQO
Fe + CO,
CO + HgO

Foe0 + Hg
a0 + CO
CO, + Hp

oy

(4) C
(5} ¢

+ CO
H4=

3
C

+ i

2
2

co
Hp

#*Stable oxide at this temperature is Fez0,4 not ¥Fed; the eguilibrium constants so marked are

‘L8
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charcoal). The coarse charcoal run yielded samples of 0,959 C
while the fine material gave 1.20% C. Again it 1s difficult
to draw conclusions.

Microscopic studles revealed a number of interesting
structures resulting from these carburizing studies. These

are shown in Figures 43-50,
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Figure 43
Sample No, 29 Table II

Tohnaratrnrne WA AN
—mevenaelay Ve TV

Alpha Ferrite and Cementite
Carburized at 585°C for 16 hours in NayCOs energlzed

(%]

hardwood charecosl.
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Figure 45

Sanmple No. 4 Table III
Leboratory Sample No. 43

Iron Oxide and Alpha Ferrite

"Carburized” at 540°C for 60 hours In NagCO,

energized hsrdwood charcoal, then hested to 1040°C for

1 1/2 nours in nitrogen abtmosphsre.
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Filgure 46
Sample No, 1 Table III
Laborgtory No, &la

energized hardwood charcosal.
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Flgzure 46,
Sanple No. I9 Tazble II
Laboratory No. 42

Cementite and Pearlite
Carburlzed et 660°C for Z25.8 hours in NaZCO”
.3
energized herdwood charecsl and then gustsnitized ab

1040°C for thirty mintites and allowed to cool.
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Figure 47

Laboratory No, 23

Iron Cxide and Alpha Ferrite
TCarvurized! gt 6509C for 16 hours in hardwood

charcoal without NazCOz; energizer added, then the sample

was heated to 1000°C for thirty minutes in the nitrogen

atmosphere.
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Figure 48
Semple No, 22 Table II
Laboratory No., 18

Cementite and Alpha Ferrite
Carburized at 650°C for 35.8 hours in NapCO3

energized hardwood charcoal.
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Figure 4¢
Sariple No, 31 Table II
Laboratory No., 76

Cementite and Pesrlite
Electrolytic Iron carburized at 925°C for 22 1/2

hours in NasC0s; energized hardwood charcoal,
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Sample No,
Lavoratory

Pearlite
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Carburizing Studles in Hardwood Charcosl

In gddition to studlss on energized charcoal some
data were obtalned on carbon absorption rates in ordinary hard-
wood charcoal. Figure 51 shows the results for carburlzing
0.2 g samples of carbonyl iron "L" at 925°C, The samples were
presssd at 138,000 psi. The wvalue of 1.22 percentage welght
inerease for 3000 minutes is equivalsnt to about 1.29% C,.
Figure 52 1llustrates the differences caused by a variation
in pressing pressures used for compacting the carbonyl iron
"L over rsla
lower pressing pressures there is a much more rapid weight
gain., Thls 1s cgused by oxidation combined with subsequent
carburization and as a result the curve goes through a maximum.
At the higher pressing pressurses no maximum is evident bhe-
cause the oxidation rate is decreassd by the more compact
powder, Because of the oxidation possible in pack carburizing
a5 the mass l1ls being heated 1t would seem muech more practicable
normally to use gas carburlzing procedures where the comprsssed
povder samplss are Introduced into ths hot zone without a
greab temperature lag. If long tims carburizing is not
objectionable, as was the case in samples preparsd for the
austenite decomposition studies, the pack cgrburlzing procedure
is excellent for preparation of pure steel of controlled
carbon content. It was easier with limited faclilities to

prepare pure steels of controlled carbon content by this methed

T
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than by gas carburizing or by mixing graphite and iron followed
by subsequent heating to form austenite.

In twenty and 140 minutes at temperature under
conditions showm in Figure 52 the percentage weight increase

varlied with pressing pressure as shown in Table V.

TABLE V

Pressing Pressure (psi) Percentage Welght Increase
23,000 1.62
46,000 1.38
69,000 1.27
392,000 1.15
115,000 0.98
138,000 0.80

Time at 925°C was 20 minutes

Pregsing Pressure {psi) Percentage Weight Increase
23,000 1.05
46,000 1.06
69,000 1.02
92,000 1,03
115,000 1.01
138,000 0,96

Time at 925°C was 140 minutes

In comparing Figurss 51 and 52 one may at first
thought bellisve that they are In conflict, In thirty minutes
at btemperature ths weight inerease shown in Figure 51 is 0.52%
while in Figure 52 it is given as 0.84%. These values are not
in conflict when one considers that In the coarser charcoal
the 0,.847% weight incrsase 1s acbually due to a greater quaniity
of ozide whersas bthe 0.527 weigh®t chengs is more nearly the

actual cagrbon content,
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Maximum Carbon Content of Carburized Cases

Some Investigators beliesve that the maximum carbon
content of carburized cases is limited by the Acepy temperature
in the iron~iron carblide constitutlonal disgram when the carbon
monoxide content 1s sufficient %o permit going to that high a

carbon content, Recently considerstlon has been given to this

f:);
133

oy Herria (22) end Sidney Breitbart (23).

Most certainly this 13 not the case when HagC03
energizer is used, as has been shown, but when it is not inten-
tionelly ussd there might be some question. Many samples

carburized at 925°C in hardwood charcoal show that after long

times (60 hours) on iightly pressed samples the carbon contsnab

e}
N

Pt Fla Am . ad zPn
- r L g ‘LVUIIL A ~ ~

is about 0,1% less. At 1065°C values as high as 2.3% wers
obtained after forty hours ab the carburizing temperature.
The Atepm glven at 10657C is close to 1.55% C. At 800°C in
hardwosd charcoal (on £C0 through 150 mesh) the following

carbon contents were reached:

Pressing Pressurs Percentage Carbon

(psi)
138,000 0,90
138,000 0.51

48,000 0.90

45,000 0,20

23,000 0.9C

23,000 0,81

3

vealue would not

T
i
&3
D
=2
©

Q

At 800°C equilibrium data shows thatb

- R T NG T B e -~ de
pe limited to aboub

r
<4
Q

fot

(]
fan
o

be reached. The carbon content
C.68% C. The data =t 800°C shows that the less dense comdach3

aioh cavbon contenks.
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Perhaps not enough data are availabls, but there

seems to0 be no definite theoretical reason why the carbon

content should be limited to the Acem temperature. It would

seem more logical to expect precipltation of FezC as a second

phass.

Carburizing of Electrolytle and Hydrogen

Reduced Iron Powders

Elsctrolytic lron powder and hydrogen reduced iron

powder of the following analyses were glven a hydrogsn treat-

ment at 26C°C for twenty four hours.

ct
-

.
gimilar to the one gl

<

other studiles,

Elsctrolytic Iron (annealed)

Totgl Iron ©2,50%
Copper 0,01
Silica 0,02
Manganese 0.027
Zine 0,090
Nickel Vone
Sulphur 0,001
Phosphorus 0,002
Free Carbon 0,005
Oxygan -

This treatment was

m MW .
iron L’ used for all

Hydrogen Reduced
Iron Powder

Total Iron 99% minimum
Carbon 0.04
Manganese 0,18

After the hydrogen treatment these powders were

pressed and carburized along with carbonyl iron "L". Weight

changes were

Pressing Pre
Carburizing
Time

Carburizin

sure

g
temperature

138,000 »si
1500°F
22 hours

Hardwood Ch 1

ara N
licid vwva
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Percentage Weight Change

Carbonyl Iron "L" 0.77%
Electrolytic Iron 0.52%
Hydrogen Reduced Iron C.93% Loss

It was qulte evident that the loss in welght
encountered was with the hydrogen reduced iron caused by the
presence of the oxlde in the powder. MNicrostructures prepared
of all of them showed eutectold carbon content. A fair
ostimate is that all were about 0.85% carbon. In an endeavor
to gain some conecept of the oxygen contents of these various
powdsrs they were run in comprsssed form (46,000 psi) at

2000°F. The loss in hydrogen (not necesserily all oxygen)

after twenty five hours was
Carbonyl Iron "L" 0.049
Electrolytic Iron 0.70%
Hydrogen Reduced Iron 1.92%

The tlme of twenty five hours was split into three
periods to determine that a constant weight had been reached.
The percentage losses varisd with time as folliows:

Hydrogen Loss

After After After
11 1/2 hours 15 hours 25 hours
Carbonyl iron "L 0,04 0,04 0,04
Tlectrolytic Iron 0,56 0,70 0,70
fydrogen Reduced Iron 1,88 1,92 1.92
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This indicates that under these conditions the oxygen removal

is slower with the electrolytic iron than with the hydrogen
reducad iron, which has a greater oxygen content. This is

also svident when one compares the losses in hydrogen and ths
percentage weight changes. By adding these values algebraically

and considering that the 0.04% carbon in the hydrogen reduced

iron is lost during the hydrogen treatment and present in
the original powder the percentage welght changes in the

pravious carvurlizing experiment should have bveen:

Carbonyl Iron "L + 0481%
Blsctrolybic Iron + 0415%
Hydrogen Redueced Iron = 1.07%

instead of

Carbonyl Iron ®LF + 0.77%
Electrolytic Iron + 0,52%
Hydrogen Reduced Iron - 0.93%

The above calculations are made assuming the actual carbon
content of the compact to be 0.85%. The significant point
is that 0,37% oxygen remains in the elsctrolytic iron powder

compacts as comparsd to C.145s in the hydrogen reduced powdser

compachs,

My

Another set of all three type irons were carburized

(4

for thirty six hours at 815°C in hardwood charcoal {on 150
through 100 mesh)., The saumplss were pressed at 138,000 psi.
After carburizing the compacts were homogenized at 1100°C for

fifty five minutes in the nitrogen atmosphere., Results were
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as follows:

Welght Percentage Weight Percentage
Gain As Carburized Leoss in Homogenization
Carbonyl Iron "LY 0.75 0.06
Elaetrolytic Iron 0.32 0439
Hydrogen Reduced Iron - 1,08 Ce23

These results confirm what has been stated previously,
namely that in spite of higher oxygen content initally present
in the hydrogen reduced powdsr, more of the oxide is reduced
in carburizing. This is true for the conditions under which
eral.
generslly true., would be of marked importence

in any steels made by carburizing methods because if they

]
¢}
{
©

were to be healt treated they would decarburize when austenliti
This, of course, would result in poor control of the properties
of the prcduct,

Wher: semples of all three type powders were compacted
at 46,000 psi, reduced in hydrogen for twenty five hours at
1100°C, then carburized at 815°C for thirty six hours in
hardwood charcoal (onn 150 through 100 mesh) they gave welight

percentage increases of

Carbonyl Iron "L 0.76%
Blectrolytic Irom 0,78
Hydroger: Reduced Iron 0,78
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These might be considered essentially the same. This is but

a limited amount of work along these lines but nevertheless

indicates a definite trend.
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CONCLUSIONS

The more important conclusions reached in making
this study are that:

1, Very pure steels may be prepared by pack carburlizing
a high purity iron such as carbonyl iron "L".

2. Pure steels made from powder wlthout going into the
ligquid state have austenite transformation characterlstics
which do not differ markedly from those found in comparable
steels made by utilization of the liquid phase. This is
considered by the author a significant contribution btoward
hy eithar method droducts may be
produced , wlthout too much difficulty, that are equivalent
with respect to composition and grain structure,

3, Sodium carbonate used as an energlzer alters markedly
the quantity of carbon absorbed in carburizing carbonyl ircn
"I compacts.

4., Carbon gbsorption may take place with sodlum carbonate
energized hardwocd charcocal at temperatures as low as 585°C,

5, The oxide content of iron powders is an important
factor to consider in the prepsration of steels 0y carburiza-
tion, particularly those which may be subjected to heat treat-
ment to gain high strengths.

Since it wes possible to produce a high grade steel

it would seem relatively simple, in further work, to study the

—aia s
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influence of the introcduction of even small quentities of

other elements and compounds into the powder compacts. With

a high purity product it may be possible to show, for example,
whether cobalt actually does increase the rate of austenite
decomposition In steels and what the mechanism may be. To
1llustrate further, a more careful grain growth atudy ecould

be conducted on stesls to show more precisely the influence

of various compounds such es aluminum oxide on graln growth
rhenomena. An opportunity exists immedistely for securing

data to learn how energizers function in carburizing iron and
steel, Thisg study might well begin by employing other compounds
as energizers. Uncovering some of the secrets in nature is
always difficult but it i1s sincerely bslieved that wlth
rospect to the metallic stabte the job may be made much sasier

through use of metal powders,
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