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PROCESS FOR CABBURIZING coursc'rm 
IRON ARTICLES‘ ' 

Lyman ‘F. Whitney, Cambridge, Mass, to ‘ 
Istlunian Metals, Inc., Boston, Mass, a corpora 
tion of Massachusetts 

Application April so. 1940. Seth! No. scam 

4 claims. (0!. us-ras) 

This invcntionrelates to powder metallurgy 
p for producing steel parts. 

Heretoiore it has not been practicable to pro 
duce steel having simultaneously high densities 
of 7.60 and over, and high carbon, by powder 
metallurgy methods. a ' ' 

The chief object of the invention is the produc 
tion of small steel parts of unusually good physi 
cal properties from iron powders. 

. Another object is to produce by powder metal 
lurgy methods, steel of high density, and conse 
quently with high physical properties, without 
the use of excessive pressures and/or tempera 
ures. ' ' . - 

Another object is to produce steels by powder 
metallurgy-methods which, during the; pressing 
operations, are unusually soft and ductileand 
consequently cause relatively little wear on the ‘ 
dies and punches. .- . v o‘ o . _ V 

- Another object is to produce steel parts by pow 
der metallurgy methods which at an intermediate 
stage of manufacture are substantially free from 
carbon and are'gofgreat softness 'and ductility 
thereby allowinga certain degree of flow of the 
metal to take place'during pressing .or coining 
operations. ‘ Other-objects of the invention‘ will 
appear from the‘ following disclosure. ' 
In the drawingali‘igure 1 shows a curve of re 

pressing pressures as abscissae plotted against 
percent reduction of area as ordinates. Figure 
2 shows a curve of final densities as abscissae 
plotted against per cent reduction of area as or 

dinates. ' g . 

It is well known to‘ produce steel parts by pow 
der metallurgy methods either by pressing and 
sintering steel powder which already has its car 
bon dissolved in it, or by mixing iron powder with 
graphite or other carbonaceous material, com 
pressing ,the ‘mixture, and sintering to dissolve 
‘the carbon inlthe'iron and bond the particles to.— 
gether simultaneously. ‘Such methods produce 
compacts of, relatively high porosity and poor 

" .physical properties. ‘Toproduce better compacts, 
'_a second‘pressing~ and a second s'intering may be 
used to increasethe density and producesome 

‘ what better-physicalproperties.-_ “However, even. ' 
I w when onlyv moderatejamounts' of carbon are used 

'{fthematerial hard to'lconip'ress ‘or coin to .. v ingh densities... For example, when 0.5% carbon 
‘ 1 is’rused, practicalpressures and temperaturesido 
,i ,‘,not produce densities‘hi‘ghe'r than ‘about 7.6 even‘ > 

,- _' _ "when'the purest of iron powders are subjectedtoh. 
'vj‘two or even-more pressings‘and sinterings.‘ ‘Fur-_v - 
,thermore, ‘the’ pressing oi- 'steel - powders, or _com-, 9 

2 
graphite, at high pressures. causes a substantial 
wearing of the die surfaces. 
I avoid these difncuities by pressing pure iron 

powder, which may contain desired amounts of 
powdered metallic alloying ingredients, in two or 
more pressing operations not exceeding about 100 
tons per square‘lnch and preferably not exceed 
ing 90 tons per square inch with intervening sin 
terings at temperatures preferably above about 

10 1600' I". In this way I achieve extraordinarily 
high densities of about 7.70 or higher without the 
use of excessive pressures or temperatures. I 
then introduce carbon into the piece in any de 
sired amount by a heat-treatment in a rapidly 

l0 carburizing atmosphere, following which I cause 
the carbon to become distributed in the piece. at 
least to a substantial depth, by an equalizing 
heat-treatment in an atmosphere or other medi 
um which is in equilibrium with the predeter 

20 mined final carbon content at the equalizing .tem- " 
perature. ~ 

Asastartingmateriahcrasacomponent 
thereof, I prefer to use pure iron powder such as 
electrolytic iron, ‘which has an apparent density 

as of substantially'2.3, and which, aside from water 
and other sorbed gases (as well as from carbon 
and the common alloying metals) contains no 
more than 0.2% of impurities. In general ‘I pre 
fer that such iron powder, when heated in dry 

30 hydrogen for 2 hours at approximately 1800° 1''. 
does not lose in weight more than 0.6 to 0.8%, 

, and preferably not more than 0.4%. Normally, 
electrolytic iron powder which has been-an 
nealed suillciently to bev suitable for most ordi 

35 nary powder metallurgy operations loses from 
0.6% to 0.8% in weight after heating for 2 hours 
at 1800° F. in dry hydrogen or cracked anhydrous 
ammonia. Such powder may be ‘further an 
nealed, however,.in dry hydrogen or cracked an 

40 hydrous ammonia at approximately 135051‘. for 
about 3 hours, and left in suitable powdery con 
dition for pressing. After such heat-treatment 
the weight loss of the powder when heated as 
above, for 2 hours at 1800° F. is reduced from 0.6% 

as to‘ 0.8% to about 0.2%. This weight loss may re 
sult from the elimination of sorbed water, sorbed 
gas which is largely oxygen, and other impuri-v 
ties and the reduction of iron oxide (or any of 

.- them). due to the high'temperature employed . 
so and the-reducing power‘of the hydrogelle ' r . I 

For many .applications'of my invention the. 
weightless of the‘ iron powdermay be from 0.6% 

, to 0.8%. butYunder some ‘circumstances, and for 
I I, v i _ best and‘v most consistent‘ results I .prefer to use \ 

‘ ‘pacts, ‘and the pressing of powders ‘containing as an iron powder whose'weight loss does not ex- ~ 
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ceed 0.2%. The presence of large proportions 
of sorbed water or sorbed gases in the iron com 
ponent of a starting material results in a tenden 
cy for cracks to be present in the ?nal product 
and in diil‘lculty in always obtaining uniformly 
high physical properties in such products. 
Where manganese or other alloying agent hav 

ing a higha?lnity for oxygen is an ingredient of 
the starting material, there is a tendency for oxy 
gen in whatever form it exists in the starting ma 
terial to combine with such ingredients to form 
an oxide thereof. Such alloying agents when 
combined with oxygen are .present in the powder 
compacts as inclusions, and therefore cannot 
contribute hardenability and strength to the ?nal 
product. 

If the starting material contains some carbon, 
for example 0.3%, the use of a low weight loss iron 
component is not as important, because delete 
rious impurities may be removed by combining 
with the carbon and escaping as gases during the 
?rst sinter operation so that the ?nal product has 
consistently high physical properties. Further 

. more, if alloying agents, such as manganese, hav 
ing relatively high a?inity for oxygen, are present 
in the starting material, and carbon is added in 
appropriate amounts the carbon will combine 
with oxygen in preference to such oxidizable 
metals and thus prevent their oxidation and the 
presence of their oxides in the ?nal product. 
In connection with the use of carbon for remov 

ing deleterious materials (principally sorbed ox 
ygen). as described above, it is a surprising fact 
that the amount of carbon required is much less 
than the amount required to combine chemically 
with all of the oxygen from the powder. For 
example, assuming that there is 0.6% to 0.8% 
sorbed oxygen in the iron powder, 0.3% carbon 
in the starting material gives the necessary sta 
bilizing effect and insures a ?nal product which 
'has consistently high physical properties, al 
though only about % of this carbon is driven oil! 
as gas in the sinteringr operation, leaving a sin 
tered compact containing 0.1% carbon. The 
addition of carbon to the starting material is also 
effective to reduce metallic oxides which may be 
already present therein and to prevent subsequent 
oxidation. It thus overcomes all of the deleterious 
effects of oxidation upon the charge during and 
after the first sintering treatment. 
My starting material may include a lubricant, 

for example stearic acid, and alloying agents if 
desired. ‘ 

According to my invention the starting material 
is subjected to a ?rst pressing operation at a pres 
sure of less than 40 tons .per square inch, but 
su?icient to form a coherent, unitary compact. 
The minimum pressure which will permit easy 
handling of compacts prior to sintering without 
excessive breakage may be about 15 tons per 
square inch. The preferred density of the com 
pact after such pressing operation is 6.3 to 6.8. 
If carbon is incorporated in the starting material 
some of the carbon combines with oxygen which 
may be present by itself or in combination in the 
starting material and the reaction products are 
expelled as CO and CO2. In addition, hydrogen 
in the sintering atmosphere may combine with 
some more of the carbon and the reaction prod 
uct be expelled as CH4, so that at the end of the 
sintering operation the carbon may have been 
reduced to 0.1% or less. In the sintering oper 
ation it is important to reduce the carbon to a 
small percent if it is desired, on repressing, to 
obtain a compact having a density of 7.65 to 7,7 or 

10 
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over. A carbon content of say 0.5% makes it very 
di?icult to repress to obtain densities of these 
magnitudes. , 

This sintering operation also has the bene?cial 
e?ect of causing certain alloying agents which 
may have been intentionally added to the starting 
material to dissolve substantially completely in 
the iron and become quite uniformly distributed 
throughout the compact. Some of my preferred 
alloying materials and the amounts in which I 
prefer to add them are as follows; manganese 
metal up to 1%; ferro-manganese (containing 
approximately 80% Mn) up to 1.15%; manganese 
silicon eutectic (consisting of 90% Mn and 10% 
Si) up to 0.55%; silicon up to 1%, molybdenum 
up to 1% ; ferro-vanadium up to 0.8%; and ferro 
chromium up to 4.5%. The quantities of these 
alloying agents may of course be varied, depend 
ing upon the particular properties desired. Other 
alloying agents which diifuse to varying extents 
include chromium, vanadium, molybdenum, co 
balt, tungsten, silicon, titanium, aluminum, etc. 
Since most of these alloying materials have a very 
high a?lnity for oxygen, I prefer, when using 
them to include, as previously mentioned, a small 
amount of graphite to reduce such oxides of such 
metals as may have formed and to prevent their 
oxidation. Such use of graphite with powders of 
high oxygen content in the sintering operation 
overcomes and prevents the oxidation of alloying 
materials. > 

Following the aforesaid sintering operation the 
compacts are repressed using pressures of 60 
tons per square inch or greater, to produce high 
densities. Depending on the particular alloying 
materials added and the amount of such mate 

’ rials used, with pressures of 60 tons per square 
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60 
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inch or over, these densities may be approximately 
7.65 to 7.70 or over. The advantages of the above 
described sequence of steps, viz. an initial pressing 
at less than 40 tons per square inch, a sintering 
in a reducing atmosphere, and a repressing at 
pressures of 60 tons per square inch and over, are 
set forth in detail in my copending application 
Ser. No. 549,807, ?led August 16, 1944, now Pat 
ent-No. 2,411,073. 
After the repressing operation the compacts 

are of high density but contain either substan 
tially no carbon or only a small amount of carbon. 
I then increase the carbon content of the com-‘ 
pacts as follows: 
The compacts are heat-treated at a temper 

ature of about 1700“ F. in an atmosphere which 
consists of a gas such as dry hydrogen, or cracked 

; anhydrous ammonia, to which is added a small 
amount of a hydrocarbon. This atmosphere is 
preferably one which would be in equilibrium with 
steel of a carbon content which is higher than 
that desired in the ?nal product. For example, 
I may use cracked anhydrous ammonia'contain 
ing 0.2% to 1.0% of propane. During this heat 
treatment a predetermined amount of carbon‘, 
supplied by the propane in the atmosphere, is 
dissolvedv in the surface of the iron. This takes 
the form of a high carbon case, whose carbon con-' 
tent decreases fairly rapidly from the surface in 
ward toward the center. 
In general, I prefer that the amount of carbon 

which‘ is rapidly introduced during this carburiz 
ing step be reasonably close to that,.,required in 
the ?nal article, so that in the equalizing step 
described below only a small amount of carbon 
will have to be either removed or introduced in' 
order to reach the ?nally desired carbon content. 

' _In ‘general, I prefer‘that .the carbon introduced in 
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the carburizing‘rtép should be more rather than 
less than the ?nally desired amount. . 
Following the carburizing, I use an equaliz 

ing step to cause the carbon to become uniformly 
distributed throughout the piece by subjecting it_ 
to an equalizing heat-treatment at approximately 
1700" F. in an atmosphere which may be similar 
to that used for carburizing, except that the 
quantity of hydrocarbon present is so regulated 
as to be in equilibrium with the ?nally desired 
steel composition at the equalizing temperature. 
During this equalizing cycle the carbon ‘diffuses 
inward from the high carbon case and becomes 
substantially uniformly distributed throughout 
the piece. During the ?rst part of the cycle, the 
carbon at the surface is initially of higher con 
centration than the final uniform concentration, 
and consequently a small amount of carbon will 
always be removed from the piece. by reaction 
with the equalizing atmcsphere. But if it is de 
sired to reduce this loss of carbon, e. g. for the 
sake of obtaining an unusually high degree of 
uniformity, the composition of the atmosphere 

. may be varied during the course of the equaliz 
ing cycle so as to be always in approximate 
equilibrium with the carbon concentration of the 
surface of the piece. 

I prefer to introduce the carbon into the piece 
by the two heat-treatments described above, viz. 
carburizing and equalizing, rather than by a : 
single heat-treatment in an atmosphere which is 
in equilibrium with the ?nal carbon concentra 
tion. Since the atmosphere which I use for 
carburizing contains a concentration of the car 
burizing hydrocarbon which is su?icient to be in 
equilibrium‘ with steel of substantially higher 
carbon content than that ?nally desired, it in 

a 
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* the atmospheres. 

compacts were prepared by compressing at 2'1 
tons/in.z a starting material consisting of —l00 
mesh electrolytic iron powder mixed with 0.63% 
of term-manganese powder and 1.0% of stearic 
acid powder. The compacts were preheated for 
1 hour at 900° F. in hydrogen to eliminate the 
stearic acid, and then were sintered for 3 hours 
at 2000° F. in dry hydrogen. The pieces were 
then repressed at 90 tons per square inch, dry . 
soap being used as a lubricant to reduce die-wall 
friction. The pieces were then carburized as 
described above - ‘ 

In a porous compact, ‘in which the density is 
low enough so that the voids are interconnecting, 
carburizing in an atmosphere which is in equi-' 
librium with the desired ?nal uniform carbon 
content may be done in shorter times than'thosé 
described above, because the carburizing atmos 
phere penetrates the compact by way of the in 
terconnecting voids, and carburizes the interior 
surfaces of the compact. Under these conditions 
‘the distances which the carbon must diffuse 
through solid iron inorder to achieve uniformity 
of carbon distribution are greatly decreased, and 
they time correspondingly shortened. 

I use temperatures for carhurizing and equaliz 
ing which do not exceed the melting point of car 
bon eutectic composition (approximately 2100° 
F.) inorder to minimize distortion of the pieces . 
and to prevent too rapid deterioration of the 
metal parts of the fumace which are exposed to 

Temperatures much above 
1700°'F. are avoided commercially beca‘ise of 

, higher maintenance costs of the heat-treating 

troduces into the piece the total amount of car- Y. 
bon necessary in a shorter time than would an 
atmosphere in equilibrium with steel of the de 
sired carbon content. Therefore the total time 
for producing a uniform carbon content can be 
substantially shortened when the two (rather . 
than one) heat-treating steps are used. 
For example, a carburizing heat-treatment at 

1700° F., for 13 hours in an atmosphere of hydro 
gen containing 1% propane, followed by an 
equalizing heat-treatment also at 1700° F. for 19 
hours ‘in an atmosphere of hydrogen containing 
1% methane (a total of 32 hours), produced a 
substantially uniform carbon distribution, the 
average carbon content being 0.96%. At the 
same temperature, a single heat-treatment in an 
atmosphere of hydrogen containing 1% methane 
had to be continued for 61 hours before com 
parable uniformity of carbon content was pro 
duced,- and the average carbon content was 
0.83%. 
At 2000° F., a carburizing heat-treatment of 

21/2 hours in hydrogen containing 1% propane, ~ 
followed by an equalizing heat-treatment also 
at 2000° F. for 51/2 hours in hydrogen containing 
0.2% methane (a total heat-treating ‘time of 8 
hours) produced good uniformity of carbon, the‘ 
carbon content being 0.93%. At the same tem 
perature, a single heat-treatment in an atmos; 
phere of hydrogen containing 0.2% methane had 
to be continued for.32 hours to produce compar 

45 

50 

65 

ablefuniformity of carbon, and the carbon con- / 
tent was 0.73%. 
In the above comparisons all of the pieces heat-' 

treated were 2 inches long by 1/4 inch square, and 
all were between 7.80 and 7.82 in density. The 
hydrogen used was deoxidized and dried to a 
dew-point of between ~49° C. and —-53° C. The 

equipment, even though the times involved can 
be considerably shortened if higher temperatures 
are .used. For that reason my preferred tem 
perature for carburizing and equalizing is ap: 
proximately 1700° F. and for the two heat-treat; . 
ing operations the temperatures employed should 
not go much above 1900“ F. and should not be 
much below 1600° F, ’ 
In certain cases it may be desired to make parts 

in shapes which cannot be ejected from the press 
ing dies (as for example on account of re-entrant 
angles). Parts having knurls on surfaces adja 
cent to the‘ die wall, for example, could not be , 
ejected from the die by conventional powder. 
pressing techniques. I can, however, produce 
such, parts by substituting smooth surfaces 
throughout the first and second pressing opera- ' 
tlons. Following the second pressing operation 
I may anneal the parts and the material will then, > 
in the absence of any substantial amount of cart-I 
bon, be very soft and ductile. Then by a cold 
coining operation, during which only certain 
parts of the piece may be supported in a die, I 
may impress the knu'rling into the surface of the 
piece by means of a punch. - When the punch has 
been removed, the piece may be withdrawn from 
the die. It may then be made into steel of the 
desired carbon content by the method described 

' elsewhere herein. ‘ 

If, instead of using a starting material con 
taining 0.3% graphite as previously ‘cited, I 
use more than a 0.3% graphite, say 0.6%~ graph 
lie, and in the ?rst ,sintering operation reduce 
thev carbon to approximately 0.4% instead of 
0.1% or less, I still can reach densities of 7.65 
and over by employing a re-pressing pressure of 
less than 100 tons per square inch if no alloying - 
ingredients are present.- With 0.9% manganese 
added, densities of 7.5 and over can be obtained 
at re-pressing pressures of less than 100 tons per 
square inch. 
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It is possible by my method to obtain a rather 
substantial degree. of ?ow in the second pressing 
operation during which the piece is densi?ed to 

- its ?nal high density of approximately 7.65 to 7.7 
or more. For example I compressed one of my 
preferred starting materials in a die in a ?rst 
pressing operation into the shape of a stick of . 
cross section approximately 0.25" x 0.28" and 2" 
long. I then cut oil’ a piece approximately %" 
long from one end of the stick. After a sintering 
operation as described above the piece was put 
back into the same die and repressed at 90 tons 
per square inch. During this repressing opera 
tion the material ?owed, while being densi?ed, 
to reduce the 0.28" dimension of the piece and 
?ll the die cavity entirely, and completely closed 
up the %" space which was un?lled in the 
length of the cavity before the repressing opera 
tion. This property of the material is extremely 
useful in making relatively complex shapes. It 
has hitherto been impossible by powder metal 
lurgy processes producing steel parts to achieve 
such high degrees of ?ow but it is possible by my 
method when I retain the great softness and 
ductility characteristic of very pure iron by hav 
ing little or no carbon present throughout. the 
pressing operations and introduce the carbon 
component of the steel after the ?nal shaping 
operation has been performed. 
As a speci?c example of my invention I may 

take an electrolytic iron powder containing 0.6% 
to 0.8% oxygen, and mix it with 0.5% to 0.9% 
manganese metal powder or preferably su?lcient 
ferromanganese to be equivalent in manganese 
content, and with 0.3% powdered graphite and 
about 1% of a lubricant such as stearic acid. I 
press this mixture at about 15 to 40 tons per 
square inch to form a coherent compact, and 
sinter the compact in dry hydrogen at“ 2000‘ F. 
until the remaining carbon does‘ not exceed 
0.15%. This requires in the case of pieces V4" 
thick, approximately three hours. I then repress 
the piece, (using at least 65 tons per square inch) 
to ?nal dimensions. The density of the compact 
will now be at least approximately 7.65 if I use 
about 75 tons per square inch, and at least 
approximately 7.6 density if I use 65 tons per 
square inch pressure. I then carburize the piece 
at approximately 1700° F. in an atmosphere of 
hydrogen containing 0.4% to 1.0% of propane 
fora period of time, determined .by the dimen 
sions of the piece, which will introduce into the 
piece slightly more total carbon than will be 
present in the finished article. In some instances 
the amount of carbon introduced will be approx 
imately the same as that required in the ?n 
ished article. This carbon-is con?ned largely to 
regions near the surface. I then equalize by 
heat-treating the piece at approximately 1700° F. 
in an atmosphere of hydrogen containing 0.30% 
of methane for a period of time which is also 
determined by the dimensions of the piece. Dur 
ing the first part of this equalizing a slight 
amount of carbon may be lost to the equalizing 
atmosphere, while the remaining carbon diffuses 
toward the center and by the end of the equal 
izing period is substantially uniformly distrib 
uted throughout the piece. The ‘amount of 
methane is so chosen that the atmosphere will 
be in equilibrium with the desired ?nal steel 
composition at the equalizing temperature. 
Therefore, if the total amount of carbon con= 
tained in the piece after _the carburizing treat 
ment is less than that ultimately required on the 
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8 
subsequent initial loss in the equalizing treat 
ment may be made up during the latter part of 
the equalizing treatment. ' 
As another example of the utilization of'my ' 

invention I have produced pieces of square cross 
section V4" x Y4" and 2" long having ?nal uni 
form carbon content of 0.8%. Annealed electro 
lytic iron powder, ?ner than 100 mesh, contain 
ing approximately 0.7% oxygen was mixed with 
1% stearic acid lubricant, 0.83% ferromanganese 
powder, ?ner than 400 mesh, and 0.3% graphite. 
The mixture was given an initial pressing at 27 
tons per square inch, followed by a sintering for 
3 hours at 2000' I". in dry hydrogen. The com 
pact was then given a ?nal pressing at 90 tons 
per square inch. The compact was then car 
burized for 10 hours at 1700' l". in dry hydrogen 
containing 1.0% propane. It was then equalized 
for 22 hours at 1700° I". in hydrogen containing 
about 0.30% methane. After cooling from this 
heat, treatment the piece was reheated to 1500‘ 
F., oil quenched, and drawn at 1100' 1". Its 
physical properties were then found to be: 
density 7.78, tensile strength 131,400 lbs. per 
square inch, elongation 18.7%.v reduction of area 
36%. and Rockwell B hardness 99. . 
Other sintering media may be substituted for 

hydrogen or cracked anhydrous ammonia if 
desired. Gases which I can successfully use in 
clude the conventional partially combusted types 
of heat-treating atmospheres, completely burned 
atmospheres of the type consisting of CO, Na, 
and H: in various proportions, and inert gases 
such as nitrogen alone. Where methane or other 
hydrocarbon is required to be used with any of 
the above gases during the equalizing cycle, the 
proportion of methane or other hydrocarbon 
may be so regulated as to be in equilibrium with 
the carbon of the ?nal desired steel composition 
at the equalizing temperature. , 
Carbon may be introduced into the piece in 

ways other than those described above. For ex 
ample, instead of gaseous carburizing atmos 
pheres I may use a pack, or I may use liquid car 
burizing salt baths. For an equalizing medium, 
I may substitute inert liquids suchas lead or in 
ert salt baths. Since the compact is of high 
density, for example 7.65 to 7.70, the pores in the 
compact are not interconnecting and the liquids _ 
do not penetrate to the interior of the compact. 
As previously noted, I have chosen 60 tons per 

square inch as a preferred minimum pressure for 
the second pressing operation; I have chosen 
this pressure because when the process described 
herein is followed, the physical properties, 
especially the per cent reduction in area, (at the 
point of rupture by tensile elgonation) show a 
very sharp improvement beginning at 60 tons per 
square inch. To be comparable in quality with 
conventional steel products, the steel made by 
powdered metallurgy methods must show a per 
cent reduction in area comparable to that ob 
tained with conventional steel of the same kind. 
For example, a steel containing approximately 
0.7% carbon and 0.5% manganese made accord 
ing to this invention, shows a very sharp improve 
ment in the per cent reduction in area as, with 
all other factors kept constant, the pressure used 
in the second pressing operation is increased, 
starting with 60 tons per square inch. In a sec 
ond pressing operation of 36 tons per square inch, 
the per cent reduction in area of the ?nal mate 
rial is approximately 9%; at 55 tons per square 
inch the reduction in area is increased to 15%; 

article, this de?ciency in carbon content and the 15 while at 65 tons per square inch the reduction 
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9 . 
in area had jumped to 2696. A curve oi’ second 
pressures as abscissae plotted against percent 
reduction of area as ordinates ?rst rises slowly 
and then, at approximately 60 tons per square 
inch rises sharply, and then tends to ?atten out - 

, again. 

This is a very important and surprising result 
as it naturally would be assumed-‘that the per 
cent reduction in area would increase'loughly in 
proportion to the pressure employed? 10 
In the re-pressing operation the‘degree of com- - 

pression may be governed in terms of thegiensity 
attained, instead of in terms of the pressure ap 
plied. From this standpoint, I prefer that in the 
re-pressing operation the compact be re-pressed 
lto a density of approximately 7.6 or higher be 
cause this is shown to bethe critical density at 
which the per cent reduction of cross-sectional 
area rises very abruptly to values which are char 
acteristic of steel of excellent physical properties. 
The per cent reduction of crossesection is shown 

. to be more than doubled when the ?nal density 
. ‘of the compact is increased from I7.58 to 7.65 
by there-pressing operation.‘ A curve of ?nal 

I ' densities as abscissae plotted against per cent re 
duction of area as ordinates rises slowly and then 
at approximately 7.6 density rises almost verti 
cally and then tends to ?atten out again. 
While I have referred to the-use of a mixture 

of pure iron powder and one‘ or more of my pre 
ferred alloying agents as a preferred starting ma 
terial or as one component thereof, I could equally 
well use an iron powder in which one‘ or more 
such alloying agents is dissolved, but containing 
aside from oxygen and other sorbed gases other 
impurities to the extent of not over 0.2%. 
From the foregoing it will be understood that 

a characteristic feature of my invention consists 
in using a rich carburizing medium and then 
changing the medium to reduce its carburizing 
effect, thereby to equalize the distribution of car 
bon in the article; The degree of richness of the 
initial medium may be varied Ito suit vdifferent 
conditions but it is always greater than the equi 
librium concentration, that is the‘ concentration 
of carbon in the medium at which the medium 
would be in substantial equilibrium with the ?n 
ished article. The change, ‘of richness may be 
made abruptly, as by replacing a rich atmosphere 
by a lean atmosphere, or it‘ may be‘made grad 
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10 
desired ?nal carbon content from powdered iron 
and containing non-ferrous solid impurities in 
an amount not exceeding 0.2%, sorbed material I 
including oxygen not exceeding 1%, all percent 
ages being by weight, which has been compacted 
at less than approximately 40 tons per square 
inch, sintered, and repressed at a pressure of 
at least approximately 60 tons persquare inch, 
comprising the steps‘ of introducing carbon into 
the surface region of the compact in a concen 

. tration in excess of the predetermined ?nal car 
bon content of the desired steel by raising the 
temperature of the article to between about 1600” 
‘F. and about‘ 2100° >F., soaking the article at 
said temperature range in a carburizing medium 
having a carburizing potential substantially high 
er, than that in equilibrium withthe desired ?nal 
carbon content of‘the steel, and then redistribut 
ing the carbon concentrated in the surface of 
the article substantially uniformly throughout 
‘the article by further soaking at said tempera 
ture range in a medium having a carburizing 
potential which is in equilibrium with the desired 
carbon content of the steel. ' 

2. The process of making- a steel article of 
predetermined ?nal carbon content from pow 
dered iron containing non-ferrous solid impuri 
ties in'an amount not exceeding 0.2%,v sorbed 
material including oxygen not exceeding 1%, and 
free carbon, which has, been compacted at less 
than approximately 40 tons per square inch, 
sintered to remove substantially all of the oxygen 
and to leave not more than 0.4% carbon, all pere 
centages being by weight, and repressed at a 

' pressure of at least approximately 60 tons per 
square inch to its ultimate shape and dimensions, 
comprising the steps of introducingcarbon into 
the surface region of the article in a. concen 
tration in excess of the predetermined ?nal car 
bon content in the article by raising the tem 

. perature of the article to between about 1600" 

50 
ually, as by drawing 0!! rich atmosphere and feed- . 
ing in leanatmosphere. The change may be car 
ried to or below the equilibrium point, Indeed 
the richness‘may be reduced to zero, as by re 
placing the carburizing atmosphere with an in 

If‘ the‘richness is carried be-v 

to this point either gradually or abruptly. In 
equalizing the distribution of ‘carbon in the ar 
ticle by changing the medium, the equalization 

1 may be carried as far as desiredand throughout 
‘ all or only part of the article._ For example, in 

55 

60 

many cases it is necessary to 'carry the equaliza- » . 
tion only to thepoint where the distribution is . 

- partly equalized and only throughout a limitedv 
depth adjacent the surface of the article. '}_ . 
The above-mentioned extraction of sorbed ma; 

terial from the compact during'the ?rst vsinter- _ 

F. and about 2100° F., soaking the article in said 
temperature range in a carburizing medium hav 
ing a carburizing potential substantially higher 
than that in equilibrium with said predetermined 
?nal carbon content, and then redistributing the 
carbon concentrated in the surface substantial 
ly uniformly throughout the article by further 
soaking the article while at ‘said temperature 
range in a'medium'having a carburizinglpoten 
tial which is in, equilibriumwith said predeter 
mined ?nal carbon content of the steel.“ . 

3. The process of making a steel article of a 
desired ?nal carbon content from powdered iron " 
including carbonuandi containing non-ferrous 
solid' impurities in an‘ amount ' not exceeding 
0.2%, sorbed material including oxygen. not ex 
ceeding 1%, all percentages ‘being by weight, ' ' 
which has been compacted at less than approxi-~ ' 
mately, 40 tons per square inch, vsintered to re 
move substantially all of the oxygenland to" leave 
not more "than 0.4% carbon ‘and repressed. at 
above approximately 40 tons pervsqua'rejinch‘to ‘ 
a density inithe order: of "at leastv ‘7.5, comprise . 
ing ‘the vsteps of introducing ‘carbon v'_ into the 

- surface region ofthe article a concentration 

ing by means of carbon 'is' fully disclosed and‘ ' 
claimed in the copending application of George 
Warren-Webb, Serial no. 666,171, ?led ‘on. even 
date herewith, and that disclosure is incorporated 
herein by reference. = ' ' 

I claim: ' 

1. The process "of making a steel article of a 

in- excess of thepredetermined'?nal carbon con 
- tent in-the article by raising the temperature ‘ 
of the article tobetween about 1600°'F'.' and "about 
'2100“ F., soakingthe'arti'ole in said temperature ' - 
rangein a carburizing medium having-a carburiz_ 
ing' potential substantially higher than that in 
equilibrium with said predetermined ?nal car 
bon content, and then‘ redistributing the car 
bon concentrated: in ,the' ‘surface substantially ' 
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uniformly throughout the article by further soak 
ing the article while at said temperature range 
in a medium having a carburizing potential which 
is in equilibrium with said predetermined ?nal 
carbon content of the steel. 

4. The process or making a steel article of a 
desired ?nal carbon content from powdered iron 
including carbon and containing non-ferrous 
solid impurities in an amount not exceeding 
0.2%, sorbed material including oxygen not ex 
ceeding 1%, all percentages being by weight, 
_which has been compacted to a density up to 
about 6.8, sintered to remove substantially all oi.’ 
the oxygen and to leave not more than 0.4% 
carbon and repressed to a density in the order 
of at least 7.5, comprising the steps‘ of introduc 
ing carbon into the surface region of the article 
in a concentration in excess of the predetermined 
?nal carbon content in the article by raising the 
temperature of the article to between about 1600° 
F. and about 2100° F., soaking the article at 
said temperature range in a carburizing medi 
um having a carburizing potential substantially 
higher than that in equilibrium with said pre 
determined ?nal carbon content, and then redis 
tributing the carbon concentrated in the surface 
substantially uniformly throughout the article 
by further soaking the article while at said tem 
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perature range in a medium having a carburiz 
ing potential which is in equilibrium with said 
predetermined ?nal carbon content of the steel. 
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