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@ A method of developing compressive residual stresses in
the surface region of a high carbon steel alloy composed of 0.8
- 1.6%carbon, 0.2 - 5% chromium, and 0 - 20% alloying ingre-
dients selected from the group consisting of manganese,
vanadium, molybdenum, tungsten, silicon, the remainder
being iron; e.g. SAE 52100 steel, comprises heating said arti-
cle to a temperature of 800-950°C {1472 - 1742°F) for 1 - 2.5
R hours in a carburizing atmosphere effective to generate 8
differential in retained austenite, primary carbides and carbon
between the surface region and core region of said article;
and immersing said article in a cooling medium to quench the
e - central core of said article at a rate sufficiently fast to effec-
< tively suppress the formation of non-martensitic austenite
- decomposition products, thereby establishing a residual
compressive strass gradient proceeding from the surface reg-

- ion of said article to a depth between 0.007 - 0.03 inches, the
< residual compressive stress being in the range of 5 - 40 Ksi.

The article may be tempered thereafter.
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DESCRIPTION

This invention relates to methods of treating the
surfaces of high carbon stecl bodics, and to bodies of high carbon
steel,

It is well-known that the state or dogree of residual
stresses present in a machine part subject to bending or contact
loading can have a mejor influence on its service life. ¥Kuch
effort has been devoted toward developing compressive surface
residual stresses by shot peening, surface rolling and by heat
treatments such as carburizing, carbonitriding and nitriding.
Descriptions of many of these methois are included in the folloviing
publications:

(1) 3. 0. Almen and P, H. Black, "Residual Stress and
Fatigue in Metals", MeGraw-Hill Book Co., New York, 1963, Chapters
5 and 1. }

(2) 6. M. Rassweiler and W. L. Grube (Editors),
“"Internal Stresscs and Fetigue in Hetals", Ilsevier Publis:ing Co.,
Xew York, 1959, up., 110-119,

' (3) Metals Handbook, Vol. 11, 8th idition, American
Society for lietals, Metels Pariz, Ohio, 1964, "Case Hardening of
Steel",

(4) mCarburizing and Carbonitriding", American Society
for Metals, Ketals Park, Ohio, 1977, pp. 86-92.

‘sach of the above known methods of developing compress-
ive surface r<sidual stresscs when applied to high carbon steels
have their atiendant disadvantaées. For example shot peening and
surface rolling are disadvantageous becausc of limitations as to
(2) material hardness, (b) size and shape of pert, and (c¢) rcsult-
ing surface finish that cannot meet all reguircments. Nitriding
at temperaturcs of 1100°F and below is usually economical only as
e shaellow suri'ace treatment and therefore disadvantageous, Carbon-
itriding or nitriding, while steel is in an ausicnitic condition,
requires simultaneous control of both carbon and nitrogen
potentials in the pus phasc; it is difficult to accurately control

the potentials and thercfor. it is frequently overdone, producing
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high levels of rotained austunit; along thu part surfaco which is
Jisadvantepoous, As to carburizing, it is generally essumed that
it is not possible, by diff'using more carbon into the surface of '
& high carbon alloyed steel, to produce compressive residual

surface stresses (see 14ih International Colloquium on Heat
Treating, 1972, p. 11).

Carburizing techniques are nearly alwayé_épplied to low

‘carbon, low alloy steels, such as AISI 8620, 4118 and 4620, which

contain 0,1 - 0.3 wt. £ of carbon. For hypereutectoid steels,
austenitized at temperatures too low to dissolve all éarbides, an
effective equilibrium is esteblished between undissolved carbide
and the austenite, which is then saturated in carbon. It is also
generally accepted that this szturation prevents such steel from
accepting aducitional dissolved carbon, and thereby prevents an
increase in the amount of carbon dissolved in the austenite near
the surface., Therefore, an appreciation of carburization with
respect to hypereutectoid alloy steels, has r:mained an unexplored
area until this invéntion.

This is not to say that the prior art has not employed
heat treatment methods to produce compressive residual surface
stresses in hypereutectoid alloy steels, but they have been carried
out by methods which have required the addition of ammonia to the
austenitizing furnace atmosphere, which in turn causes nitrogen to
be dissolved in the'surface layers of the steel, The -goal of using
such atmosphere is to increzse the nitrogen content of the austen-
ite surface, but at the samc¢ time avoiding the formations of
nitrides of iron or other alloying elcments., Ammonia atmospheres
present spccial equipment requircments wihiich it is desirable %o
avoid and present control problems as to nitriae avoidance,

Steels used in ball and roller bearings are of the
following tyves: (1) high carbon, low alloy steel, such as AISI
52100 (1% C, 1.55% Cr) through-herdened by heating to tysically
ﬁ25-850°0, quenching and te.pering, (2) low carbon, low alloy
steel such as AISI 8620, 4118 and 4620 hardened by carburizing the

surface (to maximum surface cerbon contenis on the order of 1%),
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1 quenching and tempering, ond (3) high carbon, high elloy steel
such as }-50, a tool stecl, or LLOC, m stainless steel, used when

2 elevated surface temperatures or other extreme opereting conditions

) are anticipated,

. 5 Type (2) bearing steels, as indicated above, have one
distinet advantage in that substantial compressive residual stress
can be developed at the part surface as a conseguence of carburig-
ing. The favourable residual stress distribution is thought by
the prior art to meke a significant contribution to the durability

10  of the beering, However, compressive residGual stresses are not
produced when steels of types (1) and (3) are hardened by the

ﬁfé‘ indicated conventional through-hardening techniques used by the

R prior art, Carburizing Las not been considered as a means of
developing compressive surface residual stresses in typés (1) ana

15 (3) bearing steels, since it has been gencrally accepted by the

prior art that it is not possible to increase the surface dissolved

carbon content by diffusing additional carbon into & hypereutectoid
alloy steel from a furnace atmosphere at the usual austenitizing
temperatures. This is evidenced by an article presented at the

23  14th International Colloouim on Heat Treating by Krs., Stefania

Baiocu of the Institute of Technological Resezrch for Machine
Building in Romania, In an article entitled "Contributions to the
Influence of Compressive Stresses generated by Heat Treatment on

the Fatigue Life of Parts Under Kkolling Contact Wear", on page 2 of

25  the conference preprints published in 1972, she states "in a

through-hardening steel, in which the martensitic transformation
takes place throughout the whole section of the part &s & result
of its high carbon content, the:e could not heve been question to
diffuse more carbon in the surface layers in order to lower the Ms

30  temperature". This meens thet ihe possibility of lowering the Xs
temperature through the ad::ition of carbon to the surface layers
(thereby inducing compressive rcsidual stresses) is not possible,

Accordingly, the prior art has turned to onc other

possibility for improving the compressive surface stresses in a

35 high carbon through-hardened steel by heat trcatment. Koistinen
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(see U.S. Pitent 3,117,041, and an article appe:zring in ASK
Transactions, vol. 57, pp. 581-588, 1964) as well as the afore-
rentioned paper by Mrs, Baicu, suggests adding ammonia to the
austenitizing furnace atmosphere, ceusing nitrogen to be dissolved
in the surface layers of a high carbon through-hardened steel, such
as 52100 steel, thereby inducing residual surfac¢ compressive
stresses upon guenching., This is a kind of nitriding process where
the goal is to increase the nitrogen content of the austenized
surfece, but to avoid forming nitrides of iron or other a2lloying
elements, Although thics urocess hzs met with some degree of
success, it carrics certcin disadvantages such zs the cost of
adding the ammonia treatment step and the difficulty of controlling
the quantity of nitrogen absorbed by the steel to the emount
desired, An excess of nitrogen in the surface layers can lead to
certain difficulties, e.g., low herdness due to excessive amounts
of reteined austenite, or, in extreme ceases, grain boundary
porosity due to intermel ritrogen evolution.

According to the present invention, there is provided
a method of treating a body of high carbon steel comprising the
steps of heating the body in a carburizing atmosphere effective to
eenerate a8 differentiel in retzined austenite, primary carbides
and carbon between the surfece region and core region of the body
article; and quenching tl:ie body et a rate sufficiently fasi to
effectively suppress the Tormstion of non-martensitic austenite
decomposition products, ther- by establishing a residual compressive
stress gradient proceedings from the surface r:-gion of the body to
the core region thereof.

The invention also includes a high carbon steel nlloy
body having gradienls of compressive residual stress, and atl least
one of & carbon gradient and hordness gradicnt proceeding from the
surface region of said article to its corc, said article being
characterizeu by a microstructurc consisting essentially of temp-~
ered muriensiwe, retainev ausivpite and a carbide phasc, said art-
icle having a chemical content consisting vssentially of 0.8 -

4.6/ by weighl of curbon, 0.75 - 254 by weight of alloying
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ingredients including 0,2 - 5% by weight of ckromium, the remeinder
being essentially iron, said article having a compressive residual
stress level at its surface region of at least 10,000 psi, and
tensile stresses at the article core, said srticle having a hard-
ness diff'erential between its surface and core of at least 2.0 Rc,
and & volume fraction of primary carbides at its surface region

of at least 0.18.

Preferred features of the method of this invention
comprise (a) using hypereutectoid alloy steels to contain 0.8 -
1.6 wt, pct. carbon and 1,0 -4.5 wt. pet. chromium, (b) increasing
the austenitizing time during heat treatment to a period of sbout
1 hour, and (c¢) regulating the austenitizing furnace atmosphere to
obtain a high carburizing potential typical of conventional gas
carburizing (see Figure 12-2 of reference L), seid heal treatment
atmosphere particularly being =2 gas blend of an endothefmic gas
and 3 - 10% methane, )

The prescnt invention provides for an economical and
controllable method of increasing the fatigue life of a bearing by
(a) providins compressive residual stresses in the surface of the
steel specimen by a simp:e heat treatment in & carburizing
atmosphere, (b) providing increased retsined austenite in said
surface gzone, (e) providing an increesed volume fraction of
primary carbides near the surface,rand.(d) providing higher hard-
ness near the surface, which is in part dependent on limiting and
controlling the chromium content of the steel, The heat treatment
can be carried out at a relativuely low temperature in a carburiging

atmosphere, and is best conducted for critical periods of time

between 1 and 2 houra., The aim of this treatment is to establish

a gredient normal to the surface of dissolved carbon in austenite,
Since the typicul austenitizing temperaturc is too low to causs
all of the carbides initially present in the steel to dissolve, it
is not obvious why carburizing should produce residual surface
compressive siresses, If the austenite is saturated in cerbon
(because 411 the carbides cannot dissove), how is it possible to

establish a gradient in dissolved ocarbon by dissolving more carbon
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1 at the surfice? The prior art has becn unable to do so or has
believed it is not worthwhile trying to do so,

It is theorized in accoruance with this invention thet
the austenite in a plain carbon hypereutectold steél, a steel with

5 negligible 2lloy conteni, heaied to & temperature not high cnough
to dissove ail of its iron carbides, rapidly becomes saturated in
carbon, If carbon is supplied to the steel from the furnace
atmosphere, the volume fraction of undissolved carbide (primary

. carbide) increases, but the amount of carbon dissolved in the

40 austenite is unchanged. However, a hypereutectold steel containing
an alloying element such as chromium, whose affinity for carbon is
greater than the affinity or iron for carbon, held at e temperature
high enough to form austenite, but too low to dissolve all carbides,
slowly redistributes its carbon and chromiumbstween carbide and

15  austenite phases. After a period of several hours {as opposed to
several minutés in a plain carbon steel), effective equilibrium is
established and the austenit: becomes "saturated" in carbon, but
saturated only with respect to carbides of the composition with
which it coexists. When carbon is added to the steel from a

20 furnace atmosphere, the volamc fraction of primary carbides incr-
cases near the surface., As more carbide forms, the remaining
austenite becomes depleted in chromium, because, proportionately,
more chromium than iron goes to form the new carbide, As the
chromium content of the austenite is lowered, its solubility for

25 carbon inecreases, thercby allowing e surface-to-centre gradient in
oissolved carbon content to be produced, \/ithin the two phase fie-
13 (austenite and cementite) of the C-Cr-Fe system, increasing the
carbon content of the gystem increases the carbon content of " the
austenite, This effect is especially marked {or chromium contents

36 of 5t or less.

Another factor contributing to the development of a
dissolved carbon gradient is the slowness with which the
equilibrium distribution of carhon betwecn carbide and austenite is
approached in a steel like AISI 52100, In short treatments (up to

35 2 hours at 85000) of well-spheroidized stecl, the carbon content
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| of the austenite never atiains its equilibrium valuve, Thus, it
is possible according to this invention to establish an even
.; larger surface-to-céntre difference in dissolved oarbon content
' than is indicated by the phase diagram. This also has not been
5 appreciated heretofore,

Carburized high carbon elloy steels conteining con-~
trolled chromium will contain a larger fraction of primary carbides
near the surface than in the interior., . Since the carbide phase ‘

“exhibits no abrupt volume change on cooling (such &s occurs when
10 austenite forms martensite) and since the volume change can be a
source of the residual stresses which develop, the higher carbide
o fraction at the surface should moderate any residual stresses
; which do develop, » .
4 preferrcd moie for carrying out the present invention
15 will now be.described, by wey of example only, with refercnce to

the accompanying drawings, in vhich:-~

Figure 1 is a graphical illustration of residual stiress
gs a Tunction of normaliz.d distance from the surface of each of
two 0,090"thick spucimens, each specimen being heat treated at 850°C
R 20  for 1 hour, one being carburized and the other not;

o ~ Figure 2 is an illusiration similar to Figure 1 for two
other 0.090" thick samples each treated at 87500, one being carb-
i; urized and the other not; )

i Figure 3 is a graphical illustration of residual stress

25 as & function of depth below the surface of the specimen, for three

0.020" thick semples, each being heat treated at 850°C for varying

periods of time in a carburizing atmosphere, guenched end tempered

at 150°C for $0 minutes;

T Fipure 4 is a graphical illustration of residual stress

30 as a function of depth below the surface of the samples, the ,070"

thick samples being heat trezted at 800°C for times of 1 hour and
2 hours, respectively, in a carburizing atmosphere;

: . Fipure 5 is a graphical illustrotion of residual stress

as a Tunction of depth below the surface of' the ssmple, for thfee

35  .,070" thick samples, the first two of which were heat treated at
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93000 for 35 minutes, coolcd to develop a pearlitic microstructure,
and then heated again for a period of 55 minutes at 815°C in e
carburizing atmosphere, the third sample being heat trealed in a
single step at &1 5°G for 55 minutes in the same carburizing
atmosphere;

Figure 6 is a taper:d section microphotograph (1000 X)
of a specimen vwhich, in accordance with this invention, has been
austenitizeé¢ for 2 hours at 850°C and 0il quenched, the micro-
photograph being taken of a suri'ace zone; and

Figure 7 is also a microphotograph (1000 X) of the
interior zone of the specimen in Figure 6.

The steps performed in accoraance with the proferred
method of the invention zre as follows:-

1. Substrate preowration: The steel article to be

subjected.to heat treatment is preferabdbly selec#ed to have a carbon
content in the renge of 0.8-1,6% carbon and should contain chromium
between 0.8-5"; other alloying ingredients may be selected fromrthe
group typically consisting of molybdenum, venadium, tunpsien,

manganese, The total alloy content can range from 0.75-25%,

2. Austenitizing hezt treatment: The subsirate or

erticle is then heated to an a2ustenitizing temperature within a
carburizing aimosphere for a period of time preferably between 1
and 2 hours to develop a hipgh surface compressive residual stress,
Longer treatment times produce thicker compre ssively-stressed
layers, but stresses of less intensity. The carburizing atﬁosphere
preferzbly should have a carbon potential sufficiently high to
cause carbon saturation in a N,0025" thick iron foil in 30 minutes,
The full range of carbon potuntial cannot sdeauately be conveyed by
specifying CQ/002 ratio because the equilibrium GO, content varies
with temperature for diff'erent carbon potentials and will vary
from furnace to furnace, different flow rates, and the amount of
metal chargea. Thus, the shim stock empirical test methoa is best,
using thin foil (see xyef'srence 4, page 2 herein).

Such an atmosphere is preferably derived by using an

endothermic gus atmosphere, consisting primarily of CO, H2 and Nz,
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1  peneratec by the psrtial combustion of a2 hydrocarbon., The carbon
potential can be adjustec by vurying the proportions of air end
hydrocarbon at the gas generator to metch the carbon content of the
part., But it is most important that such endothermic gas contain

5 additional hydrocarbon, preferably by the addition of 3-10% methare.
The added hydrocarnon in the form of methane contributes the
necessary carburizing capacity to the furnace atmosphere, It is
not sufficient to merely provide an endothermic gas of a high
-carbon potential to the austenitizing furnace (customarily referred

10  to &s an endothermic atmosphere "neutral" to = high carbon steel),
but rather a carburizing gas blend, endothermic gas plus 3-10%
methane, for example, must be employed.

Then the substrate contains chromium at the high end of
the controlled renge, it is dusirable that the oxygen content of

15 the gas atmosphere should be ruduced so that the formetion of chro-
nium oxide on the part surface will not interfure with carburizing.
This may be obtained by controlling the gaos stmosphere to contain
nitrogen end methane in the proper proportions for achieving reailts
equivalent to the resulis from an endothermic gas based carburizing

20 atmosphere, Vacuum carburizing is another method of carburizing
without forming oxices.

3. Quenching: The heated substirate or article is then
subjecteé to cooling by ccnventional means, to produce the desired
microstructure in the stecl, usually martensite, such microstruct-

25 ure depending upon the applicztion for the steel, Since the
present invention is pearticularly suitable in those applications
where rolling contact fatigue will be experienced, the microstruct-
ure should be hard and sirong. In most instances, quenching in oil
maintainead al e temperature of about SSOC yrovides a satisfactory

30  cooling rale to achieve such stirength and hardness, GSlower quen-
ches, e.g., into molten salt, or faster quenches, e.g., into water,
may be used in some circumstances. Further cooling of the quenched
steel by the use of liquid nitrogen to a tumporaiure of -196°C will
reduce the amount of retuined austenite, usually producing e

35  furthor increase in hardness and residual stress,
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Yore essentielly, the article is immersed in a cooling
medium to quench the central core of saié article at a rate
sufficiently fast to effectively suppress the formation of non-
murtensitic austenite decomposition products, thereby establishing
& residual compressive siress pradient proceeding from the surface
rsgion of said artiele to & depth of between 0,007 - 0.03 inches,

L. Tempering: The tempering cycle can be adjusted to
suit a wide variety of needs; typically, heeting to a temperature
of 100-150°C and holding for epproximately 1-2 hours is setisfact-
ory. s

The following exumples illustrate the invention:-

EXANPIES 1 to 12

One series of experiments was directed to.an anlysis of
the development of compressive residuel stresses in a 52100 stecl.
The test procedure followed was: 7

SCtrips of 52100 steel, which were spheroidize annealed,
having a dimension of 3 inches long (7.62 cm) x C.5 inches wide
(1.25cm) x ©.090 inches (.23 cm) thick, were machined from roll-
flattened 0.5 inch diameter wire, The nominal composition of.
52400 steel was 1,00 carbon, 1.5% chromium, 0.3%% mangeanese, 0.25%
silicon end the remainder substantially iron. A total of 12 sample
pieces were prepared according to the heat truat cycles inaiceted
in Taeble 1; those hazving an asterisk were copper-plated to prevent
carburization during heat treatmeht end were therefore subiected to
& treatment equivelent to the prior art,'which would not include
carburization but rather just the heat tregstment at the indicated

temperatures in a neutral aimosphere, Those samples which are

*indicated with a double asterisk had the coaper plate removed after

96000 treatment., The hioet trest cyeles include & variastion of thé

hcating time end the temperaturc, The samples also were subiected =
to diff'erent qhenching treatments, some being an oil quench with

the o0il maintained at SSQC, and others inciuding an additional

quench with liquid nitrogen. Certain of the =pecimens were then

subjected to o tempering treatmont as indicated at the temerature

and time periods of Teble 1,
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1 The austenitizing heat trestments were carried out ina
Lindberg carturizing furrace with an intepral quench tank, The gas
- ' atmosphere was gericrated as an endothermic gas atmosphere, enriched
viith methans, A measure of the carburizing r:te of the furnace
5 atmosphere vias obtained by determining the weight gain of a foil
of 1008 steel, 0.064 mm thick, which was inserted through o sight
port into the furnace, held at the temperature for 30 minutes, then
rapidly cooled, The ges mixture wes adjusted prior to each of the
— runs so that the foil carbon content was at least 0.9 wt. pct. car-
10 ‘bon., For most of the rurns, foils wéfe 2ls0 included along with the
samples when they were charged into the furnace, the initizl carb-
urizing raie was low, For example, the foil of <xample 5, austen-
itized for only 30 minutes contained only 0,72 wt. pet. carbon; in

every other case when thc austenitizing times were longer, the

-
W

foils acconpanying the samples contained carbon in excess of the

amount needed to suturate austenite.

Following each neat treatment cycle, the residual stress
distribution in each sample was measured anc hardness readings were
taken. The residual stress distribution is measured by prorress-

20 ively thinning the strius frorm one side only by chemical dissolu-

tion, measuring the bending of the strip and analyzing the
deflection results using a modification of the method described by

R. G. Treutins, and W, T. Reeld, Jr., Journa, of Applied Physics,

Vol. 22, 1951, pp. 130-13L. Average hardness readings were taken

2% for certain samples by a microhardness transverse (Knoop indentor

sl 1 kgn load) through the surface region of the sample,
uith respect to samples of Examples 1 and 2, Figure 1
shows that the plated specimen, which did not exchange earbon with
—— the furnace atmosphere, developed a small surface tensile stress,
30 while the unplated piece, which wus carburizeé by the atmosphere,
developed & surface compressive stress of about 15,000 psi ati the
surface, shown as a negative stress in Figure 1. Without carburiz-
. ing, specimens tended to develop tensile surfece residual stresses;
therofore, the chanse (which is a sum of ihe tensile and compressive

35 values) in residusl stress distribution produced by carburizing is
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1 more substantial than the stress distribution in carburized pieces
would suggest.

The samples of Examples 3 and 4, which were austenitized
at a 8lightly higher temperature and subjected to & liquid nitrogen
quench following the 0il quench, demonstreled a very slight

Ut

compressive stress for the plated sample at the surface, whereas in
the unplated sample, the comprdssive stress vias approximately 7,000
psi at the surfac.., The depth of compressive residuel stress has
“been increased over thet of .ixenmple 2, but the stress intensity is

10 lowerea due to the higher mustenitizing tempereture and the addition
of the temvering treatment.

The samples of the next three ixamples, 5, 6, and 7 were
austenitized for 30 minutes, 1 hour and 2 hours respectively at
850°C. Afler o0il quenching, samples were quenched in ligquid nitr-

15 ogen before tempering., Semple 5 was nearly free o.f' residual stress
there was little carbon itransfer from the furnace atmosphere to the
specimen., The samples held for longer times (1 hour and 2 hours)
developed definite compressive residusl stresses at the surface,
Distribution of the stressus is clearly rclated to the depth of

20 carbon diffusion, The ratio of the depth at vhich the stress chan-
ges sign in Sample 7 to the corresponding depth in Semple 6 is
1.48; this is close to the square root of 2, the value that would
be expected if the depth of the compressive stress was related to
the depth of carbon penetration from the atmosphere,

25 The distribation of primary carbides after 2 hours at
850°C is shown in Figures 6 and 7 (for Sample 7) at 1000 X (picral .
etch). Thesc pictures are from a tapered section and polished' so -
thal apparent distances normal to the surface are magnifica by a
factor of about 5.5 relative to the distances tangent to the

30 surface. In Figure 6, grain boundsry oxides are found at the
specimen surface to & depth of about 0,004 mm; this is 2 common
occurrence vwhen hoat treating chromium-bearing steels in endother-
mic gas atmos;hercs., Below the oxide is a carbide-depleted region
of about 0.004 mm, probably the result of migration of the chromium

35 to oxides. The carbon content of the sustenite, however, must })e
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1  high in this region. Then a zonc appears containing ,18 volume
fraction of primary carbides (from point counting measurcments),
- This zone extends from ,008 mm to .07 or 0.10 mm below the surface.
' The microstructural features of the interior, shown in Figure 7,
. 5 denonstrate & volume frection of primary corbides of ,08, about
. half that ncar the surface. Therc seems to be no tendency to form
carbide films in austenite grain boundarius in the carburized
surface layer; rather the exisling spheroidal carbides simply grow.
: - The thickness of thc.layer under compression increases with increa-
: 10 sing sustenitizing time, while the magnitude of the surface stress
l decreases somewhat.
; The everape microhardness of the outer surface region of
@ Sample 7 to & depth of 0.705" was determined to be 947 YHN (1kgm
é load, equivalent to 68-69 Rc). The hardness Gecreased with increa-
15 sing distance from the surface until the base hardness of 830 XHN
(about 66-67 R ) was reached at & depth of 0.008 - 0,010". This

hardness gradient is an important aspect of the present invention
and is attributed to the high carbon content of the mertensite in
the high carion suriace rugion, as well a4s the pgreater volume
]l 20 fraction of curbides thersat, more than offseilting the greater
] volume fraction of retained austenite.
The Semples of Lxamyles 8 and 9, Figure 4, confirm that
! a longer sustenitizing time produces a deeper case, but a somewhat
- lower surfeace stress, This data also shows, by comparison with

25 Sample 2, that the compressive surface stresses are higher with an

800°¢ austenitizing temperesture than with an 850°C temperature,
The Samples of Examples 10 to 12, Figure 5, show the
effect of initimel carbide size on the intensity of the residual
stresses developed. Reducing the carbide size increeses the rate
30  of dissolution at 815°C. Semple 10 is the beseline for comparison,
Protreating Sample 11 at 980°C, followed by an air cool, to produce
nore finely divided carbides, hus an aaverse effect on the degree
to which compressive surface stresses can be developed, Thus,
Sample 12, with ooarse, slowly dissolving primery ocarbides, can be

i 35 treated to produce the highest residual stress,
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hverage hardncss velues (XHIT) were determined for

Samples 11 and 12 at four subsurface repions as follows;

DEPTH BELOW SURFACE

Sample 0-,04mm «Oli~, 08mm 08~ 2mm Interior
11 948 877 852 831

12 928 883 858 Bz

The retained sustenite was measured by x-ray method on
the carburized surface of Samples 11 ani 12 and on their centre-
lines after they had been thinned to measure residual stress. In
both specimens, the average surface reteined austenite was 24-26%.
On the centreline of Sample 11, the average mrasurement was 150
roteined eustunite, and on the centreline of Sample 12, it was 9%,
These differences in retained austenite are consistent with the
expected differcnees in dissolved carbon, The differences are also
consistent with the observation that guenching carburized specimﬂﬁs
in 1iquid nitrogen to lowver the retained austenite tends to

increase the residual stresscs,

LXANPLsS 13 to 16

A second serius of samples were tested to investigate
the effect of differences in chemical composition, Three sample
materials werc obtained with the compositions set forth in Table
II. Pieces of each material were subjected to a heat treatment
cycle whick involved heating to 1650°F (900°C) in a carburizing
atmosphere determined as in the Pirst series of samplss, holding at
said temperature for about 2 hours, guenching in oil having a
tcmperature of 55°C, tempering at 300°F (149°C) for 2 hours, and

then air cooling. Sample 13, however, was heated to 15600F (85000}

with the remainder of thv procedure the same (this low.r tempera-
ture is necessitated by the lowwr alloy content). Sample 16B was
subjectid to a dilf'erent heat ireat cycle wheriin the meterial was
heated in a carburizing atmospherw:, to 1750°F (15496) for 2 hours,
air quenched, double tem ered at 300°F (149°C) for 2 hours, and
then eir cooled, i

- Resulis of the tesis (see Teble IIT) show that for
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Sample 15, no residual compressive stresses were developed at the
surface of th: erticle, It is theorized that this resulied from
the high chromium content of the tool steel which, because of the
etmosphere conteining €O, caused oxidation of the ohromium which
set up & berrier towards carburization of the surface region, If
carbon monoxide can be eliminated from the carburizing atmosphere,
it may be possible to eliminate oxidation of such high chromium
content and thus allow carburization to proceed with the same
results gener:lly obtained for Semples 13, 14 and 16,

Sumples 14 and 16, like 13 (52100 steel) each had
significant compressive stiress at the surface consistent with the
control of chromium content and carburizing atmosphere.

The surfsce hardness of Sample 14 vias not measuratbly

greater than its interior herdness; the surface layer contzined 14%

retained eustenite while the interior had 3% retained austenite,

On the other hanmd, while specimen 16A showcd & definite increase in
surface hardness, there was no measurable difference between the
smount of rutaincd austenite at the surfece end in the interior,
A1l three factors - higher surfece hardness, higher surface retain—
ed austenite end surfaceécempressive residual stress - are import-
ant characteristics of en optimized carburized layer in these stee-
ls; homever, either a hardness gradient or a gradient in retained
austenite content may be absent in a carburized steel that is less

than optimizid, proviced one or more of the other factors are

present. A hardness gradient or retained austenite gradient need

not always exist, even though carburization has occurred and
residual surface compressive sitrcsses develop.

The aforegoing examples demonstrzie that the distiribu-
tion of residual stresses in guenchud and tempered steel containiﬁé
the pruferreu carbon content and alloy range, can be modified by
controlling the carbon potential of the furnace atmosphére during
austenitizing, Lxanples 1 to 12 show that by using e carburizing
atmosphere for austenitizing treatments of about 1-2 hours at 815
to 850°C, with a 15900 tomper, will produce compressive residual

stresses to a depth of 0,2-0.4 mm below the surface with a raximum
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surface compressive striss in the order of 70-135 ¥Pa (10-20 SKI).
In aadition~to compressive surface rvsiduel stresses, the
inventive methoa increeses the amount of retained austenite and the
volume fraction of primary curbicoes at the surfzce. The increase
in surfuce rvtained auslenit., particularly since the increase is
accormplished without coarsening the gustenite grains or r.ducing
the hardness, is beneficial to increesed contact fatigue life,

For short trestments, the depth of carburizing is
guite shaliow, For exumple, in the itwo hour treatment of Samples
7 and 9, the depth of the com .ressive layer is about 0,016". The
amount of metal removed in finishing the bemrring components of
which these s:ubstrates mey be employed, after heat treatmont, must
be within this thicknes:, ani preferably no more than 0,002-0.00L",
This is necessary to maintain the benefit of the compruszive

stresses,

LXAMPLE 17
The rolling contect fatipue lives of two groups of

52100 steel samples were testec., The heat treatment was the same
as for Sample 12, Table I, except that a tempering temperature of
175°C vas used., Group I samples were copper-piated during treat-
ment to prevent carburizetion; Group II samples were unplated,
tnerefore cerborizea, The test procedure employed a simulative
test procedure reguiring special machines such as that made by
Polymet.Corp., llodel RIC-1 in which test bars of steel are tested
to fétigue destruction, The complete test procedure is suvt forth
more clezrly in U,S. Patent 4,023,988, Column 3, lines 32-68 and
Column 4, lines 1-10, For the immediate test, a meximum hertzian
rolling contact siress of 503 IfPa (729,000 psi) wes employed. The
results are summarized in Table IV, the statisticel significence
of the recsulis was tested byusing the nonparametrical ¥alsh test
described on pp., 83-87 of "Non-Parametric Statistics", S. Siegel,
leGraw Hill, Few York, 1956. The Velsh test was employed because
the alternative, Johnson's Confidence Method (deseribed in a paper
by L.J. Joknson, Industrial Mathematics, vol. 2,1951, pp. 1-9), is

"
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1 not very sccurate or convenient to use at heibull slopes over
. 5.0,
;? The net result of sach statistical testing was that in
. 99.5(: of the casecs, the life of the specimen with compressive
c 5 surfpce strusses can be expected to exceed thet of conventional

-~

specimens. In fect, in those cases where enhernced compressive
surfece stresses are developed, there is a group of samples which
were not subjected to a carburizing trestment such as in current
.  beearing production. The fatigue life improvement extends over
10 the entire range from B-5 to B-50 and beyond.
It is believed th»t fatigue life is improved by the
et processing herein because of scveral factors; (a) residual comp~-
o ressive stresses a2t the surface, (b) more retained sustenite at
" the surfacc, (c) a higher surface hardness, and (d) a lerger volume
:ﬁq 15 fraction of carbices nuar the surface, All of these factors result

r from a carbon gradient normal to the surface, and the first two

- result from a gradient in dissolved carboniin austenite, ‘‘hether
one of these factors, or all of them in combination, are respons-
ible for the contact fatigue life improvement of this invention,

20 is not known,

The mechanisms by which a dissolved carbon gradient is

developed in & hypereutectoid steel were outlined in theory above
( (2) increasing carbon conteni of the alloy system causes an
increased carbon solubility in austenite and (b) slowness of

25 carbon distribution between carbide and austenite). These

mcchanisms have been illustrated by the experiments described in
the first two examples,. In chromium bearing hypereutectoid
stoels both mechanisms can operate because: (1) for low alloy
compositions, as the carbon content of the Cr-Fe-C system increases,
30 the solubility of carbon in austenite increascs, and (2) relatively
lurge spheroidized cerbides, rich in chromium, are slow to dissolve
2t low austenitizing tempersturcs, In other systems, the Mn-Fe-C
system for example, the first mcchanism would not be expected to
operate, because, according to XK. Benz, J. F. Flliott and J.

35 Chipman, Letallurgicsl Transactions, Vol. 4, 1973, pp. 1975-86,
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ineruvasing the carbon content of the Mn-Fe-C system does not
significantly incrase the solubility of carbon in ausienite for
hypereutectoid stee¢ls. The second mechanism would operate; thus,
shallow surface compressive residual stresses of some magnitude
could in theory be developed by short time austenitizing treat-
nents in a carburizing stmosphere, In plain carbon hypereutectic
steels, carbices dissolve so rapidly that neither mechanism could

be expected to produce surface compressive residual stresses,
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Summary of i.xperimentsl Results

Example/Sample No. Heat Treatment
1e £-850°6/1 hr; 0Q
2 Sanme
3 A-375°C/4 hr; 0Q; INQ; T-100°C/1.5 hrs
L Same
5 A-850°C/30 min; 0Q; INQ; T-150°C/4.5 hrs
6. 4-850°C/4 hr; 0Q; INQ; T-150°C/4.5 hrs
7 " a-850°C/2 hrs; 0Q; ING; T-150°C/4.5 hrs
8 A-800°C/1 hr; 0Q '
9 4-800°C/2 hrs; 0
10% A-980°C/35 min; AC; A-815°C/55 min;
0Q; T-150°C/1 hr
11%* Same .
12 A-815°C/55 min; 0g; T-150°C/1 hr
E

Copper-plated specimens

**  Co.per plate removed after 98000 treatment
A: Austenitize ’

Q: 7uenched in 55°C oil

INQ:Juenched in liquid nitrogen

T: Temper

AC: air cooled
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Example/Sample Ro.

13
U
15
16

]

1.00
1.00
1.50

0.85

TLBLE IX
0.35 0.25
0.60 0.25
.0.30 0.25
0,30 C.30

12.00

4,00

0.25
0,60

2,00

O
L

1.

r

Y

Se

.¢]
30

o0
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Sample

13
1L

52100

A2

12

M2

Surface Residual
Stress, psi

6,400 psi Compressive

10,6C0 Compressive
7100 Tensile
35,000 Compr=csive

28,000 Compressive

TABLL IIT

Depth of
Coumpressive stress

.015 "

o.,012"

c.o2t"

0,029

aﬂbhcb’f

Harcness
Surface Centre
68 wn mmwn

61/62 Re E\mmwo
nct cetermined

€1/62 R. 54/5 g
59/6C R, 57 B
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TABL: IV

Estimates of Characteristic
Fatigue Lif'e Paramaters

Fatigue Life (l:illions of Stress Cycles)*

Rolling Contact Fatigue teibull B~10 B=-50 liean
Group , Slope Low Median High = Low Median igh
I 3,333 2,45 - 3.7 L.68 4.69  5.58  6.655.59
II : 5,39 3,21 LT 6.90 6.92 8.2 9.75 8.22
Ratio
11/ 1.49  1.49 147 AT VAT 1.47 147

810w and High Values corrcspond to 90pte. confidence band limits.

1
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CLAINS

1. A method of treating & body of high carbon steel
coﬁprising the steps of heating the body in a carburizing atmosph-
ere effective to gonerate a differential in retained austenite,
primary carbi.es and carbon between the surface region and core
region of the body article; and quenching the body at a rate
sufficiently fast to effectivily suppress the formation of non-
martensitic austunite decomposition products, therehy establishing

"a residual compressive stress gradient proceeding from the surface
region of the body to tht core region thereof,

2. A method zccording to Cleim 1 wherein the body is
heated in the carburizing atmosphere at a temperature of from 00

to 900°C for a period of from 1 to 2,5 hours,

3. 4 method ueccording to Claim 41 or Claim 2 wherein the
article is heated in the cerburizing atmosphere at a temperature of

about 815°C for.a period of about 1 hour.

L, A method zccording to any one of Claims 1 to 3 where-
in the carburizing atmosyhere has a carbon poiential sufficiently
high to saturate an iron foil of 0.0025 inches thickness in 30

minutes,

5. A method zccording to any one of Claims 41 to L where-
in the carburzing atmosphere is composed of an endothermic gas

containing from 3 to 10 by volume of methane,

6. 4 rnethod according to any one of Claims 1 to 5 where-
in the body is heated in the carburizing aimosshere effective to
generate a rotained austenite differential beitween the surtace

rgion and the core region of the body of at ieast 10,

7. A method according to eny one of Claims 1 to 6 where-
in the body is quenched at & rate such that its temperature falls
through the range 1300-700°F at a rate of at least BOOOF per second.

8. A method according to any one of Claims 1 to 7 where-

in the body is quenched by immersion in 0il at 55°C. t
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Y. A method accoriing to any on¢ of Cleims 1 to 53
wherein the boay in adenchoed 4o poom temperatnre and additionndly

guenched in- liguid nitrorcrn,

10C. A method according to any one of Claims 1 to 9
wherein the quenching establishes a residusl compressive stress
gradient extunding to a dipth of from 0.007 to 0.03 inch.- s below
the surface of the body, the r¢sidual compressive stress in the

surface region being from 5 to 40 Ksi.

11. A method according to any one of Claims 1 to 10
wherein the quenched body has a differuntial in hardness of at

least 2 Rc between its surface region and its core region,

12. A method according to any one of Clsims 1 to 11
wherein the volume fraction of primary carbides at the suarface re-

gion of the body efter quenching is at least 0.18, -

- 13, A method accoraing to cny one of Claims 1 to 12

vherein the vody is tempered after quenching,

14. A method according to Claim 413 wherein the body is
tempered at a temperaturc of from 100 {o 130°C for a period of from

1 to 2 hours,

15. A method according to Claim 13 or Claim 1L wherein
the body is tempered at o« temperature of about 150°c Tor a period

of gbout 1.5 hours,

16. 4 method according to any one of Claims 1 to 15
wherein the high carbon steel comprises from 0.8 to 1.6% by weight
of carbon, from 0,2 to 5 by weight of chromium, and from O to 20f
by weight of alloying ingredicnts selected from manganes- , venadium,
molybdenum, iungsten and silicon, the rcmainder being iron and

impurities,

17. A method zccoréing to Claim 15 wherein the nigh
carbon stecl comprises about 7 by weight of alloying ingredients

and about 5 by weight of chromium. .

18. A method according to Blaim 16 wherein the high

0033403
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carbon steel comprises about 17.5%5 by weight of alloying ingredi-
ents and about 4 by weight of chromium,

19. A method according to Claim 16 wherein the high
carbon stecl comprises, by weight, 1% carbon, 1.5 chromium,
0.35) manganese, and 0,25 silicon, the remainder being irom end

impurities,

20. & method according to Claim 16 wherein the alloying
ingredients, other than chromium, are present in an amount of at
least 0.5/ by weight.

21. 4 method according to Claim 16 wherein the high
carbon steel comprises 0.75 to 250 by weight of the alloying

ingredients and chromium,

22. A method =ccording to any one of Claims 1 to 15

wherein the high carbon steel is SAE 52100 steel,

23. A method according to anry one of Claims 1 to 22

wherein the body is finished by grinding to a depth of less than

0,005 inches,

2L. A method according to any one of Claims 1 to 23
wherein the treated body has a reteined austenite volume fraction

of about 25« a2t -its surfsce region,

25. A high cerbon steel body treated in accordance

with a method according to any one of Claims 1 to 2.

26. i high carbon sieel alloy bod; having gradients of
compressive residual stress, and at least one of a carbon gradient
and hardness gradient procecedine from the surlace region of seid
article to its core, saic article being characterized by a micro-
structure consisting essuntialiy of tempured murtensite, retained
austenite and a carbide phas:, said articlc having a chemical
content consisting esscentially of 0.8 - 1.67 by weight of carbon,
0.75 =25 by weight of alloying ingredients including 0.2 - 57
by weipht of chromium, the remeinder being essentiaslly iron, said

article having a comorcessive residual stress level at its surrace

f]
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1 region of at lewst 10,000 psi, und tensile stresses at the article
core,said erticl. having s herdness differential bctween its
surf'ace and core of at least 2.0 Rc’ and a volume fraction of

primary carbides at its surface region of et ieast 0.18,

5 27. 4 steel 2lley body according to Claim 26 which is
further characterized by a B10 rolling contact fatigue life of at
least 4.5 million stress crcles, and a BSO life of et lcast 8.0

million stress cycles with a hertzian contsct stress of 729,000 psi.

-

28. A steel alloy body according o Claim 26 or 27 in
10 which the volume ‘fraction of retained asustcnite is sbout 25: at the

surface,

29, A steel @lloy boﬁy according to any one of Claims
26 to 28 in whick the repior of said erticle extending from the
surface to 0,004 mm conteins oxides in the grain boundarics, the
15 region from 0.004 mm - 0.005 mm is carbiuve depleted, and the region

from 0,003 - 0.1 mm contzins 0.18 volume fraction of carbides.

30, A steel alloﬁ body; eccording to 2ny one of Claims
25 to 29 which is further cheracterized by resistance to subsurface
crack initiation at hard inclusions and the rusistance to surface
20 initiateua cracking as a result of the high compressive stress

distribution in iis surface ngion,
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