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FIg. I - Power circulating gear lest rig. Test gears are on thel'efl.

Abstract:
Th results of Bureau of Mines sponsored research und r Contract

*JOl45<Xl9to evaluate the manufaduring and engine£ring perfonnance
of a new chromium-Iree gear steel are reported, Thi material was
developed under BOM Contrad 110113104]. Since most chromium is
imported from politically WlSlableregions OJ the world. alloys have
been developed for con~ purposes, Gears were tested ina 'power
circulating device to evaluate their strength (ben:din$) and durability
(pitting) cha:racteristics !forcomparison with an ,exi.stingdata base.
Selected samples were compared in terms of m1crostructure.
cleanli.ness.grainsize. x-ray retainediustenite and x-ray residual stress.
The n w steel was shown to be comp~ra'bl· to 8620, the popu.lar high-
tonn ge gear steel it was designed to replace.

bltl'oQucHon
for many years chromium has been a popular alloy for heal

treatable steels because o( its cun:t.ribution tonardenability
more Ithan offsets its costs. As a consequence, it is specified in
such high-tonnage steel grades as the 5100. 4100 and 8600
series; and, as a result, about 15% of the annual U.S. consump--
tion of chromium is used in constructional .alloy steels.

Chromium is also a strategic alloy because it enhances cor-
resien and heat resistance of critical airaaft components. The
United. States imports most oEits chromite ore and,u.nfortlUl~
ately. much of this important material comes from pollHcaly
unstable r,egions of the world. In fulfilling their responsibility
to assure an a'dequate supply of strategic alloys, the Bureau of
Mines has sponsored research to develop substitute ma'terial
systems where feasible. in the first part (Phase I) of research
with this aim, candidate substitute nee-chromium bearing
compositions were developed as potential replacements for
8620 and 4100 steels. The results of the alloy development phase
were reported previously by Sharma and Keith.u1This'earlier
work was acoomplished utilizing a computer based .alloy steel
design syst,em known 3.5 CHAT (Computer Harmonized Ap~
p\ication TailOIiOO).(21 The bask prin.cip!e of the CHAT system
is 'that steels w:ilI respond to hea.'t treatment alike; i.e., develop
the same microstructures if they have equivalent
hardenabilities.

For carburizing grades, ,equjvaient hardenability Includes
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Fig...2 - Tcrque vs, cycle lite curves of the comparison da ta base developed by
Intern tional Harvester from circulating g artests. . .

both case hardenabi1ity (DIc) and base hardenability (Dlb)·

Other importa:nt considerations are carbon con'tentand
residual stress. Residual stress is :thought to,becontrolled in part
by martensite start (Ms) and martensite finish (Mf)
tempera tures: hence. a change in the alloy system should be
kept minimal i.norder not to influenCJe dversely residual stress.
The aim is ,tocalculate, by a computerized method, composi-
tions which will have the same response to heat trea.'tment,
hardness and residual stress. A unique aspect o·f the system is
that steels may be designed on a least-cost basia.since cost can
be made an objective function. This system has been utiliz,ed
successfully in devel.oping steels for a number of specificap-
pli.cations and several of the SAE EX steel grades.

In the previous work reported in 1983,. a five-year aUoy cost
prOjection was made. These costs were used as computes input
with least-cost-without-chmmium being a primary can traint.
The cost projections turned out to be inaccurate; however. the
relative costs are similar. Hence, the cornpositions developed
still represent cost-attractive systems :if chromium is ant
available. They are manganese-molybdenum (MI\-Mo) and
manganese--molybdenum-nickel (Mn-Mo~NH systems. Of
equal importance. this work has givenanothee opportunity 110

confinn the concept that substitute steels having equivalent per-
formance can be designed using fundamental metallurgical
considerations.

In industry, however, performance concepts have not
matured ,to the point where substitutes are readily accepted
without back-up Itesting. In the reaJ world, experience has not
always justified theory. A great deal still remains to be learned
(and unlearned) about alloy effects themselves, variations In
nonmetallics, tramp elements, etc. Myth and ilJusionsare not
uncommon in the industrial community , andencumbent
materials are highly favored, Substitute "ready" systems have to
be validated with at [east a limited amount of perfonnanCJe data
before they will be accepted.

The aim of the work rt!ported herein was to "prove-up" the
new steel compositions in terms of Itheir production, processing
and performance characteristics. Based on tonnage and the fact

lMav j.lUne 1969 1.3
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that carburized applications are more complex, an 8600'
equivalent from the Phase I work was chosen for evaluation.
Based on cost, a Mn-Mo composition was selected to produce
prototypes and specimens for tests. Its composition is shown i.n
Table 1 in conjunction with Ith 8620 used as the control group.
It was purposely produced with Mn to the high side since high-
manganese steels have been an ongoing concern in the domestic
industry. These 'types of steels are used, however, in high ton-
nages in Europe,

TABLE 1
CHEMIC~L A_NALVSIS (Wt%)

ELEMENT EXPERIMENTAL AlLOY CONTROl ALlOY
erl,.. I62O-H

HEAl SPECIMEN HEAT SPECIMEJi
SPECIFIED ANALYSIS ANALYSIS SPECIFIED AJUJ.YSIS MALYSIS

CarIIon 016/0.21 019 021 0.181025 0.18 0.19
M.. gan8S11 1 00/1.30 129 127 0.7010.90 0.73 0.73

!PIIosp/JGI'OIII 0035 max 0.011 002 0035 maJC 0.005 001
SIIlplwr O.04Qmax 0010 001 0040 mali. 0026 003
SlIICIII1I 01510.35 0.26 025 O.lSIOJO 0.22 0.22
Nickel - o ()34 OM 0401070 051 053
Chromium - 0.055 006 0401060 0.49 045
MolytHlenum 035/045 041 042 0.1510 25 019 019
Aluminum QIIi QIIi oro

The strategy in this present endeavor was to produce pro-
totype gears for evaluation using near-commerical procedures,
Details concerning steel production, forging, machining and heat
treat are given in a report by the Bureau of Mines authored by
T. Cameron (31 and will not be repeated here. The material cam
from a 10 ton heat of steel. Gears were selected for evaluation,
since they are critical cornporu nts. They are sensitive to varia-
tions in steel quality. and gear performance data can be usedas
a basis for judgment concerning many other machine elements.
Such properties as fatigue, both bending and contact, adhesive
wear and surface finish are all.incorporated into the design con-
siderations for gears.

The work reported herein had as a major objective validation
of the equivalency of computer-designed Cr-free and 8620 steels.
This objective was accomplished principally by comparing the
strength (tooth bending fatigue) and durability (flank pitting
fatigue) of gear specimens. The pinion gear specimen was a 6P,
1ST, 20° PAsystemwith3.3"OD.ltsmatewasa30T, 5.3" OD
gear. fig. 1 shows the gear set installed in a powercirculating
(PC) gear test rig. This gear set and test method was selected
because of the availability of an existing data. base. (4) This data
base, shown in Fig. 2, was generated over a number of years in
the laboratories of International Harvester Company and has
been expa.ndedwith additional tests at the ASME Gear Research
Institute. Another important source of gear performance data
is the allowable stress curves published by AGMA(S) for design
use. These curves for bending and contact are shown in Figs. 3a
and3b.

In addition to performance testing, several othe:r comparisons
were made. They included continous cooling transformation
(CCT) characteristics, hardenabilities, gradient hardnesses,
microstructures (case and core), grain size, grain flow direction.
residual stress, distortion in heat treat, indusion ratings, dimen-
sional accur.acy and surface finish ..



Results
The Cr-free test gears and the control group of 8620 gears

were processed as a group through the same equipment. The
control group was used to calibrate the data base. This precau-
tion was taken since gear performance is sensitive to small
variations in metallurgy, surface finish and geometry.

Only the most pertinent of the above comparisons are
reported here. The reader is referred to the official Bureau of
Mines publication mentioned earlier for additional details.

Gradient Strength
Gradient strength, a critical design consideration, is important

to prevent failure by subcase fatigue. This property was not
evaluated in this study, since subcase fatigue will not occur if a
sufficient gradient strength is provided, Gradient strength is com-
prised of a combination of case depth and core hardness.
Previous studies (6-7) indicate that steels with hardenabilities
similar to those used in this work, when properly carburized,
develop adequate gradient strengths in heat treatment with this
size gear. As a check, however, a strength/stress distribution
analysis was conducted near the pitch line. The results of this
analysis are shown in Fig. 4. The comparison was made for a
load of 4600 lb-in, torque. As can be seen, both steels provide
more than adequate gradient strength to prevent Failure at the
case / core fracture.

Metallurgical Considerations
The [orniny hardenability test and the CCT diagram deter-

mination are two different ways of evaluating the transforrna-
tionsequence that occurs when cooling a piece of steel. The
objective of Phase 1of this program was to develop a composi-
tion that would have similar hardenability to 8620, The
hardenability testing conducted in Phase Iof this program was
more extensive than that conducted in Phase II, Sharma and
Keith conducted a number of [ominy hardenabiiity tests to
compare predicted hardenability with measured results. Their
comparison indicated that a mid-range composition of the
Cr-free steel has a very similar core hardenability profile to a
mid-range composition of 8620, and that the case hardenability
of the Cr-free steel was only slightly less than that of the 8620.
The Cr-free steel composition employed in Phase II had an
intentional high side Mn level, pushing the Jominycore harden-
ability curve to the hLgh side of the SAE 8620H hardenability
band. The results obtained were very similar to those expected.

A comparison of the CCT diagrams for 8620 and the Cr-free
steels (Figs. 5 and 6) indicates that the transformation character-
istics (at the Core carbon level) are quite similar. The slight
hardenability advantage of the Cr-free steel resulting from the
high side Mn level and the fact that fastercooling rates were
employed in analyzing the Cr-free steel are both likely reasons
for the appearance of the martensite region in the ccr diagram
at fast cooling rates. (See Fig. 6.) Because molybdenum has a
strong retarding ·effecton the ferrite plus pearlite (F+P) reaction,
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the somewhat longer starting times for P+P' in the Cr-free steel
are probably a result ,0£ the increased molybdenum level, In
general, the results from Phase I and Phase ]I indicate that both
case and core hardenabllity of the Cr-free steel areequivalent to
8620.

Carburizing results performed on laboratory specimens in-
dicated that even though the carbon profiles obtained on 8620
and Cr-free steels were similar. the hardness profiles were higher
on the Cr-free steel ..Retained. austenite profiles indicated that this
was not due to a difference in the amount of retained austenite
between the steels ..Since carbon content controls the hardness
of the transformed martensite, the fact that the 8620 hardness
values were lower near the surface suggests that the Cr in the
8620 may tie up some of the carbon near the surface as carbide.
Sharma and Keith(ll observed in the case harden ability tests of
Phase I that the surface carbon contentafter pack carburiziing
was lower in the Cr ..free steel than the 8620. Theyconduded
that, because of the elimination of the Cr. the Cr-free steel had

a

I....... • •
, I _.

Fig. 6 - ccr diagram for Cr-free steel.

Fig. 8a-8620 Ilank surface (unett:hed)showrungIGOpenetratioo( "'"0.0007),
Also showsa duster of sulphide particles. (400Xj
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Fig ..9<1- Etched 8620, root area surface. Strucure is martensite and austenite.
(400X)

Fig. ]'0iIJ -8020 !lank in etched condition. Structure is a martensite austenite mix.
(400X)

Fig. 9b - Cr-Iree root area surface. Structure is marlensite and auslenit . (400X)

Fig. lOb - Cr-Iree flank {etched) 10 show martensite austenite structure. {400X)
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a reduced tendency to form carbides and would, therefore,
tolerate a greater variation in furnace carbon potential than
the 8620.

Hardenability comparisons are shown in Fig .. '7. Only the
hardenability of the Cr-free steel was measured. The comparison
is made with published base (core) and case hardenability for
8620. The harden abilities of the two steels are comparable in
this program.

Microstructure, Grain Size
and Cleanliness

These three items are critical to performance. Since in both
bending and pitting fatigue, the fracture origins are at or very
near the surface, it was critical that the Cr-free steel be capable
of developing suitable properties near the surface.

Near surface microstructures are compared in Figs. 8, 9,and
10. In addition to the conventional microstructure, which is
intended to bea mix of martensite and austenite, surface inter-
granular oxidation (IGO) also plays an important role ..Figs. Sa
andBb compare the two steels' conditions in the unetched con-
dition. Both show normal. penetration of [GO.

FIgS.9a, 9b, lOa and lOb compare their structures in the etched
condition. Both are considered acceptable and normal. The 8620
control group seems to have had a slightly greater tendency to
form transformation products in the [GO layer, although it is
quite moderate. The core structures, not shown, were identical.

X-ray retainedaustenites were also compared. (Refer to Table
2.) Except for the value at 0 ..005", the results were almost
identical ..

TABLE 2
X-RAY DIFFRACTION

RETAINED AUSTENITE
Cr-InMt Alloy

20%
32%
23%
27%

8820H
22%
35%
36%
27%

Surface
0.002
0.005
0.010

Cleanliness, of course, is a result of melting, pouring and roll-
ing practice, Cleanliness was measured on both the raw material
(ASTM and SAE methods) and qualitatively on finished parts
as a part of the post mortem investigation. Both steelswere
very dean.

Both steels were made by a fine grain practice. The Cr-free
steel contained 0.05 Al, the 862{), 0.03 AIL GraJn size measured
ASTM #9 .5, as shown in Fig..11. A heat etch method was used.
In this method, a polished sample is heated to the test
temperature (17000

), ina protective atmosphere. Boundary zones
are acoentuated(grooved) due to selective vaporization and
diffusion.

Grain Flow
Rolled steel products, such as alloy steel bars for forging, have

grain flow characteristics that are dependent on how they have
been reduced to size. This grain flow is modified by the forging
operation.

Figs..12 and 13 compare the grain flow characteristics of two
gears from the program. The 8620H was forged by axially corn-
pressing a 2" round cornered square cut to 3;18" lengths. The

J' 8 Geor Technology

Fig. u- Typical prior austenite grain size (heat etch). (lOOX)

fig. Il-GrajJl flow - Specimen ~2S - 8620H etchant: hot HCL (2.8X)

Fig" U - Grain flow - Specimen ,18 - Cr-free alloy 1f4 etchant: hot HCl.
(3.0XI



Cr~&ee was fo:rged from a. 2%" round cornered square cut to
lV, "lengths. The compression direction could have been ran-
dom. since it was nearly a cube. The views shown, are from an
adal cross section of a forging from each group to show
longitudinal flow lines. The tooth load is applied. perpendicular
to the photograph. The 8620 shows typical Row lines. Although
showing faint typical flow lines. Cr-free also shows significant
endgrains. The effect of this on performance is not KnO'NYl. It is
not necessarily significant. as neither have flow lines which
areopUmum.

the heat size was small, the single ingot that was cast is rilughly
similar to what is used commercially ..Hence. the cooling rates
obtained during solidification were representative of those ob-
tained in commercial ingot practice. Thus, to the extentlhat this
investigation was able to duplicate a commercial practice, there
was no indication that the Mn level of the Cr-free steel would
produce excessive segregation.

Another concern associated with the Cr-free steel,is the ext- nt
to whi.ch th ,high Mn level would increase the IGO fonn tion
during 'carburizing. [GO is an unavoidabl product of most c m-
mereial carburizing processes (exoept vacuum carburizing) .for
alloys contairting Cr. Mn and Si. Published research(91 indicates
that these elements will be d pleted from solution and will fonn
oxides in the grain boundaries or in th matrix near the surfac .
The Si coment of the steel grades used in most carburizing
applications (approximately 0.25 %), appears to be the major fac-
tor affecting the formation of lGO. Th -major detrimental aspect
of IGO formation is a. reduction of case hardenability du to
alloy depletion. Although there has not been a definitive study
on. the relative ccntribution f Mn and Cr to. ICO formation. the
slight increase in Mn level can be expected to be offset by th total
eUmination of Cr in fa.vor of increased Mo which does nol oxi-
dize I:mder carburizing conditions,

A comparison. of th mi :rographs in figs. 8a and 8b suggests
'that the ['GO Iormatlon in the Cr-:Fr« steel may even be slightly

Effect .of High Man~anese
The maximum Mn level in the Cr-free steel.is higher than that

generally seen in low .alloy steels ..Most low alloy steels. except
for those in the A1SI-SAE 1300 series, have maximum Mn levels
,of 1.00'% or less. Historically. high-side Mn levels, have been
associated with problems such as alloy segregation during ingot
casting leading to. banding. as well as intergranular oxide «GO)I
formation during carburizing, The Mn level inthe 10-ton heat
used in.this .investigation was intentionally held to the high side
of th suggested range so that questions such as these eould be
evaluated.

The extent of Mn segregation is ill function of thesiz.e of the
ingot and the cooling rate; i.e., smaller ingots with. faster cool-
ing rates will show less segregation Ithan larg~ ingots. Although

3500 Be - Man invents lhe wheel iIf1d says "it is ,good"
2500 Be - 'Man irrventslhe spline and says "it lis good"
2499 Be - 'Mall invents the spline gage and says "Iit'li do the trick"
Man has been using the same spline gage ever since, That is, until
FRENCO redesigned the 'gage for modern man, The Frenco indicating
splinB' gage produces variable data 011 ,exact Pitch Diameter while
simultaneously checkingl "GO" ,condition . This SPC compatable: gage
also quickl¥ cneos taper; ovaIity and ,other time' consuming inspections,
Availab'le for internal, merna], straight or involute spline ,configurations,

ILet us show you a syslem for loday and beyond, Call ,or write:
W227 'N6193 Sussex Road
P,O. Bo)( 125 ·Sussex. WI 53069
(414)246-4994' FAX '(414)246-4864
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fig. 14 - View showing shape and toughness of mot fillet, Specimen ,3 -
Cr-free alloy lOX. -
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allowable tress specificaton for Grade 1(Reg. 5),

less than that fonned in the 8620. The fact that the Cr-free steel
performed better than the data base in strength tests may be
related 'to this factor (low [GO formation) also, but unless an
analysis isconducted to evaluate relative IGO fonnationtenden.-
des of the alloys used in the data base, this can only be presented
as a possibility. Strength testing will be discussed subsequently.

Dim.ensioning and Heat Treat Dis,tmtion
AU gears were processed in a similar manner, The .manufac-

turers reported that the 86.20 and the Cr-free materials were
similar. Profile, lead checks and "over pin" changes were in-
distinguishable between the two sets. Both fmet radius and sur-
face finish were basically the same and similar to the "data base"
gears .. A typical .fiUet profile is shown in. Fig. 14. Surfa.ce
roughness rneasured e 125 rIDS.

Residual Stress
Residual stresses from processing; i.e., heat treat and post heat

treat processes. such as cleaning and peening, are known ,to have
major influence on fatigue performance. especially bending
fatigue. Some influence is expected in contact fatigue, but less
published data is available on this subject.

Variations in residual stress caused an unexpected and un-
wanted excursion in the test program. The data base is,as noted
in Fig. 2, for shot cleaned gears. The root fillet compressive
residua] stress of cleaned gears usually varies from about 40Ksi
to 70Ksi The first gear tested in bending (620() Ib-in) gave highly
suspect results in that it lived well past the normal failure cycles.
~forbending and then finally failed by pitting. This prompted an
investigation of residual stresses. The FASTRESS method was
used .. Gears from this group were determined to contain a
residual stress level of ahout87Ksi. This level.of residual stress
is more in. line with shot peened gears, The supplier had done an
exceptional job of cleaningthe gears. Because ,of this, it was
deemed necessary to replace some of them. The replacement
gears were processed through the same cleaning system as the
data base gears, Levels more in line with what was expected were
obtained. Comparison of results are shown in Table 3. These
comparisons are for axial stress since this direction does not te-
quire removaJ of teethand thus provided a quick answer to the
problem.

Subsequently, the I:'iesidualroot stresses of gears from both



TABlE 3
X-R.y Raid .. StraI AIIIIpIa

RIIIIIIII .... • IIsI
Identification Position: A ~ Q Q ~
8620 Cleaned by Supplier -92 -90 -84 -82 -87
8620 Cleaned Same

as Data Base -44 -40 -58 -34 -44
Cr-Free Cleaned as Data Base -38 -28 -28 -40 -33.5
-Stress measurements were made at the midpoint of the gear tooth

width in the root. They were made at four locations on each gear. 90
degrees apart in the root-axial direction.

groups werechara.cterized in the eireumferentialdirection. An
in-depth profile analysis was conducted to ddermine if there
were basic differences. This comparison is shown in Fig. 15. The
circumferential direction coincides with the load stress direction
and, thus, isa legitimate design consideration.

We elected to use the "over deaned" gears in the durability (pit-
ting) tests, This aspect will be discussed subsequently.

Power CircUlating Gear Tests
Thirty-one gear sets were evaluated, six 8620 and 2S Cr-Iree,

Twenty sets were tested in the durability '(pitting) regime and
eleven in the 'tooth strength (breakage) regime. (ReFerto Fig. 2.)
Tests were split between four load levels, two in each regime.
WeibulJ statistics were used to analyze the data where applica'ble ..

Durability
Figs. 16 and 17 show the torque-cycle results of PC tests con-

ducted in the durahi.lity regime in comparison with existing
infonnation. The torque levels used were 4500 lb-in and 5500 Ib-
in. Fig. 16 compares the control group (3 tests) with the data base
and the data base with the new Cr-Iree steel. The 10, SOand 90 %
probability levers were determined by analyzklg th data for
each of the two loads using Wei'bul.1statistics.

There are two signifieant aspects Ito this data. One, the con-
trol group tends to validate the test specimens by falling within
the existing data base band. As indicated. earlier, these gears were
from the "over peened" group ..Since both groups -the control
group and the test group - were exposed to the same deaning,
it is safe to make comparisons. Two" the Cr-free steel group
shows slightly longer lives to pitting than the data 'base and the
control group. InFig. 17 the 10'% probahility SN curves of the
data base and the Cr-free test group are compared w:ith the G~10
curve for A:GMA 'Grade 1 material The control group data.
points are also shown. The AGMA recommended practice is
sl.ightly conservative to both the data base and the Cr-free data.
This comparison again shows the Cr-freesteel to be marginally
better than the data base materials ..Gi.ven the limitations of the
analysis. in terms of numbers of tests, etc., it is appropriate to,
conclude 'that the two groups perform comparably in terms of
pitting fatigue ..
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Fig, 19'- Comparison of results from strength tests with data base and the
allowable stress specification for AGMA Grade 1.

Tooth Strength.
The data generated for comparing bending fatigue is shown

in Figs. 18 and 19. The two load levels were 6200 lb-in (139,500
psi) and 6600 lb-in (1485oo psi). These load levels are quite dose
together for this type testing; however, it was necessary to go as
high as 6200 Ib-in to assure tooth fracture instead of pitting, and
the 6600 lb-in is near the upper limit of the test machine being
used. Even so, gearing and shaft failures were experienced dur-
ing this phase of the program.

Fig. 18 shows all data points, including the control group, in
comparison with the G-IO, 50 and 90 curves for the data base.
In one of the tests at 6200 Ib-in, the test was terminated due to
pitting after 805,000 cycles; i.e., fracture did not oc-cur. There
is not quite enough data. to perform a legitimate statistical
analysis; however, two conclusions can be made ..One, the con-
trol group samples ran to the low side of the Cr-Iree group, but
to the high side of the data base; and two, the Cr-free group
appears to be able to carry higher torques at the samecydes com-
pared to the data base.

Fig. 19 shows this same data, but in terms of stress plotted
along with the AGMA allowable stress curves .. In this com-
parison the AGMA design curves appear very conservative.
This may be due to many factors, including metallurgical
quality, size effects, etc. It is apparent, though, that with good
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control, gears can be designed and used at significantly higher
loads than those indicated.

Summary
1. The Cr-Iree steel had equivalent (marginally better)

durability characteristics compared to the data. base.
2..The Cr-hee steel exhibited significantly higher strength

(tooth bending fatigue) than the data base steel.
A number of factors may be involved, the two most likely

being metallurgical quality and residual stress. Since the data
base represents a large number of gear sets, it probably included
gears with a wider variety of cleanliness, microstructure and
residual stress conditions. The Cr-free steel had good structure,
was fairly dean and contained residual stress to the high side of
that expected for cleaned gears, Thus, this small group may'
represent high-side performance for these type steels,

.3. The hardenabiltty response was pretty much as predicted
and, thus, microstructures were satisfactary. This tends to
validate the concept of developing substitute steels based an
equivalent hardenability. Same reservations are in order as men-
honed earlier.

4 ..Processing characteristics, fram steel melting to rolling to
forging to machining to heat treating for the Cr-free steel, were
similar to other alloy steels of the 8620 type.

5.. It was not necessary to modify the green size hom that
customariJy employed in order to accommodate 'the Cr-free steel
movement in heat treatment.

6. Grain flow was different in the Cr-free gears as compared
to the control group and the data base gears. This difference is
not thought to be of great significance, however, more work is
required to validate this assumption .

Conclus:ion
The purpose of this investigation was to provide a perfor-

mance comparison between the proposed Cr ..free steelcomposi-
tion and the current AISI-SAE8620 steel grade. None .of the
comparative tests indicated a compromise in properties as a
result of the substitution of Cr-free steel for 8620. On the con-
trary, there were several points in favor of the substitution.
Phase IIof this research has built upon the results obtained in
Phase] by evaluating the Mn-Mo Cr-free 8620 steel substitute
proposed inPhase I in a scaled up application. This Cr-Iree steel
composition was cast as a IO-ton heat and evaluated in a cas-
burized gearing test program along with an. 8620 steel. control
group of gears .. The control group was used to calibrate an
existing data base with which the new steel. was compared. A
variety of production, petformanceand metallurgical aspects of
the Cr-free steel werecompared with the characteristics of 8620
in an effort to determine whether the Cr-free steel could be
recommended as a suitable alternate composition for ,8620 in the
event of an interruption of the domestic chromium supply. The
major conclusions obtained from this program can be sum-
marized as follows:

1. The perfonnance of the Cr-free steel in a carburized gear-
ing test program was at least equivalent ta or slightly better than
the performance obtained in asimilarl y processed 8620 control
group ..In addition, the Cr-free steel performance in the gearing
test fell to the high side of an existing data base obtained from
steels of similar hardenability. These test results indicated that
the Cr-free steel would perform at least as well as 8620 ..
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2. The various processing characteristics that were evaluated
mdica~ed that the Cr-freesteel could easily be substituted for
8620 steel. in existing application with little or no processing
changes. For instance, in the production of the gears in this in-
vestigation, no significant diffemtces were observed between the
Cr-freeand 8620 steels inEo(ging, machining or heat treatment,

3. Detailed metalilurgicali evaluation 'of the Cr-Ireeand 862D
steels indlcajedthat transformati.on characteristics, rnicrostruc-
lures and ~fracturemorphologies were similar, that no segrega-
tion problems were encountered with the higher Mn level of the
Cr-free st'eel and that both steels had similar 'core and case
hardenability .

4. The overall performance of t.heCr-free steel is sufficiently
sim ilar '1.0 Ilna.1 of86Z0 that direct substitution of the Cr-free steel
for 8620 can be made in gearing appli.cations with no loss in
perlonnance characteristics and with little or no change inproc-
essing parameters. In other general structural applications, it is
expected. that the Cr-free steel will process and perfonn in a
similar manner to 8620 steel.

This work has significantly added to the knowled-&ebase re-
quired to make successful substitutions in critical applications.
]t further proved the metallurgical design system for substitution
and encourages its use for peaceful purposes, such as cost
control.
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