
GEAR FUNDAMENTALS

I ee e Gear te
Review
Craig V. Darragh

The selecti n of th pr per steel for a gi en gear applicati n is
dependent n man fact r.. Thi. paper di cus . th many aspects
related to material. de ign, manufa ture, and applicati n variables.
Th re ults of se eral tudie n th optirnizau n f allo d ign
f r gas- and pla: ma-carburizaiion proc ing are reviewed.

Introduction
Impr ved performance and reliability at the lowest cost per

unit of life i a g al omm n t all industri s. It i espe ially
true for the autom uve, truck, nd po er iran mi i n indu -
trie . where system compri ed of gears. shaft, bearin .
pring, discs, hea e , r II r and/or other me hani aJ compo- crated? What h at treatment will be us d?

nent are being a ked to deli er higher strength and greater 3. How will a beneficial residual compres i e stress state be
power thr ughput while u ing rnaller, lighter weight d signs. generated in the contact surface regi n- ia heat treatment
The aim i. to achieve loom c mbinati n of weight a ing. and/ r pol-heat-treatment pr cesse ?
higher fuel ec n my,lo cr ehi Ie emi ins, decreased down- 4. What type of surface finishes and geometr (cont uring)
time and maintenance r quircrncnts, quiet operation and design aspects will be inv I ed?
fie ibility. he ,in turn, pr vide added alue in the f rm of 5. What lubri ant, temperatures, contaminants and loading
improved performance. manufacturability and life cycle c sts. (n minal and in tantane u ) mu t be considered?

ompreh n ive ppr ach 6. ill urfa e engin ring capabilities (fini he ,te tur ,c at-
Many fa t rs affect th ultimate performance of a component. ing.• etc.) be used.

The includ raw material. design. pr e inglprodu t and appJi- The' , are ju t a few f the application que tions. Many oth
cation variable bown in Table I. undou tedly h uld a ked. The erux is that the engin er must

ptirnizati n of the pr s. and produ t f ran gi en ompo- dra on th variou di. ipline to d sign a given m nent. On e
nent i mple and requires a c mpreh n ive interdisciplinary the que lions are an wer d, the material' engineer can provide a
ngineering approach. An erall concept is illu trated in Figure I. kn I dge-based rec mmendation for the material of ch i e to

The base fth performan e pyramid sh uJd be con idered for achieve the required manufacturability, performance and c st.
ea h component in a y tern. u ceo ful d sign depends on tem pgrading
quality engineering ithin and between di. iplin for any gi en This appr ach can be sequentially applied to each ornpo-
part. he metallurgical, mechanical and tribological aspects mu t nent in a ubassernbly or full y tem. The engine ring team can
alJ be can id red. Proce and product fa tors are e tremely inter- determine which c mponent is the "weakest link." That pan can
dependent. n begets and/or depend nth other. then b upgraded. Obviouslv, omc other component will then

When de igning a c mponcnt, the engineer doe not sirnpl become the weakest link. By it eraii Iy tepping thr ugh the
begin in the material column and lect a grad with cert in attri- component the. stem can be c ntinuousl impr cd,
bute . Rath r.• everal important questions must first be asked: Most automotive transmis:i n model will be cxpc ted to
I. What are the application rigor. the component must endure? double in power throughput capacity from one us ful lifctirn t
2. H will the part be mad? How will it ba ic form be gen- the ne l. Teamwork bel een the metallurgical, me hanical and
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tribological team members can readily achieve uch require-
ments-and, oftentime , more.

Engineering dvancements
Fortunately, technical advance in each of the e areas have

been occurring for many years. The ub equent portion of thi
paper will review some of the specific improvement. related to
gear steel and their thermal proce ing.

teel Cleann
This factor head the material listing becau of its funda-

mental importance. It i the foundation upon which high per-
formance can be built. It is generally well accepted that fewer
and smaller inclusion tran late to longer life relative to ub ur-
face initiated fatigue.

Today' clean steels have resulted from many improvements
in steelmaking practice .. The melting furnace i ba ically u ed
to provide liquid metal. Secondary metallurgical technique in
ladle refining and teeming practice have become the key ele-
ments. Important factor include degassing and deoxidation
practices temperature control, inert ga hrouding, improved
refractorie and the u e of bottom-poured ingot or ignificant-
ly improved tundish sy terns and large cross-section continuou
caster (Ref. I). It i especially important to prevent reoxidation
during teeming/casting and any type of exogenou inclu ion
(Ref. 2).

Continuing advance in internal quality have re ulted from
the ability to accurately measure the internal cleanness over a
ignificant volume of teel. Hi torical te t method, uch

microscopic evaluation, magnetic particle te ling and oxygen
analy i , are valuable tool. But they are not capable of truly
distingui hing relati ve difference in very clean teel.
Ultrasonic te ting has proven to be the critical tool. It ha the
ability to ample ufficient volume and the ummed length of
inclusion per unit volume can be correlated to fatigue life. Thi
i iIIu trated in Figure 2, which depict the improvements real-
ized in rolling contact fatigue life 0 bearing a change in
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Figure 1-The Performance Pyramid. Beginning with the base (Table
1), the individual components can be optimized. Subsequently, by
moving up the pyramid, a system can be optimized.
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melting practice created cleaner teels, The c1eanne has been
improved by four order of magnitude while the life ha
improved more than two orders of magnitude.

he compo itions and morphologie of any inclu ions pre-
ent are al 0 important. The work by Stover and Leiben perger

(Ref. 2 and 4) found alumina-type tringer oxide' to have the
greatest detrimental effect on contact fatigue life. Sulfides can
become operative once the oxide cleanness is very good (Refs.
4 and 15). Other work (Ref. 5 and 6) i corroborative in how-
ing lower ulfur level and/or hape control of ulfide to be
beneficial to fatigue life, The e works show this i true for ev-
eral type of fatigue.

While c1eannes i critically important it is crucial to recog-
nize that c1eanne alone cannot guarantee specific per-
formance. Fatigue i a tati tically-ba ed phenomenon between
competing mode of damage. if condition uch a poor/improp-
er lubrication, contamination misalignment, poor geometry.
design or finish, etc. are pre ent, the effects of clean teel may
not be realized. However, as uming that ound engineering and
manufacturing principle are followed to avoid or minimize ur-
face-initiated fatigue modes, then clean teel i a nece sity,

Thi i illu trated in Figure 3, which shows the interactive
effect of urface finish and c1eanne on gear bending fatigue.
Steel A is a very clean bottom-poured material while Steel B j

typical of an average bloom-cast material. Thi gear set wa
de igned 0 the pinion would fail due to bending fatigue. The
re ult trongly illu trate that the full advantage of clean teel can
be realized when surface initiation factor are minimized (Ref. I).

lloy Design for Carburized Gears
Intergranular oxidation (IGO) at the surface grain boundaries

i an important i ue for components that are conventionally
ga -carburized, It i e pecially important for gear. Bearing
manufacturers enjoy the benefit of grinding all contact urface
and many non-contact urface. As a con equence, the IGO and
the u ual concomitant nonmartensitic transformation product
(NMTP) microstructural layer are removed; but, in gearing, the
flank and e pecially the roots of the teeth are often not ground.

Fortunately, two method exist to help combat this issue in
gearing: alloy design and plasma carburizing.

Alloy de ign can be a very effective method to virtually
eliminate IGO MTP during conventional gas-carburizing

1e
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Total length of Inclusion 5lringen (mm/anl)

Figure 2-Cleanness and rolling contact fatigue life improve-
ments as steelmaking practices have changed.
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(Ref. 7-14). The approa hi based on th 0 idati n p tentiah
of the alloying element (Ref. 7) which ar h wn in able 2.

Alloying elements with affinities for xygen greater than that
of iron . e) can form oxid , in the urfa e regi n, particularly in
the grain boundarie . A a con equence, th y are removed from
the matrix and their hardenabiliry effect rrc pondingly mini-
mized. The xidized layer i often onfin d t I 20 microns;
but, the ass iated MTP layer can be . ignificantly deeper (Ref.
7 and 13). Importantly, element with affinitie for 0 yg n Ie
than that of iron are n to Jdized and their hardenability effe I i
not lo t: hen e, the alloying approach h wn in Table 3.

In thi. approa h. sili n (Si) i quit important. ince it forms
the greatest am unt of 0 ide to the d epe t d pth (Ref. 7 and
13). The oxides of mangane. e (Mn) and chromium (Cr) f rm
do. er to the surface. with th chromium 0 ide. being the, hal-
lowe t. any are c mpound oxide. . ellent de cripti e work
may be found in Reference. 7,8,9. II and 12. Pho ph ru (P)
and ulfur ( ) are controlled due to their inherent effect- on
toughnc .. Hyde demonstrated the ff t ph. ph ru. on bend-
ing fatigue, as h wn in Figure 4 (Ref. 12). Ba ical! ,it i uffi-
cient to maintain P < 0.015%. which can be readily achie ed.

ulfur i a prim e ample of an element where C n ideration
mu t be gi en to all proce ing nd produ t fact r.. F r e am-
ple, low ulfur i ery d irable for tou hne s, f rmability, and
fatigue re i lance. But, high r ulfur i ften quite nece ssary for
machinability. Thus, the engine r mu t weigh all c mpeting
requirements when e tablishing an alloy ppr a h. This i true
for all the element. All th produ lion and application factors
mu t be con sidered, If an element i low red for ne reas n, but
it has a de ided effe t n ther fact ,th engineer must find
an approach to replace its effect.

olybdenum (Mo) play. a crucial role. It d not oxidize
www.po ••.•rlr.nsmlulon.com· ",ww.l19BrleCnnology.com· GEAR TECHNOLOGY' NOVEMBER/DECEMBER 2002 37
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Figure 3-8ending fatigue durability results from 4" forged hypoid
pinions using four-square dynamometer tests.
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and therefore remain in solution to maintain the surface hard-
enability. Import ntly, it maintain the martensitic urface
micro tructure and beneficial residual compres ive tresses,
lncrea ed molybdenum contents arc required if ilicon andlor
manganese and/or chromium arc lowered. Molybdenum play
the crucial role along with nickel (Ni)-if utilized-of replacing
the corresponding hardenability 10 . (It i important to note that
nickel is a de irable element for both hardenability and tough-
ness. However, its u e is often minimized by request due to 0 t
consideration .)The effect of silicon 10 on hardenability i oflen
greater than commonly expected 0 that m Iybdenum need to
added to compensate for the hardenability 10...

The effect of IGO MTP ha primarily been noted on th
bending fatigue resi tance of gear teeth (Ref. 8-15). The fatigue
resi lance i lowered by three main effects: a) formation and
effect of the grain undary oxide, b) a lower- trength TP
urface micro. tructure, and c) a corresponding 10 of urface

Ie idual compr ive tre se (Ref. 8,9, II. 12, I3 and 14).
Bending fatigue work undertaken in Reference 9-11 wa

directed at determining the relative importance of these effect. .
Several of the findings are reviewed below. Each of the e lud-
ic involved the arne two teels: an 8620 m dified (lower sili-
con) and a 46]5 modified (higher molybdenum). Their compo-
.ition are hown in Table 4. While viable gear teel ,neither i
optimum to prevent aJl of the above effects. While newer alloy
de igns have proven better, the re ·ult. de cribed below remain
valid and form the basis for additional work.

Both steels heat-treated very similarly. be ca e hardne s
profiles were similar, and the case micro tructure were marten -
ite with approximately 25% retained au tenite. However there
were difference at the a -carburized urfaces. The 8620 modi-
fied exhibited IGO (manganese, chromium oxide near the ur-
face; iron, silicon oxide at deeper depth) with ignificant cor-
re ponding NMTP formation (primarily pearlite with mailer
amount of bainite) (Ref. 9). The 4615 modified, owing to it
higher silicon level, al 0 exhibited 100 (mangane e, ilic n
oxides) but-due to it higher level of molybdenum and nick-
el-maintained the hardenability of the urface matrix and did
not exhibit any MTP microconstituents. A a re ult, the teels
exhibited the re idual tress profiles hown in Figure 5 (Ref. 9).
The specimens that were glass-bead cleaned after heat treat-
ment, were tested in four-point bending rigs devi ed by ord
Motor Co. per nne I, described in S E960977 (Ref. 9). The
re ult are shown in Figure 6.

Analysis of the re ult by Dowling uggested the differ-
ence in endurance limits was due ==50% to the better re id-
ual compressive tre tate in the 4615 modified and ==50~
due to the lower- trength MTP urface layer in the 8620
modified (Ref. 9). It i important to note that both reel

10;ydes 10 Foilur~()I Il)I 11)1 exhibited IGO of imilar depth, and thus the initiation of
•• No. 960977 4:>1996SAE Inlernational. fatigue via thi "metallurgical notch effect" i as umed to be

Figure6-Bending fatigue behavior as carburized (Ref.91. irnilar. Apparently, the better re idual tress tate, plus high-
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Figure4-Eftect of phosphorous on bending fatigue (Ref.12).

Table 4-Chelmcal CompOSItIOn of Steels In IGO/NMTP Studies

Steel Type C Mn P S Si Cr Ni Me

4015 Modified 0.16 0.52 0.010 0.015 014 0.12 1.75 0.54

8620 Modified 011 0.92 0.014 O.on 0.11 0.50 0.38 0.16

wo
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·800
lifl lot

Depth lmml

Rep.h"ed with permission f,om SAE Paper No. 960977 Cl1996 SAf Inl•••• ~onal.

Figure5--Residual stress distributions in the gas-carburized bendin
fatigue specimens, both before and after glass-bead cleaning (Ref.9).
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er tr ngth of the 4 15 modified' urf e. d lay d initiation
to high r II level.

Th am tw reel were al test d in full planetary
gear sets in E96097 (Ref. 10). Th result. ere similar.
The 4 I m ified' performance wa appr imately 20%
higher than that of the 8620 modi led' .

Pia ma- arburiz.ing ffe t
s mentioned earlier, another method f pre enting the effects

of 1 n gear nding fariguei t utilize pi srna arburizing
roth r than c nv nti nal g -carburizing. third tudy w cOD-
du t d in \Ii hi ·h th sam two mat rial \I. re th~· -carburized
and plasrna-carburized, Details are in R fe n e II. The re .idual

stress profiles fth f UI IS are h wn in igure 7. and the f ur-
point bending fatigu data are .h wn in igure . ln this rudv,
n ne f the pecimen gl -bead cleaned.

It i important t note: When pIa rna-carburiz d. neither leel
exhibited any M and only a few mall 0 ide particle (iron,
chromium id s) were found at the very urfa e of th 62 mod-
ified. c n uen e. the re idual tat and endurance
limits the two pecimen ere irnilar, I .th two pi -

I y a

www.faessler-ag.ch

rna arburized. ts ere both ignifi antly better than th gas-car-
burized 620 m died (whi h showed signif ant [ and MTP.

ith a c rrespondingl rer re idual . Ire tate).
The gas- ar urized 461 modified pe im n till had the

be I re idual tr ondition and c rre nding nduran limit.
hi. may be the result of a thinner case depth profile in the gas-

carburized 4615 In dified. Res archers at lima M lyhd num
o. (Ref. 8) ha shown there i an optimum ca•• d pth to max-

imize th re••idual c mpre i e tre tat and thu rna irnize
perf rman e.

Ho r, re nt w rk at the ni ersit 0 wea tie
England) f; und .irnilar result betwe n gal- and pla, rna-car-

burized . pccirncns Ref. 16). In addition. w rk b rauss als
. h wed differences in the "ding enduran limits, T3U

c nclu i ns suggested a relation hip 10 gain size and th
amount of retain d austenite in the gas and plasm: pecimen
Ref. 17). hi' phenomenon de erves further. tudy.

orroborative tudl
MTP tudie reviewed above have n c rat-
d Irani (Ref. 12 and 13) and rec nLlyby h w,
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Reprinted with penni ss ;on from SAE Poper No. 199t-01·lI6OO ~1999 SAE lntematlenal.

Figure 8-Bending fatigue behavior for gas- and plasma-carburized
specimens (Ref. 11),
Hofmann, and Evans (Refs. 14and 15).Both have documented the
fractography of the initiation and propagation stages of bending
fatigue and have studied the effects of additional re idual stress
enhancement (e.g., peening, grinding, superfini rung, etc.).

A Shaw and Hofmann note, "bending fatigue can be con-
trolled through improved surface quality, teel quality, and con-
trol of the residual stres state" (Ref. 16). A this paper indi-
cate, uch a pects can be engineered via different methods.
These methods allow the initial product and proces designers to
choo e how to be t produce a gear for a given application.
Integrating the important variables from Table I with the vari-
ous di cipline , the engineer can determine how the gear mate-
rial and proce sing should be designed.

Summary
The proce s, product, and performance characteristics of

mechanical sy terns' components are dependent on many vari-
able related to material, design, process control, and applica-
tion requirements. Application engineering i a complex exer-
ci e that must weigh and counterbalance many competing
i ues. Fortunately, today', steels and many of the processes can
be engineered to achieve maximum performance, Clean teel
forms the foundation upon which to build. Knowledge of the
40 NOVEMBERIDECEMBER 2002 • GEAR TECHNOLOGY. www gearlechnology.com • www.powerrransm;sslOn.com
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requirements for forming, machining, and heat-treat response
can then be combined with manufacturing and application
requirements to design the steel composition.

Details of one a pect, control of IGolNMTP relative to bend-
ing fatigue, were reviewed. if gears are ground in the root and
on the flanks, this is ue is moot. If the root are not ground, then
alloy de ign or plasma-carburizing i a viable solution. If the
flanks are not ground, it i advisable to minimize IGof MTP
effects a they will likely decrease contact fatigue resistance.

The use of an interdi ciplinary concurrent engineering
methodology and the performance pyramid, hown in Figure I,
permits individual components and/or their overall systems to
be optimized relative to propertie ' performance, reliability,
quality, and cost. 0
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