
FR
O

M
 T

H
E 

A
R
CH

IV
ES

Find Similar Titles More Information

Visit the National Academies Press online and register for...

Distribution, posting, or copying of this PDF is strictly prohibited without written permission of the National 
Academies Press.  Unless otherwise indicated, all materials in this PDF are copyrighted by the National Academy 
of Sciences. 

To request permission to reprint or otherwise distribute portions of this
publication contact our Customer Service Department at  800-624-6242.

Copyright © National Academy of Sciences. All rights reserved.

Instant access to free PDF downloads of titles from the

10% off print titles

Custom notification of new releases in your field of interest

Special offers and discounts

NATIONAL ACADEMY OF SCIENCES

NATIONAL ACADEMY OF ENGINEERING

INSTITUTE OF MEDICINE

NATIONAL RESEARCH COUNCIL

This PDF is available from The National Academies Press at http://www.nap.edu/catalog.php?record_id=19853

Pages
102

Size
8.5 x 10

ISBN
0309333091

Materials for Helicopter Gears:  Report (1979) 

Committee on Helicopter Transmission Gear Materials; 
National Materials Advisory Board; Commission on 
Sociotechnical Systems; National Research Council 

http://www.nap.edu/catalog.php?record_id=19853
http://www.nap.edu/related.php?record_id=19853
http://www.nap.edu/catalog.php?record_id=19853
http://www.nas.edu/
http://www.nae.edu/
http://www.iom.edu/
http://www.iom.edu/


NATIONAL RESEARCH COUNCIL 
COMMISSION ON SOCIOTECHNICAL SYSTEMS 

NATIONAL MATERIALS ADVISORY BOARD 

Chairman 

Mr. Julius J. Harwood 
Director, Materials Science Laboratory 
Engineering and Research Staff 
Ford Motor Company 
P.O. Box 2053 
Dearborn, MI 48121 

PHI Chairman 

Dr. Seymour L. Blum 
Vice President 
Northern Energy Corporation 
70 Memorial Drive 
Cambridge, MA 02142 

Members 

Dr. George S. Ansell 
Dean, School of Engineering 
Rensselaer Polytechnic Institute 
Troy, NY 12181 

Dr. Van L. Canady 
Senior Planning Associate 
Mobil Chemical Company 
150 E. 42nd Street, Room 746 
New York, NY !0017 

Dr. Alan G. Chynoweth 
Executive Director, Electronic Device, 

Process and Materials Division 
Bell Laboratories 
Murray Hill, NJ 07974 

Dr. George E. Dieter, Jr. 
Dean, College of Engineering 
University of Maryland 
College Park, MD 20742 

Mr. Selwyn Enzer 
Associate Director 
Center for Futures Researeh 
University of Southern California 
Los Angeles, CA 90007 

Dr. Joseph N. Epel 
Director, Plastics Research and 

Development Center 
Budd Corporation 
356 Executive Drive 
Troy, MI 48084 

6/79 

Dr. Larry L. Hench 
Professor and Head 
Ceramics Division 
Department of Materials Science 

and Engineering 
University of Florida 
Gainesville, FL 32601 

Dr. Robert E. Hughes 
Professor of Chemistry 
Executive Director, Materials Science 

Center 
Department of Chemistry 
Cornell University 
Ithaca, NY 14850 

Dr. John R. Hutchins lll 
Vice President and Director of 

Research and Development 
Technical Staff Division 
Coming Glass Works 
Coming, NY 14830 

Dr. James R. Johnson 
Consultant 
Route l, Box 231 B 
River Falls, WI 54022 

Mr. William 0 . Manly 
Senior Vice President 
Cabot Corporation 
12S High St.reel 
Boston, MA 021J0 

Dr. James W. Mar 
Professor, Aeronautics and Astronautics 
Building 33·307 
Massachusetts Institute of Technology 
Cambridge, MA 02139 

Or. Frederick T. Moore 
Industrial Advisor 
Industrial Development & Finance Dept. 
World Bank 
1818 H St.reel. N.W., Room 0422 
Washington, DC 20431 

Dr. Nathan E. Promisel 
Consultant 
12519 Davan Drive 
Silver Spring, MD 20904 

Dr. Allen S. Russell 
Vice President-Science & Technology 
Aluminum Company of America 
I SOI Alcoa Building 
Pittsburgh. PA 15219 

Dr. Jason M. Salsbury 
Director, Chemical Research Division 
American Cyanamid Company 
Berdan A venue 
Wayne, NJ 07470 

Dr. John J. Schanz, Jr. 
Assistant Director, Center for 

Policy Research 
Resources for the Future 
1155 Massachusetts Avenue, N.W. 
Washington, DC 20036 

Dr. Arnold J . Silverman 
Professor. Department of Geoloa 
University of Montana 
Missoula, MT 59801 

Dr. William M. Spurgeon 
Director, Manufacturing and 

Quality Control 
Bendix Corporation 
24799 Edgemont Road 
Southfield, MI 48075 

Dr. Morris A. Steinberg 
Director, Technology Applications 
Lockheed Aircraft Corporation 
Burbank, CA 91520 

Dr. Roger A. Strehlow 
Professor, Aeronautical & 

Astronautical Engineering 
University of Illinois at Urbana 
IO l Transportation Building 
Urbana, IL 61801 

Dr. John E. Tilton 
Professor, Department of Mineral 

Economics 
221 Walker Building 
Pennsylvania Stare UniversJty 
University Park, PA 16802 

NMAB Staff: 

W.R. Prindle, Executive Director 
R. V. Hemm, Executive Secretary 

Copyright © National Academy of Sciences. All rights reserved.

Materials for Helicopter Gears:  Report
http://www.nap.edu/catalog.php?record_id=19853

http://www.nap.edu/catalog.php?record_id=19853


BIBLIOGRAPHIC DATA 
SHEET 

4. I itle anJ Subt Hie 

Report No. 

NMAB-351 
3. Recipient's Accession No. 

S. Report Date 

October 1979 
6. 

7. Author(s) Committee on Helicopter Transmission Gear Materials 8. Performing Organization Rept. 
No. NMAB-351 

9. Performing Organization Name and Address 

National Materials Advisory Board 
National Academy of Sciences 
2101 Constitution Ave. 
Washington, D.C. 20418 

12. Sponsoring Organization Name and Address 

10. Project/Task/Work Unit No. 

11. Contract/Grant No. 

MDA 903-78-C-lYl~B 

Department of Defense and the National Aeronautics and 
Space Administration 

13. Type of Report & Period 
Covered 

Final Report 

14. 

15. Supplementary Notes 

16. Absiracts Some of the power train transmission gears in helicopter drive systems can 
become critical components as performance requirements are increased; accordingly, 
increasing attention must be paid to new alloys in order to obtain required per­
formance, reliability, and survivability. The major limitation of the alloy presently 
used, SAE 9310 steel, is its tendency to score and scuff under high-temperature con­
ditions. Candidate advanced alloys, with improved high-temperature properties, while 
increasing the resistance to scoring and scuffing, tend to have lower ductility 
and fracture toughness. 

In this report, an attempt is made to identify design, materials, and pro­
cess problems and requirements. In addition, it is recommended that the character­
ization of candidate steels be accelerated; preliminary investigation indicates that 
new alloys may provide improved capability against surface distress. other short- and 
long-term recommendations also are presented. 

17. Key Words and Document Analysis. 17a. Descriptors 

Carburizing 
Fatigue 
Gears 
Helicopters 
Scuffing 
Spalling 
Transmission 

17b. Identifiers/Open-Ended Terms 

17c. COSATI Field/Group 

18. Availability Statement 

This report is for sale by the National Technical 
Information Service, Springfield, Virginia 22151. 

FORM NTIS-35 IREV. 3·721 

19. Security Class (This 
Report} 

-,rNr• A<;:,Tl"rl"n 

20. Security Class (This 
Page 

UNCLASSIFIED 

THIS FORM MAY BE REPRODUCED 

21. No. of Pages 

89 
22. Price 

USCOMM·OC 14952-1>72 

I 

j 

Copyright © National Academy of Sciences. All rights reserved.

Materials for Helicopter Gears:  Report
http://www.nap.edu/catalog.php?record_id=19853

http://www.nap.edu/catalog.php?record_id=19853


MATERIALS FOR HELICOPTER GEARS 

Peport of 

The Committee on Helicopter Transmission Gear Materials 

NA?IONAL MATERIALS ADVISORY BOABD 
Co•mission on sociotechnical Syste•s 

Hational Research Council 

Pnhlication NMAB-351 
National Acadeay of Sciences 

Washington, D. c. 
1979 

NAS-NAE 

NOV l 41979 

LIBRARY 

Copyright © National Academy of Sciences. All rights reserved.

Materials for Helicopter Gears:  Report
http://www.nap.edu/catalog.php?record_id=19853

http://www.nap.edu/catalog.php?record_id=19853


'-1·cJ\~~ 

: . ' 

Order from 

NOTICE 

The project that is the subject of this report vas 
approved by the Governing Board of the National Research 
Coancil, whose aembers are drawn from the councils of the 
National Academy of "edicine. The aembers of the Coaaittee 
responsible for the report were chosen for their special 
competence snd with regard for appropriate balance. 

This report has been reviewed by a group other than the 
authors according to procedures approved by a Report Reviev 
Coaaittee consisting of aeabers of the lational Academy of 
Sciences, National Academy of Engineering, and the Institute 
of !edicine. 

This study by the National ftaterials Advisory Board vas 
conducted under Contract lo. !Dl 903-78-C-0038 with the 
Depsrtment of Daf ense ani the National Aeronautics and Space 
Administration. 

This report is for sale by the lational Technical 
Inf~rmation Service, Springfiel~, Virginia 22151. 

Requests f3r peraission to reprodace this report in 
whole or in part should be addressed to the National 
Katerials Advisory Board. 

Printed in the United States of America. 

1~ 1 a 1 . • • • 1 T 1.. • I • .•u.u cc11nica 
lnf.;r:r:Jfiun Service 
Swin6field, Va. ' 
22151 
Order No. ?BID-15 3 t/-ft; 3 ii 

Copyright © National Academy of Sciences. All rights reserved.

Materials for Helicopter Gears:  Report
http://www.nap.edu/catalog.php?record_id=19853

http://www.nap.edu/catalog.php?record_id=19853


lBSTltlCT 

Some of the power train transmission gears in 
helicopter drive systeas can be~ome critical coaponents as 
performance requireaents are increased; accordingly, 
increasing attention must be paid to nev alloys in order to 
obt!in required performance, reliability, and survivability. 
The aajor liaitation of the alloy presently used, SAE 9310 
steel, is its tendency to score and scuff under high­
teaperature conditions. Candidate advanced alloys, vith 
iaproved high-teaperature properties, vhile increasing the 
resistance to scoring and scuffing, tend to have lover 
ductility and fracture toughness. 

In this report, an atteapt is made to identify design, 
materials, and process probleas and requireaents. In 
addition, it is recoamended that the characterization of 
can~idate steels be accelerated; preliainary investigation 
indicates that nev alloys may provide iaproved capability 
against surf ace distress. Other short- and long-term 
rec~amendations also are presented. 

iii ··' 
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Chapter 1 

SOftMARY, CONCLUSIONS, AND RECO!MEIDATIONS 

A. ~J!!!U! 

Soae of the carburized steel gears used in helicopters 
and other aircraft can be critical coaponents. The aaxiaua 
perf oraance gears in helicopters operate under higher 
speads, loads, and surface teaperatures than aost other 
gears and are prone to scoring, surface pitting, and tooth 
beniing fatigue. Gear tooth scorin~ occurs under high speed 
and load conditions and increases significantly when the 
teaperature exceeds the aaxiaua recoaaended for the 
lubricant eaployed. 

It has been coaaon practice to specify SlB-lISI 9310 
(AMS 6265) steal for alaost all aircraft gear trains but 
these steels soften at high operating temperatures, and thus 
offer poor scoring and scuffing resistance. Bev high­
teaperature gear steels that offer iapro•ed scorinq and 
scuffing resistance and an iapro•ed chance of survivability 
after oil interruption and are aore tolerant to ballistic 
impact are being recognized for use at current operating 
teaperatures (i.e., 200 to 3000P). Such properties will be 
reqaired in the nev transaissions being developed for 
operation between 450 and 6ooop. Ose of these new steels, 
ho•e•er, may require additional developaent for the 
following reasons: 

1. The high hot hardness, higa-teaperature gear steels 
tena to have lo•er ductility ani fracture toughness than the 
SAE 9310 steels. 

2. The fa=tors that influence the fatigue threshold of 
these steels are not coapletely understood, thus liaiting 
the ability of designers to predict gear behavior. 

3. A constant controllable case hardening process 
(i.e., carburizing) has been achieved for soae of the high 
hot hardness gear steels; aay need deaonstration for others. 

4. The load-carrying capabilities at elevated 
temperature (above 3000P) of high-temperature steels and the 
coniitions resulting froa oil film loss and high frictional 
heat when the lubrication system fails have not been 
defined. 

s. The statistical expressions for characterizing 
design allowable relationships under oil film loss 
~on3itions are •ell understood but additional data are 
neeied to develop the required confidence in their validity. 

1 
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2 

6. 1 stan~ardized test methodology that will permit 
development of a handbook to assist gear designers is 
lacking. It is recognized that we need standards to permit 
meaningful comparisons. 

1. Existing data are insufficient in number and scope 
to permit correlation and substantiation of high-teaperature 
operational gear perforaance. 

Despite these problems, some helicopter manufacturers 
and lray program aanagers are committed to the use of the 
new gear steels; therefore, the Departaent of Defense (DoD) 
and the National Aeronautics and Space Administration (NASA) 
asked the National !aterials Advisory Board (l!lB) to 
examine the issues involved and to develop guidelines 
con~erning significant mechanical properties required of 
helicopter gear steels. To respond to this request, the 
N!AB appointed the Coamittee on Helicopter Gear !aterials 
to: 

1. Identify test procedures that reflect helicopter 
gear failure modes; 

2. Identify design, materials, and process probleas 
3. Proviae information on gear requirements, both near 

and long-term, and identify data needs; and 
4. Establish a definite and c~mprehensive plan for 

advancing gear material technology to meet future 
requirements. 

1. All commercially available modified tool steel 
compositions that provide high hot hardness by secondary 
hardening during tempering offer low ductility in terms of 
fra=ture toughness. The relationship of this aechanical 
property to successful gear operation is not well 
understood, but the high hot hardness of tool steels results 
in significant resistance to scoring. 

2. Threshold values relate the size of flaws to 
nonpropagating stress levels an~ are important criteria for 
assessing cleanliness of steel, steel selection, and method 
of manufacture. Where cyclic rates of loading are 
sufficiently high to grow fatigue cracks to critical lengths 
within the normal inspection interval, the associated 
component will fail in fatigue. 

3. High-temperature steels with approximately two or 
more percent chromium must be preoxidized prior to 
carburization, or alternatively, vacuum carburized to offset 
the effects of high chromium, molybdenum, and vanadium 
content. These elements cause surface reactions, resulting 
in nonuniform carbon penetration during carburizinq. 

4. There currently is no industry-accepted standard 
carburizing technique for all the high-temperature steels 
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that will provi~e the processing uniforaity needed in future 
testing prograas. 

S. The dependence of design on the residual stress 
condition is generally recognized. While carburizing 
typically proviaes a desirable residual coapressiYe stress 
on the surface, this condition can be destroyed by abusive 
machining. To assure a desirable coapressive stress, it is 
custoaary to shotpeen the coaponent. Pull understanding of 
the factors that control magnitude and distribution of 
residual stresses through the processing cycle of a 
complicated geoaetry such as a gear is beyond our present 
capability. 

6. Data concerning the relationship between single 
tooth fatigue, rotating bending fatigue, and actual gear 
performance at teaperatures especially aboYe 300°P are 
lacking. An expansion in scope of aetallurgical testing to 
perait the definition of Weibull expressions of high 
confidence for gear design also is needed. 

7. The operation of high performance gears requires 
clean steels that are free fro• inclusions to preclude flaws 
of =ritical size in the highly stressed sections of the 
gear. 

a. Industry finds it necessary and conYenient to use 
SAE 9310 coaposition gear steel as a fraae of reference for 
design allowables and aaterial and processing 
characteristics. 

9. There is a general lack of agreement about whether 
the fatigue strength and toughness testing mode should be in 
ben1ing. There was agreeaent that the specimen should 
represent the total case-hardened structure in a section 
size coaparable to the actual gear. 

10. Reaction to high teaperature exposure prior to 
hardness testing can be used to assess material structural 
instability. 

11. The slow-bend Charpy precracked speciaen can be 
used to study both case and core fracture toughness 
=haracteristics, and the test allows for the incorporation 
of ~ear tooth metallurgical characteristics into the 
aaterial. 

12. A cantilevered bending impact test conducted at 
specified elevated teaperature has been reported as a 
aeasure of fatigue, strength, and toughness effects as 
influenced by alloy coaposition, carburizing, and hardening. 

13. Computer-aided gear design may be used in current 
high performance, low temperatare applications but requires 
revision based on Yarioas properties and failure aodes of 
the never high alloy steels under consideration for high 
teaperature applications. The current computer prograas can 
be used with present steels to predict stress distribution 
through the case, aicrostructure in relation to cooling 
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rate, and response to rapid cooling and transient stresses 
induced during processing. 

14. The developaent and standardization of high 
temperature oils that will aaintain a fila at high contact 
stresses is required for successful application of gears at 
teaperatures above Jooor. 

1. Characterization of high teaperature gear steels 
should be extenied and intensified to provide a statistical 
data base for operation at 2ooor, 300°F, and 45001 utilizing 
estsblished standard speciaen size and geometry. Testing 
should cover bending fatigue (stylized saaples representing 
gear and shsft), impact bending fatigue, tooth bending 
fatigue, crack growth under alternating stress, fracture 
toughness using slow-bend precracked Charpy specimens, 
threshold strength in the presence of a flaw, hot hardness, 
and tensile properties (including 0.1 percent proportional 
limit). 

When elevated teaperatures are involved, speciaens 
should be exposed to the test temperature for at least 1000 
hours before testing to assure structural stability of the 
•aterial. When bending stress modes are applied, the test 
speciaen should be representative of the case and core heat­
trest processin~ established for the gear and shaft. The 
material hardenability must be well understood in teras of 
Jominy bar tests and interrelated cooling rates to assure 
compatibility of case, core, and section thickness of the 
represented gear. The design relationship of this subtle 
but major effect of residual stresses should be aeasured and 
understood. 

2. Development work to qualify a specific gear design 
should include tooth bending fatigue testing, testing 
utilizing four square or "back to back" gear rig, Ryder rig 
testing for score resistance at specified operating 
teaperature, and rolling contact fatigue testing. 

3. The use of threshold stress intensity range AK1H is 
a promising method for evaluating resistance to flaw growth 
unier cyclic loading. This is a relatively new concept, and 
it ls a subject of active research in aany laboratories. 
Research on the effects of test conditions on AK™ in a 
given heat of steel should be continued and should include 
teaperature, environment, I<MAx' specimen shape, cyclic 
freguency, loading wave form, and the specific details of 
how llK. is varied in the threshold regiae. The 
reproducibility of the 6KrH of different speciaens of one 
heat of steel tested under identical conditions should be 
checked. Further research is required to understand what, 
aspects of aaterial aicrostructure, coaposition, and 
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pro=essing history have an influence on 6!<rH values. Ontil 
a more precise understanding of the material properties and 
flaw growth have been established, the practice of reporting 
AKrH of x:y K1 c/in. in to some stated level of statistical 
significance is acceptable and necessary when one wishes to 
use the values for flaw tolerance criteria. (AK is the 
range of variation of the stress intensity factor in cyclic 
loading.) 

4. An industry standard for steel quality acceptance 
should be established to control aetallurgical coaposition 
and processing in teras of melting system and chemistry (to 
control tramp elements), ingot size, bar and billet size (to 
preclude "overforging" or "underforging") , and flaw size and 
quantity. 

5. Nondestructive testing techniques (sonic and 
magnetic) should be developed to monitor the cleanliness of 
the steel in the bar form or in the seaifinished forging and 
thus, to minimize all exogenous inclusions. A 
noniestructive aethod to evaluate case depth and hardness 
gradient in carburized areas should also be pursued. 

6. Rig testing of actual gears operating with induced 
flaws should be expanded to provide a broader statistical 
base concerning the relationship of material properties to 
fatigue threshold. The scope of this testing should be 
liaited to parametric correlations. 

7. Research and development should be conducted to 
examine the significance of the Charpy impact energy and the 
relationship of blunt notch and sharp notch testing so as to 
provide possible guidelines on acceptable steel quality and 
to generate data on threshold stress intensity for fatigue 
crack growth so as to assist in design of gears. 

8. In the area of scoring tests, a suitable screening 
procedure (using stylized samples) should be developed for 
material and associated processes. 

9. Nev high-teaperature steels should be screened as 
candidates and tested for aechanical properties significant 
to the gear user. It is recognized that definitive and 
accepted elevated-temperature laboratory tests that predict 
gear life have not been developed, but exaaination for 
probable acceptability is possible. 

10. Long-tera efforts to develop an advanced helicopter 
gear steel should, as a miniaum, aia at: 

(a) Ease of aanufacture, from raw steel to finished 
form, at least equivalent to SAE 9310, including good 
response to electron beaa and/or friction welding as a 
finished form. 
(b) Providing hardening characteristics that will 
preclude the need for die quenching 
(c) Providing strength at elevated temperature at least 
as good as X-2M and CBS 1000 
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(d) Providing toughness characteristics at least 
equivalent to double vacuum aelted X-2! 
(e) Providing fatigue strength at 6ooop at least equal 
to SAE 9310 steel at 2ooop 
(f) Providing scoring resistance at 600°P at least 
equal to SAE 9310 steel at 200°F 
(g) Providing ballistic tolerance in accordance with 
military requirements, including tolerance for foreign 
objects that could induce secondary failures 
(h) Establishing standard test procedures to provide a 
uniform method for assessing materials and processes 
(i) Employ the best resources (aanpover and facility) 
of both steel producers ani users and, using this plan 
as a reference, assess the state of the art of 
helicopter gear steel development at regular intervals 
under the =ognizance of an independent organization. 
11. Developing a gear lubricant coapatible with all 

gear box components for application at bulk oil temperatures 
up to 600°P. 

The accomplishaent of the tasks iteaized would provide 
the foundation for advancing to a new plateau in gear 
m~terials. The "plan" as outlined, would necessarily 
reguire substantial time and some additional funding to 
accomplish; items 1, 2, and 3 should be started first. 
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Chapter 2 

INTRODUCTION 

Some of the carburized steel gears used in helicopters 
and other aircraft can be critical components. The maximum 
performance gears in helicopters operate under higher 
speeds, loaas, and surface temperatures than most other 
gears and are subject to scoring, surface pitting, and tooth 
bending fatigue operating conditions. Gear tooth scoring 
occurs under hi~h speed and load conditions and increases 
significantly when the temperature exceeds the maximum 
recommended for the lubricant employed. Helicopter 
transaissions that will operate under strenuous conditions 
that inevitably increase temperatures to between 450 and 
600°F are being developed in oraer to reduce the size of the 
oil cooler or by eliminating it entirely. such a "high 
teaperature gearbox" will require high hot hardness gear 
steels coupled with high temperature parts and lubricants. 
In addition, the need for survivability of the aircraft 
operating under reduced and/or starvation oil conditions is 
recognized. 

The SAE 9310 (A!S 6265) steel that has been used 
softens at high operating teaperatures (i.e., over 300°F) 
and scoring and scuffing resistance on the active gear tooth 
profile in some applications is poor; therefore, it has 
become necessary to examine some of the nev compositions 
that through high hot hardness and high temperature 
stability provide iaproved surface scoring resistance. 
(Fopiano and Kula, 1978; Jatczak, 1978b). Although these 
compositions satisfy high contact stress conditions, some 
have limitations that constrain their application in such 
are!s as the un=arburized flange and web and shaft locations 
subject to high-cycle fatigue. 

The present state of the art in gear design is lacking 
in precise definition of design allowables and mechanical 
property data concerning use at elevated temperatures; 
therefore, industry has no basis for identifying and 
quantifying future needs under the nev high temperature and 
high load conditions. The present method of design 
iter!tion for achieving product acceptance involves 
designing, aanufacturing, and testing the entire gear 
·(either in rigs or in gear boxes) under simulated 
operational environment. For example, having established a 
gear tooth design through certain criteria, some of which 
are shown diagramatically in Figure 1, it is comaon practice 
to test different aaterials and configurations to the extent 

1 
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FIGURE 1 Diagranunatic illustration of special interaction relationships 
leading to the design of a gear tooth. 

DETERMINE "BEST" GEAR MATERIAL AND TOOTH FORM 

LOAD 

OPERATE AT DESIGN LOAD UNTIL TOOTH BREAKAGE OCCURS. 

o Material A, Tooth Form A 
D Material B, Tooth Form A 
O Material A, Tooth Form B 
t:. Material B, Tooth Form B 

CYCLES 

FIGURE 2 Diagrammatic illustration of preliminary test objectives to 
achieve a "best" gear material and tooth form. 
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shown in Figure 2. It also is coaaon practice to develop a 
preliainary full S/I curve under the dynaaic test conditions 
shown in Figure 3; however, full-scale qualification tests 
still are required to substantiate the final design of the 
helicopter transaission. 
· In actual testing during gear developaent, loads are 
selected carefully to provide early substantiation of 
satisfactory applied design stress and aaterial strength 
distribution in the gear tooth. For exaaple, Pigure 4 shows 
two levels of Bertzian contact loading overlapping areas of 
low proportional liait coapared to applied stress, thereby 
creating locale of potential failure due to repetitive 
plastic deforaation. The drop in proportional liait is the 
result of high residual austenite (25 to 35 percent); 
however, because such undesirable variations in hardened 
carburized cases can occur, gear designs should be 
accoamodating. 

Regardless, the need to intensify the testing of the 
new class of hi~h temperature steels for future applications 
is considered to be a precursor to following presently 
acceptable product test/design practice. It is iaportant to 
recognize that selection of testing aethods and the 
coniition of the material (i.e., the case hardening process, 
aorphology of final heat treat structure, the residual 
stress and prior high teaperature exposure condition) should 
represent the gear's operational and service environaent to 
the fullest extent possible. 
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CONDUCT TESTING ON 40 GEARS - OBTAIN 20 TEST POINTS 

TESTING CONDUCTED AT FOUR DIFFERF.NT LOAD LEVELS 

ESTABLISH MEAN S/N CURVE 

CYCLES 

A Load level 1 

o Load level 2 

oload level 3 

OLoad level 4 

FIGURE 3 Typical required dynamic test for S/N curve relationship 
in the development of a new gear design. 
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FIGURE 4 Comparison of material strength and stress profile in depth 
at two levels of Hertzian contact loading (200 and 300 ksi) 
in a large carburized gear. Shaded areas indicated probable 
regions for accumulation of plastic deformation with time. 
(From Jatczak, 1978a.) 
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l. Rll~!Q! 

Chapter 3 

GEAR PAILOBES 

The ability to predict the behavior of gears in 
helicopter high perforaance gear trains depends priaarily on 
the capability of engineers to analyze failures and provide 
correlating inforaation useful in the design iterative 
pro:ess. credible and accurate analysis already has 
provided the basis for design concerns that recognize: 

1. The typical high torque and loads at stress levels 
which fluctuate from aaxiaua to zero (Pigure 5 illustrates 
the size and torque range of gears operating under these 
conditions); 

2. The high speeds (7000 to 20,000 rpa) of turbine 
driven gears which generate a large number of fatigue 
bending cycles in a relatively short tiae; and 

3. The maxiaum applied loads at reduced output speeds 
which represent the largest portion of life cycles for the 
final one or two stages of gearing. 

Figure 6 is a presentation of data on generic aodes of 
geac failure representing the performance in teras of total 
transaissions. The chart serves a useful purpose in 
comparing inherent gear failure modes. The absence of 
fretting as a failure mode in the chart is related to 
eliaination of flange failures and including gear teeth 
failure only. 

The coaparatively high proportion of surface daaage 
(pitted and spalled) observed in the OB-1 examination led to 
the conclusion that the EHD fila thickness of a specific oe-
1 gear fell below a critical miniaua value and that this vas 
instrumental in contributing to surf ace damage. The 
aaterial released was in all probability a aajor cause for 
another major mode; debris damage. The authors of this 
report also note that aany priaary failure aodes have been 
alteced in later aodels of the transmissions studied because 
of product iaprovement changes. Thus, this data coapilation 
should be regacded as a snapshot in time. 

Helicopter manufacturers agree that failure aodes 
encountered repetitively during product developaent are 
tooth bending fatigue, pitting, scoring and scuffing. 

13 
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FIGURE 5 Helicopter transmissions size and power comparison. 
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1. ~221h-~DA!ag_Fatigq! 

Tooth bending fatigue is well understood and is 
recognized as a design sensitive aode of failure. For 
uni1irectional bending, the gear tooth rotates through a 
mesh from a zero stress condition, to a aaxiaua stress 
con1ition, and back again to a zero stress condition on each 
revolution. The vibratory stress is one-half of the aaxiaaa 
and the critical area for bending is at the base of the 
tooth. Tooth bending stresses generally are calculated 
using the methods outlined by the Aaerican Gear 
!anufacturers Association (AGRA), and allowable bending 
stresses are based on this one-way bending aode. Allowable 
bending stresses also have been developed for case­
carburized, SAE 9310 air and vacuua-aelted steel gears and 
for non carburized steel gears heat treated to values 
ran~ing fro• 125,000 psi to 220,000 psi. The accepted 
formula for and a diagraaaatic representation of the stress 
calculation is presented in Figure 7. 

Helicopter gears usually are designed in bending for 
infinite life at the highest expected operating condition. 
A three-sigma reliability factor representative of 
approximately 1 failure in 800 saaples generally is used. 
Soae aanuf acturers produce gears with contact ratios greater 
than 2.0 (e.g., those found in spiral bevel gears) and 
maintain that a lover reliability factor can be used because 
the loss of one complete tooth will not cause the loss of 
the drive. levertheless, for design purposes, the aaterial 
mean endurance liait curve of life vs. cycles (S/I curve) 
and the coefficient of variation (a measure of the scatter 
of fatigue test data) aust be known. For the latter a value 
of 10 percent typically is used for gear steels. 

While there is no coaplete agreement on the specific 
condition for qualification testing, load levels as high as 
140 percent of the aaxiaua expected in field service have 
been iaposed. The probability of successfully passing the 
test aay become unacceptably lov. !ore coamonly, recently 
designed transmission systeas (including bearings) are 
require1 to have at least an 80 percent probability for 
survival under the "Overstress Test Spectrum" of loads and 
times. Since this statistical type of design involves 
finite life calculations of gear bending failure, the 
complete S/H curve must be available. The S/R curves for 
SAE 9310 case-carburized steel gears are presented in Figure 
8. 

2. fi1~i!9 

The tooth surface distress caused by high Hertzian 
contact stress on pinions noraally progresses in fatigue at 
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FIGURE 7 Gear Tooth bending stress. 
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FIGURE 8 Fatigue bending S/N curve for spur or helical gears SAE 9310 
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the lowest point of single-tooth contact during the aesh 
cycle. In advanced stages. surface pitting can lead to loss 
of large chunks of the gear teeth and eventual loss of the 
drive. The AG!l analysis is ac:epted for design 
cal:ulations of Hertzian stress. but a variety of •ethods 
are used for f ila thickness. Loads used for design of 
contact stresses usually are selected for aaxiau• operating 
conaition and infinite life. However, in gear life 
prediction, we have available contact stress vs life curves 
which have been developed around SlE 9310 steel permitting 
finite life cal:ulations using the cuaulative damage theory 
similar to fatigue bending. 

Since cont~ct fatigue is •uch •ore co•plicated than 
beniing fatigue. the interaction of the aany variables that 
define the operating environaent of the contacting surfaces 
•ust be taken into account. These variables include 
temperature. contact stress, surface convergence velocity, 
a•ount of sliding. surface hardness, surface roughness, type 
of lubricant, lubricant viscosity. and. of course. material 
chemistry and •icrostru:ture. In the final analysis. these 
variables si•ply are conditions of •etal-to-•etal contact 
between tvo •ating surfaces and are the principal 
determinants of pitting fatigue life. rhree critical 
f~ctors aust be deterained for pitting fatigue analysis: 

1. Hertzi~n stress level vs cycles to failure; 
2. Pila thickness. roughness. ratio relationship to 
surface roughness; and 
3. l Weibull expression of percent failures vs cycles 
to failure at constant contact stress and constant oil 
f ila/surface roughness ratio. 
Geared roller test data may be coupled with specific 

analytical techniques in the sa•e three sequential steps to 
provide a gear with compatible contact stress for the 
operating condition. These are presented in Appendix A. 

For high te•perature gear operation under conditions 
where frictional force is likely to occur because of 
lubrication bre~kdown. the existence of thermal stresses 
caused by high T froa surface to subsurface is illustrated 
in Figures 9 ani 10. These stresses and temperatures were 
developed from the following data for illustrative purposes: 

Copyright © National Academy of Sciences. All rights reserved.

Materials for Helicopter Gears:  Report
http://www.nap.edu/catalog.php?record_id=19853

http://www.nap.edu/catalog.php?record_id=19853


19 

SOD 

400 

0.001 IN. 
DEPTH 

... .,_ 300 • u c 

~~ 
t-
~~ ... 
~8 zoo 
.._ ... 
... ~ 
~-
~~ a ... 100 

.DOS IN. DEPTH 

WIDTH DF CONTACT BAND 
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Roller radii 2.0 and 4.00 in. 

V1 100 in./sec 

Va 150 in./sec 

wn (load) 23000 lb-in. 

f 0.1 

The terms are explained under the foraula below. 
The 350°P 6T in the outer 0.005-in. shell will cause 

this material to expand against the restraining subsurface 
material producing surface compressive stresses 
approximately proportional to AT. Since they are 
compressive in all directions and parallel to the surface, 
the further effect of superiaposing these theraal stresses 
on the noraal stress can create a stress shift. The 
trailing characteristic then significantly increases the 
maxiaua stresses on the negative sliding aeaber; there is a 
lesser increase in stress on the positive sliding aeaber. 
Sin=e the tensile stress is retained on the negative sliding 
me•bers, the exaaple cited can produce additional 
compression surface stress on the negative sliding aeaber of 
at least 20 percent. This is illustrated in Appendix B 
which carries the discussion further in dealing with the 
complex stress relationships on fixed planes and which can 
then relate the three differential coapressive stress 
vectors causing pitting fatigue failures. While it is 
recognized that the stress levels used io the exaaples in 
this appendix are excessive, the 3iscussion on "interacting 
forces" is a good explanation of pitting failure 
design/operating relationships. The coaaittee agreed that 
possible effect of microstructural instability at high 
temperatures due to breakdown of tempered martensite and 
carbon resolution under high shear stress conditions should 
be carefully assessed. 

3. §.£2£.llg_Sc!!ffing 

surface daaage is one of the most difficult foras of 
failure to examine and understand because so aany variables 
affect surface condition. The greatest number of these 
variables are handled by refineaents to H. Blok•s (1955) 
critical temperature model: 
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K = constant, 

f = coefficient of friction (assuaed constant), 

In = noraal load per unit length, 

V1 !nd V2 = surface velocities, 

C1 and Ca = aaterial constants theraal conductivity, 
specific heat and density 

b = width of band contact, and 

Tf = aaxiaum aean surface teaperature 
("flash teaperature" due to friction). 

If V = (V 1 -V 2), it has been found that the /v can be used 
to verify the teaperature criteria for scoring on gears. 

Variations in surface finish will affect the frictional 
response; therefore, an empirical value s for surface finish 
is introduced into the relationship to further differentiate 
the total surface teaperature T, and the bulk stable 
temperature T1 : 

fln(/V1- /v2) 
TT = Te + K 

________________ , 
(1-S/50) lb/2 

where T, = total surface temperature 

Te = bulk stable teaperature of the part 

s = surface finish r.a.s. micro inches. 

The paper reproduced as Appendix c references the above 
critical teaperature aodels by a. Blok and covers a nuaber 
of principles daaling with thermal contact of two aoving 
parts. 

C. fi!ll_L!Q[i~!~i!L2il! 

The coaplexity of failure analysis in gears and the 
overlap in modes of failure is presented in Figure 11. 
Becognizing that the lubricant continues as a aajor factor 
in the total spectrum of surface stress and aaterial 
behavior, continuing and successful research dealing with 
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experimental oils is considered to be critical to 
teaperature increases for gear application. Figure 12 shovs 
load carrying capacity of different ailitary specification 
and experiaental oils. In military aircraft applications. 
gear lubricating oils are gas turbine oils since one oil is 
pref erred for servicing all engines, transaissions, and 
gearboxes to eliainate possible mixing and logistical 
probleas. The developaent of this single lubricating oil 
generally is directed by ailitary specifications that define 
those fluid characteristics that must be aet to provide 
satisfactory operational performance. The specifications 
essentially cover: (1) physical property liaits based on 
intended temperature use (e.g., viscosity, flash point). (2) 
effect on elastoaers, (3) oxidation/corrosion stability, (4) 
deposition characteristics/limits; (5) level of load 
carrying capacity, and (6) long-term storage stability. 
These specification requirements are presented in Table 1 
for lubricants in current use and for advanced lubricants 
with iaproved performance chara:teristics. All of these 
synthetic lubricants are a general class of ester-based 
fluids in which the technology has already been deaonstrated 
for operation in the teaperature range of -40 to +425°P and 
increased load carrying capacity (up to 50 percent) under 
the Ravy XAS-2354 specification. 

This specification for an advanced ester-based fluid is 
under developaent to aeet the high load carrying capacity 
reguireaents projected for high speed gas turbine engine 
gearing and heavily loaded helicopter transmissions and 
gearboxes. It is, of course, imperative that other physical 
properties and characteristics (i.e., deposition/cleanliness 
level, lov temperature capability, elastoaer coapatibility. 
etc.) be aaintained, and the fully-formulated lubricant aust 
be a balance of base fluid and additives or additive systems 
that will perform satisfactorily in both high teaperature 
environments an~ heavily loaded lubricated contacts. 

The fluids for potential long-tera developaent and use 
in specific temperature regimes with conventional 
lubrication methods currently include: 
1. !§!~~!l~~-ll!!!ds tg_~~2°F--!xperience indicates that 

user costs will be relatively lov; however, there are 
low teaperature viscosity and flamaability probleas and 
little growth potential can be expected. 

2. f2!IEh~!Il-1lh~-12-§22!l--Soae experience has been 
gained in military service and flammability 
characteristcs are good. Projected growth potential is 
above 600°P; however, lov teaperature viscosity and 
load carrying capacity offer serious disadvantages to 
their application. 

3. [luo~t§d_£gmpound§_12-12~!I--These fluids are 
nonflaaaable, fora Yirtually no deposits, and have an 
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FIGURE 12 Swmnary status of gas turbine engine lubricant development 
of load carrying capacity. Letters shown in the chart re­
late to changes in the designated specification. The rela­
tive high temperature stability of the oils are not reported 
in this chart but the known characteristics of the oils for 
high temperature have influenced the designation of applica­
tion limits. (Data provided by the Naval Air Propulsion 
Test Center.) 
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expected growth potential above 10001. Low teaperature 
viscosity, volatility, weight and cost are 
disadvantages but the aost iaportant deterrent is the 
formation of highly corrosive hydrofluoric acid. It 
present, there is no experience with these coapounds 
and development risks would be high. 
The transmissions and gearboxes in service helicopters 

presently operate at aaKiaum lubricant supply teaperatures 
of 230 to 2soop, which are satisfactorily aanaged by !IL-L-
23699 and !IL-L-7808 oils. Although some ester-based oils 
provide acceptable levels of deposition/cleanliness in 425°P 
teaperature environments, the failure aode aost sensitive to 
elevated operating teaperatures is the scuffing/scoring of 
gear tooth surfaces. One reason for this sensitivity is the 
reduction in elastohydrodynamic (EHD) fila thickness that 
allovs metal-to-metal contact and subsequent surface daaage. 
Thus, the ability of the current service oils to operate at 
temperatures in the 425op range will depend on the 
lubricants• ability to provide sufficient EHD film or 
additives systems surface protection (reactive process) 
without gear tooth scuffing/scoring damage (lubricant load 
carrying capacity). Besearch and development prograas under 
Aray and Navy sponsorship are scheduled to evaluate the load 
carrying capacity at 425op of the specification oils listed 
in rable 1 in combination with standard lISI 9310 gears and 
the proposed high hot hardness steels. Initial results on 
some of the high hot hardness steels reveal a lubricant/gear 
material interaction effect that aust be considered and 
factored into future high temperature lubricating oil 
development. 
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TABLE 1 Aircraft Gas Turbine Engine Oils 

Service Oils Advanced Oils 

MIL-L-7808 MIL-L-23699 MIL-L-27502 XAS-23S4 

Intended Use 
Temperature, F ~S/3SO -40/400 -40/428 -40/42S 

Properties 
Viscosity, cs, 210 F 3min S.0-S.S Report s.o-s.s 
Viscosity, cs, 100 F Report 2S min Report 
Flash Point, F 400min 47S min 47S min 47S min 

Elutomers, F /hr 
NBR·H (Buna N) 1S8/168 1S8/72 158/168 1S8/72 
F-A (Viton) 347/72 400/72 347/72 400/72 
FS (Fluoro Silicon) 302/72 302/72 
QVl(Silicon) 302/72 2S0/96 

Storage Stability, F/hr 
Accelerated 230/48/168 
Extended -40 to 140 7S/12 mos -40 to 140 7S/12 mos 

> 3 yrs 0/6 wks > 3 yrs 0/6 wits 

Corrosion-Oxidation 
Temp/Time/Time, F/hr 392/48/96 42S/72 464/48 42S/72 

347/96 400/72 428/48 400/72 

Deposition Bearing Tests 
Standud, mm/hr 100/48 100/100 100/48 100/100 
Temperature, F 

Oil Sump 3SO 390 464 390 
Oil In 340 3SO 4SS 3SO 
Bearing soo soo S72 soo 

Other Tests WADC Alcor 

Lubrication Tests 
Ryder Gear, Std. 

Temperature, F 16S 16S 16S 16S 
Load Carry lb/in., approx. 2400/1!' 2690/2b 2SS0/1!' 34S0/2b 

Ryder Gear, Mod 
Temperature, F 428 
Load Carry lb/in., approx. llSO 
IAEGear, F 230 

Performance Tests 
Engine/hr JS7/100 T63/Specify JS7/100 T63/Specify 
Transmission Optional 

11 Air Force Reference Oil. 
bNavy Reference Oil. 
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Chapter 4 

STATUS OP TECHIOLOGY 

The composition of experiaental and production steels 
available in quantity for gear aanuf acture are identified in 
Table 2. 

The standard SAE grades along with the aircraft high 
production gear steels lftS 6265 (SAE 9310) and l!S 6274 (SAE 
8620) are incluied to provide a coaparison of the knovn 
properties and to define the properties required and their 
related testing procedures. The liaiting operating 
temperature of the steels associated with autoaotiYe 
application is 3ooop, but the reaainder of the tool steel 
compositions have been specified to achieve a high 
teaperature hardness of Pc58. lt service teaperatures of 
approxiaately 60001, they are considered suitable for 
strength, but soae exhibit low impact toughness. 

The hot hardness of four grades now under developaent 
or in production are presented in Figure 13 to illustrate 
tbe extension in service teaperature provided by the high 
temperature gear steel composition. These coapositions 
characteristically are either: 

1. High in silicon (except CBS 1000) to resist 
softening during teapering, 

2. High in nickel (except Cartech 53 and CBS 1000) to 
provide added toughness and ensure fabricability (e.g., 
piercing and forming) ; 

3. High in aolybdenum to ensure hot hardness and, in 
the presence of vanadium, to provide secondary hardening; 
and; 

4. vanadium to also provide grain refineaent. 

Table 3 presents core properties of several carburizing 
grade high temperature steels for the indicated test 
temperature. The data show a retention in tensile 
properties for the high alloy coapositions vith little 
suggestion of any degradation of uniaxial ductility. To 
ensure that these aechanical properties are aaintained 
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EX 55 

EX 32 

CBS 600 

CBS 1000 

X-2 

X-2 (M) 

CarTech 53 
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Table 2. Limiting Operating Temperature 
and 

Nominal Composition of Carburizing Steels 

Element, weight percent 

c Mn Si Cr Mo Ni v 

0.20 0.80 0.27 0.50 0.20 0.55 -

0.20 0.60 0.27 - 0.25 3.50 -

0.20 0.55 0.27 0.50 0.25 1.80 -

0.10 0.55 0.27 1.20 0.13 3.25 -

0.17 0.90 0.30 0.50 0.75 1.80 -

0.20 0.85 0.25 0.55 0.50 0.85 -

0.19 0.60 1.10 1.50 1.00 - -
0.13 0.50 0.50 1.10 4.50 3.00 0.35 

0.20 0.30 0.90 5.00 1.40 - 0.45 

0.15 0.30 0.90 5.00 1.40 - 0.45 

0.10 0.55 1.00 1.00 3.25 2.00 0.10 

w Cu 

- -

- -

- -

- -

- -
- -

- -
- -

1.40 -
1.35 -

- 2.0 

Data from Diesberg, Jatczak, Fopiano, and Kula, Standard SAE Specifications. 

Copyright © National Academy of Sciences. All rights reserved.

Materials for Helicopter Gears:  Report
http://www.nap.edu/catalog.php?record_id=19853

http://www.nap.edu/catalog.php?record_id=19853


70 

60 

ROCKWELL HARDNESS OF 
CARBURJZEO ANO 
HARDCNFD CASE 50 

40 

31 

--f l---- NORMAL DESIGN RANGE 

I I 
r---&:':........__ I =-1 ~ ADVANCE DESIGN RANGE 

---l_ ..... 
.......... /CBSlOOO 

~ ' , .... , 
CBS600_/ >, 
EX00053~ "' 

0 200 400 600 BOO 

TEMPERATURE 

' ' 
1000 

VASCO X-2M 

FIGURE 13 Hot hardness of production and experimental gear steels. 
(From Jatczak, 1978.) 
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TABLE 3 Comparison of Core Mechanical Properties ofCBS600 and CBSIOOOM with AISI 4820 and 9310 Steels (from Jatczak, 1978) 

Test Tensile Yield Impact Energy, 
Temperature, Quenched Size,0 Strength, Strength, Reduction Ct - lb(J) Hardeningfl'empering 
F(C) in. (mm) 103psi(MPa) 103 psi(MPa) Elongation,% in Area,% Charpy Conditions, F(C) 

CBS600 
70(20) 2.25(57) 220(1515) 180(1240) 12.5 55.0 35(47) 1550/600 (845/315) 

600(315) 2.25(57) 215(1480) 152(1050) 18.0 54.0 29(39) 1550/600 (845/315) 
700(370) 2.25(57) 205(1415) 144(995) 18.0 53.5 31(42) 1550/600 (845/315) 

CBSlOOOM 
70(20) 1.0(25) 212(1460) 174(1200) 16.0 64.0 10(14) 2000/1000(1095/540) 

800(425) 1.0(25) 184(1270) 146(1005) 12.0 52.0 48(65) 2000/1000(1095/540) 
900(480) 1.0(25) 168(1150) 141(970) 11.0 52.0 50(68) 2000/1000(1095/540) 

1000(540) 1.0(25) 158(1090) 133(915) 12.0 50.0 51(69) 2000/1000(1095/540) 
70(20) 4.0(100) 192(1325) 163(1125) 15.0 58.0 32(43) 1750/600 (955/315) 

AISI482ob 12 od 
70(20) 0.5(13) 209(1440) 173(1195) 14.0 54.0 35(47) 1700/300 (925/150) 

1.0(25) 170(1170) 126(870) 15.0 51.0 30(41) 1700/300 (925/150) 
2.0(50) 136(940) 93(640) 20.0 56.0 51(69) 1700/300 (925/150) 

AISI93lob 
70(20) 0.5(13) 179(1235) 143(985) 16.0 59.0 - 1450/300 (790/150) 

1.0(25) 159(1095) 123(850) 16.0 58.0 - 1450/300 (790/150) 
2.0(50) 145(1000) 108(745) 18.0 67.0 - 1450/300 (790/150) 

411ndicated round section hardened in oil, then tested in O.SOS In. (13mm) tensile apecimem. 
boata from International Nickel Co. handbook on nickel alloy steels, section 28. 

w 
""' 

.. 
" J 
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throughout the anticipated service life of the gear, it is 
necessary that aicrostructures reaain stable. 

This iaportant relationship of high teaperature 
stability can be expressed in rooa temperature hardness of 
material after exposure at the indicated teaperatures. The 
data presented in Table 4 include the autoaotive grades and 
SAE 9310 (A!S 6265) that clearly show a loss in hardness at 
temperatures above 3000F. 

Hot hardness coupled with high temperature stability 
provides required scoring resistance but also eli•inate the 
plastic flow or surface deformation of the gear tooth that 
can lead to surf ace fatigue damage. Tests on gear teeth 
have provided data in terms of percentage load scoring 
resistance at the flash te•perature (Figure 14). The 
results show the significant advantage of the I-2 steel with 
high temperature characteristics superior to the high 
proauction 9310 co•position steel. The spur qear tests 
cited in Pig. 1~ provide data on the scoring load capability 
of 4.55 P test gears in a 4-sqaare load stand. The nu•bers 
of teeth were 33 and 58 (pinion and gear) and input rp• vas 
2400. Lubrication was by jet-directed ftIL-L-23699 oil at an 
inlet temperature of 195or. The criteria of failure vas 
scoring on more than 3 percent of the tooth area and the 
test program provided six valid test points with SAE 9310 
steel, and nine with X-2!. 

Another comparison scuffing test was conducted for 
spiral bevel gears (Reference D210-10323-1). Here the gear 
parameters were: Dia•etral pitch 5.833; teeth 35 and 43; 
lubrication was ftIL-L-23699 oil, with an average input 
teaperature of 215op. Variables in this test series 
included surface finish, black oxide, and shotpeening as 
well as the basic •aterial difference of 9310 (A!S6265) and 
VASCO X-2!. Figure 14a summarizes these test results. The 
VASCO X-2! gears had no process finishes (oxide or peening) 
and had a surface roughness of 23-27 B!S This vas the saae 
as the SAE 9310 (A!S 6265) gears except that one group with 
an iaproved surface (12-15 R!S) vas included. The 
improvement in scoring capability evidenced by VlSCO X-2! 
bevel gears is approximately the saae as shown in the spur 
gear tests (i.e., 70 percent load increase over SAE 9310 
steel), all primarily attributed to the hot stability and 
hot hardness of the material. 

~he fracture toughness of SAE 9310 steel is considered 
to· be very gooi, and this is one of the benefits of its use 
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TABLE 4 Room Temperature Hardness of Selected Automotive and Advance High Temperature Gear 
Steels after Exposure at Temperature for 1000 Hours 

Exposure Hardness of Case Layers (0. 70 to 1.0% C) 

Time, Hardness as 400 500 600 700 BOO 900 1000 
Steel Type 103 h Heat Treated, RI< (20S) (260) (31S) (370) (42S) (4BO) (S40) 

CBS 600 3 62 60 60 60 S1 
CBSIOOOM 1 60 60 60 60 60 60 60 Sl 
AMS676S(9310) 1 60 SB SS S3 
B620 1 60 SB S6 S3 47 

Hardness of Core Regions, Rs; 

CBS600 3 41 41 41 41 41 
CBSlOOOM 1 46 46 46 46 46 46 42 2B 
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FIGURE 14 Scoring tests: (a) spur gears (data from Boeing Vertol 
Co. Spiral Bevel Gear Manufacturing and Finishing 
Evaluation Program with Vasco X-2 Steel Contract 
(DAAJOl-70-C-0453), and (b) spiral bevel gears (data from 
Improved Manufacturing Process for the Finishing and 
Surfacing of Spiral Bevel Gears, J. P. Alberti, et al., 
1972, Boeing Vertol Document 0210-10323-1, Contract 
DAAJOl-70-C-0453). 
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as a gear material. During the design stages of a new 
helicopter trans•ission, fracture toughness is a design 
criterion for the never high teaperature steels in 
developaent to handle ballistic survival. It generally is 
accepted that current SAB 9310 technology, because of its 
exceptional ductility, does not present any probleas in this 
area. Qualitatively, a helicopter transaission aust not 
disintegrate or have other catastrophic side effects even 
when relatively large aetallic chips or other foreign matter 
are passed through the gear aeshes. The ability to continue 
operation without iaaediate daaage and full functional 
failure is related to the fracture toughness of the 
materials used in the transaission. It is desirable that 
secondary damage be ainimized so that a landing can be 
effected, and, at the very least, continue driving the 
accessories so that hydraulic pover vill be available for 
control in autorotation. 

In general, design philosphy has never accoaaodated 
gear materials with coapositions vhich are so brittle or 
strain rate sensitive that one vould need to quantify these 
properties and ase them as a selection criteria. It is 
prudent to use fracture toughness and threshold as a 
rationale for measuring the degree of toughness and daaage 
tolerant resistance of gears since soae aeasure of this has 
been sacrificed to achieve hot hardness. The plane strain 
fracture toughness data in Figure 15 shows aore than a SO 
percent reduction in K values for steels that retain their 
hot hardness and stability at service temperatures between 
400 and 6ooor. soae vork also has been accoaplished in the 
area of fracture toughness influenced by coaposition changes 
of the steel, most specifically the carbon content within 
the carburized case (Figure 16). 

The results of this vork indicate that raising chroaiua 
levels fro• 0.2 and 1.2 percent lowered the fracture 
toughness in the higher carbon content surface layers of the 
case (Figure 16a) vhile 1.2 and 1.4 percent ftn lowered the 
fracture toughness in the case-core interface (Figure 16b). 
Both conditions lead to lov iapact fracture resistance, and 
these steels break vith 1 to 2 iapacts vith a ha•aer energy 
of 4J. Figure 16d shows the fracture toughness gradients 
for EXSS, SAE 4817, and SAE 9310 compared to that of SAE 
8822. The higher hardenability, lower carbon steels (BISS, 
SlE 4817, and SAE 9310) exhibit higher fracture toughness 
valaes than SAE 8822 in all locations in the case. These 
latter steels also exhibit high impact fracture stress and 
impact fatigue properties. 
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FIGURE 16 Fracture toughness gradients in carburized cases of steels 
with a base composition of SAE 8822 and steels modified 
with three elements: (a) chromium, (b) manganase, 
(c) molybdenum. The results for SAE 8822 are compared to 
those of three high hardenability steels in (d). (From 
Y. E. Smith and D. E. Diesburg, 1979.) 
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While it is agreed that damage tolerance and flaw 
tolerance are directly related to •aterial toughness, there 
continues to be an engineering design interest in •oving 
forward with correlations of varioas fatigue characteristics 
significant to shafting, rim, and web designs so that 
related failures will always be eliminated. The results of 
some fatigue testing under alternating stress in the 
presence of a flaw co•paring SAE 9310 and I-2 steels are 
presented in Figure 17. The data show a significant 
saperiority in flaw tolerance of double vacau• •elt I-2 over 
the single aelt X-2. These are li•ited data fro• one heat 
of aaterial. Some experience with gears aanufactured fro• 
the high production SlE 9310 steel base have been known to 
fail as shown in Figure 18. It is, therefore, i•portant 
that steel cleanliness is controllea to a critical and 
quantified level through uprated aerospace-type cleanliness 
standards and with specified va=uua aelt and ingot 
processing systems. Por coaparable size flaws a coaparison 
of SlB 9310 and I-2 or I-2! under fatigue conditions shown 
in Figure 19 iniicates an overlap of crack propagation rate 
da/dl for a specific stress intensity when tested at roo• 
teaperature. 

Fracture-mechanics-based testing to deteraine the 
f~tigue crack propagation characteristics of aetallic 
materials indicates the presence of a threshold, below which 
fatigue crack growth is extremely slow or nonexistent. 
Bxaaination of fatigue crack growth data presented in a 
fracture aechanics format (stress intensity versus growth 
rate) (Figure 20) shows a sig•oidal relationship with three 
distinct regions. At the high growth rates, crack growth 
instability is approaching the fracture toughness of the 
aaterial. The inter•ediate growth rate range has been 
explored extensively in the technical literature and is 
frequently represented by a pover-lav relationship. At 
lover rates of growth, the curve tends to asy•ptotically 
approach a limiting valae of stress intensity that can be 
viewed as an endurance liait or threshold for fatigue crack 
growth. The threshold gnerally is not predictable fro• a 
knowledge of the material's fracture toughness (i.e., tvo 
aaterials with significantly different fracture toughness 
values can have si•ilar fatigue crack propagation 
thresholds). 

The threshold value is established in fatigue crack 
propagation testing. The nuaber of cycles required to 
propagate the crack increment of length provides the cyclic 
growth rate. The correspondinq load, crack length, and 
specimen geoaetry deteraine the stress intensity level. The 
threshold level is pri•arily a function of aaterial, stress 
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FIGURE 17 Threshold fatigue crack propagation characteristics stress 
level/flaw size combinations for SAE 9310 and X-2M steel 
compositoins showing effect of vacuum melting to improve 
flaw tolerance. (From an internal memorandum, Boeing Vertol 
Co., relative to work performed in the time period 1975-78.) 
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FIGURE 18 Exogenous inclusions associated with gear flange fatigue 
failure at measured 12 ksi ± 6 ksi material was AMS 6265 
single vacuum melting - heat treated to 190 ski ultimate 
strength. (From an internal memorandum, Boeing Vertol Co., 
relative to work performed in the time period 1975-78.) 
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Comparison of room temperature fatigue crack propagation 
rates for SAE 9310 and X-2M steels for crack propa-
gation rate, da, micro-inch. (From Cunningham, et al., 
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FIGURE 20 Fatigue crack growth as influenced by intensity of stress. 
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ratio, and environaent. The laerican Society for Testing 
and Materials (AST!) has an active prograa for threshold 
testing and data production, which presently is working to 
standardize definitions and test procedures relative to 
deteraination of fatigue crack propagation threshold values. 

For a particular aaterial, loading condition and 
geoaetry, the threshold stress intensity level, ~KTH yields 
(via fracture aechanics relationships) coabinations of 
fatigue-stress levels and crack sizes below which crack 
growth is negligible. With this approach it is possible to 
develop paraaetric charts for selected crack geoaetries that 
relate steady stress, alternating stress, and crack size at 
the crack growth threshold condition and to assess one 
aspect of the daaage tolerance of a material/structural 
system. The operating stress levels consistent with 
nonpropagation of given size damage (flaw or crack) and 
inspection requireaents can be deterained. 

Threshold fatigue crack propagation tests have been 
conducted on aore than 10 saaples of I-2! and SlB 9310 core 
aaterial. Testing has encoapassed a range of loading and 
environmental conditions related to transaission operation. 
Figure 21 shows basic fatigue crack growth data for both 
single and double vacuum aelt I-2! steel. Both saaples were 
tested at a stress ratio of -1.0, a temperature of 2S0°F, 
and in a MIL-L-23699 oil environaent. The data are 
presented in teras of stress level-flaw size relationships 
in Figure 22. A significant increase in da•age tolerance is 
indicated for the double vacuum melt x-2! steel. Attention 
is again directed to Fig. 17 which presents additional 
threshold data for single vacuua melt X-2M and 9310 steels 
covering a number of environmental and stress conditions. 
The threshold fatigue crack growth characteristics of 1-2! 
and 9310 core •aterial generally are similar. This testing 
has indicated that double vacuum aeltinq improves the 
threshold for fatigue crack propagation and that 1-2! and 
SAE 9310 steels exhibit si•ilar threshold values for 
conditions typical of transaission operation. 
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A IITRODU£!!Q! 

Chapter 5 

PROCESSING 

The carburizing of specialty high temperature gear 
steels presents soae unique requirements to achieve a 
uniform and controlled response during the carburizing 
process. The formation of chroaiua oxide or tightly 
adhering dense spinel that block the carburizing action have 
been a coaaon experience by helicopter aanufacturers. Soae 
observations relating to this phenomena •ay be significant 
to the successful exploitation of these high chroaiua 
content steels. 

1. Carburization enhancement of high er steels by 
preoxidation has been shown to be caused by the depletion of 
Cr fro• the surface of the steel to the surface of the 
preoxidation layer. The presence of scale breakaway after 
preoxidation, while originally thought to be important, was 
found to be insignificant as a factor in carbon penetration 
during carburizing. 

2. l method based on atomic gas co•position of c-o-H 
mixtures has been applied to establish the aetallurgically 
important equilibria between carburizing atmospheres and 
•etal, oxide, and carbide systems. 

3. Carburization on non-preoxidized high chromium 
steels at normal potentials, using co control at 1750°P 
(95SOC) and 1esoop (101ooc), can result in a situation where 
the initial part of the cycle will be carburizing while the 
rem!inder of the cycle will be non carburizing. When the 
surface is er-depleted by preoxidation, the above situation 
cannot occur and carburization throughout the entire cycle 
is experienced. 

4. High chromium steels may be carburized on a 
production basis in CH -enriched at•ospheres (e.g., in 
siaple carburize-diffuse cycles in which the ratio of RI gas 
to natural gas is kept at 20/1 or richer), but teaperatures 
above 1850°P (101ooc) vill be required for unifora carbon 
penetration. 

5. These overly rich atmosphere compositions always 
will seem to produce aassive carbides in er-rich steel, but 
rehardening fro• temperatures higher than the carburizing 
cycle when furnace or induction har3ening will serve to 
redissolve the carbides. 

6. If gas carburization must be done at 11soop (9550C) 
and belov, preoxidation at 17soop or above should always be 
employed on steels containing •ore than 2 percent er. The 

49 

Copyright © National Academy of Sciences. All rights reserved.

Materials for Helicopter Gears:  Report
http://www.nap.edu/catalog.php?record_id=19853

http://www.nap.edu/catalog.php?record_id=19853


50 

preoxidation treatment may be conducted in either a separate 
furnace or during heat-up in air in the carburizing furnace 
itself. Both of these techniques have been conducted on the 
high temperature carburizing steels, 1-2, CBS600 and 
CB51000ft, as shown in Fig. 23. 

7. c-o-H atoaic gas composition equilibrium plots have 
contributed to understanding of the effects of carburizing 
and processing atmospheres, such as RX, Dl,RI on oxide 
surf aces affected by chromiua in the alloy. 

8. As machined high chroaium surfaces can be 
carburized directly providing the ataospheres contain 
controlled lov oxygen levels and there is nov soae 
understanding on alternate methods of by-passing a 
preoxidation processing step by employing a vacuua or gas 
mixture of 183 + 82 +CB4 • 

This report is not intended to establish specific 
carburizing controls and inform on techniques but rather to 
cite selected results achieved in some industrial heat 
treating operations. The importance of the chroaiua content 
and temperature effect upon equilibrium between carbon and 
complex iron chroaiua coapounds is nov recognized, and 
Figure 2' provides teaperature guidelines for the 
carburizing process to achieve specified carbon equilibrium. 
The required gas compositions and their relationship of 
equilibria with the steel have been thoroughly explored and, 
in practice, are employed as rectangular plots with 
nitrogen/reactive gas ratio = O. ls these ratios are 
increased to between 0.2 and 1.0 for controlled carbon 
ratios in the reactive c-o-B reactive gas, there are 
specific CH4 weight fractions necesary to achieve and 
maintain a carbon driving force and accommodate the deaands 
of :r(y)/Cr0 3 , Fe 3 C, and Cr(Y)Cr 7 C3 • A chart illustrating 
this effect is shown in Figure 25. 

In the light of this special requirement to step up 
carbon potential and circumvent the resistance to carbon 
penetration by chromium/iron oxide adherent layers, 
comparisons were run on the efficiency of preoxidized vs 
non-preoxidized surface layers on carburizing 
characteristics. This is illustrated in Figure 23 which 
compares carbon concentration after 17SOOF cycle to achieve 
about a 0.050 - 0.060 in. case depth. The data suggest that 
when dealing with steels such as X-2 and CBS1000 
preoxidation is extremely beneficial in maintaining a 
uniform carbon penetration. Further, it appears that 
CBS1000, although containing slightly lover chroaium than 
SAE9310, nevetheless benefited similarly to the preoxidized 
surface. It is suggested that vanadium and/or high 
molybdenum in combination with chromium also may provide an 
inhibitinq surface spinel with iron. Some coabinations for 
achieving preoxidation shoving the relative carbon 
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.40 ..---·-· .......... 
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(0.5) (1. 0) (1. 5) (2.0) 

0 .010 .020 • 30 .040 .oso .060 

CASE DEPTH, IN. (m) 

CORE Cl»IPOSITION: 

c ....!!. ~ ...£!::_ J!L ....!!!L _ v_ _v _ 
CBS 600 .22 .68 1.05 1.60 O.H 
CBS IOOOM .13 .so 0.10 1.15 2.90 4.67 0.4! 
VISCO X-2 .24 .32 0.86 4.89 1.32 1.41 0.4P. 
9310 .10 .SS 0.22 1.20 3.25 0.10 

FIGURE 23 Influence of preoxidation (1850°F/~ hr) on carburizing 
characteristics of CBS 600, CBS lOOOM, and x~2 Steels. 
Carburized 2 + 9 hrs at 1750°F with C02 controlled at 
0.035 percent. Note: For 9310, the C02 was controlled 
at 0.050 percent. (Based on Internal Report, The Timken Co.) 
(1977) 
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FIGURE 24 Iron-carbon equilibrium diagrams at various chromium 
compositions. 
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penetration are illustrated for CBS1000 in Figure 26. The 
data again show the advantage of the preoxidation effect, 
whether performed in situ or in separate furnaces froa the 
carburizing operation. The additional surface carbon 
content and the case depth increase in coaparing the 0.125-
in. case depth cycles indicates that the non-preoxidized 
surf ace has only about SO percent of the desired case at 
approximately 0.40 percent c. It then would be necessary to 
interrupt the process, clean the parts, and further return 
to the carburizer at high expense and poor predictability of 
results. A typical processing :ycle eaploying X-2 (SI Cr) 
steel for gear application is shown below: 

Pre:ncidi ze 
Alli? 08 Blast 
Copper Plate 
Carburize 
Teaper 

Nickel-Copper Plate 
Bake 
Preheat 
Austenitize 
Oil Quench 
Deep Freeze 
Double Teaper 

18000F 

17000P 
11ooop 

11soo:r 
14SOOF 
1eso0 P 

-120°r 
6000P 

40-50 Minutes 

2 Hours 

1S-30 !linutes 

The cost relationship of aa:hining these selected 
surfaces below the case depth after carburizing and further, 
to copper/nickel plate for protection of the entire part 
during hardening can be a rather important added cost driver 
in the process. 

Criteria significant to gear design include a nuaber of 
standard tests that provide guidelines to the designer in 
material and pr~cess selection, but it is now recognized 
that new and innovative testing useful to future high 
temperature applications are now required. 1 few standard 
tests are already available and described in the AST! 
procedures and other not standardized are listed below to 
illustrate the surprisingly small amount of standardization 
and to identify the tests that helicopter gear manufacturers 
and users employ. 
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As 111chfned, not preoxfdfzed (to 0.125 fn. case depth) 

Preoxfdfzed fn af r at 1750•f (945°C) fn separate furnace (to 0.062 f n. case depth) 

Preoxfdfzed f n cartlurfzfng furnace, by blowfng af r durfng heat up to carburfzfng telllperature 
of 1750°F (945•C) (to 0.062 fn. case depth) 

Influence of preoxidation on carburizing characteristics of 
CBS lOOOM Steel. All specimens carburized in 1.25 percent C 
potential at 1750°F (945°C). (Based on data furnished by 
The Timken Co.) 
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Cbarpy iapact 
Plane strain fracture toughness 
Tensile testing 

Boom te•perature 
High temperature 

Ryder gear score testing 
Dynamic gear tester 
R.R. !oore rotating beam 

Bending fatigue 
Single tooth bend 
Pitting fatigue 
Hot hardness 

Impact bending 

1. l!llilL!!~§ 

ASTll B23 
ASTll B399 

lSTll 1370 
lSTll B21 
lSTll D1947 
lot standard 
lo standard docuaent 

available 
lot standard 
lot standard 
lot standard 
lo standard docuaent 

available 
lot standard 

Pinal product testing under controlled stress and 
environment conditions is, of course, the best •ethod of 
proiuct verification short of full gearbox application. Por 
example, the R.R. lloore fatigue tests of 1-2 steel in the 
smooth and notched condition (Figure 27) show a noraal level 
of notch sensitivity for the core condition of the material. 
The single tooth bending tests on the saae material under 
conaitions where a case hardened surface compressive 
residual stress is built into the specimen (Figure 28) show 
an excellent fatigue strength. Under rotating contact at 
various stress levels (Figure 29), a satisfactory contact 
stress fatigue strength was demonstrated on a pinion gear. 
For combined stress testing the Goodman diagra• affords the 
best opportunity to assess gear perf oraance and express 
design allowables which can then provide a base for future 
applications. The various points on the curve are collector 
gears on the helicopters designated in Figure 30. The 
design allowables are expressed as an arc between the full 
alternating and full static tensile stress values. 

Unfortunately, the correlation of gear tests during the 
design and development process does not always permit such 
extensive and time consuming tests. Kore recent work 
employing specimens to stimulate a gear tooth and used to 
measure high cycle fatigue, impact fatigue, and impact 
fracture stress has provided a useful composite approach for 
evaluating gear steels. 
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FIGURE 27 Fatigue characteristics of X-2 steel smooth and notched 
rotating beam. (From Cunningham, et al., 1974.) 
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FIGURE 28 Single tooth bending fatigue of X-2M (0.15C) vacuum 
melted steel carburized and hardened R 61 case, R 46 core. 
(From Lemanski, et al., 1971.) c c 
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FIGURE 30 Combined stress Goodman diagram (comparing carburized, 
hardened, and shot peened gear and laboratory test specimens 
for X-2M or 9310). (Based on internal report, Boeing Vertol 
Company.) 
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2. )!end_lUtj.n~ 

Although the Charpy V-notch (CVI) impact test is 
recognized as a common test for evaluating relative fracture 
resistance, it is best used to evaluate quenched-and­
teapered properties of only the core material. The test 
unfortunately does not lend itself to evaluating the steels 
in the carburized condition. There also are several 
unanswered questions about extending the behavior observed 
in small uncarbarized CVN specimens to the behavior expected 
in larger section sizes, especially sections surrounded by a 
bar~ carburized case. The alternatives to handle the 
section-size extrapolation and provide valid laboratory test 
results are to use plane-strain fracture toughness or to use 
test specimens having a geometry similar to that of the 
final coaponent. Both techniques have been used in 
development laboratories; either can give acceptable 
results. 

The testing approaches that have been eaployed to 
evaluate various aspects of the fracture properties of 
carburized and hardened specimens include high-cycle fatigue 
properties, impact fatigue and impact fracture stress 
properties, and fracture toughness. The test specimens used 
in these three basic tests vere kept as consistent in cross­
sectional area snd geoaetry as possible. The cyclic and 
impact tests are performed on specimens having the same 
critical dimensions given in Figure 31 whereas the fracture 
toughness specimens are precracked slow-bend speciaens 
having the dimensions of an unnotched standard-size Charpy 
impact specimen and tested in the carburized condition. 

The fracture properties evaluated are primarily case 
fracture properties, independent of the strength properties 
of the core. The energy required for fracture was not 
considered as a fracture criteria in this study because of 
the large dependency of this measurement on the hardness ana 
carbon content of the core. 111 fracture properties are 
expressed in terms of the stress required to cause fracture 
of the carburized case. The case depths are thick enough to 
insure against yielding in the core prior to fracture of the 
=ase. In such specimens, it is believed that strength of 
the core influences the fracture stress of the case is 
through its influence on the resulting residual stress 
distribution in the case. It is oftentimes necessary to 
measure residual stress distribution in the carburized and 
hsrdened case to explain apparent discrepancy in results. 

Since carburized components can fail by fatigue at low 
strasses, surface finish and carburizing processing (case 
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FIGURE 31 Dimensions of the critical "tooth" portion of high-cycle 
fatigue, impact fatigue, and impact fracture stress speci­
fications. ·(Based on data furnished by D. E. Diesburg, 1979). 
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depth and surface carbon) have been found to influence the 
high-cycle fatigue liait more than does alloy content. 
Steels having adequate surface strength (approxiaately BBC 
60) exhibit siailar high-cycle fatigue liaits as deterained 
by three-point bend tests on specimens with a "tooth" 
geoaetry (Figure 31». As long as the candidate steels 
exhibit a high surface hardness and sufficient case depth, 
the fatigue properties of the steels should be coapatible 
with design allowables. 

4. Ia2!!£!_IA~ii~~-!!2A£1-f£aC~!~~~t!! 

Impact fatigue properties of carburized specimens are 
obtained with speciaens having the saae "tooth" diaeasions 
as the high-cycle fatigue specimens; however, the speciaens 
are cantilevere:l instead of being loaded in three-point 
bending as they are in high-cycle tests. The specimens are 
held rigidly in the anvil of a Charpy iapact machine in a 
aanner siailar to that used in testing Izod impact 
speciaens. The specimens are iapacted with an instrumented 
Izoi striker attached to a 27-kg pendulua haaaer. The drop 
height is reduced to less than an inch to prevent coaplete 
fracture on the first iapact. The total range of energy 
input levels is between 4 and 6 J. The energy level that is 
chosen will fra=ture the specimen in a reasonable length of 
tiae. In aost instances, the instrumentation of the 
f ra=ture event allows the nuaber of cycles for crack 
initiation to be separated froa the cycles required for 
complete fracture. The typical fatigue curves shown in 
Figure 32 illustrate the ability of this test to 
differentiate materials that can absorb impact under fatigue 
con:litions. 

The iapact fracture stress of each steel is deterained 
using the saae setup as that used for the iapact fatigue 
tests. The drop height is raised to cause fracture with one 
impsct. The instruaented striker measures the fracture load 
which is then used to calculate a stress using bending 
equitions and a stress concentration factor of 1.56. It has 
been shown that iapact fatigue properties are related to the 
iapact fracture stress. Figure 33 shows the correlation 
between the two tests for a broad range of steels. The 
higher the iapact fracture stress, the more resistant ~he 
steels are to fracture in iapact fatigue. EXSS and SAE 4817 
are the most resistant to fracture of any of the steels 
evaluated in this series of experiments. 

Work (see Figure 16) dealing with fracture toughness 
~sing slow-bend Charpy speciaens provides the necessary · 
explanations relating the broa~ ~pread of cycles for a 
specific fractare stress under the iapa:t loading systeas. 
It has been noted that the SAE 4820 and EX32 steels with 

Copyright © National Academy of Sciences. All rights reserved.

Materials for Helicopter Gears:  Report
http://www.nap.edu/catalog.php?record_id=19853

http://www.nap.edu/catalog.php?record_id=19853


64 

I 

eo EX 24 

:~~ 
•a SAE 8620 

D 

a ! . 

:t eo EX29 

0 ~SAE 4320 ., . ... 
I ... 0 -0-z 4 0 0 ... 
..... 

i - I 

~ EX 55 

•a SAE 4817 
6 D 

4 

2 

0 

10° 101 1a2 103 

IMPACT CYQ.ES 

FIGURE 32 Comparison of the impact fatigue properties of carburized 
steel specimens. (Based on data furnished by Climax 
Molybdenum Co. of Michigan.) 
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FIGURE 33 Relationship between impact fracture stress and the number 
of impacts required for crack initiation under repeated 
impacts at an energy level of 4.0 J (35 in.-pounds). 
(Based on data furnished by Climax Molybdenum Co. of 
Michigan.) 
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similar hardenability bat vith large differences in nickel 
and, therefore, aastenite content shoved Yery little 
difference in fracture toughness in this carburized case 
even vith the influence of residual stress eliainated as 
shown in Figure 34. A possible explanation illustrated in 
Figure 35 shovs hov the impact fracture stress vas obserYed 
to be dependent upon the coapressiYe residual stress in the 
carburized case. 

When cantileYer stressed saaples of SlB 9310 and 1-2! 
vere tested under fatigue Yibration, the high teaperature 
application (3SOOF) seeaed to shov no adYantage of hot 
hardness (strength) and stability (resistance to softening). 
These data are presented in Figures 36 and 37. 

It is interesting to note that the slov-bend Charpy 
specimen has been used to differentiate the adYantages in 
vacaam and/or special aelting systeas to iaproYe the steel 
toughness. Work conducted on SlB 4320 coaposition is 
sumaarized in Figure 38. Siailar ~ata on high teaperature 
gear steel is n~t available at this time. 

In sumaary, bending/iapact fatigue testing techniques 
on =arburized and hardened saaples representing section 
sizes of actual gears offer an excellent opportunity to 
ais~riainate between materials and processes leading to 
actmal gear aanufacture and scheduled product testing. 

There is an argent need for nondestractiYe diagnostic 
eqaipaent capable of detecting surface and near subsurface 
defects as vell as residual stress in gears. Such an 
apparatus has been deYeloped for rolling eleaent bearings at 
southwest Research Institute (SvRI) for the Aray. It is 
designated CIBLB (Critical Inspection on Bearings for Life 
Extension) by SvRI. 

The application of the CIBLB systea to gears vill be 
strsightforvard since the aajor concerns are the same for 
both gears and bearings: surface and near subsurface flav 
dete=tion and residual stress evaluations. While probleas 
of iapleaentation still exist, the CIBLE systea is a Yiable 
piece of diagnostic equipment for bearings. The application 
~f CIBLE techniques to gears is coaplicated by the aore 
intricate and vsried scanning procedures required for gears 
bat, in principle, the saae techniques should be applicable. 
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FIGURE 34 Influence of carbon content on fracture toughness (influence 
on residual stress has been eliminated). (Based on data 
furnished by Climax Molybdenum Co. of Michigan.) 
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FIGURE 35 Relationship between impact fracture stress and compressive 
residual stress in the outer 0.76 mm (0.030 in.) of the 
carburized case. (All cases contained <SO\ retained 
austenite.) (Based on data furnished by Climax Molybdenum 
Co. of Michigan.) 
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PIGURE 36 S/N data: gear materials evaluation tested at room 
temperature for the steels shown. (From Mack, 1977.) 
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FIGURE 37 S/N data: gear materials evaluation tested at 3S0°F for 
the steels shown. (From Mack, 1977.) 
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APPEBDII l 

PITTING PATIGOE ANALYSIS 

A group of test rollers usually consists of 10 
roller/speciaen pairs that have been accurately ground 
bef~re heat treating as a single batch. Speciaens for 
bearing type tests also are ground after heat treataent. 
Differences in surface carbon content and hardness and 
geometry errors within the batch are miniaized. 

b. §!!~~!211~ Test l!A~ine 

The load, lubricant type, lubricate teaperature, and 
the saount of sliding between the roller and speciaen is 
hel~ constant for each pair tested. The load range for the 
test groop is determined by the application (i.e., bearings 
or gears). 

The oil temperature and surface Yelocity are controlled 
over a range that ensures a ratio of oil fil• thickness to 
surfsce roughness equivalent to that experienced by the 
application. This ratio is significant because it is a 
aeasure of the amount of metal-to-metal contact in the 
eliptical contact zone. Complete asperity separation would 
ensore extremely long pitting life. Pitting life decreases 
as asperity contact increases. 

Data analysis involves three basic steps: (1) a plot 
of the uncorrected data for maximum Hertz contact stress vs 
cycles to failure; (2) a plot of the ratio of oil fil• 
thickness to composite surface roughness YS cycles to 
failure for a constant contact stress; and (3) a Weibull 
plot of percent failures vs cycles to failure for a con~tant 
=ontsct stress and a constant ratio of oil fil• thickness to 
surf ace roughness. 

§.!~2-1--The roller/specimen geoaetry and the load 
deteraine the contact stress. The maxiaua Hertz contact 
stress (S ) is given by: I 

Sc= 2.92 x 10• pl 3 1 

where P = load on a 1-in. diameter speciaen aated with a s­
in. diameter roller with a 10-in. radius crown. 
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A qraph of contact stress (ordinate) vs life (abscissa) 
is plotted for the rav data in which soae variables, notably 
oil film thickness and surface roughness, are not constant. 
A multiple stepwise regression analysis deteraines the best 
fit curve by least squares. A contact stress is selected 
(e.g., 400 ksi), and the data points are projected parallel 
to the median carve to that level. A corrected life is 
deterained. This aight be repeated for other stress levels 
as needed. 

~Jt_~--Dawson•s equation for calculating ainiaua oil 
fila thickness is: 

h0 = 1. 6 B GO• 6 U O • 7 W -0 • I 3 1 

where R = relative radius of curvature, G = aB• where a = 
pressure-viscosity coefficient of the lubricant, and E' = 
reduced modulus of elasticity (B' = 32 x 10• psi), and G • 
5000 for steel lubricated with a paraffinic oil. 

U = J.&oV/B'R 

where µ = absolute viscosity of the lubricant corresponding 
to the surface teaperature of the test speciaen and 

V spec+ V roller, in./sec 
v = -------------------------

2 

w 
w =---

E 1 R 

where w = load/unit length of contact = P/ (4a/3) and a = 
semi-aajor axis of elliptical contact. 

Average velocity, oil viscosity, aodulus, Poisson's 
ratio, load, and specimen geometry are accounted for in 
Dawson's equation. 

Composite surface rouqhness ac =[(spec roughness)Z + 
(roller roughness)Z]I 2 longitudinal centerline average 
values are used for these calculations. 

The ratio of h0 /ac = corrected life (abscissa) data 
from Step 1 is plotted and a multiple stepwise regression 
analysis, deteraines the mean curve for which contact s·tress 
is a constant. A reasonable value for the h 0 /ac ratio (0.5) 
is selected and the corrected data points are projected to 
that h 0 /ac value along lines parallel to the mean curve. 

~t~~-1--The corrected data points for a consta~t stress 
(400 ksi) and a constant h0 /ac ratio (0.5) ratio are plotted 
on Weibull paper and the least squares best fit curve is 
drawn through the points. l point on a graph of corrected 
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stress (ordinate) vs corrected life (abcissa) then can be 
plotted for any percent failure life (e.g., Bio) for the 
corrected ho/ac ratio. Repetition of steps 1 and 2 allows 
the life for any stress and ho/ac value to be plotted on one 
graph to define the separate effects of contact stress and 
the h0 /ac ratio for any desired failure probability. 
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lPPBBDIX B 

FRICTIOllL FORCBS lRD SBBlR STRBSSES 

Bxcerpt fro• a Paper Prepared by 
B.I. Kelley for the Caterpillar Tractor 

Syaposiaa on Wear, Fatigue. and 
Fretting, Indianapolis Chapter, 1960 

Exaaination of shear stresses and ranges of shear on 
fixed planes as the contact load passes are extremely 
significant because no failure will occur under even very 
high coapression of a hydrostatic nature (equal compression 
in all directions). One therefore aust look for large 
differences in compression that are capable of producing 
high enough shearing stresses to fail the material. 

Investigations of this type can be conducted using 
aatheaatical tensor analysis or Mohr circles (Zizicas, 
1955). The work reported here was aided by the use of an 
autoaatic digital computer. l nuaber of planes were 
exaained for maximum shear. and ranges of shear. for the 
neg!tive sliding surface are shown in Figure B-1. The angle 
that each plane makes with the surface in contact is 
illustrated siaply by the position of each small plane on a 
quadrant representing as its surface all possible angles 
whi:h could be exaained. The aagnitude of the aaxiaum 
shears is shown on each small plane. The aaxiaua range of 
shear was found to be about 0.394 times the aaximaa Hertz 
stress or 118,000 psi which occurred on the saae plane 
shoving the maxiaua shear of 95,000 psi. It is reasonable 
that shears of this magnitude, when subject to soae 
reversal, will cause fatigue fracture of even the strongest 
comaercially used steels. 

considerable study aust be given to qualitatively 
understand the physical causes of the stresses in each of 
the planes. However, it is particularly interesting to note 
that aany of the planes illustrate shear stresses that are 
very close to the aaxiaua. In a case where the shear 
stresses are large in aany planes. it is not difficult to 
suraise why even very hard steels, which are not generally 
considered to be ductile, will flow at the surface. Such 
surface aetal flow frequently is seen on hypoid gears. for 
instance, where thermal stresses can play an important part 
bec!use of high sliding velocities even though the 
coefficient of friction is not exceptionally high (llaen, 
1950; Barwell, 1958). 
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The exa•ination explained in this report is ad•ittedly 
abbreviated. It is intended to iapress upon the engineer 
the iaportance of increased studies on the effect of surface 
teaperatures not only on scoring and pitting, but also on 
vear of various foras. It is felt that studies of this 
natore coabined with further studies on the coefficient of 
friction vill bring about increased understanding of surface 
daaage and that this, in turn, vill bring about increased 
efficiency in the attention to surface daaage probleas. 

Copyright © National Academy of Sciences. All rights reserved.

Materials for Helicopter Gears:  Report
http://www.nap.edu/catalog.php?record_id=19853

http://www.nap.edu/catalog.php?record_id=19853


78 

REPEREBCES 

Almen, J.O. 1950. "Surface Deterioration of Gear Teeth." 
~!1A!i£ll-!!ar, l.~~lb.· 

Barwell, P.T. 1958. "Wear of ftetals." ~gg{pAl ot 1~ 
!Jl§!!1llte_g~!et1ls (February). 

Zizicas, G.l. 1955. "Representation of Three-Diaensional 
Stress Distribution by Rohr Circles." ~~[IA! of 
!22l!!~_n!£hanics 22 (June). 

Copyright © National Academy of Sciences. All rights reserved.

Materials for Helicopter Gears:  Report
http://www.nap.edu/catalog.php?record_id=19853

http://www.nap.edu/catalog.php?record_id=19853


79 

lPPBBDII C 

SCOBIBG PBBIOBBRl 

Prepared for the Committee by 
B.i. Kelley 

Caterpillar Tractor Co. 

One of the aost difficult forms of aachine part failure 
to exaaine and understand is that of surface daaage because 
it is a function of so many for•s of activity that occur on, 
in, and under the surface proper. One cannot, within the 
scope of any paper of reasonable length, deal vith more than 
one of these variables, and in this consider only a few 
forms of failure. The variable chosen for discussion here 
is surface teaperature, which is priaarily caused by 
friction heating. 

This paper vill deal principally vith tvo foras of 
failure--scoring and pitting--and application will be 
pri•arily to very hard surfaces, such as those that are 
found on gears, anti-friction bearings, and caashafts. 
Although a thorough study of the subject requires a fair 
aaount of theoretical background, it is felt that the 
thermal characteristics created during friction heating are 
not vell understood by the engineer and that a qualitative 
teeling for at least the principles involved can be useful 
in ieveloping a respect for the iaportance of this subject 
to the daaage of surfaces. 

2. PBIICifLI§ 

For the purposes of this discussion, several 
assaaptions are aade. The first is that perfect thermal 
contact occurs between the two parts that are involved. 
This assuaption is valid if thickness of the oil fila 
between the tvo aating parts is not great enough to allow a 
significant teaperatare differential or if the quantity of 
lubricant will not aaterially remove heat directly from the 
contact area. Perfect thermal contact therefore aeans that 
the temperature on one of the inner faces can be assuaed to 
be the saae as the teaperature on its aating surface and 
that the total primary dissipation of heat is into the tvo 
ele•ents in contact and not through the lubricant in the 
contact area. The second assuaption aade is that the bulk 
teaperature of the two parts in contact is stable (i.e., the 
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aaount of heat being reaoved by external dissipation is 
eqasl to the heat input due to friction). This assuaption 
is valid in aany practical applications for aachine 
elements. l third assuaption is that the velocity of the 
surfaces is sufficiently high so that the teaperature that 
occurs in contact vill not significantly precede the area of 
contact. This velocity actually is not very high; 
therefore, even though it is soaevhat less than required on 
an existing part, the error is still saall. These 
principles have been clearly set forth by Blok (1955 and 
1937) and will not be discussed further, but for those who 
are aore interested in the subject, the references should be 
required background reading. 

The assuaptions that have been aade can be readily 
fulfilled in the case of cylinders, such as those shown in 
figure c-1, pressing together with a rectangular shape 
contact area and having rotation velocities V and V • The 
band of contact of width b constitutes the shape of the heat 
source. The heat intensity which is proportional to the 
friction at each point in the contact pressure is set forth 
in the elastic analysis by Hertz (1895). Blok•s approxiaate 
solution, which will be used here, assuaes a parabolic 
distribution for aathematical siaplification, but this 
proauces an insignificant error. The distribution of 
temperature at the surface shown in Piqure C-2 is of 
interest and iaportance. A lag in the aaxiana teaperature 
point occurs in this case about aidvay between the center of 
contact and the trailing edge. The reader will later see 
that this trailing characteristic is iaportant in the 
consideration of theraal stresses. 

1. a£Q!Ili 

Scoring of surfaces is gradually becoaing aore 
recognized as a direct function of surface teaperature. In 
the case of unlubricated surfaces, this temperature 
generally is considered to be the softening or aelting point 
of the materials. In the case of solid lubricant filas, it 
is iirectly related to the softening point of these filas 
(Bowden and Tabor, 1950). !ore recently it has been found 
that surface temperatures far lover than aelting points of 
the materials in the surfaces bring about the onset of 
scoring of liquid lubricated surfaces (Rabinowitz and Tabor, 
1951). Thus, it is becoming aore recognized that 
nonreactive (no extreae pressure additives) aineral oils 
and, very likely, aost other comaercial oils and synthetics 
(~array et al., 1954; Cowley et al., 1956) have a critical 
tempe~ature beyond which they are no longer capable of 
satisfactory lubrication. !any speculations on the exact 
mechanism over which the teaperature has control have been 
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aade. The aost proaising of these hypotheses perhaps is one 
con=erning the failure of the aisorption characteristics of 
the oil, called desorption. Boughly this aay be looked upon 
as the failure to "vet" the surface. 

Scoring takes on different appearances depending 
principally on the characteristics of the aaterial, its 
surf ace characteristics, and the lubricant. The carburized 
and hardened surface scored in a nonsurface reactive aineral 
oil is badly torn and appears "roped" (Figure c-3). The 
saae aaterial scored in an extreae pressure (EP) lubricant 
appears softer vith aore aaterial flow. Very likely, the 
lack of tearing that occurs with EP oil is associated with 
the protective contaaination of the surface by the additives 
and the higher surface temperature required to produce the 
failure. l similar appearance frequently will be seen on a 
surface that has been treated (e.g., on one that has been 
Parko-Lubrited). 

With regards to the maxiaua mean teaperature due to 
frictional heating, T (Figure C-2), that is produced, a 
qualitative examination of the foraula derived by Block 
(1937) will be revealing: 

where K 
f 
Wn 
V1 and Y2 
C1 and C8 

= constant, 
= coefficient of friction, 
= noraal load per unit length, 
= surface velocities, 
= constants of aaterial which include 

theraal conductivities, specific heats 
and densities, 

= width of band of contact, and 
= aaxiaum mean surface teaperature 

(soaetiaes called "flash temperature")· 
It is important to notice the velocity relationship 

that is obvious in the formula. Proa any given condition, 
if V1 and V2 are increased but the difference reaains the 
saae, then the resulting te•perature is reduced. This fact 
often has been overlooked in previous scoring criteria 
(e.g., PV and PVT) that are proportional to the heat 
intensity bat not the surface temperature. 

It will be found that if V represents the sliding 
velocity or the difference between V1 and V2 , then the 
scoring resistance will vary as .JV. This velocity relation 
has been used, for instance, by Lane and Hughes (1951) to 
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FIGURE C-3. Scoring of carburized and hardened gears in 
straight mineral oil. 
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further verify the teaperature criteria for scoring on 
gears. 

Another interesting relation is found between aaxiaua 
Rertz pressure, Po (Figure C-1), and teaperature. It can be 
shown, for instance, that the aaxiaua surface teaperature 
varies as P0 3 2 instead of directly proportional to Po for a 
fixed values of v and geoaetry such as the roller radii. 
Increases in radii of curvature, however, vill affect the 
surface teaperature auch less than aight be expected and, as 
in the case of gears where the use of larger radii of 
curvature such as in the adoption of higher pressure angles, 
frequently will be accompanied by higher values of V that 
can easily create no iaproveaent in surface teaperature and 
scoring resistance at all. 

In previous publications on gear tooth scoring (Kelley 
1953), it has been shown that distribution of the load and 
speeds on gear teeth can be expressed as a f oraula based on 
the teaperature flash foraula which includes an eapirical 
factor of surfa~e roughness. It was assuaed that the 
coefficient of friction vas a constant for all of the tests 
and was recognized that eleaents foreign to the fundaaental 
nature of the foraula were introduced. 

Since this work, investigations into the coefficient of 
fri~tion as influenced by velocity have provided the foraula 
presented, which can be used with iaproved success. 
Allowing for the siailarity of aaterial and siaplifying, the 
~oraala can be written as: 

T, ~ Ta + K 
(1 - s/So)lb/2 

where Tr = total surface temperature, 
T8 = bulk stable teaperature of the part, and 
s = surface finish r.a.s. aicro inches 

It is obvious that the eapirical value of s for surface 
finish has not yet been removed. The work on the 
coefficient of friction is not coaplete, and it aay be found 
that the surface finish will affect this value strongly. ls 
might be anticipated, the coefficient of friction is reduced 
as the velocities increase thereby giving aore advantage.to 
the higher speed gears than would have been predicted by the 
previous foraula, which assuaed friction was constant. The 
reader will find additional verification of the critical 
teaperature criteria throughout the literature (Lane and 
Hughes, 1951; Thoaas and Boersch). It is iaportant to note 
t~at the proponents of this hypothesis are increasing as 
time goes on. 
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