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Lecture 12

Time: M _ _ _ _14:45 - 17:30

MECH 344/M             

Machine Element Design



• Sample Problems so far shows the analysis of estimated capacity of a given pair of 

gears. As is generally the case with machine components, it is a more challenging task 

to design a suitable pair of gears for a given application. Few general observations.

1. Increasing the surface hardness of steel gears pays off handsomely in terms of surface 

endurance. Table 15.5 indicates that doubling the hardness more than doubles surface 

fatigue strength (allowable Hertz stress); Eq. 15.24 shows that doubling the allowable 

Hertz stress quadruples the load capacity Ft.

2. Increases in steel hardness also increase bending fatigue strength, but the increase is far 

less. For example, doubling the hardness will likely not double the basic endurance 

limit, (flattening of curves in Figure 8.6). Furthermore, doubling hardness substantially 

reduces CS (see Figure 8.13). 
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3. Increasing tooth size (using a coarser pitch) increases bending strength more than 

surface strength. This fact, together with points 1 and 2, correlates with two 

observations. (a) A balance between bending and surface strengths occurs typically in 

the region of P = 8 for high-hardness steel gears (above about 500 Bhn, or 50RC), with 

coarser teeth failing in surface fatigue and finer teeth failing in bending fatigue. (b) 

With progressively softer steel teeth, surface fatigue becomes critical at increasingly 

fine pitches. Other materials have properties giving different gear-tooth strength 

characteristics. 

4. In general, the harder the gears, the more costly they are to manufacture. On the other 

hand, harder gears can be smaller and still do the same job. And if the gears are 

smaller, the housing and other associated parts may also be smaller and lighter. 

Furthermore, if the gears are smaller, pitch line velocities are lower, and this reduces 

the dynamic loading and rubbing velocities. Thus, overall cost can often be reduced by 

using harder gears.

5. If minimum-size gears are desired (for any given gear materials and application), it is 

best in general to start by choosing the minimum acceptable number of teeth for the 

pinion (usually 18 teeth for 20º pinions, and 12 teeth for 25º pinions), and then solving 

for the pitch (or module) required.





















• The least expensive gear material is CI, ASTM grade 20. Grades 30, 40, 50, and 60 are 

progressively stronger and more expensive.

• CI gears typically have greater surface fatigue strength than bending fatigue strength. 

Their internal damping tends to make them quieter than steel gears.

• Nodular CI gears have substantially greater bending strength, together with good 

surface durability. A good combination is often a steel pinion mated to a CI gear.

• Steel gears that are not heat-treated are inexpensive, but have low surface endurance 

capacity. Heat-treated steel gears must be designed to resist warpage; hence, alloy 

steels and oil quenching are usually preferred. 

• For hardnesses > 250 to 350 Bhn, machining must usually be done before hardening.

• Greater profile accuracy is obtained if the surfaces are finished after heat treating, as

• by grinding. (But if grinding is done, avoid residual tensile stresses at surface.) 

• Through-hardened gears generally have 0.35 to 0.6 % carbon. Surface or case-

hardened gears are usually processed by flame hardening, induction hardening, 

carburizing, or nitriding.

• Of the nonferrous metals, bronzes are most often used for making gears.



• Nonmetallic gears made of acetal, nylon, and other plastics are generally quiet, 

durable, reasonably priced, and can often operate under light loads without lubrication.

• Their teeth deflect more easily than those of corresponding metal gears. This promotes 

effective load sharing among teeth in simultaneous contact, but results in substantial 

hysteresis heating if the gears are rotating at high speed. 

• Since non-metallic materials have low thermal conductivity, special cooling provisions 

may be required. 

• Also, these materials have relatively high coefficients of thermal expansion, and thus 

may require installation with greater backlash than metal gears.

• Often the base plastics used for gears are formulated with fillers, such as glass fibers, 

for strength, and with lubricants such as Teflon for reduced friction and wear.

• Nonmetallic gears are usually mated with CI or steel pinions. 

• For best wear resistance, hardness of mating metal pinion should be at least 300 Bhn.

• Design procedures for gears made of plastics are similar to those for gears made of 

metals, but are not yet as reliable. 

• Hence, prototype testing is even more important than for metal gears.
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• simplest bearings are unlubricated sliding bearing

• Lower friction-lubricant-Oil or grease is used in 

low-speed applications

• sliding bearings in engine crankshafts -

hydrodynamic lubrication where oil film 

completely separates the surfaces.

• In rolling-element bearings the shaft and outer 

members are separated by balls or rollers 

• Hard material cos of high contact stresses

• inner and outer rings and balls /rollers,  retainer

• advantage of R-E bearings is low starting friction.

• Sliding bearings can achieve comparably low 

friction only with full-film lubrication-hydrostatic

• Rolling-element aka “antifriction” bearings. not in 

all cases provide lower friction than fluid-film 

bearings. 





• The inner and outer rings, balls and cage; also known as a retainer, are assembled. 

• Lubrication such as oil or grease is applied based on the application requirement 

of the bearing. 

• After lubrication has been applied, and based on the customer’s requirements, the 

bearing is assembled with either one or two shields. 

• This is the process where exactly the right parts are assembled to meet the 

customer’s specific requirements. 



• The first recorded use of rolling elements to overcome sliding friction was by 

Egyptians, probably before 200 B.C.

• Some early chariot wheels used crude roller bearings. 

• Around A.D. 1500 Leonardo da Vinci is considered to have invented and partially 

developed modern ball and roller bearings. 

• Invention of Bessemer steel process in 1856 made economic possibility of 

suitable bearing material. 

• Then, ball bearings were rapidly developed in Europe for use in bicycles.



• With normal operating loads, R E bearings (without 

seals) typically provide 0.001 <  < 0.002

• Roller bearings - (1) cylindrical, (2) spherical, (3) 

tapered, and (4) needle. 

• Figure 14.1a shows the construction and nomenclature 

of a typical radial ball bearing, Figure 14.1c illustrates 

the contact between a ball and raceway. 

• Ball bearings are made in various proportions (fig)

• intended for radial loads, but also some thrust

• Angular-contact bearings, have substantial thrust 

capacity in one direction only. 

• The double-row ball bearing incorporates a pair of 

angular-contact bearings into a single unit. made to 

tolerate substantial angular misalignment of  the shaft.



• technology of rolling-element bearings is curved-surface contact stresses and 

related fatigue failures - Figure 14.1c geometry of ball-bearing surfaces

• The selection of bearing race curvature (104 % of ball radius for the inner race, 

slightly more for the outer race is a compromise between providing load-

supporting area and accepting sliding friction.

• Selection of the material is also critical. ball-bearing rings and balls have been 

made of high-carbon chrome steel(58-65 Rockwell C). 

• Roller-bearing components are more often made of carburized alloy steel. 

Surface compressive residual stresses are inherent with carburization.

• Cleanliness of the steel is of extreme importance 

• Manufacturing tolerances are extremely critical

• For example, tolerances on bearing bores between 35 and 50 mm range from 

+0.0000 in. to -0.0005 in. for ABEC grade 1 to +0.00000 in. to -0.00010 in. for 

ABEC grade 9. Tolerances on other dimensions are comparable.



• Bearing manufacturers’ catalogues identify bearings by number, complete 

dimensional information, rated load capacities, details concerning mounting, 

lubrication, and operation. 

• Dimensions of the more common bearings 

given in Table 14.1 and in Figure 14.11. 

• For bearings bores  > 20 mm, the bore dia

is 5X the last two digits in Bearing #

• L08 is an extra-light series bearing with a 

40-mm bore. bearing numbers include 

additional letters and # to give more info.

• Table 14.2 lists rated load capacities, C –

constant radial load 90 % of a group of 

identical bearings can endure for 9 * 107

revs without surface fatigue failures (3000 

hours at 500rpm)

• The basis for ratings must always be 

checked.













• For specific application, we select the bearing type, grade of precision, lubricant, 

seal, and basic load rating.

• special circumstances like subjected to a heavy load when not rotating, its static 

load capacity should not be exceeded. Else brinnelling

• Another consideration is speed. The limitation is linear surface speed rather than 

rotating speed; so, small bearings can operate at higher rpm than large bearings. 

• Lubrication is important in high speed applications, the best being a fine oil mist or 

spray. This provides lubricant film and carries away friction permitting surface 

speeds up to 75 m/s and have a life of 3000 hours carrying 1/3rd of the rated load

• In selecting bearings, attention should be given to possible misalignment and to 

sealing and lubrication. The size of bearing selected for an application is usually 

influenced by the size of shaft (for strength and rigidity considerations) and space.

• In addition, the bearing must have a high enough load rating to provide an 

acceptable combination of life and reliability. The major factors influencing the 

load rating requirement are discussed.



• Bearing applications require lives different from that used for the catalogue rating. 

• Palmgren determined that ball-bearing life varies inversely with approximately the 

third power of the load. Later studies have indicated that this exponent ranges 

between 3 and 4 for various rolling-element bearings. 

• Many manufacturers retain Palmgren’s exponent of 3 for ball bearings and use 

10/3 for roller bearings. We use 10/3 for all bearings

• Doubling the load on a bearing reduces its life by a factor of about 10. Different 

manufacturers’ catalogues use different values of LR. 

• Some use LR = 106 revolutions. Values in Table 14.2 must be multiplied by 3.86 to 

be comparable with ratings based on a life of 106 revolutions.



• Tests show that the median life of rolling-

element bearings is about five times the 

standard 10 % failure fatigue life. 

• Standard life is designated as the L10 life (B10

life). corresponds to 10% failures

• it also means that this is the life for which 

90% have not failed, and corresponds to 90% 

reliability. Thus, the life for 50% R is about 

5X the life for 90% R.

• Many designs require > 90%R. Fatigue lives 

characteristically have a skewed distribution, as 

in Figure 14.12.

• Using the Weibull equation with experimental 

data, the AFBMA has formulated recommended 

life adjustment reliability factors, Kr , plotted in 

Figure 14.13. 

• The rated bearing life for R > 90% is, KrLR. 

Putting it in Eq. 14.1 gives



• Cylindrical roller bearings are limited in Ft because Fr produce 

sliding friction at the roller ends. If bearings are properly 

aligned, radially loaded, and oil-lubricated, their Ft is 20% Fr. 

• So pair of cylindrical roller bearings support shafts having 

light Ft by gears or sprockets. Tapered roller bearings carry 

substantial Ft and Fr.

angular ball bearings 15, 25, & 35 . We look at angular ball bearings with  =  25. 

• For ball bearings, any combination Fr and Ft results in  same life as does a pure 

radial equivalent load, Fe, calculated from equns. Radial bearings have a 0 , 



• The standard bearing rated capacity is for condition of uniform load w/o shock. 

• This desirable condition may prevail for some applications (such as bearings on 

the motor and rotor shafts of a belt-driven electric blower), but other applications 

have various degrees of shock loading. 

• This has the effect of increasing the nominal load by an application factor Ka. 

Table 14.3 gives representative sample values.



• Substituting Fe for Fr and adding Ka modifies Eq. 14.2

• When these equations are used, what L should be 

required

• Bearing manufacturers formerly reduced life ratings when the outer ring rotated 

relative to the load (as with a trailer wheel, rotating around a fixed spindle).

• As a result of more recent evidence, If both rings rotate, the relative rotation 

between the two is used in making life calculations.

• Table 14.4 may 

be used as a 

guide - specific 

info not present

• When loads 

vary with time, 

cumulative-

damage rule is 

applicable.



















Fe = 2.4KN
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Review

Time: M _ _ _ _14:45 - 17:30

MECH 344/M             

Machine Element Design



Instructor: Dr. S. Narayanswamy

Office: Engineering and Visual Arts Building

Room: EV – 004.189

Phone: 848-2424 (7923) 

Office Hours: I will be in office most times, you can 

come by or fix up an appointment until exam

e-mail: nrskumar@encs.concordia.ca 

Web site: http://users.encs.concordia.ca/~nrskumar

Contact details

http://users.encs.concordia.ca/~nrskumar


Outline of the course
8-Jan week 1 Introduction to Design: An overview of the subject, Machine Design Process -

15-Jan week 2

Fundamental Topics from Mechanics of Materials: Stresses due to Axial, Bending, Direct 

Shear, Transverse Shear and Torsional  Loadings; Curved Beams; Combined Stresses-

Mohr Circle; Stress Concentration Factors;  Residual Stresses; Thermal Stresses

4 (must be 

reviewed by 

students)

22-Jan week 3

Static Failure Theories: Failure of Ductile Materials under Static Loading (Maximum Shear 

Stress Theory, Maximum Distortion Energy Theory); Failure of Brittle Materials under Static 

Loading (Modified Mohr Theory)

6

(6.5-6.12)

29-Jan week 4
Fatigue Failure Theories: Basic Concepts and Standard fatigue Test; Fatigue Strengths for 

Reversed Bending, Reversed Axial Loading and Reversed Torsional Loading; Fatigue 

Strength for Reversed Biaxial Loading; Influence of Surface and Size on Fatigue Strength; 

Effect of Mean Stress on Fatigue Strength;  Effect of Stress Concentration; Fatigue Life 

Prediction with Randomly Varying Loads

8

(8.1-8.12)

5-Feb week 5

12-Feb week 6 Design of Screws and Fasteners: Thread Forms, Terminology and Standards; Power 

Screws; Screw Stresses; Threaded Fasteners; Fasteners Materials and Methods of 

Manufacture; Bolt Tightening and Initial Tension; Bolt Tension with External Joint-Separating 

Force; Bolt Selection for Static Loading; Bolt Selection for Fatigue Loading
10

26-Feb week 7

5-Mar week 8*

Design of Springs: Coil Spring Stress and Deflection; Stress and Strength Analysis for 

Helical Compression Springs-Static Loading; End Designs of Helical Compression Springs;   

Bucking Analysis of Helical Compression Springs; Design Procedure for Helical 

Compression Springs-Static Loading; Design of Helical Compression Springs for Fatigue 

Loading

12

(12.1-12.8)

12-Mar week 9
Design of Shafts and Keys: Shaft Loads; Attachments and Stress Concentrations; Shaft 

Stresses; Rotating-Shaft Dynamics;  Overall Shaft Design; Keys

17

(17.1-17.6)

19-Mar week 10
Design of Spur Gears: Geometry and  Nomenclature; Interference and Contact Ratio; Gear 

Force Analysis; Gear-Tooth Strength; Gear-Tooth Bending Fatigue Analysis- Basic 

Concepts and  Recommended Procedure; Gear Tooth Surface Fatigue Analysis-Basic 

Concepts and Recommended Procedure

15

(15.1-15.12)
26-Mar week 11

9-Apr week 12

Design of Journal and Rolling-Element Bearings: Rolling-Element Bearing Types; Fitting of 

Rolling-Element Bearings; Catalogue Information for Rolling-Element Bearings; Bearing 

Selection based on Fatigue Life Requirement

14

16-Apr week 13 Review

5th March, Term Test 1 will be during lecture, and 5th April Term Test 2 will be during Tutorial



 Grade composition: 

 Two Term Tests : 40%

 Final: 60%

Grading Scheme 

 To pass the course you have to

 Pass the final

 Attended the term tests and got good marks

 Students that have medical note, for not attending term tests, the 

weightage will be shifted towards final



• In order to pass the course you have to obtain at least 50% 

of mark from the Final Exam.

• Electronic communication devices (including cell phones) 

are not allowed in examination rooms.

• Only “Faculty Approved Calculators” will be allowed in 

examination rooms.
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General Notes



• The final exam will have problems similar to the ones in 

tutorials/suggested problems

• There will be 5 problems to solve in 3 hours

• Date 25th April 2018, Wednesday (9:00 to 12:00 hrs)

• Write the final exam with confidence that you will do 

very well

• It is IMPERATIVE to pass the final to pass the course

Final Test


