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SELECTION OF MATERIALS, MANUFACTURING METHODSAND LUBRICANTS
FOR CAM MECHANISMS

1 NOTATION AND UNITS

The units quoted in the notation are Sl but in the text of thisItem more familiar units are used occasionally
(especialy when quantities are inputs or outputs from ESDUComputer programs).

Units
a pressure exponent of lubricant viscosity (see Equation (7.1)) m2/N
. E. Young's modulus for cam material N/m?
o)
[a
a E, Young's modulus for follower material N/m?
3]
= = effective modulus (see Data Item 94008, Reference 25) N/m?
o
(S)
E H, Vickers hardness N/m?
©
42 p pressure of [ubricant N/m?
(O]
§ Rett effective radius of curvature (see Data Item 94008, Reference 25) m
5
- No dynamic viscosity of lubricant at atmospheric pressure and operating N sm?
© temperature
(O]
g A specific film thickness (see Equation (8.1)) -
< o, Poisson’s ratio for cam material -
s
§' o Poisson’s ratio for follower material -
o)
[a
(%]
wl
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INTRODUCTION

The performance of acam/follower mechanism iscritically dependent on the combination of materialsused
to construct the principal components, the roughness of the contacting surfaces and the properties of the
lubricant. Special surface treatments and/or lubricant additives may be necessary to ensure that the
mechanism performs its intended function over a specified lifetime.

This Dataltem provides guidance on the choice of appropriate materials (see Section 5) and manufacturing
methods (see Section 6) including surfacefinish requirements and surfacetreatmentsfor acam and follower
of known profile and under known loading conditions. Advice on the selection of a suitable lubricant (see
Section 7) isalso given. The principal modes by which cam mechanismsfail areidentified in Section 3 and
procedures for designing against failure by each mode are outlined in Section 4. The design procedures
(see flowcharts, Sketches 4.1 and 4.2) are intended for use when the initial layout of a cam and follower,
to meet specified motion requirements, is complete. However, it may, in some cases, be necessary to revise
the shape or size of the cam and/or thefollower in the light of analysis of the contact conditions. The design
procedures rely on the evaluation of mechanism performance (see Section 8) using calculation methods
and computer software given in Data Items 91026, 93001, 94008 and 94011 (References 20, 23, 25 and
26, respectively).

It must be emphasised that due to the complexity of surface interactions, the lack of reliable data and the
uncertainty surrounding operating conditionsin many machines, it is not possible to provide unambiguous
recommendations for making a successful choice of materials, lubricant, surface treatment and surface
finishin all applications. However thisltem does provide arational basisfor identifying potential problems
at an early stage, choosing between competing designs and exploring strategies for the improvement of
existing systems. This Item is most valuable when used in combination with experimentally derived data
relating to the performance of materials, treatments and lubricants in an application similar to that under
present consideration (see Tallian, Reference 36). Records of the performance of existing mechanisms are
extremely valuable.

The procedures in this Item are directly applicable to disc cams with followers of the types shown in
Sketch 2.1. However many of the data and much of the design guidance has wider application and may be
relevant to the design of other cam/follower systems. Two examples illustrating the use of this Item are
given in Section 10.
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crown radius
follower

-

camshaft

Typical side elevation

cam
Disc cam with trandating Disc cam with swinging
flat-faced follower flat-faced follower

Disc cam with trandlating Disc cam with swinging
domed follower domed follower
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Disc cam with trandlating Disc cam with swinging
roller follower roller follower

Sketch 2.1 Disc camswith six commonly used followers
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FAILURE MODES
3.1 Causes of Failure

A cam mechanism “fails’ in service if it becomes incapable of fulfilling the function for which it was
designed. The prime function of atypical cam isto impart prescribed motion to its follower and so failure
isusually defined in terms of aloss of accuracy of the follower motion. This can be caused by:

(@) fatigue failure of the cam and/or the follower surfaces (known as pitting),
(b)  excessive wear of the cam and/or the follower surfaces (by scuffing or polishing)
or (c) fatiguefailure of the internal parts of a needle-bearing roller follower.

In the following text (Sections 3.2 to 3.5) these processes are described. Cams or followers made from
non-metallic materialssuch aspolymersor ceramicsmay fail by other processes, e.g. thermoplastic polymer
components may fail if frictional heating raises the temperature of the surface above the softening
temperature of the material. These failure modes are not considered explicitly in this Item but Data Item
87007 (Reference 19) contains valuable information on limiting temperatures and rubbing speeds for a
range of materials used in the construction of dry rubbing bearings and the computer software associated
with Data Item 94008 (Reference 25) can be used to calculate sliding velocity throughout the cycle. Each
failure process can be aggravated by misalignment of the cam and follower axes and/or corrosion due to
chemical interaction between materials, lubricant and atmosphere. Damage caused by wear particlesin the
lubricant can also be a significant destructive factor.

3.2 Pitting

Contact between a cam and afollower is usually non-conformal and so the contact areais small and high
values of stress are expected. When the cam rotates continuously each point on the surfaces of the cam and
the follower is repeatedly loaded and unloaded (with a period inversely proportional to the cam angular
velocity) and so failure of the surfaces by fatigue is possible. Thisisavery widespread cause of failure of
cam mechanismsand can berecognised by characteristicirregular “ pitting” of the surface (see photograph).
The problem begins when microscopic cracks start beneath the surface. The cracks grow under the action
of the cyclic stresses until they reach the surface when flakes of material break away. Fatigue cracks can
also begin at the surface and thisis more likely where there is significant asperity contact (see Section 8.2).
Although crack growth is time dependent the appearance of the pits themselves is sudden and the useful
life of the system is thereafter short because the pits act as stress concentrations and accel erate further
damage.

ESDU Copyright material. For current status contact ESDU.

The surface of adiding
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severe pitting damage
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3.3 Scuffing

Scuffing isasevereform of adhesive wear caused by local welding of asperities on the contacting surfaces,
particularly when a high degree of diding occurs under poor lubrication conditions, followed by tearing
apart of the welded material. A sudden increase in noise and vibration is often the first sign of scuffing.
This may be followed by a progressive increase in the temperature of the contact and severe roughening
of the contacting surfaces (see photograph). The onset of scuffing is poorly understood but it is usually
associated with a breakdown in the protective films and oxide layers on the surfaces of the componentsin
the presence of boundary or mixed lubrication (see Section 8.2). There is some evidence to suggest that
scuffing occurs when the contact temperature exceeds a critical value (see Hirst, Reference 30). Scuffing
is not primarily time-dependent and failure can be rapid once the process has begun. Further information
on scuffing can befound in Barwell, Dyson, Hirst and Peterson (References 1, 10, 30 and 34, respectively).

The surface of adliding
contact follower with
scuffing damage

34 Polishing

Polishing isacommon type of mild abrasive wear in which materia isremoved from the surface asperities
leaving asmooth burnished finish. Thisisanormal, and beneficial, process during running-in of the system
but, under unfavourable conditions, it can continue indefinitely leading to removal of a large amount of
material. Destructive polishing is likely if the lubricant contains wear particles or if the harder of the two
contacting surfaces, is excessively rough. The existence of polishing wear may not be obvious from the
appearance of the surfaces (see photograph) and the amount of wear may be revealed only after making
measurements or by noticing poor performance of the machine.

ESDU Copyright material. For current status contact ESDU.

The surface of adiding
contact follower with
polishing damage

This page Amendment A Documents
5 Document Sharing Hub

Copyright Engineering Sciences Data Unit
Provided by IHS Markit under license with ESDU Licensee=/, User=,
No reproduction or networking permitted without license from IHS Not for Resale,

Full document details: ESDU 94017 A 2002


http://www.avadocuments.com/doc/esdu-94017-a-2002
http://www.avadocuments.com/doc/esdu-94017-a-2002

EESDU 94017

Engineering Sciences Data Unit

35 Internal Fatigue of Needle-bearing Roller Follower

An additional failure mode must be considered if a needle-bearing roller follower is employed. Like all
rolling element bearings, these standard commercially available components have a finite fatigue life. A
correctly-installed roller follower will eventually fail when either one of the internal rolling el ements or
one of the internal races is significantly damaged by pitting. Failures of this type can be recognised by
rough, noisy running of the bearing followed eventually by seizure. It is possible to determine an estimate
of the life of any rolling element bearing if the angular velocity and load experienced by the bearing
throughout one operating cycle are known. In a cam/follower application the roller angular velocity and
roller load vary continuously even when the cam rotates at constant angular velocity. A roller may fail
prematurely if the load (static or dynamic) and/or the speed of the roller exceed limiting values stated by
the manufacturer.

ESDU Copyright material. For current status contact ESDU.
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4, DESIGN PROCEDURES
41 Use of Flowcharts

An outline of the recommended sequence of actions required to make an informed choice of materials,
manufacturing method and lubricant for a cam/follower system is shown on a pair of flowcharts (see
Sketches 4.1 and 4.2). Sketch 4.1 illustrates the steps necessary to check the design of a system in which
the cam/follower contact is essentialy “dliding” (domedT or flat-faced’ follower) and the corresponding
procedure for asystem with a roller’ follower is shown in Sketch 4.2.

The procedures are based on the following principles.

@ For both rolling and dliding contact premature pitting can be avoided if the peak contact stress is
less than the allowable values for the materials of both the cam and the follower.

(b) Scuffing and polishing will not occur if surface contact is prevented by alubricant film of adequate
thickness.

(© Scuffing and polishing will be less likely to occur with rolling contact.

(d) Premature internal fatigue failure of a needle-bearing roller follower isless likely if the modified
life rating of that component is greater than the target life of the mechanism.

The procedures are essential for checking the design of cam mechanisms but each of the above principles
is open to question. For example, grinding sometimes creates small surface cracks which can accelerate
the pitting process. Scuffing can be prevented, even if the surfaces cannot be entirely separated by an ail
film, if lubricant additives or special surface coatings are used. Many of these additional effects are
identified in Sections 5 to 8, which can beread sequentially, although they are intended as notes explaining
the steps outlined in the flowcharts.

4.2 Specification of Motion, Geometry, Spring and L oads

Thefirst step, in both procedures, isto specify the required follower motion. A suitable set of dimensions
for the cam and the follower, such that the required motion is satisfied, should aso be chosen. Important
aspects of the required motion are usually stated in the mechanism design specification and methods for
obtaining suitable initial values for the leading dimensions are given in Data Items 82023, 83008, 92005,
92014 and 93002 (References 13, 15, 21, 22 and 24, respectively). Further advice regarding the required
format of the motion data, the cam and follower geometry, the specification of the return spring and the
external loads is given in Data Items 91026, 93001, 94008 and 94011 (References 20, 23, 25 and 26,
respectively). It is useful at this stage to decide tentatively on a required lifetime, or mean time between
failures, for the system (in hours or in number of cycles).

ESDU Copyright material. For current status contact ESDU.

Each computer program associated with Dataltems 91026, 93001, 94008 and 94011, that isused to evaluate
the performance of the mechanism includes a method by which the stiffness and prel oad of areturn spring
(required to maintain contact) can be estimated. The final value of spring stiffness (taken from a spring
manufacturer’s catalogue) should be chosen such that contact is maintained for all operating conditions.
The worst case for spring design is usually “high speed with no load”.

The computer programs cal culate contact |oad due to theinertiaof thefollower but externally-applied |oads
must be entered separately. It is not always easy to estimate these loads with confidence, especialy at the
outset of adesign, and so it is wiseto investigate the tolerance of the design to a wide range of values.

T The calculation procedures referred to in this Data Item are strictly applicable only to “crowned” followers (see Sketch 2.1) such that
some misalignment of the cam and follower axesistolerated. It isregarded as good design practice to include such afeature even with a
nominally flat-faced follower. However the cal culation procedures may be used to analyse mechanismsin which crowning is not present
if avery large value of crown radiusis specified.
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Specify follower motion, cam and follower dimensions, return spring
properties and externally applied loads (see Section 4.2).

Specify trial materials, manufacturing methods, and |ubricant (see
Sections 5, 6 and 7).

Use Data Item 94008 (and associated computer program) to estimate
thickness of lubricant film (see Section 8.1).

Is Reviseinitial values
See Section 8.2 lubricant film (see Sections 4.2, 5, 6,
acceptable? 7 and 8.2).

Use Data Item 94011 (and associated computer program) to estimate
contact stress (see Section 8.3).
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Is Reviseinitial values
See Section 8.4 contact stress (see Sections 4.2, 5, 6,
acceptable? 7 and 8.4).

Reviseinitial values
See Section 8.7 (see Sections 4.2, 5, 6,
7and 8.7).

Sketch 4.1 Design procedure (sliding contact)
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Specify follower motion, cam and follower dimensions, return spring
properties and externally applied loads (see Section 4.2).

Specify trial materials, manufacturing methods and lubricant (see
Sections 5, 6 and 7).

Use Data Item 93001 (and associated computer program) to estimate
contact stress (see Section 8.3).

Is Reviseinitial values
See Section 8.4 contact stress (see Sections 4.2, 5, 6,
acceptable? 7 and 8.4)

Use Data Item 91026 (and associated computer program) to
estimate roller life (see Section 8.5).

Is “ Reviseinitial values
See Section 8.6 roller life (see Sections 4.2, 5, 6,
acceptable? 7 and 8.6).

m I's contact

lubricated?

Use Data Item 94008 (and associated computer program) to
estimate roller life (see Section 8.1).

- Iubric{I;]rS1tfi|m Reviseinitial values
See Section 8.2 ) (see Sections 4.2, 5, 6,
ot 7and82).

Reviseinitial values
ion 8.7 (see Sections 4.2, 5, 6,
See Section 8 7end8.7).
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Sketch 4.2 Design procedure (rolling contact)
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MATERIAL SELECTION

51 General Comments

This section contains guidance on the selection of appropriate materials for the cam and the follower. This
choice is dependent on a number of factors including the manufacturing route, the required life of the
system, the loads transmitted across the cam/follower interface, the operating speed, the lubrication
conditions, the chemical environment, the ambient temperature and economic considerations.

Thechoiceof materia hasadirect effect onthelikelihood of failure by pitting, scuffing or polishing. Ideally
the materials used should be easy to machine, dimensionally stable (especialy at high temperatures), self
lubricating, resistant to corrosion and inexpensive. High values of surface hardness, Young's modulus and
fatigue strength are desirable and the wear rate should below. The properties of the surface layersare much
more important in determining the useful life of acam mechanism than the properties of the bulk material.
However, the use of adifferent material for the surface layer is always constrained by the need to provide
avery good bond between the layers and, asthisisnot usually possible, most successful surface treatments
involve modifying the properties of the substrate by thermal or chemical treatment (see Table 6.2).

The desired life of the cam mechanism can have a significant influence on the choice of materials. In
applications where maintenanceisdifficult and/or machine downtime must be avoi ded the use of expensive
wear-resistant materials can be justified.

The design procedures (see Sketches 4.1 and 4.2) indicate that it is necessary to make an initial choice of
material before determining the contact stress and the lubricant film thickness. Guidance on making this
initial choiceisgivenin Section 5.2 whileinformation relevant to thefinal choiceispresentedin Section 5.3.

52 Initial Choice

Experience suggeststhat, for general industrial applications, other than those in which the loads and speeds
are very low, hard metallic materials are most appropriate. It is important, especially for cam/follower
systems in which there is significant sliding contact, that dissimilar materials are used because these are
less likely to wear by adhesive processes. It is recommended that inexpensive materials be specified at the
start of the design process.

To determinethe contact stress (see Section 8.3) and the lubricant film thickness (see Section 8.1 if required)
it is necessary only to decide on representative values of Young's modulus and Poisson’s ratio for the
materials of the cam and the follower. Therefore, at the feasibility study stage, it is necessary only to select
the broad class of material for each component. Vaues of Young’s modulus and Poisson’sratio for arange
of materialsare givenin Table 5.1.

ESDU Copyright material. For current status contact ESDU.

For general industrial applications in which small numbers of each cam are required it is recommended
that a hardenable grade of steel be specified for the cam as this is usually a cost effective solution.
Commercialy available cam roller followers are widely used for this type of machinery, especidly if the
mechanism is not run in a bath of lubricant. The outer ring of this type of roller is usualy made from
hardened steel and so, if a hardened steel cam is specified, it is advisable to check with the bearing
manufacturer that an alloy of the same specification is not used for the outer ring of the roller.

If the cam mechanism is to be made in large numbers the technigues of mass production, such as casting,
forging or even sintering (see Section 6), become more cost effective and this will influence the choice of
materials. Cast iron is regularly chosen as the material for automotive camshafts (in combination with
hardened steel followers). Cast iron has other advantages, especialy if sliding contact is expected, because
its high carbon content leads to a self [ubricating action which may reduce the risk of scuffing (see Table
5.2). The nose region of a cast iron cam is often chilled selectively during casting.
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Thisleadsto the formation of iron carbideswhich retain their high hardness at temperatures of up to 600°C
thus increasing the resistance to scuffing failure (see Wilson, Reference 38).

TABLE 5.1 Typical values of material properties

Materia Young's mogulus | Polson's Commerts

Brass 100 x 10° 0.33

Bronze, phosphor 110 x 103 0.33

Bronze, leaded 97 x 103 0.33

Iron, grey cast 109 x 103 0.26

Iron, malleable cast 170 x 103 0.26

Iron, spheroidal-graphite 159 x 103 0.26 Has some self lubricating capability

Steel, low alloy 196 x 103 0.3

Steel, medium and high alloy 200 x 103 0.3

Stedl, stainless 193 x 103 0.3 Difficult to achieve good surface finish

Steel, high speed 212 x 103 0.3

Nylon (1.7t02.8) x 103 0.4 Use for low speed/low load applications
only

Tufnol (5510 6.8) x 10° 0.38 Use sheet form with laminations at 90°
to axis of cam rotation

Silicon carbide 450 x 103 0.19 Use for follower material only

Silicon nitride 314 x 103 0.26 Use for follower material only

TABLE 5.2 Relativefailureresistance of sometypical ferrous materials

. Resistance to Resistance to
Material - .
pitting scuffing
Chilled cast iron poor good
Alloyed chilled cast iron
Hardened aloy iron (flake)
Hardened dloy iron (nodular)
Flame hardened steel
Case hardened steel good poor
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