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Preface

It was in 1678 that an English scientist, Robert Hooke, stated that, within certain limits, deflection is
proportional to load. His work on flexible members is still the basis for spring design today. The wide use of
springs to store and release energy can easily be observed by looking at the tools, appliances, and vehicles
that we use in our daily lives. While there are several basic types ¢f spring forms, the variations within each
category are endiess. The processes which are used to manufacture these items may also vary, further
compounding and enlarging the subject.

In 1943, at the behest of the U.S. Ordinance Department, the first spring manual was published under the
title “Manual on Design and Application of Helical Springs for Ordinance.” The manual found wide
distribution, and revised editions were issued in 1945, 1958, 1962, 1973, 1980, and 1989. In 1944 the
manual “Design and Application of Leaf Springs” was published with revised editions being issued in 1962,
1970, and 1982. The manual “Design and Manufacture of Torsion Bar Springs™ was first published in 1947
and revisions were made in 1966 and 1981, The manual “Design and Manufacture of Coned Disk Springs
and Spring Washers” was first published in 1950 with revisions in 1955 and 1989, The newest manual
“Incorporating Pneumatic Springs in Vehicle Suspension Designs” was published in 1989, The publication
of this manual on pneumatic springs, along with all the recent revisions to the othér manuals, reflect the
addition of new technologies and industry practices for automotive applications,

The incorporation of these five manuals into one volume represents the most comprehensive reference work
available today. The Spring Committee wishes to note that these manuals should not be regarded as a
compilation of design or manufacturing specifications; instead, they should be considered as reference
works which contain essential information which may be helpful to the engineer and designer on a broad
range of topics — material selection, tolerances, end configurations, fatigue life, load and stress calculations,
and processing information. All of the manuals employ SI Units in accordance with SAE 916, “Rules For
Use of SI (Metric) Units.”

The Spring Committee recognizes the generous measure of time, effort, and dedication which the respective
Subcommittees put forth in the preparation of these manuals for publication.

E. H. Judd
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Chapter 1
General Data

1. Introduction

This Manual is written as a guide for the designer of leaf
spring installations. It contains information which will
make it possible to calculate the space required for a leaf
spring, to provide suitable attachments, and to determine
the elastic and geometric properties of the assembly.

The detail design of the spring itself also is described,
but it was not the intention of the Committee to lay down
fixed rules for this. The choice of leaf lengths, leaf thick-
nesses, and leafl curvatures depends upon the type of in-
stallation and uwpon the kind of service. Only an ex-
perienced spring engineer can make the best choice of
these factors. It is therefore recommended that the de-
signer of a leaf spring installation consult a spring maker
before the design is finalized.

For standards and practices not covered in this Manual,
see the current SAE Handbook.

No attempt has been made to investigate or consider
patents which may apply to subject matter presented in
‘this Manual. Those who intend to use any of the construc-
tions described herein should make their own investiga-
. tions and arrangements in order to avoid liability for in-
fringements.

The term multi-leaf has generally been applied tc
springs of constant width and with stepped leaves, each of
constant thickness, except where leaf ends may be tapered
in thickness. More recently, the term has been extended
to include an assembly of stacked “single” leaves, each of
which is characterized by tapering either in width or in
thickness or by a combination of both.

Chapter 10 includes design data for single leaf springs
. which may be of variable width and constant thickness,
constant width and variable thickness, or a combination
of variable width and variable thickness.

2. General Characteristics of Leaf Springs

The leaf spring, like all other springs, serves to absorb
and store energy and then to release it. During this cycle
the stress in the spring must not exceed a certain maxi-
mum in order to avoid settling or premature faiture. This
consideration limits the amount of energy which can be
$tored in any spring.

For leaf springs based on a maximum stress of 1100
MPa, the energy listed in Table 1.1 may be stored in the
active part of the spring. If consideration of the inactive

N\ part of the spring required for axle anchorage, spring eyes,

1.1

TABLE 1.1-ENERGY STORAGE OF STEEL SPRINGS AT 1100 MPa

Energy

Typa" Spring Design Jkg

F-1 Single teat or all Isaves tul length 43

F-2 - Property stepped mulii-leaf wih B, = .20 a4

F-4 Sngle leaf wilh H = 0.20 122
P2 Singla leal withH = D16

theralore J, = 0.40 124

T Single leaf wih J, = 038 108
T2 Single leat wih J, = 0.40
H = 0.16

therelore J, = 0.496 105

*For gescription of Type sae Chaplar 1Q.

etc., is included, the energy per kg of the total spring mass
will be less than shown.

For companson, the stored energy in the active material
of a helical sprmg of round bar section is 510 J/kg at 1100
MPa, and for a torsion bar of round section is 390 J/kg
at 965 MPa.

This comparison shows that a leaf spring is heavier in
mass than other types of springs.

‘Balancing this disadvantage of mass, the leaf sprmg
possesses the advantage that it can also be used as an
attaching linkage or structural member. In order to be
economically competitive, the leaf spring must therefore
be 50 designed that this advantage is fully utilized.

Also, a leaf spring made entirely of full length leaves of
constant thickness (see type F-1) is very much heavier and
less efficient than a leaf spring made of properly stepped
leaves (see type F-2) or single leaf springs (see types F-4,
P-2, T-1, and T-2). '

The maximum permissible leaf thickness for a given
deflection is proportional to the square of the spring
length. By choosing too short a length, the designer often
makes it impractical for the spring maker to build a satis-
factory spring, although the requirements for normal load,
deflection, and stress can be fulfilled.

For example: A cube of steel, weighing 44 kg and mea-
suring about 178 mm on each side, can be made into a
spring carrying a load of 16 000 N at 125 mm deflection
with a stress of 480 MPa.

If 1500 mm is allowed for the length, the spring will
look like Fig. 1.1, It will consist of 10 leaves, each 75.0 mm
wide and 10.00 mm thick.

If only 750 mm is altowed for the length, the spring will
look like Fig, 1.2. It will consist of 80 leaves, each 75.0 mm
wide and only 2.50 mm thick.

When springs are made with stepped leaf lengths of type
F-2, it is desirable to choose a length so that the spring will
have no less than three leaves. Springs with many leaves
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75.:0 mm
1500 mm
—— _4

L_‘_%——'

Fig. t.1—Leaf spring of type F-

length
75.;0 mm
L 2.50 mm
80 LEAVES

Fig. 1.2—Leaf spring of type F-2: Impractical design with inade-
quate length

are sometimes used for heavy loads, but they are economi-

only where the shortening of the spring leads to defi-
nite savings in the supporting structure. In addition, al-
lowance will have to be made for increased spring rate and
grealer eye stress, assuming the same load and width are
used,

In most installations the spring is also subject to windup
loads. A typical example is that of the suspension spring
(in a vehicle with Hotchkiss drive) which must withstand
both driving and braking torque. The stresses under such
loads are inversely proportional to the spring length; and
the windup stiffness is proportional 1o the square of the
length for the spring of given load rate (see Chapter 6).
This is another reason why it is important to make the
spring long enough and to check the resulting stresses and
deflections.

When a leaf spring is used as an attaching linkage, it wili
tend to guide the supported members in a certain geomet-
rical path (see Chapter 4). If no other guiding members are
used, the desired geometry must be obtained by properly
placing the supporting parts on the structure which car-
ries the spring. If other guiding members are used, their
geometry must fit that of the spring, or forces may be set
up that will cause failure.

" Leaf Springs for Vehicle Suspension

Leaf springs are most frequently used in suspensions,
This Manual, therefore, contains information which is

1.2

10.00 mm ___j
10 LEAVES

2: Practical design with adequate

most useful in the design of suspension springs, but it is
also applicable to leaf springs for other installations.

The characteristics of a spring suspension are affected
chiefly by the spring rate and the static deflection of the
spring. \

The rate oRa spring is the change of load per unit of
deflection (N/mm). This is not the same amount at all
positions of the spring, and is different for the spring as
installed. Static deflection of a spring equals the static load
divided by the rate at static load; it determines the stiffness
of the suspension and the ride frequency of the vehicle. In
most cases the static deflection differs from the actual
deflection of the spring between zero load and static load,
due to influences of spring camber and shackle effect.

A soft ride generally requires a large static deflection of
the suspension. There are, however, other considerations
and limits, among them the following:

1. A more flexible spring will have a larger total
deflection and will be heavier.

2. In most applications a more flexible spring will
cause more severe striking through or will require a larger
“ride clearance” (the spring travel on the vehicle from the
design load position to the metal-to-metal contact posi-
tion), disregarding rubber bumpers,

3. The change of standing height of the vehicle due
to a variation of load is larger with a more flexible spring,

The static deflection to be used also depends upon the
available ride clearance. Further, the permissible static
deflection depends upon the size of the vehicle because of
considerations of stability in braking, accelerating, corner-
ing, etc.

Table 1.2 shows typical static deflections and ride clear-
ances for various types of vehicles. These values are ap-
proximate and are meant to be used only as a general
indication of current practice in suspension system design.

The mass of a spring subject to a given maximum stress
is determined by the energy which is to be stored (see
Table 1.1). This energy is represented by the area under
the load-deflection diagram, which therefore is also a mea-

sure of the required spring mass. The following considera-
tion will indicate what effect some changes in either rate
or clearance will have on the required spring mass and
therefore on the load-deflection diagram, -

e e
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ABLE 1.2=—VEHICLE STATIC DEFLECTIONS AND RIDE CLEARANCES WITH
ARIQUS TYPES OF STEEL LEAF SPRINGS

Siatic Ricke
Deflection, Clearance,
mm mm
ASIONGH AHOMODNeS 100-300 Ve 125
(at desan load)
foior coaches 100-200 50-125
{2l maximum load)
uchs
(at rated load)
For highway operation 75200 ¥5-125
For “off the road" operation 25175 5D-125

Concerning changes in rate, Fig. 1.3 shows a theoretical
.oad-deflection diagram of a stiff {(high rate) spring, and
Fig. 1.4 that of a very flexible {low rate} spring, both for

<he same design load and clearance. The energy stored in

sach, when fully deflected, is the same (1125 J), and the
two springs will have almost the same mass if made of the

same kind of material.

15 000N LOAD

i t |
~100 mm —50mm ¢ 50 mm 100 mm
STATIC
DEFL,‘-I__ CLEARANCE —ami
Fig. 1.3=-Theoretical load-detlection diagram of a high rate
apring

In the case of the stiff spring, energy and mass will be
decreased by making the spring more flexible. In the case
of the very flexible spring, energy and mass will be de-
creased by making the spring stiffer. The dividing point
between these two cases is defined by “static deflection =
clearance”. The load-deflection diagram of this *“mini-
mum energy” or “minimum mass” spring is shown by a
dashed line in both figures; it indicates a stored energy of
1000 J.

Concerning changes in clearance, Figs. 1.3 and 1.4
bring out the fact that a change in clearance by a given
distance will affect the stored energy and therefore the
required mass of the stiff spring, much more than that of
the very flexible spring. .

10 000{N LOAD

@
,&@\\ \\ )
—200 mm -150mm —100mm —50 mm 100 mm

I——STATIC DEFLECTION *—[-CLEAHANCE'I'

Fig. 1.4—Theoretical load-deflection diagram of a low rate
spring
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Chapter 2

1. Nomenclature

The following terms are recommended for use on draw-
ings and in specifications to avoid misunderstandings. The
terms apply mainly to semi-elliptic springs.

Datum Line— Most of the dimensions defined here

refer to a datum line. In Figs. 2.1 and 2.2 (where the’

springs are shown inverted as in a machine for load and
rate checking) it is shown as the line X-X. On springs with
eyes, the datum line passes through the centers of the eyes.
On other springs it passes through the points where the
load is applied near the ends of the spring. These points
must be indicated on the drawing.

Seat Angle Base Line—(see Figs. 2.1 and 2.2.) Refer-
ence line drawn through the terminal points of the active
spring length at each eye, taken along the tension surface
of the main leaf. For a Berlin type eye (see Fig. 3.3 E, F,
G in Chapter 3), the terminal point is the intersection of
an extension to the contour of the tension surface with a
perpendicular line through the center of the eye. On
springs without eyes, the seat angle base line is coincident
with the datum line.

Loaded Length—(see Figs. 2.4-2.8.) Distance between

he spring eye centers when the spring is deflected 1o the

specified load position. On springs without eyes, it is the
distance between the lines where load is applied under the
specified conditions. Telerance, + 3.0 mm.

Loaded Fixed End Length—(see Figs. 2.4-2.8.} Dis-
tance from the center of the fixed end eye to the projection
on the datum line of the point where the centerline of the
center bolt intersects the spring surface in contact with the
spring seat. Tolerance, + 1.5 mm.

Straight Length— Distance between spring eye centers

" when the tension surface of the main leaf at the center bolt

centerline is in the plane of the seat angie base line, The
distance is measured parallel 1o the seat angle base Hne.
Tolerance, 4+ 3.0 mm.

Seat Length— Length of spring that is in actual engage-
ment with the spring seat when installed on a vehicle at
design height. It is always greater than the inactive length.

Inactive Length— Length of the spring rendered inac-
tive by the action of the U-bolts or clamping bolts. For
metal-to-metal type spring seats, this length is usually

" assumed to be equal to the distance between the insides of

the U-bolts, except for some curved seats where it is apt
to be slightly shorter. For soft seats (using rubber type
isolation, as in many passenger car installations) the inac-
tive length may approach zero.

“or Sear Angle—-(see Figs. 2.1 and 2.2.) Angle between the

tangent to the center of the spring seat and the seat angle

Nomenclature And Specifications

base line. When the spring is viewed with the fixed end of
the spring to the left as shown, and the load is applied to
the shortest leaf from above, the seat angle may be spe-
cified as either positive (counterclockwise) or negative
(clockwise), depending upon the angular direction in
which the tangent to the center of the spring seat |s dls-
posed from the seat angle base line.

Conseqguently, with the spring in normal vehicle posi-
tion so that the load is applied to the shortest leaf from
below as shown in Figs. 2.4, 2.6, 2.7, 2.8, and 2.9, and
again with the fixed end of the spring to the left of the
drawing, the seat angle is defined as positive when that
tangent is disposed clockwise, and as negative when the
tangent is disposed counterclockwise.

For suspension layout purposes, the seat angle is usually
established with themain leaf straight (see Straight Length).
In this position (in which the center of the spring seat lies
on the seat angle base line), the suspension layout specifies
the contour of the main leaf, namely either:

« flat, so that the seat angle is zero; or else

+ with front and rear segments being approximately
circular arcs tangent to each other at the spring seat (“S-
shaped” main leaf). This is then the tangent of a seat angle
defined as other-than-zero.

Tolerance is usually held within + 0.5 deg, or as re-
quired for a particular application.

For production checking purposes it is sometimes con-
venient to deflect the spring to the position specified for
load checking, and there measure the angle between the
tangent to the spring seat and the datum line (instead of
the seat angle base line). For correct angle evaluation, the
following relations between this ““checked angle™ and the
seat angle in the straight-main-leaf (or any other) posmon
must be considered:

I. the two angles differ according to the distance by
which the spring is deflected between any two positions,
and according to the spring control (P, see Chapter 4).

2. The angles also differ according to the distance at

" each end between the seat angle base line and the datum

1.5

line. With the spring inverted as shown in Fig. 2.1, the
terminal point of the seat angle base line is:

a) Higher by ID/2 lhan the datum line of the up-
turned eye.

b) Lower by /2 than the datum line of the Berlin eye.

¢) Lower by (t + ID/2) than the datum line of the
downturned eye.

d) ldentical with the datum line when there are no
eyes, :
Finished W:drh—- Width to which the spring leaves are
ground or milled to give the edges a flat bearing surface.

o e -




FIXED END *l [No.s hos SHACKLED END

SEAT ANGLE
NO.2 (POSITIVE AS SHOWN)

POSITIVE
OVERALL HEIGHT
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W \' DATUM LINE wesouno uew wo. 1/ \- SEA;'IANGLE BASE LINE
OVERSLUNG SPRING WITH POSITIVE CAMBER

LOAD
NO.G
I YO o SHACKLED END
FIXED END Y st T
NOC.2 - SEAT ANGLE .
NO.v (POSITIVE AS SHOWN)
X S 3 — - — y X l

POSITIVE OPENING
DATUM LINE
UNDERSLUNG SPRING WITH POSITIVE CAMBER

W REBOUND LEAF NO. 1 =/ \-
_J - SEAT ANGLE BASE LINE

FIXED END .
NEGATIVE LOAD SHACKLED END .
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PATUM LINE
AEBOUND LEAF NO. 1

OVERSLUNG SPRING WITH NEGATIVE CAMBER

FIXED END LOAD - SHACKLED END
x
SEAT ANGLE

/- DATUM LINE SEAT ANGLE BASE LINE
(NEGATIVE AS SHOWN)

— NEGATIVE OPENING _\L
REBOUND LEAF NO. 1

UNDERSLUNG SPRING WiTH NEGATIVE CAMBER

Fig. 2.1—Measurement of opening, overall height, and seat
angle
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TENSION SURFACE OF M
= SEAT ANGLE BASE LINE

ALSO DATUM LINE WI_TH-NO EYES -

DATUM LINE FOR UPTURNED EYE X

DATUM LINE FOR BERLIN EYE
CENTER OF MAIN LEAF

ON SURFACE OF MAIN LEAF
SEAT ANGLE BASE LINE

TENS!

t LEAF THICKNESS
O CENTER OF EYE

O TERMINAL POINT FOR
SEAT ANGLE BASE LINE

X u
. ‘ DATUM LINE FOR DOWNTURNED EVE

OF MAIN LEAF

TNSION SURFACE
SEAT ANGLE BASE LINE

Fig. 2.2=-Datum line and seat angle base line for upturned, Ber-
lin, downturned, and no eyes

1.7
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LOADING HEAD OF

3.0 125 rd [ 8OR TEST MACHINE
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Pl : % / ==
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I 100.0 N PLACE et re— SPRING WIDTH OR MORE =————tmate]
Fig. 2.3=Spring loading blotk
FIXED END SHACKLE END
LOADED LENGTH 3.0
————— 1.5
—— WIDTH
I L g
i E ! L N '
1) x ' : -
SEAT LENGTH —
OPENING
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Z

STACK THICKNESS

CENTER BOLT SIZE \ ‘l

W
—

SPRING SHOWN UNDER +
CLEARANCE mm
RATE t  N/om

MATERIAL
HARDNESS RANGE
LEAVES SHOT PEENED

Fig. 2.4—-Minimum specification requirements for undersiung

springs with positive opening
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OVERALL FLAT LENGTH 3.2
LOADED LENGTH 3.0

S— 115
WIDTH
- f _ -
-~ = - ) = o -
a [ 1 ]
S +6.0 +6.0 ——
r . 6.0 -—}-——* 6.0 -
‘ . o I 7_/ — tl___,‘ _
f-'_= -t 1
0= 2 2 > ﬂ*\ a7 ~ ———
STACK THICKNESS “——CENTER BOLT SIZE
OPENING SEAT LENGTH
SPRING SHOWN UNDER + NLOAD MATERIAL
CLEARANCE mm HARDNESS RANGE
RATE + N/mm LEAVES SHOT PEENED

Fig. 2.5—Minimum specification requirements for springs with

plain ends

If the spring ends have a finished width, the required
length of the finished edge must also be indicated (see
distance A, Fig. 2.6.) The usual tolerances for finished
width are:

Leaf Width Tolerance from

To and Nominal Widih
Over Including +0.00
0 50 -0.25
50 63 -0.35
83 150 —0.50

Assembled Spring Width— Where more than one leaf
constitutes a spring assembly, the overall width tolerance
of the assembly within the spring seat length shall be as
follows:

Leal Width Tolerance from

Over To and Nominal Width
Including ~00
0 63 +25
63 100 +3.0
100 125 +35
125 150 +45

1.9

Stack Thickness— Aggregate of the nominal thick-
nesses of all leaves of the spring including any liners and
spacer plates which are part of the spring at the seat.

Leaf Numbers—(see Fig. 2.1.) Leaves are designated by
numbers, starting with the main leaf which is No. 1. The
adjoining leaf is No. 2, and so on. If rebound leaves are
used, the rebound leaf adjoining the main leaf is rebound
leaf No. 1, the next one is rebound leal No. 2, and so on.
(Rebound leaves are assembled adjacent to the main leaf
on the side opposite. the load bearing leaves.) Helper
springs are considered as separate units.

Opening And Overall Height—(see Fig. 2.1.) Distance
from the datum line 1o the poini where the center bolt
centerline intersects the surface of the spring that is in
contact with the spring seat.

If the surface in contact with the seat is on the main leaf
or a rebound leaf (as on underslung springs), this distance
is called “opening.”

If the surface in contact with the seat is on the shortest
leaf (as on overslung springs), this distance is called “over-
all height.”

“Opening” and “overall height™ may be positive or neg-
ative (see Fig. 2.1.) They are specified dimensions not
subject to a tolerance (see paragraph on Load in this chap-
ter.)
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Fig. 2.7—Minimum specification requirements for undersiung
springs with negative opening
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Fig. 2.8—Minimum specification requirements for overslung

commercial vehicle springs

Clearance— Difference in opening, or overall height,
between the design load position and the extreme position
{of maximum stress) to which the spring can be deflected
on the vehicle.

Camber— Camber is not strictly defined and should
therefore not be used in specifications, but it is sometimes
convenient as a descriptive term. It is usually defined as
the arc height of the main leaf. Camber is positive or
negative analogous to opening, but this should not be
confused with the fact that zero camber may be equivalent
10 either positive or negative opening, depending upon
whether the spring has upturned or downturned eyes.

Curvature— Curvature (1/R) is the reciprocal of radius
(R). The curvature of a flat leaf is zero. Curvature is
considered positive in the direction in which it increases
with added load. Positive curvature corresponds with neg-
ative camber.

Load and Rate—Terms which are usually employed to
describe the basic characteristics of a leaf spring. As spe-
cified on the spring drawing, they refer to quantities mea-
sured on the spring without center clamp and without

shackles. They are not the same as those of the installed
spring. If it is necessary to specify load and rate as
clamped, this should be ciearly shown on the drawing with
full particulars of the clamp.

Load is the force in newtons {N) exerted by the spring
at the specified opening or overall heigit. This force is
greater during loading of the spring (*‘compression load”)
than during unloading of the spring (*'release load™). The
specified load shall be the average of the compression load
and the release load. For practical reasons, load as well as
rate shall be measured in terms of compression loads only,
but the compression load in any position shall be read only
after the spring has been thoroughly rapped in that posi-
tion with a plastic or soft metal hammer,

The tolerance on load at the specified overall height or
opening is usually expressed as a load range (N) which is
equivalent to a deflection (mm) at the nominal rate .
(N/mm). This deflection may be as small as 6.0 mm for
a passenger car spring and as large as 13.0 mm for a heavy
truck spring.

Rate is the change of load per unit of spring deflection




(N/mm). For leaf springs it is determined as one fiftieth
(2%) of the difference between the loads measured 25 mm
above and 25 mm below the specified position, unless
otherwise specified (see Fig. 2.9.) The tolerance is usually
held within 4 59 on low rate springs and within + 7%
on high rate springs:

Measuring Methods— Instead of measuring loads at the
specified position and 25 mm above and below, some users
measure loads at more than three positions during com-
pression and release and plot a complete load-deflection
diagram with a friction loop, similar to Fig. 7.1. This
method requires more time but provides additional infor-
mation. Such a diagram is preferably obtained by loading
and unloading continuously and recording the data with
an X-Y plotter. Load and rate are then obtained from the
diagram.

When the load is measured, the spring ends shall be free
to move in the direction of the datum line. The ends are
usually mounted on carriages with rollers. The spring
shall be supported on its ends, and the load shall be ap-
plied from above to the shortest leaf.

it shall be transmitted from the testing machine head
through a standard SAE loading block shown in Fig. 2.3
The loading block shall be centered over the center bolt
with the legs of the V resting on the spring. It is under-
stood that the load specified on the spring drawing does
rot inciude the force of gravity (usually called “*weight™
and equalling mass times acceleration of gravity) on either
the spring or the loading block.

Just before the spring is checked for load or rate, it shall
undergo a preloading operation. During the initial pre-
loading by the spring maker, the spring shall be deflected
at least to the position defined under the paragraph on
Clearance. During any subsequent preloading, the spring
shall be deflected only to and not beyond this “clearance
position” in order to remove any temporary recovery from
the set incurred during the initial preloading. After the
spring has been preloaded, it shall be released to the free
position before the load is applied for load and rate check-
ing.

2. Specification Requirements

Minimum specification requirements are given in Figs.
2.4-2.9. They illustrate what information should be given
to the spring maker for working out the detail design of
the spring.

The spring shown in Fig. 2.4 is designed for underslung
mounting. Therefore, the center bolt head is on the main
leaf side and the height is dimensioned by specifying the
opening. On an overslung spring, the center bolt head
would be on the opposite side and the overall height would
be specified.

The type of spring shown in Fig. 2.5 is often used on
truck rear suspensions mounted in the position shown and
with the center bolt head located as shown. In this case the
opening should be specified.

Fig. 2.6 shows a spring which has a rnain leaf con-
structed with an eye at one end and the other end plain;
a construction frequently used for truck suspensions.

Fig. 2.7 shows the details of an underslung rear spring
designed with considerable negative opening.

The combination of main spring and helper spring
shown in Fig. 2.8 is frequently used for truck rear suspen-
sions and is mounted as an overslung spring.

Fig. 2.9 shows an overslung variable rate spring of the
multistage type. The graph indicates the method of mea-

"suring rates of such springs, where rate (1} is usually

measured at “curb load” (that is, at the load on the spring
which is due to the mass of the vehicle without any pay-
load), while rate (2) is measured at ““design load™ (that is,
at the load on the spring which is due to the mass of the
vehicle plus the payload).

3. Spring Eye Tolerances
Spring Eyes and Bushings

For round eyes with specified inside diameter, the size
and roundness of the eye should be checked by means of
a round plug gage from which two opposite segmnents of
60 deg have been removed. The gage shall be tapered by
0.05 mm in diameter per 25.0 mm of length (see Fig. 2.10.)

The gage shall be inserted into the eye three times from
each side at angular positions differing by about 60 deg.
The eye is acceptable only if the gage reading on the side
of the eye from which the gage is inserted is within the
specified diametral fimuts at each of the six checks.

Also, the round eye should be checked with a round
plug, GO/NO-GO gage, to determine if the eye is cone
shaped or tapered. The GO diameter must pass com-
pletely through the eye, and the NO-GO diameter must
not enter the eye from either side.

The total tolerance shall be 1% of the nominal diameter
of the eye, except for large diameter eyes (40 mm or more},
where bushing retention may require a smaller tolerance
of 0.75% of the nominal eye diameter. For eye diameters
of less than 25 mm, the minimum tolerance is 0.25 mm.

Where the ID of a bushing may have been affected by
pressing into the spring eye, it should be checked with a
round plug gage. Total tolerance is to be 0.13 mm unless
otherwise specified.

Oval eyes (see Fig. 3.3H) consist of two half circle ends

joined by flat sections. One method of checking their sizes |

is by using 2a GO/NO-GO plug gage system. This consists
of:

1. An oblong GO gage to the minimum inside dimen-
sions,

2. An-oblong NO-GO gage to the maximum inside
dimensions for the halif circle ends only, with the flat sides
of the gage undercut.

3. A rectangular NO-GO gage for the inside dimensions
between the flat sides only.
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Parullelism and Squareness of Spring Eyes

Eyes of the main leaf in the assembled spring, measured
in the unloaded condition, shall be parallel to the surface
at the spring seat, and square with a tangent to either edge
of the main leaf at the spring seat, within 4+ 1 deg.

THESE LINES TO BE 0.25 DEEP AND 0.25 WIDE AFTER FINISH GRIND
OTHER LINES TO BE 0.13 DEEP AND 0.13 WIDE AFTER FINISH GRIND
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60° FLAT
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Chapter 3
Design Elements

1. Leaf Sectionsl

For automotive springs, round edge flat steel was
adopted as the SAE standard in 1938. The bars shall be
of flat rotled steel having two flat surfaces and two
rounded (convex) edges. The cross section tolerances per-
mit the two flat surfaces to be slightly concave. When that
occurs, the radii of the arcs of the two concave surfaces
shall be of approximately equal length.

" The rounding of the convex edges shall be an arc with
a radius of curvature that may vary from 65-85% of the
thickness of the bar.

Bars shall be substantially straight and free from physi-
cal characteristics known as “kinks™ or “twists” which
render them unsatisfactory for spring manufacturing pur-

poses.

Distortions due to a bar being bent about either major

axis of section shall be measured with the bar against a flat
checking surface so as to make contact with this surface
near both bar ends. Gaps between the bar and the check-
ing surface shall not exceed 4.0 mm/1 m of bar length out
of contact with the checking surface when this bar length
is greater than ! m. Also, a gap between the bar and a

straight edge 1 m long applied along any portion of the

surface or edge of the bar shall not exceed 4.0 mm.

It is recommended that all leaf spring bars which have
been cold straightened be identified by the steel mill so
that the spring manufacturer can use them selectively.

The bar sections, which are generally provided in alloy
steel, shall be specified and rolled in the widths and thick-
nesses shown in Table 3.1. These sections are subject to the
tolerances given in Table 3.2.

TABLE 3.1 {mm)
Widtha Thicknesses

40.0 750 5.00 7.0 10.00 t4.00 2060 28.00

450 0.0 5.30 7.50 10 60 15.00 21.20 30.00

S0.0 t00.0 560 .00 11.20 16.00 2240 31.50

56.0 125.0 6.00 850 11.80 17.00 2360 33.50

639 150.¢ 6.30 9.00 12.50 18.00 2500 35.50
6.70 9.50 13.20 15.00 26.50 A7 50

It should be noted thal akt Ihe widths and thicknesses are "Prafemed Numbers™
accordance with American National Standard ANSI 217.1,

Tables showing the mass per meter length and the ac-

tual moment of inertia for each size of these bars are
provided in Chapter 5.

IRef SAE J1123.

TABLE 3.2—CROSS SECTION TOLERANCES {mm}
Width Tolerance

Maximum Difference

Widgth Tolsrance in Thickness (+)* In Thickness®
And In Flatnegs (- )°
for Thickness for Thickness
Minus TH0 | 1000 [ 2240 | 500 ] 1000 | 2240
.00 to t¢ to w0 to to
950 | 2120 | 750 | es0 | 2120 |arso
40.0 +0.75 0.13 0.15 - 005 0.05 -
450 +0.75 013 0.15 - 0.05 .05 -
50.0 +0.75 0.3 0.15 - 005 0.05 -
56.0 +0.75 0.13 0.15 - 0.05 0.05 -
63.0 +0785 0.3 0.15 - 005 0.05 -
750 +1.15 0.15 0.20 0.30 0.08 0.10 C.15
300 +1.15 0.15 0.20 0.30 0.08 0.10 LRTS
© 100.0 +1.15 0.15 0.20 030 008 0.10 015
1250 ° +165 0.48 |" ‘o028 0.40 010 013 0.20
150.0 +230 - 030 0.50 - 0.15 0.25

*Thickress maeasurements shal be taken at Iha adge of he bar where the flal
surfaces intorsect tha rounded edge.

"This toferance represents the maximum amount by which the thickness al the center
ot 1he bar may be less than the thickaess at the edges. Thickness al the cenfer may
never excesd the thicknass al Ine adgas.

“Maximum difference in thicknass between the two edges of each bar

It is well known that fatigue failures in spring leaves
usually start on the tension side of the leaf. Taking advan-
tage of this fact, special sections shown in Fig 3.1. have
been developed which place the neutral axis nearer to the

FLAT SECTION
(SEE SAE STANDARD)

r

TENSION SURFACE
pa
i _ _ —

— / N/
GROOVED SECTION

s TENSION SURFACE

- - )
\ _/
PARABOLIC EDGE SECTION

Fig. 3.1—Sections of spring steel
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tension surfaces. Springs made of such sections are 5-10%
lower in mass than those made of conventional section.

When grooved sections are used, special precautions
should be taken to prevent corrosion caused by the mois-
ture which tends to become trapped within the grooves. It
is suggested that spring users interested in these special
sections contact the manufacturers who produce such
springs.

2, Leaf Ends
Sqqare End (Blunt End) (Fig. 3.2A)

This is the cheapest end to produce but is often unsatis-
factory. It causes concentration of interleaf pressure, re-
sulting in more friction and galling than tapered ends. It
is a very poor approximation of the theoretical triangular
leaf uniform stress spring, and is therefore heavier thar
necessary.

Diamond Point (Spear End) (Fig. 3.2B)

This end makes a better approximation of the uniform
stress spring by omitting excess material. The pressure
distribution between leaves is slightly improved.

Tapered End-(Fig. 3.2C) .

This end can be formed to approximate very closely the
ideal uniform stress shape. The plan view contour is con-

A. END SQUARE AS SHEARED

L &

B. END TRIMMED WITH DIAMOND POINT

[ L b
r

trolled by trimming or edge squeezing as part of the taper-
ing operation. Due to the flexibility of the leaf end, the
pressure distribution in the bearing area is improved and
interleaf friction is generally reduced.

Tapered And Trimmed. End (Fig, 3.2D)

This end is similar to Fig 3.2C, except that the plan view
contour is controlled by trimming after the tapering oper-
ation, and thus has the added advantage of the maximum
obtainable area of contact.

3. Spring Eyes and Spring Ends
Upturned Eye (Fig. 3.3A)

This construction is most commonly used. If required,
the second leaf can be extended to give support to the eye.

Military Wrapper (Fig. 3.3B)

In this design no attempt is made to use the second leal
wrapper as an eye under design loads; but it may come
into action on rebound and thus assist the main leaf. It
also provides an emergency support if the main leaf
breaks. The design has been widely used on military vehi-
cles and trucks where the service is severe.

C. END TAPERED

D. END TAPERED, THEN TRIMMED
BURRS AWAY FROM BEARING SURFACE

T —

Fig. 3.2—Leaf ends
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A. UPTURNED EYE

B. MILITARY WRAPPER

C. PLAIN END MOUNTING

D. DOWNTURNED EYE E. BERLIN EYE

. - WELD ;
T e——

G. WELDED EYE

f. BERLIN EYE WITH MILITARY WRAPPER

E | |
\4
H. OVAL EYE

Fig. 3.3—Spring eyes and spring ends

Plain End Mounting (Fig. 3.3C)

This construction can be built as a flat leaf on a curved
spring pad, or as a curved leaf on either a flat or a curved
spring pad. The leaf ends used with the rubber insulators
shown in Fig. 3.11 are similar, but are sometimes provided
with a T end or a circular hole for the transmission of
lengthwise forces.

Downturned Eye (Fig, 3.3D)

This is sometimes used because it produces a desired
spring geometry {or suspension motion) which may im-
prove steering or axle control. If support to the eye by the

second leaf is required, this construction is not recom-
mended.

Berlin Eye (Fig. 3,3E)

Longitudinal loads are applied centrally to the main
leaf, thereby reducing the tendency of the eye to unwrap.

Berlin Eye With Military Wrapper (Fig, 3.3F)

This construction is a variation of Figure 3.3B.

Welded Eye (Fig, 3.3G)

This construction is used predominantly in applications
such as torque rods where the horizontal force is high. The
welding must be performed before heat treatment, using
appropriate technique.

Oval Eye (Fig. 3.3H)

This eye construction permits the use of rubber bush-
ings which have different rates in the vertical and horizon-
tal directions. This eye was developed specifically to re-
duce the magnitude of the horizontal force inputs in
suspension applications.

4, Spring Eye Bearings
Threaded Bushings (Figs. 3.4, 3.5, and 3.6)

This type of construction has the following advantages:
It takes side thrust as well as vertical load, retains lubri-
cant, and excludes dirt better than 2 plain bushing, thus
requiring less frequent fubrication. Spring eyes need not be
finished in width.
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Fig. 3.4—Spring eye bearing: Threaded bushings in one piece C
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Fig. 3.5—Spring eye bearing: Threaded bushings and pins in
one piece Y shackle

The bushing has a 60 deg V thread on the inside which
fits the pin loosely. The outside is either plain or provided
with a very flat angle thread. It is forced into the spring
eye or bracket.

The bushings and pins are made of carbon or alloy steel,
carburized and hardened.

Thread sizes generally used are M14X2 to M36x 4.
Load pressures up to 7.00 MPa on the projected area at
normal load are used. Figs. 3.4 and 3.6 show seals.

Self-Lubricated Bushings (Fig. 3.7)

Various designs and materials have been introduced on
passenger cars and light trucks. They do not require lu-
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Fig. .6—Spring eye bearing: Threaded bushings in taper pin
shackle :
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Fig. 3.7—Spring eye bearing: Self-lubricated bushings in double
bolted shackle

brication and are noiseless. The design shown in Fig. 3.7
takes side thrust on rounded circular grooves and ridges.
Spring eyes are not finished in width. Some types will
stand pressures up to 8.40 MPa on the projected area at
normal load.

Plain Bushings (Fig. 3.8)

This type bearing, usually bronze, is used on heavy
trucks. It is simple to manufacture and service, and will
give satisfactory life if it is regularly lubricated. Side thrust
is taken on the finished faces of the spring eyes. The wall
thickness is usually 3.0 mm. Load pressures used are be-
tween 3.50-7.00 MPa on the projected area at normal
lead.
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Fig. 3.6—Spring eye bearing: Plain bushings, periodically lu-
bricated, in double bolted shackle

Rubber Bushings (Figs, 3.9 and 3,10)

Various types are used successfully. Their flexibility is
an added insulation against noise, but the effect of the
flexibility on road holding ability, steering control, and
increase in spring rate must be considered.

Rubber Cushion (“Shock Insulator”) (Fig. 3.11)

This bearing‘is used on heavy vehicles. The design per-
mits a limited amount of longitudinal motion of the spring
ends. It is, therefore, successful only with fairly long
springs which are approximately flat at design load.

§. Shackles
One Piece C-Shackle (Fig. 3.4)

Used on passenger cars and light trucks.

Fig. 3.9=—Spring eye bearing: Rubber bushing In fixed eye pivot

One Piece Y-Shackle (Fig. 3.5)

Has more load capacity than one piece C-shackle.
Taper Pin Shackle ‘(Fig.~3.6 )
Double Bolted Shackle (Figs, 3.7 and 3.8)

These constructions have been used where they must
resist forces transverse 1o the spring (that is, in the direc-

tion of the spring eye axis). Careful design with close fits
must be used to avoid loosening in service.

Fig. 3.10—Spring eye bearing: Rubber bushings in shackle
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Fig. 3.11—Spring end bearing: Rubber cushion (“Shock insuls-
‘w| !)

Riveted Bolted Shackle (Fig. 3.10)

Well suited to rubber bushings, and therefore, in gen-
eral use on passenger cars and light trucks.

6. Center Bolt And Cup Center

The center bolt is required to hold the spring leaves
together, and the center bolt head is used as a locating
dowel during installation to the vehicle. For underslung
springs, the head should be adjacent to the main leaf; and
for overslung springs, the head should be adjacent to the
short leaf.

In most cases, center bolts are highly stressed in the
handling of the spring and in service. Therefore, it is nec-
essary 10 use bolts and nuts of high mechanical properties.

The diameter of the center bolt hole in the spring leaves
should be at Jeast equal to the thickness of the heaviest leaf
in order to permit cold punching. If the diameter of the
center bolt hole should be less than the thickness of the
leaf, it may require heating the leaf in the area to be
punched. However, it is not recommended to cold punch
leaves which are thicker than 14 mm. (See Table 3.3 for
sizes.)

Generally, the spring leaf material at the center bolt
area is inoperative when assembled to the vehicle. How-
ever, the diameter of the center bolt hole should not be too
large in relation to the width of the leaf.

When it is not desirable to use a center bolt and hole in
the spring leaves, a nib or cup, for nesting the adjacent
leaves, is forged from the leaf material itself by forming a
depression on one side and a corresponding projection on

TABLE 3.3—RECOMMENDED CENTER BOLY AND NUT DIMENSIONS {mm}

Momina) Threads Boll Head Size Mut Size Stybe 1
Bolt Width | Width
Diameter | Pitch | Minimum | Diameter | Height Across | Across |Thickness
Length Flats | Corners | (Max.)

(Max) | (Max.)

8 1.25 25 t2.00 600 | 13.00 501 66
10 1.5 25 15.00 700 | 1500 17.32 9.0
12 1.78 30 17.00 BOO | 1800 2078 10.7
16 2 35 2000 1000 | 2400 27N 145

the other side. The leaves are then held together with
clamps,

Cup centers are often used in heavy duty springs which
may not safely depend on clamps and center bolts to
prevent shifting of the spring on the axle seat "due to
driving and braking forces (See Fig. 3.14.)

When the main leaf is assembled adjacent to the axle
seat as in underslung springs, the cup is hot forged in the

_ main leaf only (away from the No. 2 leaf). When the

shortest leaf is mounted above the axle seat as in overslung
springs, ali the leaves must be cupped toward the shortest
leaf.

This method of cupping locks the main leaf to the axle
seat. The horizontal forces which are applied to the main
leaf will be resisted by the cup rather than the clamp and
the center bolt. &

There are many types of cup centers in general use, one
of which is shown in Fig, 3.12. The cup dimensions are
listed according to center bolt diameter; however, the cup

" diameter should not exceed one-half the leaf width and the

cup depth should not exceed one-half the leaf thickness.

r+—A DIA

-l .- Db

Ez:l—/ )1005@

ht——B DA g

Fig. 3.12—Dimensioning of typicat cup center

For Use Whh

Dimension Tolerance Camterbolt Diameters

{mm} + 0.0 10, 12 16
Dhamater A - 05 213 NG
Diamater B -5 224 a0
Hesght C - 05 35 5.1
Cepth D - 05 46 6.1
Radws A B | 25 30

7. Center Clamp

 The center clamp provides the permanent tie between

the leaves, and between the spring and the spring seat.
Figs. 3.13, 3.14, and 3.15 show some typical designs.

1.20



AH A M M

Fig. 3.13—Typical center clamping of oversiung spring

+Jla.|.l. - ! __/.. . .
L. T D
.~|H.\I|y _.a f a o_uu.n../
e s = Th
R R SR T I I ]
[ A 1] AT =
F . b PN
Aﬁl ¥
—r - - 7 k")
[ \\ _-_\ M
_[L N
A d

Fig. 3.14—Center bolt assisted by cup centers
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Fig. 3.15—Center clamping of underslung spring with rubber

pads

The functions of the clamp are to attach the spring
firmly to its seat to prevent leaf breakage through the
center bolt section, and to prevent center bolt breakage
due to horizontal forces. It therefore must remain tight in
service.

‘Excessive clamp length reduces the active length of the
spring and wastes metal. The clamp length is usually be-
tween 8-15% of the spring length. The ends of steel
clamps should be well roundéd to avoid sharp edges in
contact with the spring leaves.

Clamps with rubber pads (Fig. 3.15) are frequently used
on passenger car rear axles because of their important
influence on reduction of noise transmission,

Similar to the rubber shackle bushings mentioned in
Section 4 of this chapter, considerations of road holding,
axle control, and steering control set a limit to the amount
of softness which it is permissible to use at the center
clamp.

The center clamp has an effect on load rate and on
loaded height of the spring. This is discussed in Chapter
5, Section 2.

8. Alignment Clips

Alignment clips are used to limit sidewise spread and
vertical separation of the individual leaves in the spring.

Boit Clip (Fig, 3.16A4)

This clip is used for most heavy springs. The clearance
between the bolt and the main leaf must be sufficient to
permit the main leaf to twist longitudinally so that this
twist will not be concentrated in the free ends near the
eyes. A spacer tube is recommended to prevent the sides
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of the clip from binding the main leaf. For heavy duty
applications, a double rivet construction may be used in
springs 100 mm wide and over. Material is hot rolled steel
strip of the following sizés: 4.5 20, 6.0 25, 6.0 30, 8.0
x 35, 10x40.

Clinch Clip (Fig. 3.16B)
This is used on springs where the clearances are limited.

The material is usually hot rolled steel strip 4.5 %20 and
6.0 25 size.

Single Piece Box Clip (Fig, 3.16C)

This clip is manufactured from hot rolled steel strip 2.5
% 25. It is used with and without a rubber liner. Bolt sizes
are M8 1.25 and M10< L.5.

Two Piece Box Clip (Fig. 3.16D)

This clip is also made from 2.5%25 hot rolled steel
strip. Note that the sides of this clip, as in Fig 3.16C, are
straight and provide a clearance for all leaves. Bolt sizes
are MBx 1.25% and M10X 1.5,

Tah Lock Clip (Fig. 3.16E)

This clip is also made of 2.5 25 hot rolled steel strip.
It is used with and without a rubber liner on the main leaf
only.

Tab Lock Clip With Locating Tang (Fig. 3.16F )

This clip is similar to Fig. 3.16E except that it has a tang
for retaining it on the spring leaf.
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Strap Clip (Fig. 3.16G)

This clip has a rubber liner on all four sides of the
spring. The strap is 0.5 X 16 stainless steel. The ends are
overlapped and secured by means of a fastener which is
crimped at assembly.

Inverted Clip (Fig. 3.16H)

This clip is used on heavy springs where there is a
clearance problem. It is usually made from 30or35 X 8.0

stock.

9. Rebound Leaves

Figure 2.1 shows an example of a spring with rebound
leaf. There are two principal objectives for the application
of one or several rebound leaves. ) ‘

One of these concerns the spring subject to very high
and frequent windup loads which tend to distort the main
leaf by separating it from the shorter leaves. The rebound
leaf or leaves serving to prevent these excessive windup
stresses in the main leaf act substantially like the other
leaves and should be treated in the same manner as to
length, free curvature, etc. They are loaded through the
alignment clips, which must be properly placed and de-
signed so as to maintain tip contact between rebound
leaves and main leaf.

The other case is that of the truck spring which in
extreme rebound will have to support the weight of the
axle and of other unsprung components, thereby hecom-
ing subject to detrimental reverse bending stresses, partic-

ularly in the main leaf. In this case the rebound leaves are
usually formed with less free curvature than the other
leaves. When the leaves are bolted together in the spring
assembly operation, assembly stresses are set up in the
various leaves including rebound leaves, as described in
Chapter 5, Section 4. The rebound leaf will protect the
main leaf in the region between the eye and the nearest
alignment clip from distortion in extreme rebound,

As long as rebound leaves are under load, they contrib-
ute 1o the load rate in the same manner as other leaves,
regardless of the free camber in the rebound leaves.

10. Variable Rate Springs

Variable rate springs are used primarily on vehicles
which operate with large variations in load, such as trucks
and buses. Variable spring rates are generally required to

_provide desirable ride and handling characteristics under

these conditions. There are several ways to obtain variable
rates, some of which may be combined with others.

The helper spring is one method of obtaining increased
rate with deflection. As shown in Fig. 2.8, the helper is
mounted above the main spring and has its own bearing
pads. The helper spring does not support any load until
contact is made with the bearing pads. The change in rate
at contact is necessarily abrupt. :

Shackles may be used to obtain some variation in rate
as described in Chapter 6, Section 1.

Curved bearing pads or cams which shorten the effec-
tive length of the spring as it is deflected will provide a
variable rate. Such a configuration is shown in Fig. 3.17A.

Another method to obtain variable rate is by means of

-

A. VARIABLE EFFECTIVE LENGTH SPRING

B. MULTI-STAGE SPRING

Fig. 3.17—Variable rate springs
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the multi-stage spring, shown in Fig. 2.9, and Fig. 3.17B.
This spring has one or more leaves called “second stage”
leaves, mounted adjacent to the shortest leaf of the main
or “first stage™ portion of the spring. This spring gradually
increases in rate with deflection as the contact between the
stages increases. Load and rate for each stage are usually
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specified as shown in Fig. 2.9. They are generally checked
in the same manner as single stage multi-leaf springs.

Combinations, such as the use of curved bearing pads
in conjunction with a multi-stage spring, are sometimes
used to provide a greater change of spring rate.




Chapter 4
Geometry

1. Deflection Theory

As a spring with leaves of constant cross section prop-
erly stepped to approach the condition of uniform
strength is deflected, it will assume the shape of a circular
arc at all loads between zero and maximum, provided it
has a circular arc shape oris flat at no load or at any given
load.

Most springs approximate these conditions closely
enough so that the circular arc shape can be used to calcu-
late their geometric properties. The following relations
have been derived analytically and found to agree closely

[ ]

with a number of actual springs checked. (However, see
Chapter 10, Section 6 concerning the contour of single leaf
springs in the free camber.)

2, Cantilever Spring

For a spring of this type the center of the eye of the
Berlin type moves in a path with a radius of 0.75€ central
to the main leaf, as shown in Fig. 4.1A. If the eye center
is offset the distance *'¢” from the center of the main leaf,
the center of arc will be offset by (.5¢ in the opposite
direction, as shown in Figs. 4.1B and 4. [C, This construc-

A\

- ARC HEIGHT

"l
o A.
BERLIN EYE
1 ;
£
= B.
' UPTURNED EYE
/
e
0.5e
/— C.
DOW
- 2 OWNTURNED EYE

—-/ 1

Fig. 4.1—Equivalent linkage of cantilever spring
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tion reproduces the change of arc height with an accuracy
of 1% up to defiections f=0.61.

3. Scmi-Elliptic Spring

This type of spring can be considered as two cantilever

springs, and the resulting spring action can be determined
by considering the spring as a three-link mechanism, as
shown in Figs. 4.2 and 4.3. These layouts can be drawn
even if the spring is unsymmetrical and if the eye offsets
are opposed. The three-link equivalent layouts are useful
- in determining the geometry of spring action, including
the path of the axle attached to the spring seat, and the
axle control which is defined as the seat angle change in
degree per millimeter of deflection. They also permit es-
tablishing the axle path and control corrected for the
shackle effects, as explained later,

Fwo different methods for determining the spring ge-
ometry are described, and their constructions are shown
in Figs. 4.2 and 4.3. These methods may be used whether
the spring is a conventional or unconventional design. A
conventional design has the same number of leaves and
leaf spacing of uniform strength in both cantilevers, and
their rates are inversely proportional to their lengths
cubed. If the leaf spacing of either cantilever is not of
uniform strength or if the number of leaves of the two
cantilevers difier, or both, the design is called unconven-
tional, and the cantilever deflections no longer bear a sim-
ple relationship to the cantilever lengths (see formula B in
Table 4.1). The unconventional design has certain advan-
tages in geometry, particularly when specific axle control
requirements are to be met with the predetermined front
and rear cantilever lengths. However, the unconventional
design may engender a loss in efficiency.

4. Center Link Extension Method (Fig. 4.2)

The basic principle used in this construction is that
every extension of the center link for any position of link-
age will intersect at a common point. The center link tilts
in such a manner that its extension always passes through
the common point O, although the center link does not
rotate about_this point. In further explanation, it might be
said that the foregoing extension to the center link would
reciprocate back and forth through an imaginary slot
located at point O as the center link travels from its posi-
tions of compression to rebound.

In making a layout by the Center Link Extension
Method, the position of the center link DE for different
values of spring deflection establishes the axle control. A
succession of triangles DEH establishes the axle path. The
three-link equivalent layout is most conveniently made by
starting from the position of the spring where the main
leaf is flat. In this position the three links do not lie in a
straight line except when both eyes are of the Berlin type.
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The linkage is dependent upon the eye offset and the
spring unsymmetry. The motion of the center link for
different deflections of point M depends upon:

1. Path of point D at radius R,.

2. Path of point M at radivs Ry,. 2o

3. Position of center link DE so that its extension
intersects point O.

4, Correction for shackle effects, if required.

Procedure

1. Start layout with main leaf in flat position with
lengths a, b, and L measured along the main leaf and axle
center H at distance h from center of main leaf. Axle
center is above main leaf in an underslung spring, below
main leaf in an overslung spring.

2. Establish lengths m and n, which represent the
inactive material, These are considered equal for most
springs. They can be negleeted in relatively long flexible
springs without serious error.

3. Draw arc R, and at the intersection with 0.5e,
locate point D.

4. Praw arc R, and at the intersection with OSeb
tocate point E.
5. Construct the three links AD, DE, and EB.

6. Locate point M at the intersection of centerline of
center boit and link DE.

7. Locate point O on extension of center link DE at
computed distance Q from point M (see formulae in Table
4.1}

8. Draw arc Ry where Ry = A - L. Hs center is
located on extension of line QA. '

9. For a given deflection into rebound or compres-
sion, new position of center link DE is established by
locating point M, or M, and then drawing a line through
point M, or M, and point O.

Note: An alternate, and frequently a more convenient
method is to work with an overlay drawing to determine
the new position of center link DE by locating points
D,./D. or M,/M_ for given deflections in rebound and in
compression so that extension of center link DE intersects
at point Q.

10. For each position of the center link DE, the axle
position can be located by constructing the triangle DEH.
When three or more such positions have been located, the
approximate radius Ry of the axle can be established by
geometric construction.

11. The *“control” or “tilt” of the center lmk and
thus of the spring seat, is the change which the angle 6
undergoes during a displacement x. It is known as both
“spring control” and *axle control™ and is labeled ¢ =
8/x (deg/mm).

12. In the symmetrical spring the control is zero, with
the center link moving parallel to itself throughout the
compression and rebound range. Actually, however, the
center link undergoes a small angular change due to the
vertical displacement of the shackled spring eye.




WSJUBYIDW Uy

a1} Buisn POyl UOISUIXI NUIF JOIUED AQ WINOAR1—T'p B

_ o
. * |
9 _. = ° 2]

o : z

& ﬁ ; 1708 H3aiN3D 40 -

3 _ i o™ ANMTYALNAD 2

= . [

: i z

Z JAILOYNE ~ i | =4

@ WS 3 10 LNIOd —

> _ =] >

2 ——— smos - 0 ANIOd — - \

m ;%8 INIOd v _mu Jl\

5 /' —a 1w0 | -k |

© \_\‘ d i L

- / :

3 !
] ; g

_ ) 3
- St e _ " 11|_I.....Lq|.r.n|....
. | INfTWniva ‘ O T ;

h s Ty : PN — LV3S ONIYdS - ), 4
=9 v [ L — "

. / o _. mwt,,_mo m._xq\\ o5

] .“:| o _nv/r..w
: e 3 /
N zoam\uﬁ% w)ﬁ? = —VINIDJOIXI
Y 3 > -/
Jub o2 - 01904 rcr?d O\VV 4 1LNIOd
0319 .w)._w 4 INIOd ———
3 1
S b 4 LNIOd
>

1.29




WSIURYDMU
Hull 331y Buisn poylaw wonoaep Juiod om AqnoAeT—e'y By

e 1708 H3LNID 40
| ANITHILNTD
IAILDVYNI -

U s L

Fa 4

_.-’FAEI Q3Xid 40 INTTHILNID

\\EAZ QIINIVHS 4O INITHILNID

T ¥ 1NIOd G3Xid

130



TABLE 4.1—GEOMETRY FORMULAE FOR SEMI-ELLIPTIC SPRINGS -

A. For conventional spring where W =

Z/Y? equals one

= x/Y g=x:-Y=1.Y2
_3[{b-ea+a—e,,)+20(ea-ab)1 _a-b L!-Y'I;
2L Tbea (YZ- 1)
ay? y2
(@Y2 + 1Y + 1) Y o« 1
b{5?3+¢ b] '5?.3{Y+1}+¢-L'Y
a(573 -¢- a) §73Y + 1) - -L
® = 573 57.3{b —a) 573(Y2 - 1)
Q a-b L-Y
B. For unconventional spring where W = Z/Y? does not equal one
¥+ 1) _I’Z{Y+1l_f£
Z+ Y2 Z+Y¥2 Y
. a2 2 ye
g = Same asin A -z a+b = LZ + YD
Z+ra-~"b Z - Y)Y + 1}
{See Fig. 4.5)
\ 3Z + Y2 zevt
Y + VIAZ + Y2 + YHY + 1)3) Y ¢ 2
{See Fig. 4.4)

. 2 = Sameasin A

o 573 573 8 - b) 5732 = V)Y + )
T Q Zeoata+t? LZ + Y9
13. Depending upon the accuracy demandeg of the 5. Two-Point Deflection Method (Fig. 4.3)

layout, a correction for the effect of the shackle may be
necessary, particularly when the shackle angle is excep-
tionally small (8 less than 60 deg in the flat main leafl
position) and the shackle is exceptionally long. The cor-
rection may be made in the following manner:

Locate point P at intersection of datum line and R,
where R, is equal to distance CA.

After determining linkage layout for a given deflection,
such as for rebound, point B, is located.

Locate point P, on extension of line B/A.
P{I).ocate point O, where chordal distance PO equals

T

Draw line O,M, 1o give corrected tilt to center link DE

in rebound.

In like manner, establish line O M, to give corrected nlt
to center link DE in compression.

These corrected positions of center link DE determine
the corrected control in degrees per millimeter (equal to
6'/x) and can be used 1o establish the approximate radius
R’y for the corrected axle path.
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This method has the advantage that all of the layout
work can be done within the overall length of the spring.
In cases where the unsymmetry factor is small and the O
point is far from the axle center, it is the only known
procednre which permits construction within the confines
of the standard layout board and straight edge.

The principle of this method is based upon the use of
the two cantilever deflections corresponding to & given
deflection at the center of the spring seat. These defiections
may be computed for two vertical positions of the spring
seat, for example maximum compression (metal-to-metat)
and maximum rebound. When they arc applied to the
three-link equivalent of the spring with the main leaf in the
flat position, the path of the axle and the angles of the
spring seat can be determined entirely by construction.

Procedure

1. Start layout with main leaf in flat position with
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lengths a, b, and L measured along the main leaf and axle
center H at distance h from center of main leaf.

2. Establish lengths m and n, which represent the inac-
tive material.

3. Draw arc R, and at the intersection with 0.5, locate
point D. :

4. Draw arc Ry, and at the intersection with 0.5¢, locate
point E.

5. Construct the three links AD, DE, and EB.

6. Locate point M at intersection of centerline of center
bolt and link DE. _

7. Draw reference lines AF and BG through the eye
centers and perpendicular to the extension of the center
link DE.

8. For any given deflections such as x, and x, compute
f; and f, from the following formulae (see also Table 4.1)
and draw arcs about point F.

For a conventional spring:

For an unconventional spring:

Y(Y + 1)
Z+Y

9. Similarly, for given defiections x, and x., compute g, and
g from the following formulae (see also Table 4.1) and
draw arcs about point G.

For a conventional spring:

g:xY:x(E)
a

For an unconventional spring:

- (2)

10. Tangent line to arcs f; and g, establishes the position
of center link DE in rebound, and tangent line to arcs
f. and g. establishes the position of center link DE in
compression.

11. For each position of the center link DE the axle
position can be located by the triangle DEH. When three
or more such positions have been located, the approximate
radius Ry, for the axle path can be established by geomet-
ri¢ construction.

12. The control in degrees per millimeter is equal to the
angular change in the position of the center link divided
by the deflection x: ¢ = 8/x (deg/mm).

13. In the symmetrical spring the control is zero, with
the center link moving parallel to itself throughout the
compression and rebound range. Actually, however, the
center link undergoes a small angular change due to the
vertical displacement of the shackled spring eye.

14. Depending upon the accuracy demanded of the lay-
out, a correction for the effect of the shackle may be
necessary, particularly when the shackle angle is excep-
tionally small (8 less than 60 deg in the flat main leaf

f=x
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position) and the shackle is exceptionally long. The cor-
rection may be made in the following manner;

After determining linkage layout for a given deflec-
tion, such as for rebound, peint B, is Iocq;ed.'

Draw arc d, where d, = (g, ~ u).

Draw tangent line to arcs f, and d; to-establish cor-
rected position of center link DE in rebound. (Note that
the layout deflection x, is changed to x'; in applying this
correction.)

Similarly, after locating point B,, draw arc d. where
d. = (g + v).

Draw tangent line to arcs f, and d. to establish cor-
rected position of center link DE in compression. (Note
that the layout deflection x, is changed to x’; in applying
this correction.)

These corrected positions of center link DE deter-
mine the corrected control in degrees per millimeter and
can be used 10 establish the approximate radius Ry for the
correct axle path.

The difference between deflections x,, x, and x'¢, X',
respectively is so small in a full size spring layout that it
usually can be neglected. However, when required, an
overlay of triangie DEH positioned with point M lying on
horizontal line through deflection points M, and M, and
with points D and H lying on arcs R, and R’} respectively,
will determine exactly the angle of seat at the original
deflections, x, and x..

6. Layvouts and Nomenclature

" Figures 4.2 and 4.3 were constructed with exaggerated
eye diameters in order to illustrate the mechanics of con-
struction. Also, the relatively small shackle angle and long
shackle used in these layouts results in a large vertical
displacement to the shackled spring eye. This was done to
better illustrate the effect of the shackle correction. Under
these conditions the compression shackle (Fig. 4.2.) re-
sults in a control increase during rebound and a control
decrease during compression, while the reverse is true for
the tension shackle (Fig. 4.3.)

Nomenclature for Figs. 4.2 and 4.3 and for related for-
mulae in Table 4.1,

a = Fixad cantilever length (including inactive length m)
caliad “front” length

b = Shackled cantitever length (including inactive length n)
called "rear” length

¢ = Subscript for compression (jounce) position of linkage

d = Tangent arc radius at B where ¢ = {g + u)

¢ = Eccentricity = 0.5 (eye 1.0. + 1) (for Berlin eve, e equals
zero)

f: = Deflection of point F

g = Dellection of point G

h = Axle distance from center of main Jeaf

k = Spring rate, N/mm (¢lamped). See Chapter 5

k, = Front cantilaver rate, N/mm (clamped)

k, = Rear cantilever rate, N/mm {¢lamped)

L =

Total spring length—measured along flat main leaf




= Front inactive length
= Rear inactive length
Distance of point O below datum line
Distance between points O and M (see Figs. 4.2 and
4.5), the “‘equivalent torque arm” for vertical load—ses
Chapter €.
= Subscript for rebound position of linkage
= 0.75 (a-m)
= 0.75 (b-n}
= Radius of axle path = path of peint H (approx.)
= Radius of path of point M (approx. Ry = A - L)
o = Radius of points Pand O =
= Thickness of main leaf

i
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= Distance between points B and G

Front cantilever rate proportion (ko/k)

Ratio Z/Y% (see Fig, 4.4 for A and Fig. 4.5 for L/Q)
Deflection of point M

Length ratio (b/a)

Cantilever rate ratio (k,/k,)

= Shackle angle with main leaf flai, deg

Angular displacement of center link, deg

= Parameter to determine Ry, (see Fig. 4.4)

Control of center link (8/x, deg/mm), known as both
“spring control” and “axie control”

= Primgs denote shackle effect corrections

[ T I | I )




Chapter 5

Design Calculations

1. Rate, Load and Stress

A leaf spring may be considered as a beam of uniform
strength composed of leaves of equal thickness where the
fiber stress is the same throughout the length of the beam.

This approximation is justified for most springs within
the accuracy necessary for layout work and-—with certain
correction factors—for estimates of the necessary length,
thickness, width, and number of leaves. It also serves as
a base for more detailed calculations.

Figure 5.1 shows a cantilever of six leaves and the same
cantilever rearranged with the leaves split and laid side by
side for comparison with the triangular beam of uniform
strength which is shown in broken lines. It must be ap-

preciated that the straight line contour shown in Fig. 5.1 -

applies only when all the leaves are of the same thickness.
See the remarks under the “Stepping” paragraphs in Sec-
tion 4 of this chapter.

W .
| — 1

e
SIDE VIEW

|
))D)D?ii?

PLAN VIEW
I'A :
Nw —f=
N
= K CONTOUR OF
UNIFORM STRENGTH BEAM

LEAVES SPLIT AND LAID SIDE BY SIDE

Fig. 5.1—Description of maiti-leaf spring
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The formulae in Fig. 5.2 are given for leaf springs which
approximate bearas of uniform strength {except for the
last column} and are derived from the following funda-
mental facts:

). Stress is proportional to leaf thickness multiplied
by change of curvature.

2. Change of curvature is proportional to change of
bending moment divided by moment of inertia.

3. Stress is proportional to leaf thickness multiplied
by bending moment divided by moment of inertia.

For comparison, the formulae for the cantilever spring
of one leaf or of several full length leaves {so-called “‘uni-
form section beam™) are also given in Fig. 5.2. In this
spring the stress is highest at the clamping area, and the
stress formulae refer to this highest value, It will be noted
that with the same load, length, thickness, and stress, the
uniform section spring produces only two-thirds of the
deflection and weighs twice as much as the uniform
strength spring, or in other words, the uniform strength
spring is three times as efficient as the uniform section
spring.

As shown by the different formulae in Fig. 5.2, the
stress can be calculated from strain, deflection, or load,
depending on what information is known.

It is evident from the “stress from strain” formula that
for the same change in curvature {(1/R—1/R,), the stress
will vary directly with the leaf thickness.

Again, it will be seen from the *'stress from deﬂecnon
formula that the stress will vary directly with the leaf
thickness and inversely with the square of the effective
spring length.

The “stress from load” formula is the standard beam
formula for stress where, for a given load, the stress will
vary directly with effective length and inversely with the
square of the leaf thickness. This may appear paradoxical
when comparing the “stress from load” formula with the
“stress from deflection” formula. However, in the “stress
from load™ formula the deflection is not considered. If the
expression for load (P} is replaced by the product of rate
(k) and deflection (f), the *'stress from load” formula will
reduce to the “stress from deflection” formula.

Although the foregoing substitution marks the two for-
mulae as merely two different ways of expressing stress,
the “stress from deflection” formula is particularly signifi-
cant for this reason. It shows that for a given stress and
deflection the leaf thickness varies as the square of the
effective spring length, and since thin leaves will not sup-
ply sufficient strength for the spring eyes, the formula
emphasizes the desirability of long springs. Another im-
portant consideration for the use of long springs is the fact
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Fig. 5.2—Design tormulae for leaf springs: Unloaded springs
have a radius of curvature R, which is considered negative
when camber is positive
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t windup stiffness also varies as the square of the
gth. (See Chapter 6, Section 2.)

(n considering the load (P) and the rate (k), it must be
st in mind that the test load and rate are not the same
the desired installed load and rate. The effect of the
taltation (shackles, etc.) is discussed in Chapter 6.

Stitfening Factor

Actua! leaf springs are not truly beams of uniform
ength. How closely they approach such a beam depends
iefly on ihe following factors:

1. Length of Leaves—Two or more full length leaves
:sometimes used. The shorter leaves may be longer than
sy would be for uniform strength. This is to reduce the
uin leaf stresses in the area of the eyes. The spring wili
srefore be stiffer, and it will be intermediate between a
iform strength spring and a uniform section spring.

2. Leaf Ends—Fig. 5.1 shows how the ends of the
wes exceed the outline of the triangular beam. This
1kes the spring stiffer. The various leaf ends and their
scts are discussed in Chapter 3, Section 2.

3. Center Clamp—Standard procedure demands that
ni-elliptic springs be tested without center clamp, and
2 formulae are given for this condition. Since the springs
: used with the clamp, the leaf lengths are designed for
2 clamped springs. Theoretically, this requires subtract-
s the length of the clamped pait from the total length,
signing two cantilevers for this reduced length, and add-
3 a uniform section in the middle between the two can-
svers. Actually, the effect of the clamp can be allowed
¢ by using an “active length” in the formulae instead of
¢ full length, :

The amount of active length within the seat area de-
nds on the design of the clamping parts and also on any
et or insulator material which may be used between the
imping plates and the spring itself. In semi-elliptic and
ntilever springs, the active length exiends into the seat
ea and is therefore longer than the distance from the
ge of the clamp to the point of applied load. For springs
thout any liner material, the active length generally
tends to the inside edge of the clamp bolt. Spring seat
ers will increase the active length farther into the
imped area, the amount depending on the compressibil-
- of the liner, when the clamping bolts have been tight-
ed.

At one particular deflection the addition of the clamp
s not change the load carried at that height. This is the
sition at which the curvature of the spring without
imp fits the spring seat.

The influences of the lengths of leaves and the types of
if ends are taken into consideration by a “stiffening

factor” which is designated as “SF" in Fig. 5.2 and Table
5.1. Note that the stress from deflection and the load rate
formulae are multiplied by SF, except for the uniform
section cantilever for which SF always equals 1.5.

The value of SF is exactly 1.00 when the leaf lengths and
leaf thicknesses are selected to produce a uniform strength
beam (spring), and the resultant curvature of the spring in
bending is a circular arc with radius R.

The farther the design deviates from uniform strength,
the farther will the elastic curve deviate from a circular
arc. “R* will be only an approximate parameter for the
elastic curve, and SF will have to be a higher value.

SF will have its maximum value of 1.50 when all the
leaves of a multi-leaf spring are full length, or when there
is a single Jeaf of constant thickness and width. A spring
of this type is known as a uniform section spring (column
4, Fig. 5.2), where “R” is the smallest radius for the elastic
curve, namely at the line of clamp or encasement, and "'§”
is the highest stress {at that line), as explained in Section
1 of this chapter.

Selection of the correct SF value in the final spring
design is predicated on factors gained from experience,
since the value may vary from less than 1.10 to 1.50,
depending on the design specifications.

For the preliminary design calculation, the following
SF values may be applied in formula 1 of Table 5.1 to
provide a moment of inertia (EI) for a selection of the
approximate number of leaves and gages.

For passenger car and light truck springs with tap-
ered leaf ends and more or less “uniform" stress design:
SF = L.10

For passenger car and light truck springs with tap-
ered leaf ends and extended leaf lengths:
8F = 1.15
For truck springs with untapered leaf ends and more
or less “uniform™ stress design:
SF = LIS
For truck springs with untapered leai’ ends and two
full length leaves: .
SF = 1.20
For truck springs with untapered leaf ends and three
full length leaves:
SF = 1.25
For the first stage of variable or progressive rate
springs, before contact with the second stage:
SF = 1.40
For the second stage of variable or progressive rate
springs, when all leaves are operable:
SF = 1.10 with tapered leaf ends,
SF = 1.15 with untapered leaf ends
For springs with all leaves full length:
SF=1.50
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Tabie 5.1—FORMULAE FOR CALCULATIONS ON LEAF SPRINGS

Fermula Symmetrical Unsymmetrical Semi-Elliptic Multi-Leat Cantilever
Semi-Elliptic
K] k-a%- b Lo 2 ¢ 3
J Total Moment .‘I.I:-——-—ll‘——l'—~ X = a-b = koL Y 3l = k-%
of Inertia 32-&-SF 2-E-SF-L  2-E-SF (v+1)* 2.E.SF
-~ mm*
31 8 2.31-L § 231 Y4 1) T
n Maximum Leaf lm,.=B L bra: = S = A \Gal Ve =Eil 2
Thickness t,,, L P a-b P L P Y g P
- mm
‘bt L-t Y .
I Stress with S=Ll P S=a ‘P = - P 5=£. P
standard gage 8-zl 2 3I-L 211 (Y+1)¥ 2 sl
{t) Leaf — MPa
it fram Table 5.
i Approx. Mass of| (The number of feaves of the same gage*} - Unit mass irom Table 5.3 - one half of spring length - SF
Spring Steel — 1000
kg

*Where the grading of the spring has several gages, the several products are additive before multiplying by {one half of spring length)
and (SF). The denominator of 1000 reduces the unit mass values to kg per mm.

NOMENCLATURE FOR FIG. 5.2 AND TABLE 5.1

L = length of semi-elliptic spring — mm

£ = length of cantilaver spring — mm

a = front length of semi-slliptic spring — mm

b = rear length of semi-ellipti¢ spring — mm

Y = cantilever length ratio in semi-eftiptic spring {=b/a)

P = load on spring - N

1 = spring deflaction — mm

k = load rate (change in load / change in deflection) - N/mm

XI = total moment of inertia (summation for all the leaves in the spring) — mm?

il, = summation of the moments of inertia of those teaves comprising the section for which the stress is to be - mm?
calculated

tne = maximum leaf thickness for maximum stress . -~ mm

t = thickness of the leaf selected from standard gages (t < t.,,) for which the siress is 10 be calculated; usually —~ mm
this is the mair, feaf and/or the teaf of the greatest thickness in the spring

S, = maximum spacified strass (N/mm? = MN/m2 =) —~ MPa

s = stress with selected standard gage — MPa

E = modulus of elasticity (for steel: 200 - 109) - MPa

R, = radius of curvature in the unioaded spring {shown in dash lings), considered nagative - mm

SF = Stillening Factor

ra

3. Preliminary Calculations

Table 5.1 lists the formulae (I, 1T, I} for the three
essential steps in calculating the spring design.

Formula I is used to establish the total moment of
inertia for the specified rate and length.

Formutla II is used to establish the maximum permissi-
ble leaf thickness within the specified maximum stress
limit at a corresponding lcad. The grading of the leaves in
the spring is established by selecting the number of leaves,
the leaf width, and the combination of leaf gages to pro-
vide the calculated total moment of inertia obtained with
formula I. The moments of inertia for the individual leaf
seciions are shown in Table 5.2,

1.40

Formula IIT is used to calculate the spring stress.

For preliminary calculations of unsymmetrical springs
in which the length ratio Y does not exceed 1.30, the
symmetrical formulae in Table 5.1 may be used with as-
surance that the results will be within 3% of those obtain-
able by use of the more complicated unsymmetrical for-
mulae.

Formula LV is used to estimate an approximate mass of
steel for comparing optional designs from preliminary cal-
culations.

The exact mass of spring steel is calculated after the eye
diameters and the leaf end constructions have been estab-
lished. Generally, the exact mass is heavier than the ap-
proximate mass from formula IV.



TABLE 5.2—MOMENTS OF INERTIA (mm?) FOR LEAF SPRING BAR CROSS SECTIONS OF MEAN DIMENSIONS PER TABLE 2.1
IN CHAPTER 3 {TABLE 1 JN SAE STANDARD J1123}

Thick- Moments Of Inertia For Width Of

ness 40.0 45.0 50.0 56.0 83.0 75.0 90.0 100.0 125.0 150.0

5.00 3988 4496 500.3 561.2 632.3

530 474.9 5354 596.0 668.6 753.3

5.60 560.0 631.5 703.0 788.8 888.9

6.00 588.3 776.4 864.5 g70.1 1093 .4 1304 1567

6.30 796.3 898 .4 1000 1123 1266 1510 1815

68.70 956.8 1079.7 1203 1350 522 1817 2184

7.10 1137.3 1283.7 1430 1606 1811 2162 2600 2892

7.50 1338.9 15116 1684 1892 2134 2548 3065 3410

8.00 1622.0 1831.9 2042 2294 2588 3092 3720 4139

8.50 1942 2194 2446 2748 3101 3707 4462 4964 6212

9.00 2301 2600 2895 3259 3678 4399 5295 5852 7376

9.50 2700 3052 3405 3828 4321 5170 6225 6928 BG77

10.00 3136 3547 3957 4450 5024 5896 7222 8038 10050 12050
10,60 3726 ) 4215 4704 5291 5976 7137 8598 9572 11980 14360
11.20 4383 4561 5538 6231 704G 8412 10137 11287 14130 16850
11.80 5111 5787 6463 7274 az221 9829 11848 13195 16520 19840
$2.50 6056 6860 7664 8629 9755 11670 14073 15675 19640 23580
13.20 002 10140 11460 13730 16560 18450 23130 27780
14.00 10710 12060 13650 16350 19730 21990 27580 33150
15.00 13120 14790 16740 20070 24230 27010 33900 40770
16.00 15850 17880 20250 24300 29360 32730 41120 49470
17.00 21370 24210 29080 35150 39200 49270 59320
18.00 25280 28650 34440 41650 46460 58430 70380
19.00 . 29620 33590 40410 48890 54540 68650 82720
20.00 34410 39050 47010 56910 63510 80000 96410
21.20 ) 55810 67610 75470 95110 114700
22.40 . £5340 79210 88450 111300 134000
23.60 76190 92410 103220 130000 156600
2500 90230 109530 122409 154300 186000 -
26.50 145400 183400 221300
28.00 171000 215900 260700
30.00 209500 264900 320100
31.50 306000 370000
33.50 367000 444100
35.50 527300
37.50 620100

For derivation of formulae for these tabulated valdas. see Appendix B

First Example " S © with Py = 3500°+ 17.5 - 110 = 5425 N

Design a symmetrical semi-elliptic passenger car sprin = 8_5-“3__._@
g Y ptic passeng pring max = 35075428

with tapered leaf ends to meet the following specifications:

= 6.39 mm

Rat rested with Thinner leaves would give a lower stress, thicker leaves a
ate, as tested without higher stress. The nearest standard gage size is 6.30 mm,
center clamp ¥k = 17.5 N/mm .
producing a 14 % lower stress.

g’;s‘gln load Ll P - ';’fgo N Step Three—Find the Number of leaves and the leaf
L::;t;‘)'meta Clearance J;f = }320'““':_“ width (w) which will produce the required rate; using the
= inerti i le 5.2:
Maximum stress S,... = 1000 MPa moment of inertia values in Tab e
fmit‘e?oOnel—rl‘nd ';h}; rescullfred total moment of inertia First option: assume w = 50 mm
rmula I in Table 5.1: Number of leaves = 6
. 3
S| = 17.5 - 1320 = 5717 mm* 4 leaves gage 6.30 1 = 4000
32-200-10° - 1.10 2 leaves gage 6.00 1 = 1729
31 = 5729 mm*

Step Two—Find the maximum permissible leaf thick-
ness from formula 11 in Table 5.1:
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k= 175. 3729 _ 17.54 N/mm cantilevers are calculated separately and combined by use
5717 of the following formulae:

N With this selection of leaf gages, the rate k is within less - _PL or
than 1% of the specified rate. bf, + afy
The stress at P, (5429N) from formula 111 K = k,kyL? _ Y+ . = L2
: Ckal 4+ kb Z+ YD ' 24
o = 222 630 5429.-985 MPa T 1
8- 5729
42438 -+ 2-2322
Approx. Mass = where:
PP 1000
1320 _ ‘ P = Load on spring
2 110 = 1043 kg L = Total spring length
a = Fixed (“front™) cantilever length (including clamp
Second option: assume w = 63 mm length)
Number of leaves = 5 b = Shackled (“rear”) cantilever length (including

clamp length)

2 leaves gage 6.30 I = 2532 fy == Deflection of front cantilever
3 leaves gage 6.00 I = 3280 fy = Deflection of rear cantilever
2] = 5812 mm ¢ k, = Front cantilever rate
5812 . ky = Rear cantilever rate
k=125 — = 17.79 N/mm Y = b/a .
5717 Z = kJ/k,

With this selection of gages in the 63 mm width the rate
k is within 2% of the specified rate. .

The stress at Py, (5457 N) Redesign the second option (w=63mm) of the first

Second Example

_ _ 1320 - 6.30 _ example with the additional provision to provide
e Smax = 8. 5812 5457 = 976 MPa $=0.030 deg/mm control. This wiil require an unsym-
) ) metrical spring design. where W=Z/Y? does not equal
Approx. Mass = 23076 + 32930 one. (See Table 4.1B}
1000 Try front end length 2 = 580mm
J1320 1.10 = 1085 kg Rear end length b = 740 mm
Conclusions—Both options appear acceptable. The Length ratioc Y = L 1.276
choice may depend on some of the following considera- a
tions: . .
1. Limited available space for the spring width will~ - Cantileyer rate ratio = '
favor the first option (50 versus 63 mm width); 7 = ko _ Y. 73 - (Y+D + ¢L Y
2. Restrictions on mass will favor the first option - ke - 57.3 - (Y+1) — OL
(10.45 versus 10.85 kg); i )
3. Mandate on low fabrication cost (6 versus 5 {eaves) Z=1276- 57.3(1.276-+1) + 0.030-1320.1.276
will favor the second option; 57.3(1.276+1) — 0.030-1320
4. Demand for the greater lateral stiffness will favor Z = 2.542
the second option (633 versus 50° in the lateral rate for- '
mula—see Table 10.2). Q= LEZ+Y) . 1320(2.542+1.276%)
Unconventional Springs (See Table 4.1) Z-Y) - (Y+1)  (2542-1.276) - (1.276+1)
=1910
Some semi-elliptic springs may require that one can- Q
tilever end is made of more leaves than the other, or that 573 57.3
its leaf lengths are extended substantially beyond the uni-  Control =""" = ETE = 0.030 deg/mm as

. form strength beam requirements, In such cases it is more  required.
convenient to consider the complete semi-elliptic spring as
made of two cantilevers. The rates or deflections of both P, max = 5412;"’;40 = 3041 N
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5425.580

P.max = ———— = 4

Py max 1330 2384 N
\E/= k(Z+Y?) _ 17.5(2.54241.276%) _
P O(Y+1p (1276 +1) N
k, = 14.09N/mm

k 14.09
ky = =2 = —2 = 554
*T 7 T Tam N/mm

Step One—From formula I for cantilever

]
3, = k, a
3E - SF
1409 - 580° 1
s3I, = ‘ = 6248mm?
*~ 2200108 110 mm
. 3
31, = 208001 5100 mme

2-200-108 110
Step Two—Under 2 given load the rear cantilever will

have a higher stress than the front cantilever, because of

its smaller ZI, Thereforse, tymax will decide the selection of

the standard gage to be used. -
From formula 1I for rear cantilever

tmax = ﬁlﬁ . E = 578 mm

U 740 2384
Step Three—Due 10 eye strength requirements it is
not advisable tc use a gage thinner than 6.0C mm in the
main leaf, The maximum stress will then slightly exceed
1000 MPa in the rear (shackled) cantilever. This should
be acceptable as long as the stress in the more critical front
(fixed) cantilever will remain below 1000 MPa.
Establish the number of leaves and their gages in the
specified width of 63 mm

Front Aear
: Cantilever Cantilever

Leaf Gage 1 1

1 6.00 1083.4 1083.4
2 8.00 1083.4 1093.4
a 6.00 1093.4 1093.4
4 6.00 1093.4 7 “1093.4
5 5.60 888.9 888.9
6 5.60 868.9 none

2] = 6151.4mm* 5262.5mm*

If Leaf =5 were of gage 6.00 the front cantileverZ] =
63155.9 and the rear cantileverTl = 5467.0 and since the
required=1 for both front cantilever®il, = 6248 and rear
cantileverS], = 5102 is between these two selections of

* gages, actual tests for spring rates will establish the

ges to be used.

For this analysis, it will be assumed that the checked
rates with the 5.60 gage in No. 5 leaf will be satisfactorily
close to the specified rates.

1.43

5, max = 220500 3541 - 860 MPa
2 61514
5, max = 220- 690 »3e4 = 1006 MPa
T 352625

Estimate of approximate mass

4:2930 4 2-2736
1000

Front Cantilever =

-5-39 110 = 5.484 kg

4-2.930 + 12736
1000

Rear Cantilever =

-7%'3 . 110 = 5.884 kg

Total = 11.37 kg

A spring in which the specified contro} ¢ requires an
unconventional design will have more mass than a spring
in which Z/Y? equals or nearly equals 1. This is verified
by comparing the approximate mass of the Second Exam-
ple (11.37 kg) with the mass of the First Example second
option (10.85 kg).

It is always advisable 10 make sample springs in order
to verifv by test results the grading (gages) selected befcore
issuing the spring design.

Third Example

Design a symmetrical semi-elliptic truck spring with 3 full
length leaves and no tapered leaf ends.
Rate as tested with an

SAE loading block . k = 110 N/mm
Design load P= 14700 N
Stress at P {not to exceed} ' S, = 540 MPa
Length L = 1460 mm
Width w = 75 mm

Step One—From formula I calculate the required mo-
ment of inertia' with the heavy truck SF value = 1.25

w1
RE SF -
110 - 1460
Il = = 42792 4
32200 10° - 1.25 mm
Step Two—Find the maximum permissible gage thick-
ness from formula 11 '

z1

_8-42792 340

- = 8.
1260 a0 ool mm




Step Three—The nearest thinner standard gage is
8.50. Since 12 leaves gage 8.50 in the 75 mm width has
aZl = 44484 which is too large, a combination of gages
8.50 and 8.00 will be selected.

9 leaves gage 8.50, I = 33363
3 leaves gage 8.00, I = 9276
2l = 42639mm’?

With this selection of gages the rate k should be very
close to the specified rate. .

Stress at design load 14700N

1460 - 8.50
8 - 42639

- 14700 = 535 MPa

Approx. Mass

_ 9-4946 + 3-4.657 1460

- 1.25 = 53.4 kg
1000

Fo:;rth Example

It is interesting to note the difference in calculated data
which would result in the Third Example, if the specifica-
tions had not required the three full length leaves.

~- The stiffening factor would te SF = 1.15

Step One-~—
. 14608
= MOM0 1 46513 mme
32.200- 10 115
Step Two-
e = 8 - 46513 ) 540 = 936 mm
1460 14700

Step Three—The nearest thinner gage is 9.00 mm

8 leaves gage 9.00 I = 35192
3 leaves gage 850 I = 11121
Il = 46313 mm?

With this selection of gages, the rate k should be very
close to the specified rate,

Stress at design load 14700 N

S = 1460 - 9.00
8.46313

- 14700 = 521 MPa

1.44

Approx. Mass

_ 85235 +3-4946 1460

1000

LS =

47.6 kg

In comparing the Third and Fourth Examples, it is
evident that due to the more uniform stress distribution
throughout the length of the spring in the Fourth Exam-
ple, the mass of the Fourth Example is less (47.6 kg versus
53.4 kg). However, where safety requires lower stresses at
the bearing ends (eyes)} with more than one full length leaf,
the greater mass and increased cost of manufacture (12
versus 11 leaves) must be accepted.

Summary

The four examples show that the formulae in Table 5.1
are sufficient for preliminary calculation. The total mo-
ment of inertia required for a specified rate (the most
important characteristic of any suspension spring) at a
specified spring length is determined in formula I. It may
be satisfied by a variety of combinations of width, thick-
ness, and number of leaves, provided the leaf thickness
does not exceed the maximum calculated in formula II for
a specified maximum stress. This is checked in formula I11
in which the total moment of inertia for the chosen stan-
dard leaf size is incorporated.

4. Stress Distribution

When the types of leaf sections, ends, clamp, etc,
(Chapter 3) have been chosen and the approximate spring
dimensions have been determined as shown in preceding
sections of this chapter, further specifications are gener-
ally developed in cooperation with the spring. manufac-
turer. These specifications include thickness, length, free
radius and peening of each leaf, and the amount of cold
set to be given to the assembled spring.

Spring manufacturers use various methods to arrive at
these data, and their results may be different because they
involve judgment in the compromise of contradictory re-
quirements.

In view of the compromises and assumptions involved
in the detail design, service experience must remain the
final test. Where sufficient background is available, service
experience can be represented by the results of suitably
arranged life tests (see Chapter 8), and in turn, life test
results may lead to definite design rules for a particular
type of service,




The basic considerations which are presented in this
s/--ion will enable the user to follow the spring manufac-
f_'s analysis. They will also help the interpretation of
service troubles in terms of spring design.

Leaf Thickness

In automotive practice, springs are usually “graded,”
that is, composed of leaves of two or three different gage
thicknesses. The main leaf, often together with adjacent
leaves, is made one gage thicker, and several short leaves
are made one gage thinner than the intermediate leaves.

This is done for a number of reasons: to give the main
leaf more strength to resist eye forces; to allow more toler-
ance of quench radius on the short leaves; to compensate
for the difference in free leaf radii, and because desired
rates can be approached more closely by combinations of
standard gages than by using the same gage for all the
leaves.

Leaf Radii

The curvature is not the same for all the unassembled
leaves of a spring. It becomes more and more negative or
less and less positive from main leaf towards the shorter
Jeaves. When the spring is assembled, the [eaves are pullec
up against each other and'a common curvature is estab-

\d (which may, of course, vary along the spring). The

‘es of an assembled spring in the free position are there-
fore onder some stress. In the main leaf, this assembly
stress is subtractive from load stress; in the short leaves,
it is additive 1o load stress. This is done to reduce the main
leaf stress and to insure that the leaf ends have bearing on
adjacent leaves.

The quench radii or curvatures of the quenching forms
are obtained from the desired curvatures of the individual
Jeaves by allowing for springback, for the effect of shot
peening, and for cold setting of the spring (See paragraphs
on “Free Radii” in Section 5 of this Chapter).

Stepping

The lengths of the leaves of a spring, together with the
thicknesses and the individual leaf radii, determine the
distribution of stresses along each leaf. They also control
the shape of the spring under load and its rate.

The leaves of a spring bear on each other mainly on a
relatively small area near the leaf tip. The center of pres-
sure of this area (the “bedding centerline”) is some dis-
tance behind the actuat tip of the leaf. This distance ranges
from about 10mm for blunt (full, thick) ends te about
50mm for tapered leaf ends. The distance from one center
¢ nressure to that of the next shorter leaf is the step or
\__<hang. To determine the overhang of the shortest leaf
from the edge of the clamp, it is necessary to consider the
design of the clamping parts as explained under “Center
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Clamp” in Section 2 of this chapter. The sum of ail the
steps equals the “active™ length of the spring.

To discuss the effect of stepping, a hypothetical imprac-
tical spring in which all leaves are made with the same free
radius will be considered first. If all leaves of this spring
are of equal thickness, equal steps will give the closest
approach to the beam of uniform strength. That is the
condition shown in Fig. 5.1.

If the spring has a mixed grading, that is, composed of
more than one size of gage, the steps should be made
proportiona! to t3. The stresses will be approximately uni-
form along each leaf, but the various leaves will be stressed
in proportion to their thickness, which may not be the
most desirable for fatigue life endurance.

If several leaves are made full length, the spring will be
stiffened {(deflection reduced under a given load). For a
given load, this will reduce the stress adjacent to the spring
ends, while the stress near the seat area will remain the
same. However, if the applied load is increased to produce
a given deflection, the stress near the seat area will be
increased.

If the balance of the leaves are not extended in length
with the full length leaves, the distirbance of efficiency
will be confined to the full length leaves. However, if the
balance of the leaves are also extended, the stresses will be
less toward the leaf ends. The spring will be stiffened still
more, and it will deviate from the uniform strength beam
in the direction of the uniform section spring.

I the individual leaves have different curvatures, then
assembly stresses are set up. These are desirable for vari-
ous reasons. With assembly stresses it is impossible to have
uniform stress along a leaf at all loads. By a suitable
combination of assembly stresses and stepping, it is possi-
ble to distribute the stress in a desirable manner among the
leaves and to make it uniform along cach leaf at one
particular load.

Though the stress distribution can be improved by a
proper combination of leaf thicknesses, free radii, and
stéps, the rate is the same as for a spring made up of the
same leaves fitted “dead,” that is, without assembly
sresses. '

Fig. 5.3 shows the stress distribution along the main leaf
on a spring with and without assembly stresses, with three
different leaf steppings, and at various loads. It is intended
to show only the principles discussed here. The spring
itself is impractical. It is made up of two leaves of equal
thickness, the mairi leaf rectangular in plan view, the short
leaf triangular to simplate the effect of a series of stepped
leaves.

Without assembly stresses, the 250-250 stepping (equal
steps) is obviously most efficient. Also, it has the Jowest
rate and deflects with uniform change of curvature in the
part made up of two leaves. The 400-100 stepping ap-
proaches a rate and shape of the uniform section spring.

With 300 MPa assembly stress at the clamp, the rate is
not changed, but the stress distribution and shape are
changed. '
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Fig. 5.3--Siress distribution along the main leaf with and with-

out assembly stresses

The 250-250 stepping is now abviously ineflicient, be-
cause the main leaf has a peak stress at the tip of the
second leaf. If the unassembled leaves are circular, the
shape under load will correspond to that shown in Fig.
5.4A. This condition corresponds to t? stepping.

With 323-175 stepping, the main leaf will have uniform
stress within the contact area with the second leaf under
100 N load and at that load will have a circular shape. At
lower loads the shape will be intermediate between Fig.
5.4B and 5.4C,

With 400-100 stepping, the main leaf will have uniform
stress within the contact area with the second leaf under
50 N load and at that load will have a circular shape. At
lower loads the shape will be more like Fig. 5.4B.

In Fig. 5.4C the spring is shown flat under load in order
to bring out the deviations from the desired shape more
clearly when the backing leaves are too short as in Fig.
5.4A and when the backing leaves are too long as in Fig.
“—a.4B.

In the foliowing discussion the subscript “n” is used to
denote stress (S), thickness (t), overhang (g), curvature
(q), etc., of “different” or “various” leaves,
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To obtain uniform stress along the length of each leaf
at a given load and to achieve circular or straight shape
of a spring made up of leaves which are circular when free,
it is necessary that each leaf be subjected only to pure
couples applied to its ends. This condition can be fulfilled
only if the loads between the various leaves are all equal
to the load (P) on the end of the spring. In order to achieve
this, the stresses (S,) in the different leaves are adjusted by
proper choice of free leaf radii. At the same time the
overhangs (2 ,) of the various leaves are 50 chosen that at
the particular load which is selected in advance as the load
at which the spring shall have circular or straight shape,

S, = 6P L,/ wtl

Since P and w are constants, the overhangs £, are made
proportional to S ti.

The stresses S, can be chosen, subject to the condition
that the sum of the moments in the individua! leaves
equals the total bending moment of the load. It has been
found that lower stresses in the thicker main leaf and
higher stresses in the thinner leaves give good results.




A — BACKING LEAVES TOO SHORT

—

B — BACKING LEAVES TOO LONG

C — LEAVES WITH StZ2 STEPPING
« {UNIFORM STRENGTH SPRING}

Fig. £.4—Effect of backing leaf lengths on spring shape

For “over-the-road” vehicles with a static deflection to
design load of about half the total deflection, experience

has shown that best service is obtained if the stresses are

made uniform along the leaves under normal load. For
“off-the-road" vehicles the stress at total deflection may be

more important. Service experience and life tests must

decide for which condition the spring should be designed.

When the length of a leaf has to be different from the
value obtained from stress considerations (for example, to
make room for a clip or to support the eye), the perform-
ance and efficiency of the spring are affected least if all the
other leaves are made to the lengths originally obtained
from stress considerations.

The change in spring rate due to changes in stepping
can be estimated by comparing the overhangs as designed
to overhangs proportional to t?. The spring designed with
overhangs proportional to t* would have a rate calculated
from the formulae in Table 5.1. A spring with all leaves
full length would have a 50% stiffer rate.

Te * - Of Analysis

~

Two different assumptions about the action of leaf
springs are reasonable. They shall be called “point pres-
sute” and “common curvature’.
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“Point pressure’” means that the leaves touch each other
only at the bearing points and at the center clamp. It is
based on the observation of worn-in areas near the leaf
tips. With this assumption, it is possible to calculate the
tip loads of successive leaves from the condition that two
contacting leaves must have a common load and a com-
mon deflection. After the tip toads have been calculated,
each leaf can be considered as a simple beam. This method
is used by some spring designers, but uniess the volume of
work warrants the preparation of special curve sheets and
leads to familiarity with the formulae, it is somewhat diffi-
cult. The assumpiion of *point pressure™ is justified when
the leaves are free o take the shape which corresponds o
this load distribution. This is usually not possible for ail
leaves of a spring unless spacers are provided between
them.

“Common curvature” means that all the leaves of a
spring touch their neighbors all along their length. This
assumption leads to simpler calculations. It is in general
justified at all points where a leaf is surrounded by other
leaves, that is, everywhere except for the bottom and top
leaves and except for the overhanging leaf ends.

In some cases “'point pressure” and “‘common curva-
ture” lead to the same resuilt. For a really thorough analy-
sis, it would be necessary to use each assumption only
where it is compatible with its results. “Common curva-
ture” alone is usually justified in the major part of the
spring. Calculations on this basis will be very nearly cor-
rect and are used here because of their relative simplicity.
The following discussion, therefore, is based on *‘common
curvature.” '

A bending moment M will produce at any cross section
a change of curvature g=M/E ZI,, where the summation
includes the leaves at that section. The relation between
curvature free and loaded is given by

Qiree 79 = Qroaded
or

1 1
+

Rfree leded

The correct signs for curvature must be introduced.
Curvature is zero when the leaf is flat, and is positive
under heavier loads (see the “Curvature™ paragraph in
Chapter 2, Section 1.) Therefore, on most springs the free
curvature is negative. Numerically curvature is the inverse
of radius, but the radiu$ usually carries no plus or minus
sign.

Deflections can be calculated from g, just as for beams
of variable cross section, by any of the methods explained
in textbooks. Where only the deflection at the point of load
application is wanted, as in checking for rate, the strain
energy method is the easiest of these. It is based on the
equality between external work 0.5 P f and internal energy
in bending 0.5 [ M q d £ so that f=(f M q d2)/P.




The load stress in any leaf at any cross section is §, =
q E y, where y is the distance from the neutral axis to the
remotest fiber in stress. For SAE section leaves, y equals
1/2 and the load stress then becomes S, = Mv22l, where
the summation includes the leaves at that section. The
expression (221/1) is the section modulus.

The load stress S, would equal the total stress $ {where
§=S8,+ S)onlyin springs which are fitted “dead,” that
is, where all leaves have the same unassembled curvature,
because in that case S, = zero. (5, = assembly stress in
jeaf)

In almost all leaf springs the unassentbled curvatures
q. are different in the individual leaves. In assembly a
common {unloaded) curvature g, is established which is
variable along the spring even if the leaves are made to
circular arcs. The common curvature qq ¢an be calculated
from the condition that the internal bending moments of
all the leavés must cancel when the spring is assembled but
not loaded.

2§, th =0
go = Zqnld/Zt} (weighted average)

]

and the assembly stress S, can be calculated for each leaf
at any section in the usual manner.

S. = Ey (9~

The total stress S is the sum of the two stresses S, and
S,. The sum of the internal moments produced by the
stress S equals, of course, the external moment M at any
section.

where Z,, is the section modulus of a leaf. This last relation
is implied in the previous ones, but may be used for re-
checking.

The design and analysis of a leaf spring may therefore
be considered in four stages:

1. Approximate estimate, as shown in Section 3 of
this Chapter.

2. Determination of leaf lengths and individual leaf
radii from a desired siress distribution at one particular
load (see Section 5 in this chapter).

3. Analysis of stresses anG stress ranges at various
points in the spring by common curvature or point pres-
sure.

4. Check of the soundness of the assumptions in-
volved in number 3 and analysis by 2 combination of
“common curvature” and “‘point pressure,” or by strain
gage measurements on the spring.

5. Sample Calculation

To design a spring for the following conditions:

Rate, as tested without center

clamp k = 17.5N/mm
Design load P = 3500N
Opening at design load (negative) = —20mm
Eye diameter, (front) upturned = 40mm
Eye diameter, (rear) upturned = 40mm
Clearance (metal-to-metal) x. = 110mm
Length center {0 center of eyes L = t400mm
Length front cantilever a = 570mm
Length rear cantilever b = 830mm
Width w = 63mm
Maximum Stress Spax = 1000 MPa
Length of seat clamp = 100mm
Distance between inside edges of

clamp bolts = 75mm

Design the spring as a passenger car spring with tapered
Jeaf ends except the main leaf, plus shot peening and cold
setting. '

Thickness of Leaves And X1

Since the cantilever length ratio Y =1.456 exceeds 1.30,
unsymmetrical formulac of Table 5.1 must be used.

3500 + (17.5 X 110}

P,s (at metal to metal position) =
: = 5425N

Formula 1
3 2

51 K2 Y L

2E (y+ 1)* SF

. 2

ST = 17.5 - 1400° _1.456 o1 = 6360mm?*

2.200- 103 2.456* 110
Formula II
(= 281 .(Y+ 12
max Pm“L Y

2.1000 - 6360 (1456 + 1Y
b = : = 694
™ = 75425 - 1400 1456 e

Grading With Standard Gages

The nearest thinner standard gage is 6.70mm. Find
required ZI from Table 5.2 in gages of 6.70 or thinner i
the specified 63.0 width.

532 thickness = 6,70 mm

1 leaf of 6.70 1 1 =
I = 3798 thickness = 18.90mm

3 leaves of 6.30

SI = 6413 thickness = 31.60mm
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1 leaf of 6.70 1 = 1522 thickness = 6.70mm
2 leaves of 6.30 I = 2532 thickness = 12.60mm
2 leaves of 6,00 I = 2187 thickness = 12.00mm
Z1 = 6241 thickness = 31.30mm
Siuce 21 = 6413 is larger and ZI = 6241 is smaller
than the calculated EI of 6360, only a test of sample
springs made with each set of gradings will determine the
selection for the spring. For this analysis we will assume
that the grading of 1 leaf of 6.70, 3 leaves of 6.30 and 1
leaf of 6.00 has a test rate within the plus and minus 5%
tolerance of the 17.5N/mm rate.

L

Stress Distribution Between The Leaves

For calculation of stress, consideration is given to the
seat clamp. The inactive length in the seat for a spring
without liners is estimated as the distance between the
inside edges of the clamp bolts, which is 75mm. The active
“cantilever length for both front and rear will be 37.5mm
less than the distance from center of eye to center of axle
seat. The stress at 37.5mm from the center of axle seat can
be calculated from

Front Cantilever § = LA
231
Rear Cantilever § = Pb—g*’t
231
“pesign Load = 3560N P, = 3500 - 33)% = 2075N
P, = 3500 - 1':';% = 1425N

Maximum Load = 5425N
P,max = 3216N
Pymax = 220N

2, = 570—37.5 = 532.5mm

2, = 830—37.5 = 792.5mm

Front Cantilever S, = P, - 3325t _ 0.0415P,t
2. 6413

Rear Cantilever §, = T2 7923¢ _ g0618p,1
2. 6413

The stress at design foad (3500N) and at metal to metal
position load (5425N) will be:

By using different free radii in each of the leaves, assem-
bly stress can be added to or deducted from the load
stresses of the assembled spring to obtain a more desirable
stress pattern in the spring. The assembly stresses can be
chosen more or less arbitrarily, except that they must be
selected increasingly larger from main leaf to the short
leaf, and the 2§,t? must be very nearly zero (S, =Assem-
bly Stress).

A negative assembly stress in the main leaf is required
to reduce the maximum stress (metal 1o metal position) to
about 830 MPa. The longitudinal and lateral forces im-
posed on the main leaf (with eyes} and its generally greater
stress range are the reasons for reducing its bending stress.

In the thinner gage leaves the stress can be somewhat
higher because of their lower stress range.

In view of the condition 5,12 = 0, several selections
of deducted and added stresses for the individual leaves
may be analyzed before deciding on the best arrangement,

Leaf Gage Sa sat’
1 6.70 —50MPa —2245
2 . 6.30 - =15MPa - 595
3 6.30 + 10MPa + 397
4 6.30 +24MPa + 953
5 6.00 4+ 42MPa 4+ 1512
X

Sat® = + 22 which is acceptable

The individual leaf stresses with these selected assembly
stresses S, will then be:

Front Cantilever Rear Cantilever

eai P=3500N P=5425N P=23500N P=5425N

L

1 527 MPa 844 MPa 540 MPa 865 MPa
2 528 MPa 826 MPa 540 MPa 845 MPa
3 553 MPa 851 MPa 565 MPa 870 MPa
4 567 MPa 865 MPa 579 MPa 854 MPa
5 559 MPa 843 MPa 570 MPa 861 MPa

Leaf | Gage Front Cantilever Rear Cantilever

P=3500N | P==5425N | P=3500N | P=5425N

«_ | 670 | 577MPa | 894MPa | 500MPa | 915MPa
2,3,4| 630 | 543MPa | 84tMPa | 555MPa | 860MPa
5 600 | 517MPa | 801MPa | 528MPa | 819MPa
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Stepping of Leaves

The overhangs shall be arranged so that at design load
the chosen stresses are uniform along each leaf. This im-
plies that loads between the leaf tips are all made equal at
design load. The overhangs must then be made propor-
tional to $t7.

Active cantilever length on front (short) end is
532.5mm and on the rear {long) end is 792.5mm.

St? of the leafl
Z5t2 of all the leaves

Overhang = Cantilever length -




Front Cantilever Rear Cantilever
MPa over MPa over
© tealt  t [{3500N) St | hang |(3500N) St | hang
S 6.70 527 23657 | 1154 540 24291 1724
2 6.30 528 20956 | 102.2 540 21433 | 152.2
3 6.30 553 21949 | 107.0 565 22425 | 159.2
4 6.20 567 22504 | 109.7 579 22981 | 163.2
5 6.00 559 20124 | 98.1 570 20520 ) 145.7
ISP =109190 IS5t2= 111600

Leaf | Gage Front Rear Total Mass | Mass

Bar Bar Bar ka/m of

Length | Ltength | Length Bar

mm mm mm kg
1 6.70 710 970 1680 3.270 | 5.494
2 6.30 472 675 1147 3.076 | 3528
3 6.30 57 505 e62 3.076 | 2652
4 6.30 242 335 577 3.076 | 1.775
5 €.00 ¥33 167 300 2930 | 0879

The leaf lengths are obtained by adding the successive
overhangs and rounding off. For the shortest leaf 37.5mm
per end must be added for the inactive length within the
scat and at least 25mm for distance from bedding line to
leaf end. If tip interliners are specified, the bedding line
will be the & 0f the tip interliner and the distance to leaf
end will be measured from & of the interliner. In this
example 25mm will be used.

Leat Theoretical Lengths Selected Lengths
No. Front Rear Front Rear
1 570.0mm* 830.0mm* 570mm*" 830mm”
2 479.6mm £82.9mm 505mm 725mm
o3 377.4mm 530.7mm 3%0mm 555mm
4 270.4mm 371.5mm 275mm 3gsmm
5 160.7mm 208.3mm 165mm 215mm

“The Bedding Line of the Main Leaf is the ¢ of the Eye.
Calculate Mass of Steel in Spring

. Spring manufacturers have established (based on their
processing equipment) amounts in bar lengths required to
be added for making eyes and to be deducted for tapering
leaf ends.

For this Example, Eye Requirement = 3 - LD, of Eye
+ 3-GageThk.or3-40mm 4 3. 6.70 mm = 140 mm
at each end of main leaf.

Assume tapered leaf end thickness te==2mm and a
length of taper TL==100mm at front end and TL=
150mm at rear end, extension of leaf end (Ext) due to
tapering operation may be caiculated by formula Ext. =
0.49 TL—0.51 TL - te/1. The Ext. is deducted from the
finished (specified) leaf length to obtain the bar length
required before tapering.

For leaves of gage 6.30
Ext. =0.49(100) = 0.51{100)-2/6.30=32.8 use 33Imm
Ext. =0.49(150)—0.51(150)-2/6.30=49.2 use 50mm

For leaves of gage 6.00
Ext. =0.49(100) - 0.51{100)-2/6.00 == 32.0 use 32mm
Ext. =0.49(150)—0.51(150)-2/6.00=48.0 use 48mm

Mass of each leaf will be calculated based on mass per
meter length from Table 5.3 (see page 52).

¥Free Radii

\the: This section and the next section on, “Free Radii
Including Shot Peening and Cold Setting,” are based on
the premise that the free arcs of the individual leaves are
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Total mass of sieel bars = 14.328 kg

formed to a circular shape. However, it should be pointed
out that in practical spring manufacturing this is rarely
true, because the overriding importance lies in the desire
to secure an outline for the assembled spring which con-
forms with the specified main leaf contour at “straight™
main leaf (see “Seat Angle” paragraphs in Chapter 2,
Section 1.)

The overhangs were developed so that the tip pressures
at centerline of bedding are all equal at design load and the
stresses in the leaves are the values calculated in the previ-
ous section on “‘Stress Distribution Between The Leaves.”
The free radii can now be deterniined from the condition
that the change in curvature from free (unassembled) to
design load must produce these stresses. Then the as-
sumed conditions will be fulfilled. .

The camber at design load is calculated from the given
opening at design load, which is —20 mm., and the eye
diameter, which is 40 mm).

Camber = Opening — 4 eye diameter

_zo_ﬂ
2

— 40 mm

Camber is converted to curvature according to the for-
mula:

& X camber
Curvature = — —— — ——

length?

Curvature is called positive in the direction of increas-
ing load; camber is conventionally called positive in the
opposite direction, therefore the minus sign.

The curvature at design load is (with a negative camber
of —40 mm).

_ 8- (—40)

= +0.000163
14007

q=

The change of curvature corresponding to a stress “S™
is 28/Et and with E = 200 000 MPa gives the following
free curvatures:

28
Free curvature q, = q — —
Q=9 Et



Front Cantilever Rear Cantilever
. Leaf 1 Free'* Free**
A No. mm q MPa* 25/E q, Radius MPa* 25/Et q, Radius
1 6.70 0.000163 527 0.000787 —0.000624 1603 540 0.000806 —0.000643 1555
2 6.30 0.000163 528 0.000838 —0.000675 1481 540 0.000857 ~0.00069a 1441
3 6.30 0.000163 553 0.000878 - 0.000715 1399 565 0.000897 ~0.000734 1362
4 6.30 0.000163 567 0.000900 —0.000737 1357 579 0.000919 —0.000756 1323
5 6.C0 0.0001863 559 0.000832 —0.000769 1300 570 0.000950 —0.000787 1271

*Stress at design load 3500 N
**without any shot peening or cold setting
Unsymmetrical springs require radii of dilferent values for the front and rear cantilevers (see above). Hawever, for cantilever length ratios

of 'ess than 1.30, a uniform radius may be used.

Free Radii Including Shot Peening and Cold Setting assuming the spring is to be set down 230 mm
beyond metal-to-metal position,

The radii of the quenched leaves are obtained by includ-
ing the changes produced by shot peening and cold set-
ting.

Peening changes the curvature (in the direction of the
change produced by load) equivalent to

_ 8( —230-—-110-40)

13002 = +0.001551

9 =
q, = {refer to the prcvibus section on “Free Radii”)

0.003 0.014

gp= = curvature change due to 1400 MPa (stress at
P2 _ t

which cold setting begins)

Cold setting also changes the curvature (in the direction

of the change produced by load): Q = quench curvature (or the inverse of quench

N’
0.014 radius), when spring is to be shol peened and
i Gy = Qe —Qym——— cold set :
q. = average curvature at maximum set-down position Q= Qa — Qp — Gs
{where *camber” is the arc height at this
C i 3 . + ate
4 position) Note: Both shot peening and cold setting add positive
f 8 . camber curvature, therefore the quench curvature (q,) must be a
H = - — larger negative value than the final free curvature (q,).
; length? | . ,
: Leaf [ L q, 9, q, o radius
3 Front Cantilever
! 1 0.001551 0.002090 —0.000624 (.000067 0.000085 ~0.000776 1289
; 2 0001551 0.002222 —0.000675 0.000076 0.000004 —~0.000755 1325
3 0.001551 0.002222 —-0.000715 0.000076 0.000044 —0.000835 1188
3 4 0.001551 0.002222 —0.000737 0.000076 0.000066 ~0.00G879 1138
5 0.001551 0.002333 ~0.000769 0.000083 none - (3.000852 1174
Rear Cantilever
1 0.001551 0.002090 —0.000643 0.000067 0.000104 —0.000814 1229
2 0.001551 0.002222 —0.000684 0.000076 0.000023 —~0.000753 1261
3 0.001551 0.002222 —0.000734 0.000076 0.000063 —0.000873 1145
4 0.001581 0.002222 —-0.000756 0.000076 0.000085 —-0.000817 1091
5 0.001551 0.002333 —0.000787 0.000083 0.000005 —0.000875 1143
N When shot peening is not specified, replace g, with q,.
) q. = Quench curvature when spring is to be cold set only (that is, when shot peening is not specified) = q, — q,
The actual spring calcutation, of course, takes much less time and paper than the sample on this page, which contains much text. This
is particularly true if the calculation is canied out according to a definite plan,
] 1.51




TABLE 5.3—MASS OF LEAF SPRING BARS (kg per m length) OF MEAN DIMENSIONS PER TABLE 3.1 IN CHAPTER 3 {TABLE
1IN SAE STANDARD J1123)

Thick- Mass For Width Of
ness 40.0 45.0 50.0 56.0 63.0 75.0 90.0 100.0 125.0 150.0

5.00 1.548 1.743 1.937 2171 2.443 ’

530 1.640 1.847 2.053 2.30 2.589°

5.60 1.732 1.950 2.169 2.430 2.736

6.00 1.855 2.089 2322 2.603 2.930 3.497 4,198

6.30 1.946 2.192 2.438 2732 3076 3671 4.407

6.70 2.068 2330 2,601 2904 3.270 3.904 4.687

7.10 2.190 2.467 2.744 3.076 3.464 4.136 4.566 5.520

7.50 2.311 2.604 2.897 3.248 3.658 4.368 5.245 5.830

8.00 2.463 2775 3.087 3.462 3.899 4.657 5593 6.218

8.50 2613 2.945 3.277 3.675 4,140 4,946 5941 6.605 8.270

9.00 2.764 3.115 3.467 3.889 4.281 5235 5.269 6.991 8.756

9.50 2913 3.285 3.656 4,101 4621 5523 8.635 7.377 9.241
10.00 3.061 2451 3.842 4,311 4.857 5.801 6.971 7.750 9.703 11 66
10.60 3.239 3.654 4.068 4,565 5144 6.145 7.386 8.212 10.28 12.36
11.20 a7 3.855 4,293 4818 5.431 6.489 7.800 8674 10.86 13.06
11.80 3.595 4.056 4.517 5.0/0 5716 6.832 8.214 135 11.44 13.75
12.50 KR 4.289 4778 5364 6.048 7.232 8.696 9672 1212 14.57
13.20 50488 5.657 6.380 7.630 9.176 10.21 12.79 15.38
14.00 5.334 5991 8.757 8.084 8.725 10.82 13.56 16.31
15.00 5702 6.406 7.228 B.650 10.409 11.58 14.53 17.47
16.00 6.069 6.820 7.696 9.215 11.081 12.34 15.48 18.63
17.00 7.2 8.163 9777 11.77 L1310 16.44 19.79
18.00 7.641 8.627 10.34 12.45 13.86 17.40 20.94
19.00 8.049 9.080 10.90 1343 14.61 18.35 2209
20.00 8.455 2.551 11.45 13.80 15.36 19.30 23.24
21.20 12.12 14.61 16.27 20.44 2462
22.40 12.76 15.39 17.14 21.53 2592
23.60 13.42 16.19 18.04 2266 27.29
25.00 4,19 17.12 198.08 23.98 28.69
26.50 2019 25.39 0,60
28.00 21.30 26.80 3230
30.00 2277 28.66 34,56
31.50 30.06 36.26
33.50 31.91 s
35.50 40.75
37.50 42,99

Note:—When using this table, divide by 1000 to reduce the Iength in meters to millimeters,

For derivation of formula for these tabulated values, see Appendix B.
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6. Variable or Progressive Rate Springs

. A popular type of spring, particularly in the light truck
“eafiodels, is the variable or progressive rate spring design.
This is where a relatively low rate is desirable when the
vehicle is in operation with only the driver and perhaps a
light payload, but a higher rate is required when the vehi-
cle is at design load.

Variable rate springs have the potential of improved
ride quality over a wide load range, provided an adequate
toial deflection can be accommodated on the vehicle, and
the design specifications assure manufacturing controls to
obtain the desired spring rates.

In the light load range, the second stage leaf or leaves
are inoperative. As the payload increases, the first stage,
by rolling contact gradually engages the second stage.
When complete contact is made between the first and
second stages, ihe spring is then operating in the high rate
range.

For a variable rate spring to produce the ride qualities
desired, the specifications must clearly establish the type
of load-deflection curve as shown in Fig. 2.9 with the
initial contact between the two stages at a load greater
than the curb load, and the complete contact at a load less
than the design load. Where it is customary for constant
rate springs to specify only a design load and height, it is
necessary for variable rate springs to specify the curb load
and height for the first stage and also the design load and

\_cight for the second stage. It is recommended that the

desired curve be drawn, showing a gradual transition from
the first stage rate to the second stage rate, and that this
curie be made an integral part of the specification.

Fig. 5.6 shows both the load-deftection diagram and the
rate-deflection diagram for the Sample Calculation which
follows, It should be understood that the rate-deflection
diagram cannot be considered to be an exact depiction of
the diagram obtained from an actual spring. It has been
drawn without considering such details as the change in
moment arm length when the spring is deflected from
positive camber 1o flat to negative camber.

Sample Calculation

Design a variable or progressive rate spring for these
conditions:

Width w = 63.0 mm
Length between eye centers L = 1320 mm
Load at curb height P, = 2200 N
Load at design height P, = 6000 N
Rate at curb or light loads ki = 25 N/mm

Rate at design or heavy loads- ky = 43 N/mm
Metal to metal clearance X, = 100 mm
Deflection between P, and P, loads 120 mm
Length of inactive spring seat = 80 mm
Note that the deflection between curb and design loads
is the difference in heights between curb and design load
positions.

Pa
- -‘5- = 660 mm
Q. OF SPG —| 40 | ' 620
‘ Ty = 1811 /
R -~
I3 = 1522 /
zI=13733 |_ | 2% 7
X5 = 3678 |
Ig = 3678
///

Fig. 5.5—Leat lengths determined from moment ot ineriia dia-

gram
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Fig. 5.6—Variable rate spring: Load-defiection and rate-detisc-

‘tion diagrams
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All leaves except the main leaf are 1o have tapered leaf
ends.

“his spring will be designed assuming that the front and
b 4 length ratio Y=b/fa is 1.30 or less. With this condition
the symmetrical formulae from Table 5.1 can be used,

Step One—For the first stage, consideration will be
given to a three or a four leaf design. Because of the
extended lengths of these leaves whan operating without
contact with the second stage, an SF value of 1.40 will be
used in the design calculations, as explained in Section 2
of this chapter. o

Calculate the moment of inertia requirement for the
first stage leaves.

. From Table 5.1 formula I

Lo KL 2501320
VT ORESF 32:200110°1.40

Selection Of Gages For The First Stage—Three leaves
of 7.50 gage have ZI = 6402 mm"* or, considering a four
leaf design, one leaf of 7.10 gage and three leaves of 6.70
gage have 21 = 6377 mm*. Either the three or the four
leaf design should produce a first stage rate close to 25
N/mm. The three leaf design of course would be more
economical.

Step Two-—Calculate the moment of inertia require-
-t for the second stage leaves.
~_onsideration wilt be given to two leaves and when
selecting the four leaf design for the first stage there will
be a total of six leaves in the spring. Since all six leaves will
be in active operation after the first stage makes complete
contact with the second stage, the SF value will be 1.10.
(see Section 2 in this chapter.)

= 6417 mm*

From Table 5.1 formula I

3 . 3
51l 43-(1320)

= = = 14048 mm*
32E;SF 32:200-10%-1.10

The moment of inertia requirement for the two second
stage Jeaves will be the difference between 2I, and 2I, or
14048 — 6377 = 7671 mm*.

Selection Of Gages For The Second Stage—Two leaves
of 9.00 gage have a moment of inertia of 7356 mm?. Add-
ing this moment of inertia to the four leaf first stage as
selected under the previous section, “Selection Of Gages
For The First Stage,” the total moment of inertia will
be 13733 mm*. This is within 2% of the calculated 14048
mm*, It is recommended that sample springs are made
and tested to verify the selected gages.

Length Of Leaves
““With the gages of all the leaves established, the moment

of inertia diagram can be drawn for the spring, see Fig. 5.5.
The length of leaf No. & will be determined by its mo-

ment of inertia relative to the total ZI plus the inactive
spring seat length (Y2 - 80 mm) plus the length at the ends
for bedding (25 mm).

3678
Length of No. 6 leaf = 2« | —— 620440425} =
ngth o 13733 oA

2(166 + 65) = 2 231 mm

The length of leaf No. 5 will be determined in the same
manner, where the moment of inertia I will equal 2(3678)
=7356 mm?*.

7356

Length of No. § leaf=2}—— - 620+65|=
ngth of No. 5 lea 13933 +

2(332+65)=2.397 mm

For eye support the length of the No. 2 leaf will extend
to the center line of load application with the bedding line
between leaf No. 1 and No. 2 at 25 mm from the end of
the leaf.

The length between No. 2 leaf and No. 5 leaf is 660 —
397 = 263mm.

The stepping between leaves No. 2, No. 3, and No. 4
will be established proportionate to their individual mo-
ment of inertia values. Since the moment of inertia of
all three leaves is the same, the stepping will be equal or
263 + 3 = B7.67 mm. ’

The leaf lengths are as follows:

1.55

Leaf | Gage 1 Front End | Rear End Total

T 710 | 1811 | 60 €80 1320 mm_
2 6.70 3333 660 660 1320 mm

3 6.70 4855 572 572 1144 mm

4 6.70 6377 484 484 988 mm

5 8.00 | 10085 39?7 . 397 . 794 mm

6 9.00 13733 231 2N 462 mm

Stresses

Stress calculdtions for variable rate springs are more
involved than they are for uniform rate springs where afl
the leaves are operative under all loadings.

Stresses in the main leaf will be calculated at the follow-
ing sections from which a stress diagram can be drawn.
See Fig. 5.8

Tt rmate e e e e e e e s

[ P,

TP Py p— < g




Section Moment Arm I Stress (MPa) in Main Leaf at L.oad of
mm? 2200 N 3000 N 6000 N 10300 N
2 CURB CONTACT DESIGN MtoM
A B60--572+25 = 113 3333 132 181 B Y 620
B 660—484 +25 = 201 4855 162 220 441 757
c 660—397 +25 = 286 6377 177 240 481 826
D 660 — 40 = 620 6377 380 518 — —
D 660 — 40 = 620 13733 — — 8637 982
For moment arm lengths see Fig. 5.8.
“At loads of 2200 N and 3000 N, only leaves 1, 2, 3. 4 are operative (I = 6377)
STRESS--LOAD DIAGRAM
FCR MAIN LEAF
AT LINE OF ENCASEMENT (SECTION D;
1000 982 r AT M/M
900
800
=
700 o
o
= 637 AT DESIGN LOAD B
£ 00 ;
- S90|AT COMPLETE CONTACT
A = . g
g 500 518 AT INITIAL CONTACT w
=
& 7 J
400 7 e
AT CURB LOAD "/
] <
S i
300 203AT1700N ; =
Q o
200 o 7]
S a
T
100 <
Q
g 8 & 8§ 8§ 8 8 8 8 8
- (] o -t w w I~ -] (-] 2

LOAD (NEWTONS)

Flg. 5.7—Variable rate spring; Stress-load diagram for main leaf
at line of encasement .
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Sample stress calculations:

Sa(at 2200 Ny = PR _ 2200- 13710 00 0n
4l 33333

3000 - 201 - 7.10

Sg(at 3000 N) = = 220 MPa
3 1855
.} .
Sc(at 6000 Ny = 0% 288 - 7.10 o v
26377
3000 - 620 - 7.10
Spfat 3000 N} = = 518 MP
p(a )= e MPa

The stresses at line of encasement (section D) for loads
between design position and metal-to-metal position can be
calculated by establishing the amount of load on the spring
which is not supported by the second stage leaves after
complete contact is made between the first and second
stages,

The load on the spring at metal-to-metal position equals

6000 N (design load} + 43 N/mm - 100 mm {x.) =
10300 N

In Fig. 5.6, the dash line extension of the second stage
rate line intersects the zero load at a position of minus
140 mm. At this position the first stage leaves have supported
1700 N (68 mm-25 Nfmm); this load is not transmitted to

the second stage leaves,

" The stress for that 1700 N load unsupported by the
second stage leaves is:

1700 - 620 - 7.10
4.63717

= 293 MPa

At metal-to-metal position the stress for the load sup-
ported by all the leaves is:

(10300 — 1700) - 620 - 7.10.

_ — 689 MP
4. 13733 MPa

Thus the total stress at metal-to-metal position equals:
293 + 689 = 982 MPa

Similarly, the total stress at design position equals;

293 + {6000 — 1700) - 620 - 7.10
413733

= 293 + 344 = 637 MPa

Figure 5.7 presents a detailed diagram of the stresses in
the main leaf at line of encasement (section D).
The stresses in leaves No. 2, 3, 4 are 6% lower than the

\— stresses in the main leaf since their gage thickness is 6.70

mm compared to 7.10 mm in the main leaf. The ratio of
these gage thicknesses is 6.70/7.10 = 949,

1.58

Since 1700 N is not supported by the second stage
leaves, the stress in the second stage (leaves 5 and 6 with
9.00 mm gage thickness) can be calculated by using the
transmitted Joad of 10300 — 1700 = 8600 N and 2 mo-
ment arm length from line of encasement to bearing line
between leaves No. 4 and 5 (section C). This equals the
length of No. 5 leaf (397 mm) less the inactive seat length
(40 mm) and less the amount of bedding length (25 mm),
thus equaiing 332 mm.

The moment of inertia (I) for the two second stage
leaves is 7356 mm®. Then at metal:to-metal position,
where the spring load is 10300 N, the stress ir leaves No.
5 and 6 is:

(10300 — 1700) - 332 - 5.00
4 - 7356

= §73 MPa

Note that these calculated stresses do not take into
account any nip between the leaves which for the main leaf
would slightly reduce the stress from the calculated vaiue.

Optional Second Stage .

The second stage can be made of a single leaf, provided
the stress levels are acceptable and equipment is available
for making the required taper contour of the leuf ends.

7. Strength of Spring Eyes

The bending stress in the main leaf adjacent to the
spring eye or in the eye itself, due to longitudinal forces
acting on the spring, can be calculated by the following
formula:

s 3FD +1
t*w

The stress calculated by the above formula applies to -

upturned, downturned, and Berlin eyes, except that in the
case of the Berlin eye the stress is zero under a cOmpres-
sion type longitudinal force. Thus, the Berlin eye has a
strength advantage over the other two types.

Tests have shown that when the stress, as calculated by

this formula, reaches the yield point of the material, the _

eye will begin to open. :

If leaf springs are used in Hotchkiss drive suspensions
where they carry the longitudinal force due to braking and
driving, a large factor of safety should be allowed. The
longitudinal forces in snch applications are often much
larger than those calculated from static forces, because
shock loads may be applied ¢ither by the driver, by hop-
ping the wheels on the road, or by longitudinal shake of
the axles. The maximum calculated stress should there-
fore not be allowed to exceed 350 MPa. Where vehicles
such as buses are subject to frequent start and stop opera-
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tions, the required eye strength should be determined by
life tests which reflect these operating conditions.

* “bending stress resulting from the press fit of metal
buStthgs in spring eyes may be calculated by the following
formula: :

AEt

S _— i rrr—————————
7 (D + 1)?

The maximum axial force and torque obtained without
slippage between the bushing and spring eye will depend
upon the finish of the engaging surfaces, their hardness,
and the degree of lubrication present when the press fit is

made.

Noie that the stresses produced by bushing press fit and
by horizontal forces on the main leaf eye may be algebrai-
cally additive.

Nomenclature

A = Difference between OD of bushing and ID of eye
8§ = BStress

D = ID of spring eye

t = Thickness of leaf at eye

w = Width of leaf at eye

E = Modulus of elasticity = 200 000 MPa

F = Longitudinal force
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‘1. Characteristics of Shackles

The rate of deflection of a spring is defined as dP/df, the
slope of a tangent to the load-deflection curve. A leaf
spring tested on the rollers of a universal [oad scale has a
rate which varies only slightly as the chord between the
ends of the spring changes in length. However, due to the
way the spring is installed, the rate on the vehicle may be
different from that obtained on the load scale.

Knowledge of installation effects will reduce the
amount of experimental testing required to obtain the
~ desired installed rates, and it can also be useful in obtain-
ing variable rates where desirable, through the use of ordi-
nary springs with particular arrangement of shackles.

The installation may involve contact pads, bushed eyes
with one spring end fixed and the other end shackled, or
bushed eyes with both spring ends shackled.

If contact pads are used, the active length of the spring
may decrease as it deflects under load, and the rate may
accordingly be increased (see Fig. 3.17A).

When one eye is fixed and the other eye 1s shackled, two
effects will result. As the spring deflects, the length of the
. chord changes, and the shackle will swing and change its

angle. In swinging, the shackle may lift or lower the eye
of the spring and with it the point of load applicatior. This
is the first shackle effect. When the shackle is not perpen-
dicular to the datum line of the spring, the shackle load
will have a longitudinal component either compressing or
stretching the spring between the eyes. Compressing will
decrease the rate of the spring, while stretching will in-
crease the rate. This is the second shackle effect.

In the first shackle effect, the raising or lowering of the
shackle eye changes direction when the shackle passes
through the perpendlcular position and also when the
spring passes through the position where the distance be-
tween the eyes is a maximum. This is represented by “flat
linkage,” where the three-link equivalent (see Chapter 4,
Sections 4 and 5), is stretched out in one straight line,
except that in springs with eyes of unequal size or unequal
offset, the “flat linkage” is only approximately fiat. The
terms “‘compression shackle” and “tension shackle” refer
1o the fact that load on the spring induces a compressive
force in a compression shackle and a tensile force in a
tension shackle.

In the second shackle effect, the compressing or stretch-

. . ing of the spring changes when the shackle passes through
", the perpendicular position. The amount of shackle effect

“depends on the load which the spring carries rather than
" on the rate of the spring. The rate of an installed spring
with shackle may easily be 50% higher or lower than the
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nominal rate. To simplify calculations, the charts in Figs.
6.2-6.5 may be used for springs with one shackled eye and
one fixed eye.

These charts give the installed rate in percent of the
nominal rate. The nominal rate is the rate calculated as
shown in Chapter 5,Section 1, or the rate obtained from
tests with spring eyes or rollers and with the spring in the
fully extended position represented by “fat linkage.” For
calculating these charts, the bending stiffness of the spring
was replaced by torsional stiffness in the hinges of the
equivalent linkage. Experimental checks confirmed the
calculated results within the limits of accuracy of the
measurements.

The rate of a spring with shackle depends on the nomi-
nal rate of the spring, the position of the shackle, the
length of the shackle, the “camber” of the spring, and the
load on the spring. -

For the purpose of these charts, it is convenient to
express the “camber™ of the spring by a term which is
characteristic of the linkage directly and includes the
effect of eye offset and shackle. The geomeiric deflection
is used for this purpose. It is measured along the line of
load application. It is the distance by which the load appli-
cation point is displaced from the position at which the
equivalent linkage is flat (maximum distance- between
eyes). (See Fig. 6.1.) The geometric deflection is zero when
the linkage is flat or stretched, positive for increased loads
(with increasingly negative spring camber), and negative
for decreased loads (with increasingly positive spring cam-
ber). It includes the effect of shackle displacement. In
Figs. 6.2-6.5, the geometric deflection is given as a per-
centage of the (stretched) spring length (L), so that the
curves can be used for all sizes of springs.

The *“stretched” Icngth is different from either the
straight or the active length, but it is sufficiently accurate
to use the straight tength in this instance.

To express the effect of load on the rate, it is most
convenient to define the load by the geometric free camber
of the spring. When the linkage is flat, the geometric de-
flection is zero, and in that position the load does not
depend on the shackle arrangement. This load is called
P,. The geometric free camber is defined as the quotlent
of the load P, divided by the nominal rate of the spring
(P,/k). In Figs. 6.2-6.5, the geometric free camber is ex-
pressed as a fraction of the spring length, so that the
curves can be used for all sizes of springs. Curves have
been drawn for various values of geometric free camber,
ranging from 0.05L-0.20L.

The curves for symmetrical springs are shown in Fig.
6.2 (with compression shackle) and in Fig. 6.3 (with ten-



R e

A - SPRING WITH UPTURNED EYES AND COMPRESSION SHACKLE

GEOMETRIC DEFLECTION
{NEGATIVE}

~ OPENING —-
{(POSITIVE)

SHACKLE POSITION WHEN -
LINKAGE IS FLAT —

SHACKLE j\ze{;\ /

DROP OF SHACKLE END -

Pn

: S " GEOMETRIC DEFLECTION = — (OPENING + 1t + Ye + 1 SHACKLE DROP)
2 2 2

— {OPENING + 1 1.D. + %t} {SHACKLE DROP NEGLECTED)]
4

i

' GEOMETRIC DEFLECTION

B8 — SPRING WITH DOWNTURNED EYES AND TENSION SHACKLE

GEOMETRIC DEFLECTION
OPENING —  (NEGATIVE} |
(POSITIVE)

SHACKLE POSITION WHEN
LINKAGE IS FLAT —

1 - ‘-nh,____..-/)\’
DROP OF SHACKLE END —

|

GEOMETRIC DEFLECTION = — (OPENING + %: - les % SHACKLE DROP)

n 2

2

GEOMETRIC DEFLECTION = — (OPENING - lI.D. + i-tl [SHACKLE DROP NEGLECTED]
4

Fig. 6.1—Explanation of geometric deflection
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sion shackle). Refer to Fig. 6.1 for sketches of springs with
compression shackle or with tension shackle. There are
also curves for unsymmetrical springs in which the length
ratio b/a or Y equals 2. These are shown in Fig. 6.4 (with
compression shackle) and in Fig. 6.5 (with tension
shackle). It is recommended that the curves in Figs. 6.2
and 6.3 be used for springs with length ratio up to 1.40,
the curves in Figs. 6.4 and 6.5 for springs with length ratio
exceeding 1.80. Where the length ratio is closer to 1.60, an
interpolation between the curves may be used if they differ
sufficiently to demand such a step.

In the interest of readability the number of curves on
each chart has been kept to a minimum. Near zero geo-
metric deflection, the curves for a given geometric free
camber follow similar patterns regardless of shackle
length. Curves for different geometric free camber values
can be interpolated or extrapolated as follows: In a given
chart (given shackle angle), with a given shackle length at
& given abscissa (geometric deflection), equal differences in
geometric free camber call for equal differences in ordi-
nates (shackled rates).

Example: In the symmetrical spring with tension
shackle of 0.100L length and with 110 deg shackle angle,
the shackled rate at —0.087L geometric deflection is 0.80k
for P,/kL = 0.100 and 0.90k for P,/kL = 0.150; there-
fore, it will be 0.95k for P,/kL = 0.175.

Another example: In the unsymmetrical spring with
compression shackle of 0.075L and with 90 deg shackle
angle, the shackled rate at —0.079L geometric deflection
is 0.70k for P /kL = 0.200 and 0.90k for P,/kL = 0.150;
therefore, it will be 1.00k for P,/kL = 0.125.

The charts show that with compression shackles the
load rate drops off to zero at high geometric defiections {or
loads). To obtain the increase of rate with load which is
generally desirable, springs with compression shackles
should be used with negative geometric deflection (posi-
tive camber or upturned eyes) at light static load. In gen-
eral, this type requires the use of stronger bumpers or
helper springs.

With tension shackles the rate curves rise sharply with
higher geometric deflections {or loads), which is desirable.
The curves indicate that at low shackle angles the springs
with relatively high static deflection should stand near
zero geometric deflection under light static loads, while
springs with relatively low static deflection should stand
with positive geometric deflection (negative camber or
downturned eyes) under light static loads.

The shackle effects are more pronounced with shorter
shackles. Curves are given for three lengths of shackles,
The relation of shackle length to spring length is what is
important, and the shackle length is therefore expressed in
percent of the spring length. Solid line curves show what
happens if the shackle length equals 109% of spring length.
Dot-and-dash line curves apply when the shackle length
equals 7.5% of spring length, and broken line curves when
it equals 5% of spring length.

The shackle setting is the remaining factor which must

be considered. The different shackle settings are identified

by the minimum shackle angle, that is, the shackle angle”
when the distance between spring eyes is longest {(or the

spring has zero geometric deflection, or the linkage is flat).

It is measured as shown in Fig. 6.1. Curves are given on

each of the charts for six different minimum shackle an-

gles ranging from 60-110 deg.

Shackle angles increase when the spring is defiected
from the flat position; therefore, the shackle may fall in
line with the adjacent equivalent link. If this happens in
rebound, the shackle may “toggle” or swing over from a
compression position into a tension position. This danger
exists often on compression shackles with large minimum
shackle angles, and it is then necessary to provide either
a rebound stop for the spring itself or for the shackle.

As an example of the application of these charts, the
installed rate is determined for a spring with the following
specifications:

1270 mm

Length center to center of eyes L =
Length fixed (front) cantilever a = 560 mm
Length shackled (rear) cantilever b = 710 mm
Nominal rate; clamped between

rubber pads ~ k =21 N/mm
Design load P =3340N
Opening (positive) at design load = 25 mm
Upturned eves. inside diameter ID = 38 mm
Thickness of main 'eafl t = 6.70 mm
Clearance (metal-to-metal) ) x. = 115 mm
Rebound x, = 135 mm
Compression shackle, length = 100 mm

Minimum shackle angle ‘= 75 deg

Since the cantilever length ratic Y = b/a = 710/560
= 1.27 is appreciably less than 1.40, the rate curves for
symmetrical springs will give adequately accurate infor-
mation. {See earlier discussion in this Section.)

The opening at zero geometric deflection 1s (see Figs.
4.1 and 4.2, and Figs. 6.1 and 6.6.)

e+t 051D + ) + ¢
: 2
_ 0538 + 6.70) ~ 6.70
- 2
= — 1453 mm

The geometric deflection at design load is, therefore:

—25 — 1453 = — 39,53 mm

This equals —3.1% of the spring length. Since it was
obtained by neglecting shackle effects, a correction may
have to be introduced later.

The load at zero geometric deflection (P,) will be the
same as the load on rollers at 39.53 mm beyond static
deflection.
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Fig. 6.6—Spring for sample use of charts

P, == 3340 + 39.53(21) = 3340 + 830 = 4170 N 2. At metal-to-metal clearance position (where geo-
metric deflection equals +5.9% of spring length):
The geometric free camber is:
Shackle Aagle: 70 deyg 80 deg 75 deg*
P,/k = 4170/21 = 198.58 mm J Shackle Length:  0.050L 0.100L 0.080L* G.05OL 0.100L 0080L* 0080L
- Po/hL = 0,150 98 122 BS 105
0.200 96 126 82 106

This equals 15.6% of spring length, so that an interpola-
tion about one-quarter of the way from curves for P/kL
= 0.150 to curves for P,/kL = 0.175 will be in order. 3. At rebound position {where geometric deflection
The shackle length is 100 mm which equals 7.9% of : )
. ; ) . equals —13.7% of spring length):
spring length. This makes the “dot-and-dash™ curves
nearly applicable, or an interpolation nearly halfway from $hackle Angle: 70 deg 80 deg 75 deg*
broken line curves to solid line curves. _ _ . ]
The geometric deflection at the metal-to-metal clear- Sh:° ::f 'f';g:r;o 0'10::“ 0:2:" o080 0‘?;:" 0':::" 2080L" ooA%t
ance position will be —39.53 + 115 = 75.47 mm. This 7 oars s a7 62 %
equals 5‘9% of Spring lcnglh‘ 0156 109 58 107 136 118 132 120
The geometric deflection at the rebound position will be “Interpalated values.

0.156" 98 122 12 85 105 97 108

—39.53 — 135 = — 174.53 mm. This equals —13.7% of
spring length. _ To summarize:
The specified minimum shackle angle is 75 deg, midway A
between the curves for 70 and 80 deg. 2 Shackled Rate
The following values for shackled rate (in percent of nom’l::"frate N/em
nominal rate) may now be established: ) o 206
1. At design load position (where geometric deflec- 2: ?ne;gt‘t:_’;deta‘ cloarance 105 220
tion equals —3.1% of spring length): Average in jounce range 102 214
At rebound i 120 252"’
Shackle Angle: 70 deg o0 deg 75 deg Average in rebound range 109 229
Shackle Length:  0.050L 0,100L 0.080L" 0.050L 0.100L 0.080L* 0.080L
Po/kl =g';§g gg :$ gg gg The data (and the curves) show that a reduction in
0.156* 98 100 89 96 9§ 97 9 shackle angle would produce a higher rate in the jounce
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range and simultaneously a lower rate in the rebound
range.

To obtain values for load at different deflections, the
geometric deflection must be multiplied by the average
rate between zero and that deflection. The resulting prod-
uct is the load difference between that deflection and zero
geometric deflection. The load at zero geometric deflec-
tion is not affected by the shackle and can therefore be
calculated as shown above (4170 N).

For this example, the load’at —39.53 mm geometric
deflection would be: -

4170 — 39.53(21.4) = 4170 — 846 = 3324 N,

and the geometric deflection under 3340 N design load
would be:

—39.53 + 16/21 = ~39.53 + 0.76 = 38.77 mm.
This is the correction mentioned above. It is small in this
case, but may be large in others.

Similar effects on rate may be produced by lengthwise
tension or compression of the spring and can be caused by’
driving thrust, braking, or nonhorizontal position of the
springs.

2, Windup of Springs

In many applications, leaf springs are loaded not only
by vertical forces but also by horizontal forces and torques
in the longitudinal vertical and transverse vertical planes.

Torque in the longitudinal vertical plane (windup) is”
usually produced by a longitudinal force applied above or
below the spring seat. Where the spring does not carry the
longitudinal force but only the vertical force and the
windup torque, stresses and deflections can be calculated
fairly simply with reasonable accuracy as shown in the

- section, “Springs Carrying Vertical Load and Windup

Torque.” However, when the longitudinal force is also
carried by the spring, as in the Hotchkiss drive suspension,
generally valid formulae become very complicated, and
the problem must be treated as described in the section
“Springs Carrying Vertical Load, Windup Torque, and
Longitudinal Load.”

In all formsulae given in this section, the total length
»should be used as the flat length L. This will give correct
values for deflections and sufficiently accurate ones for
stresses.

T
Pr |
X -
; | \ D) 1
fopl VY
L =
PT=I
L
f—h.:-—l.._
Bk .5kL
vaTanyv=-L-=_1
5L .25kL2
T _ kL2

WINDUP STIFFNESS w = = = —

Vv 4

Fig. 6.7—Windup of a symmetricai spring under brake application
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The stress formulae apply only to springs built as uni-
form strength beams. The deflection formulae, however,
are not so restricted; they apply to all springs having
certain rate and length ratios, but they are true only for
small displacements because changes of ratio and length
are neglected.

Springs Carrying Vertical Load and Windup Torque

The center or seat of a leaf spring is elastically re-
strained against deflection produced by a vertical force
due to its rate k(N/mm); it is restrained against windup
or rotation produced by a torque in the longitudinal ver-
tical plane due to its windup stiffness or windup rate
(N - mm/radian). This windup stiffness is often used 1o
resist the driving and braking torque, as in the Hotchkiss
drive suspension.

In “symmetrical” semi-elliptic springs, a vertical force
produces'no rotation of the seat, and'a torque produces no
vertical deflection of the seat. Such a spring with a torque
applied to it is shown in Fig. 6.7.

The windup stiffness is @ = kL?/4 (N-mm/radian).

The stress is, expressed by the windup angle V

or expressed by the torque T

8Et 2T §

R T M SF = — e

kL? kL f
where SF is th‘é}-st_iﬂ”cning factor (See Chapter 5, Section
2), S is the stress.caused by a deflection f, and V is the
windup angle in radians. The formulae show the great
importance of spring length for resistance to windup.
Windup stiffness increases as the square of the spring
length for springs of equal load rate k. The stress produced
by a given torque decreases inversely as the length for-
springs of equal load rate and equal stress rate S/f.

Semi-elliptic springs are frequently made unsymmetri-
cal to obtain desirable geometry. This can be done by
unequal division of length, or by adding leaves to one of
the arms, or by combining both methods. Fig. 6.8 shows
a spring with-arms of unequal length under vertical and
torque loading acting together. These loadings are pro-
duced under forward brake application in a Hotchkiss
drive suspension.

In “unsymmetrical” springs, a vertical load will pro-
duce, beside vertical deflection, a tilting of the seaf; and a
torque will produce, besides tilting, a vertical deflection.

S

sw=ﬁ .V .SF
T
! o v
\
Z D)
fa! . [—] T —T J
| T + ]
Pr ‘\g7
]
--——WB—-
[ a o h o
o L -

Fig. 6.8—Windup of an unsymmetrical spring under brake application
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When the torque is applied with the spring seat prevented
from deflecting vertically, the windup stiffness and the
windup stress as expressed by the windup angle are in-
creased in the ratio

ko + ky _ (Z 4+ IXY' + Z)
k Y + 1y

The relationship between the vertical deflection f (mm)
and the tilt angle V (radian), due to a vertical load, may
be expressed as the equivalent torque arm Q (mm) which
is shown in Fig. 4.2. There the deflection is called “x” and
the tilt angle “8.”

Q = f/V

The length of the equivalent torque arm Q can be cal-
culated if the lengths of the spring cantilevers and the ratio
of their stiffnesses are known:

With length of fixed cantilever =
length of shackled cantilever
rate of fixed cantilever
rate of shackled cantilever

w

i
bl =2~
=g

and with

L=a+4+b
Y = b/a
Z=ka/kb

Consideration of cantilever deflections will show that

Q = a’k, + bk, _ LiZ + YY)
ak, — bk, Z—-Y)Y + 1)

For springs designed to defiect in circular arcs (without
reinforcing leaves), Z = Y* and the formula becomes

LY ab
Q_Y’—l T b—-a

This has been shown in Table 4.1, and the relationship
between L, Q, Y, and Z is graphically demonstrated in
Fig. 4.5. The zero ordinate for L/Q (where Q becomes
infinitely large and the seat angle change or tilt angle
becomes infinitely small) is crossed by each Z line at the
point of Y = Z. Thus, whenever Z equais Y, a vertical
force will produce no tilting of the spring seat. When Z
becomes smaller than Y, the equivalent torque arm Q will
go in the direction of the longer spring arm, as indicated
by the negative ordinate values.

The relationship between the vertical deflection f (mm)
and the tilt angle V (radian), due to a torque while the
spring is under a constant vertical load P, may be ex-
pressed as the effective swing radius B (mm), which is
shown in Fig. 6.8.

B:f/V:i—ak"_bkbz
Qk ka+kb
L B L
i+Y 1 + 2

The virtual center of rotation for this torque loading is
a point at a distance B from the spring seat. B equals zero
if Y equals Z, and the center of rotation is then at the
spring seat. For larger or smaller values of Z, the center
moves closer to the end of the spring arm which is stiffer
than the value corresponding to Z = Y.

The windup stiffness of unsymmetrical springs can be
calculated from the cantilever rates and lengths

: k
w = (@%k, + bk —"
® k, + kg
k, kg L? (Y* + Z)L?

Tkt ke (Z+IXY + 1y

. For convenience, it is expressed as a fraction of the stiff-

ness of a symmetrical spring of the same length L and of
the same rate k. The stiffness ratio is

@ _ Mk, + bk _ 4kk,
kLi/4 (ky + ky)L? k(k, + ko)
AY' + Z)

T @+ IXY + 1y

This is plotted on Fig. 6.9 over a Y™ abscissa. It shows
that the value w/(kL?/4) can exceed the value | only in
a few cases which have little practical application:

1. When Z equals 1 while Y is either substantially
more or substantially less than 1.

2. When Z exceeds 1 while Y is less than 1.

3. When Z is less than 1 while Y exceeds 1.

Lines have been drawn both in Figs. 4.5 and 6.9 for
W = Z/Y" to indicate the extent of the distortion (com-
pared with a conventional spring layout) which is required
for a given relationship between Y and Z. (see Chapter 4.)

The stress due to windup in unsymmetrical springs is
normally higher in the longer (usually the shackled) can-
tilever b; the windup stresses in the two cantilevers have
the relationship '

.2 5h
“Y' SF,

The stress in the longer cantilever expressed by the
windup angle V

wa =

2Et  Z(Y + 1)

S == - V. 8F,
L 2YHZ + D)
by the torque T
8Et Z(Y + 1)
wb = —— + wem———2— . T.§F
T kL 8YHY? 3 2) °




where SF, and SF, are stiffness factors that may be deter- Springs Carrying Vertical Load, Windup Torque, and

.mined as stated in Chapter 5. Longitudinal Load

When Q, k, and @ are known, they can be used to
express the relations between vertical load P, torque T, The three-link equivalent shown in Figs. 4.2 and 4.3
vertical deflection f, and tilt angle V: very closely reproduces the action of the spring under

vertical force and windup torques, if the bending stiffness
of the leaves is repiaced by torsional stiffness in the two
hinges of the three links. It also gives a reasonably accu-
rate equivalent under longitudinal forces. It may therefore
p . be used to calculate the effect of these forces.

the tilt angle V. = —, and Under longitudinal forces such a linkage evidently has
: k a marked toggle effect which increases if the spring is

P A x
k Qk Qk
For vertical load only, the deflection f =

+

=iwe |-

f_ Q as previously defined. made shorter. Under braking and accelerating forces, the

v results depend upon whether the spring cantilever which

For torque only, the deflection f = l, transmits these forces from spring seat to fixed eye is in
Qk tension or compression. If the fixed cantilever is in tension,

the tilt angle V = 1 , and there is a stiffening effect, and both windup and vertical

w® defiection are decreased. If the fixed cantilever is in com-

f @ . pression, the toggle action produces'a decrease of rate, and-

v =B= a{ as previously defined. both windup and vertical defiection are increased. In com-

pression, this effect can be strong enough to make the
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mechanism completely unstable and buckle the spring if
it is relatively short or if the main leaf is too thin. The
buckling tendency also increases in proportion to the
static deflection. o
An unequally divided (unsymmetrical) spring “offers
greater resistance to buckling when the shorter cantilever
is between the seat and the fixed eye, as in the usual
Hotchkiss drive suspension, due to its greater bending
resistance and the additional vertical load produced by a
horizontal accelerating force. In this case, the horizontal
force not only produces the windup torque T, but also the
additional vertical load P that opposes the windup lifting
force T/Q. The vertical load is obtained from the follow-

ing formula:
p-IH
WB

where:

F = Tire friction force
H = Vehicle center of gravity height above ground
Wg = Vehicle wheelbase

The net spring deflection from the static position may
be obtained by substituting the value for vertical load P in
the deflection formula, which shows that vertical load and
torque are related in the following manner to preduce
vertical deflection:

A
k Qk

In acceleration, deflection (P/k) is always positive
(spring in compression) and deflection (T/Qk) is always
negative (spring in rebound). In braking, the signs of these
deflections are always opposite because the horizontal
(tire friction) force, vertical load, and windup torque are
reversed. When the deflection f is positive, the vehicle
drops, and when f is negative, the vehicle rises.

Rates of Unsymmetrical Springs Under Bounce and
Roll

[t should be noted that the vertical rate k equals the sum
of the cantilever rates (k, + k) only if Z = Y, which
happens in symmetrical springs where Z = Y = 1. Inun-
symmetrical springs, k is usually smaller than (k, + k).
However, k may become equal to (k, + k,) when the
longer cantilever is made stiffer by additional leaves or
longer leaves to balance the deflections. Fig. 6.10 shows
the relationship of k,, ky, and k. Fig. 6.1 shows the ratio
(k, + kp)/k for various values of Y and Z.

The fact that in unsymmetrical springs (k, + k) is
larger than k can be used to provide additional roll stiff-
ness without using a roll stabilizer. The lower diagram of
Fig. 6.10 shows the normal position and the deflected
positions of two unsymmetrical springs which are rigidly

S P

mounted on a stiff axle, one end of which is moved up and
the other end down.

If both ends were moved down together, the spring seats
would tilt one way, as shown in the upper diagram. If they
were moved up together, the seats would tilt the other
way. If one end is moved up and the other end down,
tilting of the spring seats is prevented because they are
forced by the axle to remain almost parallel. The axle
imposes a windup torque on the springs and is itseif
stressed by a twisting torque. The roll stiffness of a pair of
springs rigidly mounted on an axle is

kon = (ky + kp) C/2 (N - mm / radian)

where C is the distance between spring seat centers. Any
torstonal deflection of the axle will reduce this rolf stiff-
ness.

For symmetrical springs or for springs whose seat is not
forced to tilt with the axle, the roll stiffness is

kmll = k CZ/Z

Additional roll stiffness is produced by twisting of the
spring (see Section 3 in this chapter). This raises the total
roll stiffness by 2040% above the values given in the last
two equations.

Summary

Springs are made unsymmetrical either for reasons of
geometry, to obtain a desirable equivalent torque arm or
center of rotation, or to secure increased roll stiffness with-
out increasing the ride rate by the ratio (k, + k,)/k.

Under torque loading only, windup stiffiness is reduced
if springs are unequally divided as shown in Fig. 6.8.
However, in a Hotchkiss drive suspension, an unsymmet-
rical spring has less buckling tendency because of the
stabilizing effect of additional (dynamic) vertical load and
the increased bending resistance of the fixed cantilever.

The most economical springs are designed to bend in a
(nearly) circular arc when loaded at the seat. In such
springs, the rate ratio k,/k, equals the cube of the length

ratic b/a.
For these useful springs, most of the formulae can

be simplified by substituting Y” for Z. In Figs. 6.% and
6.11, these springs are indicated by the heavy line for
W=2Z/Y'= 1.

3. Twist of Springs

In the usual suspension applications, leaf springs may
be subjected to twisting, for example, by an obstacle under
one wheel of an axle.
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Twisting a spring leaf (having the substantially rectangu-
lar cross section of the SAE leaf spring steel with width
w and thickness t) through o degrees in length £ (for
example, between eye and seat) will produce a shear stress

S = 1400 t a/2 MPa {(Approx.)
and a torque
T = 420 w t* a/2 N - mm (Approx.)
To keep the twisting stress low, it is necessary to distrib-
ute the total twist angle over as long a fength of the spring

as possible, which means that the clips should not restrain
the main leaf from twisting.

When military wrappers or reinforced eyes are used,
both first and sgcond leaf will be twisted and their torques
will add.

The flexibility of brackets and shackles will reduce
twisting of the spring.

The resistance of the spring against twisting increases
the roll stiffness in the usual application.

Sometimes an axle is supported by two springs which
are not parallel. Convenience of attachment is the usual
reason for this practice. If the angle included between the
springs is kept small (up to 10 deg), the action of the spring
is changed only a little. Parallel motion of the axle (ride)
will produce a small twist of the spring, and in unsymmet-
rical springs, a small windup torque, and the spring rate
will be increased in this way.
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Chapter 7

Interleaf Friction

1. Characteristics

Interleaf friction can be defined as the force which op-
poses the relative motion of adjacent leaves. The friction
force provides damping in the suspension system. It also
resists the initial deflection of the spring, making the sus-
pension system less responsive to dynamic forces.

Many heavy trucks using multiple leaf springs rely
solely on interleaf friction 10 provide damping and, there-
fore, shock absorbers are not required. In suspensions that
use single leaf springs or springs where tip inserts have
been installed, shock absorbers must be used to damp out
the vibrations.

The magnitude of the friction force depends on the
condition of the leaf surfaces (coefficient of friction), on
the load carried by the leaf surfaces, and on the speed of
sliding between leaves.

Fig. 7.1 shows a load-deflection diagram as the result of
a test conducted at a slow rate of deflection without rap-
ping the spring. It shows that at any given deflection, the
load may be any value between an upper and lower limit,
depending on the direction of motion and on the distance

\_-from the last reversal of motion. Tests conducted at faster

rates of loading and unloading will show the same basic
characteristics, but the width and the shape of the diagram
will be different.

The procedure for testing springs to obtain the friction
loop is given in Chapter 2, Section 1.

Springs with high frictionat forces will have a higher
effective (dynamic}) rate when operated through small am-
plitudes. At larger amplitudes, the effective rate will ap-
proach the rate determined by a slow test.

2. Measurement

It has been found convenient t0 compare one spring
with another by means of a friction factor:

Friction Force

Friction Factor =
Average Load

Though not strictly correct, it is permissible to assume
that the friction force equals one half the difference be-
tween the compression load and the release load. The
average of the compression load and the release load at a
given deflection is termed the avérage load. (See Chapter

3, Control

The friction factor, as measured by a slow test, may be
as high as 0.10. To obtain lower friction factors, the con-
tacting surfaces should be smooth, leaf ends should be
flexible (tapered) and lubricated. Under these conditions,
the friction factors may be between 0.02-0.05 on a new
spring. However, when the spring becomes dry, dirty, and
the contact surfaces are scored, the friction factor will
increase.

In some applications, various types of interleaf liners or
tip tnserts are used to eliminate squeaks and obtain low
friction factors. A typical tip insert installation is shown
in Fig. 3.16E, Section A-A.

LOAD-N

0
DEFLECTION —~ mm

Fig. 7.1=Typical diagram of a leaf spring tested at low speed
and without rapping to show interleat friction

. L

T A L e R T

" _<, Section 1).
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CHAPTER 8
Operating Stress
and Fatigue Life

1. Operating Stress

In order to hold the mass of a spring to a minimum, it
is necessary to use the highest stress that will give satisfac-
tory operation. This stress is limited by three factors: set-
tling under load, fatigue life, and quality of spring material
and processing.

The settling of a spring of given hardness is a function
of the maximum stress. Any spring which is repeatedly
loaded to a high stress will settle somewhat during the first
few load cycles. This settling can be reduced to a negligible
amount by the proper presetting as outlined in Chapter 5,
near the end of Section 6, and Chapter 9, Section 4.

For automotive suspensions, the design load stress is
usually in the range of 600-750 MPa for passenger cars
and 350-550 MPa for trucks. There is some possible over-
lap of design load stress between passenger cars and trucks
for special vehicles (light trucks, station wagons, taxicabs,
etc.). The maximum stress should not exceed the mini-

~um yield stress of the spring material. For properly heat
“reated alioy steel, the minimum yield stress is generally
accepted as 1200 MPa.

When a spring is subjected to windup under ergine or
brake torque or any other forced external means, stresses
in addition to those due to vertical load may be present
and should be considered in computing the stress.

2. Fatigue Life

Fatigue life-is expressed by the number of defiection
cycles a spring will withstand without failure and can be
estirated by the use of Fig. 8.1. This has been constructed
with the help of data obtained from laboratory fatigue
tests which were conducted on various spring designs be-
tween 1950 and 1970. Improvements in the processing of
the steel which may be expected in the futuve both at the
steel mills and at the spring plants can be taken into
account by shifting of the “cycles to failure” lines in Fig.
8.1. Such an adjustment would be based on the results
obtained from extensive controlled fatigue tests. In order

_to establish the fatigue life cycles which are acceptable in
any spring design, it is desirable to have road durability
tests run over a prescribed course so that fatigue life test
data and actual road durability results may be correlated.

It must be understood that the number of estimated life

“tycles is a statistical average and that fatigue test results
wiil show scatter {or dispersion) even under closely con-

trotled test conditions. The extent of the scatter will de-
pend on the consistency of surface condition, fabrication,
and the general quality of the springs which are tested.

The average life “cycles to failure” lines, as shown in
Fig. 8.1, apply to present springs but do not include the
effect of surface cold working as produced by shot peening
(see Chapter 9, Section 4). Tests have proved that the
fatigue life of a spring can be greatly improved by shot
peening the tension surface. The increase in fatigue life
will depend on a number of factors, such as peening inten-
sity and coverage and the condition of the surface prior to
shot peening.

Fatigue testing is an accelerated method of examining
springs for design adequacy and for quality control pur-
poses. i

Reexamination of the design will be in order if the
fatigue tests result in failures which are confined to one
section of the spring. It is recommended that the fatigue
setup produce at least an average of 50 000 and preferably
an average of 100 000 cycles.

At higher stresses (shorter lives) the scatter is theoreti-
cally reduced, so that fewer test samples will produce a
given degree of precision in the estimated life of the entire
population. However, lower siresses (longer lives) produce
more realistic results, since they duplicate more nearly the
actual service conditions and the spring is less likely to
settle during the test. Also, comparisons between different
groups of springs will be more distinct at lower stresses,
since different S-N curves tend to diverge the more they
approach the fatigue limit (or limiting value of the stress
at which 50% of the population would survive a very large
number of cycles, usuaily 10 000 000.)

A leaf spring used in a suspension will undergo a large
number of cycles of small amplitude near the design load
position without failure. Under greater amplitudes the
number of cycles without failure will be reduced, since the
maxtmum stress as well as the stress range are increased,
and both are determining factors in the fatigue life of a
spring. See examples D versus C (both with 700 MPa
stress at design load) in Fig. 8.1.

The metal-to-metal position (vertical load limit) is fre-
quently used as the maximum deflection position of the
spring in a fatigue test; but in heavy truck springs this
deflection is often considered excessive for the test setup,
as it is rarely reached in actual service.

The length of the test stroke is selected from experi-

_ence. A frequently used method of establishing the
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length of test stroke is to add to the compression stroke
{from design load to maximum test load) one-half of this
length for the reiease stroke (from design load to initial
test load). This practice may require modification in
those cases where it would produce iess than 50 000 or
much more than 100 000 cycles, according to Fig. 8.1.
Example: To estimate the expected fatigue life of the
first example shown in Chapter 5, Section 3, compute the
stresses at maximum and initial test loads as follows:

Deflection to design load =3500/17.5 = 200 mm
Metal-to-metal clearance

(compression stroke) 110 mm
Total deflection to maximum load 310 mm

-Stress at metal-to-metal position

{6.30 gage) 985 MPa
Stress rate = 985/310 = 3.18 MPa/mm
Release stroke = 15 - 110 = 55 mm

Fatigue test stroke = 110 + 55 = ° 165 mm
Initial stress = 985 — (165 - 3.18) = 460 MPa

From Fig. 8.1, the intersection of the horizontal line
representing 984 MPa and the vertical line representing
460 MPa gives the expected average fatigue life cycles as
65 000.

A fatigue life of 100 000 cycles under amplitudes repre-
senting these stress conditions will zenerally assure a road
life of more than 160 000 km of “on highway’ operation.
In this example, shot peening of the leaves of the spring
is recommended if 160 000 km of highway operation is
expected. Any “off-the-road” operation will reduce the
service life of the spring. Springs for “off-the-road” duty
should, therefore, have a lower operating stress than those
designed for highway operation.

Another example: To estimate the expected fatigue life
of the third example shown in Chapter 5, Section 3, (clear-
ance of 90 mm to one-half bumper compression specified
additionally), compute stresses at maximum and initial
test loads as follows:

Deflection to design foad = 14 700/110 134 mm
Clearance to one-half
bumper compression 90 mm

Stress at design load 535 MPa
Stress rate = 535/134 3.99 MPa
mm
Release stroke = % - 90 45 mm
- Fatigue test stroke = (90+45) 135 mm
Initial stress = 535 — (45 - 3.99) 155 MPa
Maximum stress = 535 + (90 - 3.99) 894 MPa

From Fig. 8.1, the intersection of the horizontal line
representing 894 MPa and the vertical line representing

335 MPa gives the expected average fatigue life cycles as
75 000.
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3. Evaluation of Fatigue Test Results

It has long been recognized that considerable variation
is present in the fatigue life of springs loaded with the same
stress cycle, and that the average life of the tested springs
is not sufficient by itself to establish a judgment either on
the design, or on the material, or on the production
method which they represent. The relationship between
the number of applied cycles and the percentage of springs
which failed at these cycles can best be analyzed with the
help of statistical techniques which will systematically de-
scribe the “dispersion” or “spread” or “scatter” of the
recorded test results.

Sampling

One of the main purposes of statistical analysis is to
draw inferences about the properties of a large group (the
“population™) from the results of tests on a small group
{the “sample™). If the entire population were tested, one
would not have to infer anything; one would know how
the population reacted to the test. This would be called
100% confidence. If 99% of the population were tested,
one would be 100% confident about that 99%. Also, if the
sample of 99% were considered representative of the re-
maining 1%, one would be close to 100% confident of
predicting the results if that 1% were tested. If only 5%
are tested, one would know about that 5%, but how much
could one infer about the remaining 95%? Actually, if
certain conditions of sampling are met, one can infer a
great deal about the entire population from tests on small
samples. What is required is a good, honest sample.

The primary condition for a good sample is that it be
taken at random under conditions which ensure that all
springs of the population have an equal chance of being
chosen. This is obviously impossible in the case where the
sample consists of a few handmade springs of a design
which has not yet gone into production. Only experience
can tell the engineer whether the various properties of the
sample which can affect the test result (in regard to mate-
rial as well as to production methods and controls) will
also be present in the production springs (the “popula-
tion”). This determination is outside the realm of statis-
tics. However, statistical mathematics are based on the
inherent assumption that the sample is a true representa-
tive of the population.

Distribution

If the entire population were tested under identical test
conditions, the results could be shown in graphical form
by arranging them in ascending numerical order and plot-
ting the cumulative fraction (or percent) of failures over
an abscissa of “life cycles.” A sample selected at random
from this population can be expected (o exhibit a similar
distribution of fatigue life; the larger the number of springs
in the sample, the closer will be the similarity.




It is possible to calculate the likelihood of similarity for
samples of any given size. Tables are available based on
such liketihoods; Table 8.1 is an example. It presents the
“median rank” of each test result for a sample size be-
tween 1 and 30. A rank is assigned to each individual test
result corresponding to that portion of the population
which it is most likely to represent. The median rank is
used as an estimate of the true rank because it is just as
likely to be high as low. Table 8.1 lists percent figures.

A good approximation formula for the median rank
{which may be used for larger sample sizes than those in
Table 8.1} is:

J—03

100 ¢ ——
N + 04

where:

J = Position {in ascending order) for each test result in
the sample .
N = Total quantity of springs in the sample

The median rank line constructed from such data pre-
dicts that certain percentages of the population will sur-
vive specific cycles-to-failure. But any such estimate may

TABLE 8.1—MEDIAN RANKS (PERCENT) FOR SAMPLE SIZES 1 TO 30

Sample Size

Rank Rank

Order 1 2 k] 4 5 [ 7 8 ] 10 Orcher
1 §0.000 29.269 20,630 15.940 12.945 10.910 9.428 8.300 7412 . 6697 1
2 70.711 50.000 38.573 31.381 26.445 22849 20.113 17.962 16.226 2
3 79.370 61427 50.000 42141 36.412 32052 28.624 . 25857 3.
4 84.090 68.619 §7.859 50,000 44.015 38.208 35510 "
5 87.058 73.555 63,588 $5.984 50.000 45,169 L1
] 85.080 77154 67.948 60.691 54,831 6
7 90.572 79.887 71976 64.490 7
8 91.700 82038 74142 8
9 92.587 83774 9
10 93,303 10

Sample Size

Rank Renk

Order 1" 12 13 14 15 18 17 18 1% 20 Orcer
1 6.107 5613 5192 4830 4516 4.240 3995 3778 3.562 3.406 1
2 14.796 13.598 12,570 11.702 10.940 10,270 9670 9.t51 8677 B.251 2
3 23578 21,669 20.045 10.647 17.432 16.365 15.422 14.581 13.827 13.147 3
4 32380 29.758 27528 25.608 23939 22474 21178 20,024 19,988 18.055 4
5 41,189 a7.853 35.016 32575 30482 28,589 26.940 25471 24154 22.967 $
€ 50.000 45951 42508 39544 36.967 34.705 32.704 30.921 29322 27.680 6
7 58.811 54,049 50.000 48,515 43.480 40.823 38,460 36.971 34,491 32795 - 7
8 §7.620 62,147 57.492 53.485 50.000 46.941 44.234 41823 39,650 - 37710 8
9 76.421 70.242 64.904 60.456 56517 53.059 50.000 AT.274 44 830 42626 9
10 85,204 T893 72472 67,425 62.033 59177 55766 82,726 $0.000 47 542 10
1 93.899 96,402 79.955 74.392 69.549 65.205 £1.531 58.177 55170 52.458 11
12 94.367 87.421 T 81353 76.061 714N 67.296 63.628 60.340 57.374 12
13 94.608 80,208 B2.568 77.525 73,060 69,078 65.509 62,289 13
14 95.169 88.080 83,635 78821 74528 70.670 67.205 14
15 95.484 89.730 84.578 79976 75.846 72.419 15
16 95,760 90.322 85419 81.0Mm 77033 16
17 96.005 90.849 86.173 B1.545 17
18 96,202 91.322 56.853 18
19 98418 91748 9

2 96.594 20
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err subsiantially on either the high or low side. The ques-
tion is: How confident can the engineer be of such an
estimate? When he has accumulated a great deal of experi-
ence in comparing the results of small samples which
represent springs of different materials or different designs
or different production methods, he may judge, after con-
templating two such median rank lines, that he should
give preference to one set of springs over the other because
of its apparent superiority in fatigue life. However, when
judgment based on experience is not considered adequate
for a final decision, then it will be necessary (o construct
lines of higher confidence.

In many cases a confidence level of 90 or 95 or even
999% will be required, so that there will remain only a 10
or 5 or 1% risk of the estimate being either too high or
too low. For a chosen confidence level, the life cycles of
a given percentage of the population will be found within
a certain “tolerance interval”. On the median rank graph
this may be represented by a ‘tolerance band” to either. .
side of the median rank line. Wider bands indicate in-
creased doubt about the line truly representing the popuia-
tion. With a given sample size, the bands will be wider for
higher confidence levels. With a given confidence level, the
bands will be wider for a smaller sample size.



If a 90% confidence level has been chosen, the lower
and upper limits to the estimated fatigue life distribution
of the population can be shown by comstructing “5%
rank” and “95% rank” lines (see “Theory and Technique
of Variation Research” by Leonard G. Johnson. Elsevier
Publishing Co., 1964). The numbers 5% and 95% repre-
sent the chance of being either too high or too low in
assigning the given ranks to the individual springs in the
sample, and they are used to establish the limits within
which the true population is expected to lie.

For a concise summary of distribution mathematics see
“Engineering Considerations of Stress, Strain, and
Strength,” by Robert C. Juvinall, McGraw-Hill Book Co.,
1967.

Weibull Plot

Several systems of mathematically organizing the test

result data have been established. In the past, the normal .

(or Gaussian) distribution has been most widely used. It
is graphically represented by the familiar symmetrical
bell-shaped distribution curve which is completely defined
by two statistical parameters:

1. The mean life—In the test sample it is the sum of
all the recorded test result values, divided by the sample

size. It then becomes an estimate of the population mean
life. A population with normal distribution has the mean
coinciding with the median (which is the middle result
when all individual results are arranged in order of magni-
tude), and also coinciding with the mode (which is the
cycle value at which the greatest number of failures oc-
curs).

2. The standard deviation— It describes the scatter on
either side of the mean. For the test sample it is math-
ematically defined as the square root of the sample vari-
ance (which in turn is the sum of the squares of the differ-
ence between each recorded test result and the mean,
divided by the sample size minus 1). It then becomes an
estimate of the population standard deviation.

When the test results are arranged in ascending numeri-
cal order, and the cumulative percent of failures is plotted
{using median ranks) over an abscissa of life cycles on
normal probability graph paper, it will be found that a
straight line can be fitted to the results as long as the
distribution is normal. This becomes an estimate of the
population distribution.

While the normal distribution has a number of attrac-
tive attributes and has-been the subject of many publica-
tions, it must be recognized that in spring fatigne testing
the results are usually not normal in that they cannot be

Sampie Size
Rank . . Rank
Order 21 22 n 24 11 2 a n 2 20 Order
1 3.247 3.101 2560 2847 2734 261 2534 2.445 2.962 2284 1
2 7.864 7512 7191 6.895 6623 8.372 6.139 5922 5.720 5.532 2
3 12531 11.970 11,458 10.987 10.553 10.153 9.781 9.436 0114 8814 . 3
4 17.209 15.734 15.794 15.088 14.492 13,042 13.432 12.058 12517 12.104 4
5 21.800 20015 20,015 19.192 18.435 17.735 17.086 16.483 15.922 15.397 5
[ 28.574 25.384 24.267 23.209 22318 21520 20.742 20.010 19.328 18.691 8
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plotted in the symmetrical beli-shaped distribution curve
but in a skewed curve. This has led to other mathematical
formulations. In the automotive industry the Weibull plot
is used because it permits straightine plotting of the cu-
mulative failure probability versus life cycles on Weibuil
probability graph paper, even when the distribution is
skewed,

In the Weibull distribution the relationship between the
number of applied cycles and the cumulative percent of
failures at these cycles is expressed by a formula which
uses three parameters:

1. The minimum life. which may or may not be zero.
It is denoted by the letter “a.”

Tt is generally assumed that a = zero because that is the
condition for which the Weibuli formula assures straight-
line plotting on Weibull paper. See Section 3 in this chap-
ter, for those cases where minimum life is greater than
zero.

2. The Weibull slope, which is an indicator of the
skewness of the distribution. It is called the “shape param-
eter” and is denoted by the letter “b". It also is a measure
of the scatter of the distribution; a low slope value indi-
cates a high degree of scatter, and vice versa.

The slope is the tangent of the angle formed by the
distribution line with the abscissa on Weibull probability
paper, when the scales are such that the distance repre-
senting the factor 100 on the (logarithmic) abscissa scale
for life cycles equals the disiance from 2.3 to 90.0% on the
(log-log) ordinate scale for percentages of failure.

In the Weibull distribution, the mean, the median, and
the mode never coincide exactly. But when the Weibull
slope is within the range of 3.2-3.5, the differences are
small enough to give the Weibull distribution an appear-
ance of symmetry. The Weibull comes nearest to the nor-
mal distribution when the Weibull slope equals 3.44 (thus
representing an angle of 73.8 deg), because there the mean
and the median have identical values.

The more the slope value increases above 3.44, the more
the distribution curve will be skewed to the left (with a
long tail to the left), where the mean is to the left of (or
less than) the median. The more the siope value decreases
below 3.44, the more the distribution curve will be skewed
to the right (with a long tail to the right), where the mean
is to the right of (or more than) the median. Fig. 8.2 shows
a graph (for Weibull slopes 1 through 12) which locates
the percent of failed springs at the life cycles representing
the mean of the population.

3. The characteristic life, which is the 63.2% failure
point for the population. It is called the “scale parameter”
and is denoted by the Greek letter theta (8).

631.2 = 100(1-1/¢)
where;

e = 2.7183 (the Napierian base)

Example 1 (Fig. 8.3)-Eight springs have been fatigue
tested under identical conditions. The resuits are arranged
in ascending order of failure cycles and are given rank
order numbers accordingly. In this order they are assigned
median ranks from Table 8.1 as follows:

_ Order Cycles to Median

Spring No. Failure Rank
E 1 €1 000 8.30
A 2 91 000 201
F 3 114 000 3205
H 4 135 000 44.02
c 5 155 000 55.98
B & 177 000 6795
G 7 205 000 79.89
D 8 245 000 91.70

These points are plotted on Weibull graph paper in Fig.
8.3. Drawing a straight line of best fit through the median
rank points produces an estimate for the failure rate of
the entire population with the parameters b = 2.4 and
@ = 170 000.

From Fig. 8.2 it will be seen that for b = 2.4, the
percent of failed springs at the mean is 52.7. At that failure
level the median rank line in Fig. 8.3 shows 150000 cycles.
At the B-10 life level {that is at the number of cycles where
10% of the population are estimated to fail), the median
rank line shows 66 000 cycles.

Significant Differences

In most cases the fatigue testing of springs will be un-
dertaken for the purpose of comparing different samples,
and the probability graph will be expected to convey infor-
mation on the relative life distribution of the populations

. represented by these samples. For example, the compari-

son may involve a sample representing a first design, and

another sample representing a second design.

When the two median rank lines for the test data of the
two samples are plotied on the same graph, they will
readily show if the second design promises some improve-
ment in fatigue life, However, in order to establish if there
is a “significant difference’ between the two designs, it will
be necessary to find quantitative vatues for the degree of
improvement (or degradation) between one design and the
other. The question is this: How confidently can one say
the limited test results indicate that the second design
assures an improvement in fatigue life for the entire spring
population? The answer depends not only on the amount
of separation between the two plotted slopes, but also on
the size of the two test samples.

Furthermore, the degree of confidence in the superiority
of one design over the other need not be constant from one
quantile level to another. For example, it is possible to
have a significant improvement at the B-50 life (50% fail-
ure level) without any improvement at the B-10 life (10%
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failure level), or vice versa. This is partly due to differences
in the Weibull slope, and partly due to the greater width
of the tolerance bands at the fower quantile levels.

Example 2 (Fig. 8.3)- It has been proposed that the
spring design represented by the sample of eight in Exam-
ple 1 be replaced by a new design. Seven springs of the new
design have been fatigue tested with results which are
shown arranged in ascending order and are assigned me-
dian ranks from Table 8.1 as follows:

Order Cycles to Median

Spring No. Failure Rank
M 1 132 000 9.43

o 2 195 000 22.85

K 3 233 000 36.41

L 4 275 000 50.00

P 5 315 000 63.59

J 6 365 000 7715

N 7 440 000 90.57

1.89

For this second plot it will be seen from Fig. 8.3 that
the Weibull slope b = 2.7 and the characteristic life
@ = 310 000; the mean fife level is at 51.8% (see Fig. 8.2),
therefore the estimated mean life is 280 000 cycles. The
estimated B-10 life is 138 000 cycles.

Since the estimated mean life in Example 1 was 150 000
cycles, the mean life ratio on the median rank lines is
280 000/150 000 = 1.87. This represents an estimated
improvement of 87%. The “confidence number” corre-
sponding to this mean life ratio (that is, the probability
that the true mean life ratio of the population is greater
than 1) is found by reference to the mean life nomograph
(Fig. 8.4). _.

In order to work with the nomograph it is necessary to
establish the “degree of freedom” (= freedom of move-
ment of the individual test results about a fixed mean) for
the samples representing the two designs. The degree of
freedom equals (N — 1) where N is the size of the sample.
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Thus N, — 1 = 7and N, —~ 1 = 6, and the product of
the two, known as “total degrees of freedom,” is 42.

The nomograph furnishes the confidence number 98.8
for b = 2.4 (first design) and 99.4 for b = 2.7 (second
design). The average is 99.1, and this means that 99.1
times out of 100 the second design is superior to the first
design at the mean life level.

The confidence rumber corresponding to the B-10 life
ratio will be found by reference to the B-10 level nomo-
graph (Fig. 8.5). Since the estimated B-10 life in Example
1 was 66 000 cycles, the B-10 life ratio on the median rank
line is 138 000/ 66 000 = 2.10. The nomograph furnishes
the confidence number 91.0 for the first design and 93.0
for the second design. The average is 92.0, so the second
design is superior at the B-10 level 92.0 times out of 100.

Thus, the confidence numbers obtained from the
foregoing “significant difference” study indicate a certain
superiority of the second design over the first. Quantitative
values for the degree of this.superiority are obtained by
using the information from the nomographs on so-called
“confidence interpolation graph paper” or simply “ratio
paper” which has a log-log ordinate for percent confidence
and an arithmetical abscissa for life ratio (Fig. 8.6}.

To obtain quantitative values at the mean life level, the
mean life ratio on the median rank lines (in this case 1.87)
is plotted on the ratio paper at the 50% confidence level
and is connected by a straight line with the confidence
number (in this case 99.1) at abscissa 1. The life ratio
values at other confidence levels are then found on this
line. Ii will be seen that at the 60% confidence level the
ratio is 1.75, so there are 6 out of 10 chances that 75%
improvement ' will occur. At 90% confidence (which is
frequently used as a standard) the ratio is 1.32, so there
are 9 out of 10 chances that 32% improvement will be
realized.

The same procedure will esiablish quantitative values at
the B-10 level. There the percent of improvement will
always be comparatively lower for the same degree of
confidence. This is due to the greater width of the toler-
ance bands at the lower quantile levels. In this example,
the life ratio at 90% confidence is 1.08, so there are 9 out
of 10 chances that 8% improvement will be realized.

Minimem Life Greater than Zero

As stated earlier, Weibull plots are generally con-
structed with the assumption that the minimum life is
zero. The sample data will then plot a straight line on
Weibuil probability graph paper.

When the minimum life is greater than zero, the sample
points can usually be fitted with a fairly smooth curved
line. However, this would mean foregoing one of the major
advantages of the Weibull process, which is to analyze the
data with the help of a straight line even when the number
of test results is small.

A relatively simple technique permits the test results,
which indicate 2 minimum life greater than zero, to be

1.91

converted to straight-line plotting on the Weibull graph.
This requires that the curve drawn through the sample
points be extended downward until the abscissa value
which it approaches asymptotically can be approximately
established as an estimate of the finite minimum fife “a.”
When this is subtracted from each of the plotted data
points, it may be possible to fit the new points thus ob-
tained with a straight line.

If it develops that the new points can still be better fitted
by a curve than by a straight line, then the estimate of the
minimum life was incorrect. If the new line is still concave
downward, the minimum life was estimated too small; if
the new line is concave upward, the minimum life was
estimated too large. A second (and possibly a third) esti-
mate will then be required until the plotted points can be
successfully fitted with a straight line. It is well to remem-
ber that before any one of the life cycle values found on
this straight line is used for comparison with a corre-
sponding value on any other median rank line, it must be
increased by the “a” value which was subtracted from the
curved median rank line to obtain the straight line.

Example 3 (Fig. 8.7). Seven springs have been fatigue
tested with results listed below, arranged in ascending
oider and shown with their assigned median ranks from
Table 8.1. The plotting of these values produces a curve
which is concave downward. A tentative extension indi-
cates “'a” to approximate 50 000 cycles. When the points
are replotted with each result reduced by 50000, they can
only be fitted with a curve which is concave upward;
therefore, a second attempt is made witha = 45000, and .
this brings about a successful straight line fit.

Cycles leas  Cycies loss

Order Cyclesto  Median

No. Fallure Rank 56 000 45 000
1 85 000 8.43 35 000 40 000
2 110 000 22.85 80 000 65 G600
3 135 000 36.41 85 000 0 000
4 155 000 50.00 105 000 110 600
5 180 000 63.58 130 000 135 000
6 210 000 7715 160 000 165 000
7 250 000 80.57 200 000 205 000
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1. Steel

The basic requirement of a leaf spring steel is that the
selected grade of steel must have sufficient hardenability
for the size involved to insure a fully martensitic structure
throughout the entire section. Nonmartensitic transfor-
mation products detract from the fatigue properties.

Automotive chassis leaf springs have been made from
various fine grained alloy steels such as:

G86600(SAE 8660)
G51600(SAE 5160}
G51601(SAE 51B60)
H51600(SAE 5160H)
G50601(SAE 50B60)

G92600 (SAE 9260}
G40680 (SAE 4068)
G41610 (SAE 4161)
G61500 (SAE 6150}

In the United States almost all leaf springs are currently
rade of chromium steels such as G51600, G51601 or their
H equivalents. For example, with G51600, the chemistry
is specified as an independent variable (while the hardena-
bility of the steel is a dependent variable which will vary
with the chemistry). H51600 is essentially the same steel
_except that the hardenability is specified as an independent
variable (while the chemistry is a dependent variable
which may be adjusted to meet the hardenability band
requirement).

In general terms, higher atloy content is necessary to
insure adequate hardenability when the thicker leaf sec-
tions are used. When considering the grade of steel to be
used, it is recommended either that the hardenability be
calculated from the chemistry (for example, G51600), or
that the hardenability band charts (for example, H51600)
for the various H steels, as published in the SAE Hand-
book, be consulted.

The following “rule of thumb™ may be useful for cor-
relating section size and steel grade:

Thickness-mm Steel
8.0 max G51600
16.0 max H51600
37.5 max G51601

2. Mechanical Properties

Steels of the same hardness in the tempered martensitic
condition have approximately the same yield and tensile

__ Strengths. The ductility, as measured by elongation and

reduction of area, is inversely proportional to the hard-

Chapter 9
Material and Processing

ness. Based upon experience, the optimum mechanical
properties for leaf spring applications are obtained within
the range of Brinell hardness numbers 388-461. This range
contains the six standard Brinell hardness numbers 383,
401, 415, 429, 444, and 461 (corresponding to the ball
indentation diameters 3.10, 3.03, 3.00, 2.95, 2.90, 2.85 mm
obtained with an applied mass of 3000 kg). A specification
for leaf springs usually consists of a range covered by four
of these Bhn's, such as 415-461 for thin section sizes.

Measurements of typical mechanical properties of leaf
spring steel are given below:

Hardness: Bhn 388-461 (3000 kg mass)
Brinell indentation diameter 3.10-
2.85 mm
Rockwell C 42-49

Tensile strength: 13001700 MPa

Yield strength
(0.2% offset):

Reduction of area:

Elongation:

1170-1550 MPa
25% min
7% min

3. Surface Decarburization

Surface decarburization may reduce the fatigue durability
of the springs; therefore, it is important that surface decar-
burization be at a minimum.

Hot rolled steel bars, as received from the mills, have
some decarb, at least of the minimum Type 3 (see SAE
J419 and SAE J1123 in the SAE Handbook), where more
than 50% of the base carbon content remains at the surface
(i.e., some partial but not more than 50% loss of carbon).

If decarb is of Type 2, where 50% or less of the base
carbon content remains at the surface (i.e., appreciable
partial but not total loss of carbon), the decarb normally
does not exceed a depth of 0.25 mm for steels of thick-
nesses 5.00 through 12.50 mm, nor a ‘depth of 0.50 mm
for steels of thicknesses over 12,50 through 37.50 mm.

With sections over 25.00 mm in thickness, some of the
hot rolled stecl bars may have decarb of Type 1, in which
virtually carbon free ferrite (i.e., total loss of carbon)
exists for a measurable distance below the surface.

The depth of decarb varies from mill to mill, from roll-
ing to rolling, and from bar to bar. The extent to which

'the depth and type of the decarb can be acceptable will be

sibject 1o agreement between the steel producer and the

. spring manufacturer.
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The edges of the bars are somewhat higher in decarb
than the flat surfaces; decarb on both the edges and the
flat surfaces usually has greater depth with increased bar
thickness.,

After forging and non-atmospheric controlled heat treat-
ing, the spring leaves will have greater decarb. Scaling of
the steel in this processing reduces the thickness of the
leaf, While some of the surface decarb is removed. with
the scale, the final depth of decarb is usually greater than
it was in the steel bais as received from the mills,

4. Mechanical Prestressing

Presetting, shot peening, and/or stress peening at ambi-
ent temperatures produces large increases in fatigue dura-
bility without increasing the size of the spring. These pre-
stressing methods are more effective in increasing the fa-
tigue properties of a spring than are changes in material.

When a load is applied to a leaf spring, the surface
layers are subject to the maximum bending stress. One
surface of each leaf will be in tension and the opposite
surface will be in compression. The surfaces which are
concave in the free position will generally be in tension
under load, while the convex surfaces will generally be in
compression. Fatigue failures of the leaves usually start at
or near the surface cn the tension side. Since residual

TENSION

stresses are algebraically additive to load stresses, the in-
troduction of residual compressive stresses in the tension
surface by prestressing reduces the operating stress level,
thereby increasing the fatigue life.

Presetting (synonymous terms are: cold setting, buli-
dozing, setting-down, scragging) produces residual com-
pressive stresses in the tension surface and residual tensile
stresses in the compression surface by forcing the leaves
10 yield or take a permanent set in the direction of subse-
quent service loading. While this operation is beneficial to
fatigue life, its primary =ffect is the reduction of “settling”
{load loss) in service. Presetting is usually done on the
spring assembly.

Shot Peening introduces compressive residual stresses
by subjecting the tension side of the individual leaves to
astream of high-velocity shot. The SAE, “Manual on Shot
Peening.” HS-84, deals with the control of process varia-
bles, while techniques for control of peening effectiveness
and quality are explained in, “Procedures for Using Stan-
dard Shot Peening Test Strip,” SAE J443. Cut wire shot,
size CW-23 to CW-41, and cast steel shot, size $-230 to

S-390, are generally used for this purpose. Shot peening -

intensity is expressed as a dimensionless Almen number.
The intensity of shot peening applied to light and medium
type springs is usually in the range of 10A-20A as read on
the Almen gage. For heavy springs, the intensity is usually
6C-14C as read on the Almen gage. Coverage in both cases
should be at least 90%,

DEPTH
BELOW TENSION SURFACE, mm

COMPRESSION

RESIDUAL
STRESS

0.50 0.75 1.00

PEENED

Fig. 9.1—Beneficial stress patterns induced by presetting and
peening in the absence of surface decarburization
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Stress Peening (strain peening) is a means of introduc-

ing higher residual compressive stresses than is possible
N shot peening with the leaf in free (unloaded) position.
Stress peening is done by shot peening the leaf while it is
loaded (under stress) in the direction of subsequent service
loading.

Curvature of a leaf spring will be changed by mechani-
cal prestressing. The magnitude of the changes due to shot
peening and presetting can be calculated using the for-
mulae given in Chapter 5 Section 5.

The stress patterns induced by these processes are com-
pared schematically in Fig. 9.1. The effects of shot peening
and presetting are cumulative to some extent, but the
resuits are influenced by the sequence of operations.

5, Surface Finishes and Protective Coatings

Surface Finish is defined as thie surface condition of the
spring leaves after the steel has been formed and heat
treated, and prior to any subsequent coating treatment.
Normally, automotive leaves are utilized *as heat treated”
or in the “shot peened” condition. **As heat treated” finish
will be a tight oxide produced by the quenching and tem-

pering operations and will exhibit a blue or blue-black
appearance. “Shot peened” finish is characterized by a
matte luster appearance as a result of the removal by the
peening operation of the blue or blue-black surface oxide.

Protective Coating rtefers to a material added to the
surface of individual leaves or the exposed areas of leaf
spring assemblies. Its primary purpose is to prevent corro-
sion both in storage and in operational environments. All
exposed surfaces to be coated must be free from loose scale
and dirt. Peened surfaces for which a coating is specified
should be coated as soon as possible tc prevent the forma-
tion of any corrosion. It is important that an enveloping
coat is applied. An unprotected area or a break in the
coating may contribute to localized corrosion and a reduc-
tion in fatigue life. Before a coating is specified, whether
grease, oil, paint, or plastic, it should be evaluated for
effects that its application might have on the fatigue life
of the spring steel. The thickness and adhesion character-
istics of the coating must be within the tolerances which
have been established for the type of material being used
in order to provide adequate corrosion protection and
assure satisfactory performance.
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Chapter 10
Design Data for
Single Leaf Springs

1. Single Leaf Types

The term “single leaf spring”™ has become popular ter-
minology for a leaf spring which is made by tapering either
in width or in thickness, or by a combination of both.
Tables 10.1 and 10.2 deal with various types of single leaf
springs. Since the semi-elliptic spring can be considered as
the combination of two cantilever springs, the tables have
been set up for cantilever springs. The combining of the
two cantilever springs (front and rear} is discussed in Sec-
tion 2 of this chapter and Chapter 5, Section 3.

Table 10.1 contains design descriptions for 12 types of
single leaf springs, and Table 10.2 lists the applicable for-
mulae and values for the computation of the volume, the
vertical and lateral load rates, the peak stress under verti-
cal load, and the volume efficiency for the 10 most impor-
tant types.

The single leaf designs have been divided into three
basic types:

Type F have uniform thickness.

Type P have parabolic contour thickness.

Type T have tapered thickness.

Types F-1, F-2, and F-4 are applicable to multi-leaf
springs with the width split into stepped leaves. As mulii-
leaf designs, they are covered in the preceding chapters of
this Manual.

Types P-2, T-1, and T-2 are used for design calculations
where the width can be maintained constant in the taper-
ing operation.

Types P-4, T-3, and T-4 are used for design cafculations
where the width is not restrained in the tapering operation
so that a variable width is produced.

The formula for volume efficiency gives the amount of
energy which each type of spring is capable of storing at

a specified peak stress, compared 10 the active volume of -

material in the spring.

For a steel spring the energy (mJ or N-mm) per kg of
active spring mass is obtained when the volume efficiency
figure is divided by 7.85 - 10 ® (which is the mass in kg
of 1 mm’ of spring steel). (See Chapter 1, Section 2).

The volume efficiency can also be converted into a di-
mensionless figure called “specific volume efficiency” or
7 by multiplication with the factor

2E

Sl
N . peak
This furnishes a comparison with a rod under tension

which has % = 1. For cantilever beams in bending, the
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1 values range between a low of 1/9 for type F-1 and a
high of 1/3 for types F-3 and P-1.

The most efficient leaf spring has a constant stress pat-
tern from line of encasement to line or point of load appli-
cation. The constant stress pattern designs are types F-3,
P-i, and P-3, but they are not functional as single leaf
springs because of additional matertal requirements for
support of load at the line or point of application. The
three types are included in the tables for their basic for-
mula values.

2. Rate Calculations

The formulae and data given in Table 10.2 are for can-
tilever springs. For springs of the semi-elliptic type, the
load rates for front and rear cantilevers must be combined
as shown in Chapter 5, Section 3. Most of the terms are
defined in Chapter 4, Section 6, but £, ¢, i, w, Cy, C; are
defined in Chapter 10.

In an unconventional semi-elliptic spring design, where
Z does not equal Y, and the control of the center link
(d) is specified, the vertical load rate can be calculated
from

Z+ Y)

K, =k .=~~~

(Y + 17
and kb = E
Z

In a conventional semi-élliptic spring design, where Z
equals Y°, these formulae are reduced to
b? al
kK, = k-~— and ky, = k- —
aL > bL
When the spring is a symmetrical semi-elliptic design,
both cantilevers will have the same rate which is equal to
one half of the combined rate, or

_k

ka = kb = E
Note that when combining the cantilever formulae for

a semi-elliptic spring design, the spring length which is
called £ in Tables 10.1 and 10.2 becomes “a™ for the fixed
end cantilever and “b” for the shackled or free end can-

tilever.
The vertical rate formula is the vsual starting point for

the spring calculation. When the spring type and the val-

e
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TABLE 10.4=DESCRIPTION OF VARIQUS TYPES OF SINGLE LEAF SPRINGS

With Fiat Profile: "F” Types

With Parabolic Profile:

F-1 RECTANGULAR CANTILEVER

Constant in thickness {t,) and in width (w,). Under
load (P) the stress is greatest at line of encasement
and decreases al a constant rate to zero at line of
load appiication. The slastic curve in bending (from
an inifially flat spring} has its smallest radius at iine
of encasement, thal is, the rate of change of curva.
ture is greatest at this line.

This design is inefficient.

EARRRRAS

P-1 PARABOLIC CANTILEVER

Constant in width (w,). Thickness decreases from
{t,) &t line of encasement in a parabolic profile
which terminates in zero thickness at ling of load
application. Under load (P} the stress is constant
throughout the length. The elastic curve in bending
(from an initially flat spring) has is smafles! radius
al line of load application, that is, the rate of change
of curvature is greatest at this line.

Although this design is highly efficient, it is impracti-
cal as no material is provided for load application,

F-2 TRAPEZOIDAL CANTILEVER

Constant in thickness (i,). Width decreases at a
constant rate from {w,) at ling of encagement to a
specified dimension (w,} at line of load application.
Under load the stress is greatest at line of encase-
ment,

This dasign is more efficient than Type F-1.

A

P.2 MODIFIED PARABOLIC CANTILEVER
Same as Type P-1 except for an end portion of
length {c) with constant cross section {t, X W} to
facilitate load application.

This design is slightly less efficient than Type P-1.

F3 fﬁlAHGULAR CANTILEVER

Constant in thickness (t,). Width decreases at a
constant rate from (w,) at line of encasement to
2er0 at point of load application. Under load the
stress is constant throughout the length, the slastic
curve in bending is circular, that is, the rate of
change of curvature is constant throughout the
length.

Although this design is highly efficiend, it is impracti-
cal as no material is provided for Joad application.

P-3 PARABOLIC—TRAPEZOIDAL
CANTILEVER

Thickness decreases from (1,) at line of encase-
ment in an approximately parabolic profile which
terminates in zero thickness at line of load applica-
tion, Width increases at a substantially constant
rate from (w,) at line of encasement to (w,) at line
of load application. Under ioad the stress is con-
stant throughout the length.

Although this design is highly efficient, it is impracti-
cal as no material is provided for load application.

F-4 MODIFIED TRIANGULAR CANTILEVER
Same as Type F-3 except for an end portion of
length {c) with constant cross section (t, x w) fo
facilitate load application.

This design is slightly less efficient than Type F.3.

P-4 MODIFIED PARABOLIC—TRAPEZOIDAL
CANTILEVER

Same as Type P-3 except for an end portion of
length (¢) with constant cross section {t; X w,) io
facilitate load application.

This design is slightly less efficient than Type P-3.
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“P" Types

With Taperad Profile: "T" Types

o

T-1 TAPERED CANTILEVER

Constant in width (w,). Thickness decreases at a conslant
rate from (1,) al line of encasement to a spacified dimen-
sion (t,) at line of load application. Under load {P) the
stross is greatest at line of encasement when the L/,
ratio is 0.50 of more. When the t,/t, ratio is lass——betweer
0.49 and 0.24—, a higher degree of efficiency is obtained,
with the line of peak stress some distance away from the
line of encasement. The highest efficiency (approaching
but not equaling that of the triangular F.3 and of the para-
bolic P-1 cantitevers) occurs when 1,74, equals 0.357, with

!

’

L { the peak stress (8.9% greater than at encasement) ¥ {
I located at a distance from the line of encasement equal | L _!
to 44.5% of the cantilever length. T
T-2 MODIFIED TAPERED CANTILEVER 4
Ve
/]
Same as Type T-1 except for an end portion of tength {c) 2
with constant cross section {t. X w,) for material strength 4~
required for eye or ioad bearing area. g
C —— This design is slightly less efficient than Type T-1, b C —~|
| | L1
t, ~ . a .t ﬁ

T-3 TAPERED-~TRAPEZOIDAL CANTILEVER

Thickness decreases at a constant rale from (1} at line of
encasement to a specified dimension (t,) at line of load
application. Width increases at a substantially constant
rate from (w,) al line of encasement to {w,} at line of load
application.

This design approximates Type T-1 for efficiency.

T-4 MODIFIED TAPERED—TRAPEZQIDAL
CANTILEVER .

Same as Type T-3 except for an end portion of length (c)
with constant cross section (i, x w,) for material strength
required for eye or load bearing area. !

This design is slightly less efficient than Type T-3.

A We
tc
)
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TABLE 10.2-VOLUME, RATES, EFFICIENCY OF VARIOUS TYPES OF SINGLE LEAF SPRINGS

Flat Types

F-2

F-3

F4

Length {mm):
Cantilever Length is [y
Length of constant

cross section stendis ¢ c/fi=H=

Width {mm):
At Encasement it is " wo
At Load Apptlcation it
it we
excapt for Types
F4, P4, T4
whars it is we

wefwg = Be =

welwo = Be =

<1

0

Thickness (mm):
At Encasement.it is 17

At Load Application it

it ts
except for Types
P2, P4, T-2, T4
whers it is e

13.\"to =Jg=

tefto = Jc =

{1}

Volume [mm?}:
’ Volume Factor =

V=wgotpl- Volume
Factor

1201 + Be"

1/2

172:41 + B

243

Verticl Rate (N/mm):
Vartical Rate
Factor (Cy) =

E wo to*

k=

- Cy
49

with i = length of constant cross section
adjacent to encassment:

Ewg to?

k -
4[9% — (2~} + 2=}V /Cy)

(1-Bq)*
2/3-

{1—B¢){1~3Bg)—2B¢* InBe
{see Fig. 10.3}

2/3

2

3-H?
{see Fig. 10.4)

112

Latersl Rate (N/mm):
Letaral Rate
Factor {CL) =

{1-Bg)?
243 -

(Bg—31{1—By) — 21nBy
{see Fig. 10.3)

Undefined

1

1-3 J.I'IH.
{se8 Fig. 10.4)

5/t

{TABLE CONTINUED ON FOLLOWING PAGES}
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Parsbolic Types Tapered Types
- P2 P-3 P-4 T-1 T2
L- J—
N
Be
b g = Jo} —————— 0 { I B
Je 0 Je"Be = de 1+ J¢2(Bg—1} Je=de el
i {1 >1 {1 1 {1}
1 H + Be(1—H) 1
{0 0 © <1 <1
| f H . .
¥H VR B =y Be1-H) . Jo + Hil=Jde}
L}
11242+ N 1) | Blwen—'YBe—1 |  see Fig. 10.9 w2 ”'c: . 1/2{1 + Jg + H (1-de!)
(me Fig. 101} | — = {see Fig. 10.2 with H = 0) (see Fig. 10.2 with
" 4'V(Be-1} H=0.1,0.2,0.3,04,0.5)
z _ 2B
. 4{Be—1)
{see Fig, 10.1)
-
1 201—Jo}?
i —rr— see Fig. 10.5 see Fig. 10.5 see Fig, 10.7 with
P 2 A7 3(1—Jg}{Jo=3) ~ B1nJde H=0.1,0.2,0.3,0.4,05
5 {see Fig. 10.5) {see Fig. 10.7 with H =0} ’
i
B
r.
|
T
1 21-Ju)* sse Fig. 10.8 with
see Fig, 10.6 see Fig. 10.6 H=0.1,0.2,0.3,04,05

G—V Hf
(sse Fig. 10.8)

3(3e—1]{Jg—1) — BJp? InJy
{see Fig. 10.8 with H=0)
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TABLE 10.2—VOLUME, RATES, EFFICIENCY OF VARIOUS TYPES OF SINGLE i:EAF SPRINGS (CONTINUED!)

e,

type is under consideration (see Section 3 in this chapter).
The subscript *0” refers to the values at the line of encase-
ment for the cantilever spring or at the start of the active
length for each half of the semi-elliptic spring (located
within the axle seat area as discussed in Chapter 5, Section
2). _.
In the conventional semi-elliptic spring, the thickness t,
can be established by combining the rate formulae either
for the fixed end or for the shackled (or free) end. The rate
formulae at the fixed end are combined to

_k_ Ewd

k
* al 4g}

. Cy

Flat Types
F-1 F2 F-3 F4 P1
Peak Strees (MPa) Speak = So So So 8o So
Under Verticel Uniform Over | From Encasement | Uniform Over
Load P {N]: Entire Length to Distance Entire Length
55 = Stress at [for location of Speak {2 —c}
Encasement see Chapter 10,
6eP Section 4]
Wg taa
Elestic Energy {mJ = N-mm}: Energy Factor = 1 ) 1 1 1
) Sheak Energy Factor ’
U= Wo to Q.
18E Cy
Volume Efficiency (mJ/mm?}): -
Sheak Sheak i SPeak Spesk 3I-—H* Shesk
UV = - -—_ .
18€ BE{1+Bet Cy 6 E 18E 1+ H? G6E
ues for length, width, and rate are specified, the thickness then
remains to be established. 1
. . . Ew_t,L
The vertical rate for the cantilever spring is k = _._...._......4 ™ - Cy
a
3
k = Mﬂ - Cy and
48
s . . 3 4azb’ 1
where C, is the vertical rate factor for whatever single leaf ty =k + e
Ew,i Cy

In the same manner, the lateraf rate for the semi-elliptic
spring can be determined from

then

k. b?
ki, = -L7 =
L al
k, = EloWol
4a’p?

where: Cp = lateral rate factor.
In the unconventional spring, the value of “Z” will be
established by means of the formula shown in Table 4.1
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Parsbolic Types Tapered Typas
P2 P-3 P-4 T-1 T2
So So So For Jg»0.5: S For Je»0.5: So.
From Encasement{ Uniform Over From Encasement
to Distance Entire Length to Distance So So
{2~ ¢} [{ Y For Jg<0.5: FOr Ju<0.5: m————
4Jplt~Jo} Alg{1—Jp}
t 1 1 For Jea0.5: 1 For Je»0.5:1
For Jg<0.5:16Ja% {1~ Je)? For J5<0.5: 16Jg? (1—Jg)?
Shesk 2-— N1 Sheak Sheak For Jg»0.5: For Jg»0.5:
6t 2+ YW | 18e 186 Sheak 1 Sheak '
1 1 1 1 . — ‘o
_ e SE(1+Js) Cy CE{T+IptH? (1-Jg}] Cy
Volume Factor Gy, | Volume Factor C,
For Jg<0.5: For Jg<0.5:
Sheak 164’ (1—Jq)? Steak 164g% (1—Jg)?
PE(i+dy) Oy BE[1+Jg+H? (1—Jy)] Cy

for specific values of “a”, “b”, and “®”. Then at the fixed
end of the semi-elliptic spring, the rate formulae are com-
bined to

Z+Y) _ Ewdt,

k, = k
* Y +1¢ 4a’

. CVa

then

R A G I

), =

(Y + 1)) Ew, Cy,
At the shackled or free end the formulae are combined
to
kK (Z+Y) _ Ewpti
ky = = - = - Cwp
Z (Y +1¢ 4b°
then
y _k @Z4+Y) 1
top = = - ’

Z (Y+1¥ Ew, Cyp
1.107

Note that in the unconventional single leaf design the
rate factor may have a different value for the fixed and for
the shackled end. It must be realized that in the unconven-
tional design the stress level may not be the same for both
cantilevers, and that some sacrifice in design efficiency for
vertical loads must then be accepted (see Chapter 4, Sec-

ti0n<'3)‘
From the basic rate formula in Chapter 5, Section 3
_ kgkyL?
k,a’ + kbbz

it follows that after establishing the rate factors Cy, and
Cys for the two ends, a control check on the calculated
rate can be made with the formula

po Eowe th 1y L2

- b6, a-t
4 azbz 04 + ob
[CVb CVa
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'Fig. 10.1—Volume factor for parabolic (“P”) types

3. Rate Factors

Both the vertical and the lateral rate formulae contain
“rate factors.” The values for the vertical rate factor are
to be selected from the graphs in Figs. 10.3 and 10.4 when
dealing with one of the F iypes; from the carpet plot in
Fig. 10.5 when dealing with one of the P types; and from
the carpet plots in Fig. 10.7 when dealing with one of the
T types, depending upon the thickness ratio J. which is
specified or chosen.

Corresponding values for the lateral rate factor are
available from the graphs in Figs. 10.3 and 10.4 for F
types; from the carpet plot in Fig. 10.6 for P types; and
from the carpet plots in Fig. 10.8 for T types.

The “carpet plots™ are characterized by the absence of
a numerical abscissa scale. They show the interaction of
three variables by plotting a family of curves on a horizon-
tally staggered scale. In Fig. 10.5 the value of the vertical
rate factor for the P types is related to both the length ratio
“H" (which equals zero for types P-1 and P-3) and the
width ratio “B,” {(which equals 1.0 for types P-1 and P-2).
The value of the factor can be read on the ordimate scale
opposite the intersection of the applicable constant value
curves for “H” and “B..”

Interpolation is accomplished by drawing new constant
value curves at the appropriate horizontal distances be-
tween the existing curves and establishing their intersec-
tion points. It should be noted that all curves of values
which are multiples of 0.10 intersect on common vertical
lines.

When dealing with one of the T type designs, the choice
of the thickness ratio J, and therefore the value of the rate
factor may have to be determined by stress and manufac-
turing considerations. These considerations, together with
the wide range of the rate factor values, often make it

necessary to carry out a series of calculations. In these
cases the availability of a computer for such iterations will
prove a major convenience for the designer.

4. Stress Caiculations

It will be seen from the descriptions in Table 10.1 and
from the stress formulae in Table 10.2 that for a given
vertical load the stress at the line of encasement (S,) is also
the peak stress for any of the F type and P type cantilevers.

For the T type cantilevers S, is the peak stress only as
long as the thickness ratio J, equals or exceeds 0.5. Thus
the designer has an opportunity to place the peak stress at
some distance from the encasement or spring seat by
choosing a value for J, of less than 0.5. This is desirable
for highly stressed springs because any fretting corrosion
which may occur due to the clamp effect will be less
harmful to fatigue life if it does not occur in the area of
peak stress. Table 10.2 shows how to calculate the peak
stress and its location for the T-1 and T-2 types.

The formula for the peak stress in the T type cantilevers
with J, values of(less than 0.5 (which is also shown in
Table 10.2) is

=S
Seesk = 0 — )

This peak stress is located at a distance from the line of
encasement which may be expressed in two different ways:
either in terms of the thickness ratio J, (= t./t,); or, for

type T-2, in terms of the thickness ratio J. (= t./t,) and
of the length ratio H (= c/2). The distance is

g1 —23) 81 — 2. + H)
or
17, 1 -1,
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Fig. 10.2—Volume tactor for tapered (“T") types
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Fig. 10.3—Rate factors for type F-2
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e et

When there is a length “i" of constant cross section
adjacent to the line of encasement, the distance is
(-1 —2J5) ori + E—-—D{1-=2]. + H

1 -1 1 -,

The thickness of the leaf at the line of this peak stress

is

i+

2.1, or 2t, or 20. - W) -,
1—H

5, Practical Details

The calculations for single leaf springs are generally
based on the active length of the spring. This requires that
the load rate in the formulae of Table 10.2 must be the rate
of the spring as clamped in the vehicle position.

If the active length is not specified, it may be established
by reducing the total length between centerlines of sup-
ports.by the distance between the inner edges of the U or.
clamping bolts. This applies even when the spring is
clamped in the seat area with rubber liners which actually
extend the active spring length beyond the inner edges of
the U or clamping bolts.

For the conventional semi-elliptic spring design, the
relationship between the unclamped rate (k) and the
clamped rate (k) is expressed by the formula

La’?
Lalbl
where L, a;, and b, are the active lengths.

k, = k-

When clamping is required for checking the rate in a
test machine, as in cantiléver springs, but also in some
semi-elliptic springs, obviously the drawing must specify
the clamped rate and the clamp details.

In designs where the load cannot be supported by one
single leaf within the width, length, and stress limitations,
several single leaves may be stacked to make the spring -
(Fig. 10.9B). In such a spring of stacked single leaves
having identical configuration, each leaf will support its
proportional share of the load and rate. Thus, where there
are two single leaves stacked, each leaf will support one-
half of the load and rate; where there are three single
leaves stacked, each leaf will support one-third of the load

. and rate, etc.

In order 10 alleviate fretting corrosion, it is recom-
mended that liners of plastic material or rubber isolate the
single leaf from the steel pressure or. U-bolt plate and from
the axle seat. '

The tension surface of the single leaf spring at the seat
clamp is particularly critical in requiring this isolation.
The need for the liner between the compression surface of
the spring and the attaching part will depend on the spring
application and will. frequently be dictated by the de-
signer's experience. Where single leaves are stacked to
make a spring assembly, a liner should separate the leaves
in the axle seat area {See Fig. 10.9B).

Rubber iiners are generally used with passenger car
single leaf springs. Liners of high compressive strength are
required for trucks because they are subject to greater
loads. Since the proper liner material is critical in the

—

URFACE LINER
} SEA'I'| TENSION $
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-ét} I
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TENSION SURFACE LINER

£
%ﬁ /INTERLEAF LINERS

Ll

rd

COMPRESSION SURFACE LINER AS REQUIRED

CENTER BOLT

B. STACKED SINGLE LEAF SPRING

Fig. 10.9
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fatigue life of single leaf springs, its selection must be
based on test results with springs.

6. Camber of Single Leaf Springs

Leaf springs are generally designed to operate on the
vehicle in a more or less flat (zero camber) position at
design load.

Multi-leaf springs ot single leaf springs of types F-2 and
F-4 have more or less circular bending under change in
load. (See Chapter 4, Section 1). Circular bending occurs
when the camber of a spring changes due to increase or
decrease in load from an arc of a circle to another arc of
a circle.

Theoretically, single leaf springs of types P and T will
have a more or less parabolic contour in the free camber.
The actual contour including allowances for shot peening,
presetting, and “spring back” from the camber forms i
usually established by fitting a sample so that the desired
shape and height is obtained under load. While exact cal-
culations for the shape of the camber forms can be worked
out from the elastic equation for deflection, they are too
difficult for most practical purposes.

Under defiection, the eye center of a single leaf spring
of type F-1 will move in a path which closely approxi-
mates an arc of a circle of 0.83¢ radius, while the eye
center of types P-1 and P-3 will move in a path of 0.67%

radius. _ ’

The eyes of other types of springs will move in a path
with a radius which is between these extremes of 0.83% and
0.674.

As shown in Chapter 4, Section 2, and in Fig. 4.1, the
center of the eye of types F-2 and F-4 (which have circular
bending) will move in a path which closely approximates
an arc of a circle of 0.75% radius.

For P-2, P-4, T-1, and T-2 type springs, an 0.70£ radius
is generally used for the layout path of the eye.

7. Sample Calculations

First Example—Design a semi-elliptic passenger car
spring to meet the following specifications:

Rate, as tested without center

clamp k = 1900 N/mm
Design load P = 3300 N
Clearance (metal-to-metal) x, = 115 mm
Length, center to center of eyes L = 1500 mm
Length of front cantilever a = 625 mm
Length of rear cantilever b = 875 mm
Minimum leaf thickness at eyes t = 670 mm
Width (constant) w = 630 mm
Stress at M to M not to exceed S, = 1175 MPa
Conventional design where Z =Y

Single leaf spring calculations arc based on the active
length of the spring. Therefore, the rate to be used in the
calculations must be the clamped rate.

Since the example is a passenger car spring and
mounted to the axle seat with rubber insulators, the active
length will extend well within the seat area. For this exam-
ple, the inactive length is assumed to be 50% of the seat
length or 50 mm.

Therefore: front end active length a.

rear end active length b,
total active length L,

600 mm
850 mm
1450 mm

Step One—Calculate clamped rate:
L. a'b
La’b!
1450 - 625° - B75°
= 19.00 -
1500 - 6007 - 8507

= 21.12 N/mm

k. = k

Step Two—First trial: Design as Type T-1 single leaf
spring (where H = 0 and width ratio B, = 1.0) with
thickness ratio J, = 0.40. '

Vertical rate facior (from Fig. 10.7). Cv = 0.528

4a’b? 1
1.2 = —_— k=
o =k Ew,L, Cy
ypqy. 4600 8507 1
200 - 10% - 63 - 1450  0.528
1202.7

= = 2278
0528 .

t, = 13.16 mm

Load at M to M:
Prax = 3300 + 1152112 = 5729 N

Stress at M to M

6 - Prax -2 - be

Cwetr - L .
_ 65729 - 600 - 850

T 63 - 13.167 - 1450

191907

T = Tie = 1108 MPa

8 =

Peak stress is greater than the stress at t, and is located
in the front and rear ends at some distance from t,,
Peak Stress:

S =0
P 43,011
1108
e 1154 M
4 - 0.4(1 —04) Pa

Design is within stress limitations.
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Eye Thickness:
te = ¢

t, = 13.13 mm

191907

S, =
13.13

Peak Stress:

_ 1113
4041 -04)
Location of peak stress:

At front end: X; =

=04 1316 = 526 mm

A Eye thickness. does not meet the design requirements.
Step Three—_-'Second trial: Design as type T-2 single leaf

spring with t; = 6,70 mm. Compared to the first trial, this
means added material in the vicinity of the eyes which will
tend to increase the spring rate; By way of compensation
t, will have to be slightly less than the 13.16 mm thickness
which was computed in the first trial. Try t, = 13.00 mm
and keep J, = 0.40 as in the first trial. Then

3=t 2870 _ g5

.- 13
and
H = J. -1,
1-7J,
_ 0.515—0.400 = 0.192
1 —0.400
The vertical rate factor for type T-2 with H = 0.192 (see
Fig. 10.7} is close enough to the factor shown for H = 0.20
where Cy = 0.532 to use this value
J = 12027 _ 2761
0.532
p—

Since t, = 13.16 mm in the first trial where H = 0, and
t, = 13.13 mm with H = 0.192,
will be only minor differences between spring rates as long
as H does not exceed 0.20. Stress at M to M:

it is obvious that there

= 1113 MPa

= 1159 MPa

Distance “X” from beginning of active length:
_a - (1=23)

Measured from centerline of spring seat:

200 + 25 = 225 mm

b (1 — 2J) _ 850 - (1 — 0.8)
1=, 1— 04

Atrearend: X, =

Measured from centerline of spring seat:
283 + 25 = 308 mm -

The second trial provides leaf thickness contour within
all design limitations.

Step Four—Lateral rate may be calculated from

K, = Et,wol,
4alb?

Cp = 0.833 from Fig. 10.8.

L

200 - 10° - 63’ - 1450 - 13.13 - 0.833
4 - 6007 - 850°

69.70 - 13.13 - 0.833

i

= 762 N/mm
Step Five—Calculate mass of spring:
Volume for active length = wt,£ - Volume factor
The volume factor for type T-2 spring with J, = 0.4,
B, = 10, and H = 0.192, is between those shown in
Fig. 102 for H = 0.10, (VF = 0.703), and H = 0.20
(VF = 0.712). By interpolation we obtain VF = 0.711.

Front end active volume:

63+ 13.13 - 600 - 0.711 = 352880
Rear end active volume:

63 - 13.13 - 850 - 0.711 = 499910
Inactive volume at seat:

63 13.13-.(25 + 25) = 41360
Total volume exclusive of extensions
necessary for making eyes 894150

1-} -
_ 60 (I :o‘a) Mass = %93215& (mm?®) - 7.85 - 107¢ (kg/mm’)
1-04 o
= 200 mm Step Six—Calculate volume efficiency:
U_ % 1631 -3
\' 9E[1 + J. + H(1-1)) Cy
_ 1159 .16 - 0.4 - 0.6’
N 9200 - 10° - 1.4221 - 0.532
; = 0.909 N-mm/mm’
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Step Seven—Calculate specific volume efficiency:

. . }
n=U 2B _ggp. 22010
v S, 159°
= 0271

Second Example—Design a semi-elliptic passenger car
spring with the same paramefers as those for the first
example, but now design it as a type P-2 spring.

Step One—Same as in first example: k. = 2112 N/mm
Step Two—For first trial assume length ratio H = 0.25

e

Cy (from Fig. 10.5) = 0.534

2R
e, = k 4albl 1 _ 1202.7 5952
- Bwgk, Gy 0.534
1, = 13.11 mm
Stress at Mto M, §, = 11931??3 = 1117 MPa

This is the peak stress which extends for the length of
spring with parabolic contour thickness. The stress is
within design Hmitations.

Eye thickness = to = VH - 1, = v0.25 - 13.11

= 6.56 mm

Step Three—Since this does not meet the minimum eye
section requirement, a second trial becomes necessary
with a new length ratio greater than 0.25. (Conversely, if
t, had been sufficiently greater than 6.70 mm to warrant
further design work, a second trial would have been cal-
culated with H less than 0.25.)

Using H = 0.27 with Cy = 0.538
. = 2236 t, = 13.08 mm
S, = 191907/13.08' = 1122 MPa
v0.27 - 13.08 = 6.80 mm
This meets all requirements.

Step Four—Lateral rate: See rate formula in step four

of first example:

S, =
te =

C,. {from Fig. 10.6) = 0.840
k. = 69.70 - 13.08 - 0.840
= 766 N/mm

Step Five—Mass of spring: Volume factor for type P-2
with H = 0.27 (from Fig. 10.1):

VF = 0.712

Front end active volume:

63 . 13.08 - 600 . 0.712 = 352030
Rear end active volume: -

63 - 13.08 - 850 - 0.712 o= 498710
Inactive volume at seat: T

63 - 13.08 - (25 + 2%) = 41200
Total volume exclusive of extensions
necessary for making eyes . 891940

Mass = 891940 (mm’) - 7.85 - 10 ¢ (kg/mm’)
= 7.00 kg

Step Six—Volume efficiency:
2 ar
U S 2 - vH

Vv _6E 2+ VH
1122} 2= Vv0.2T
6-200- 100 2+ v02T

0.912 N-mm/mm’

It

Step Seven—Specific volume efficiency:

g = o 2E
v S
. . 3
_ o)y . 21200 10°
1122
= 0.290

Third Example—Design a semi-elliptic passenger car
spring with the same parameters as those for the first
example, but now design it as a type P-4 spring with w,
= 56,0 mm and w, = 70.0 mm, and with a minimum eye
section thickness of 6.50 mm.

Step One—Same as in first example: ke = 21.12 N/mm

Step Two—With width ratio B, = 70.0/36.0 = 1.25
and assuming a length ratio H = 0.27 (as in second exam-
ple): Cy (from Fig. 10.3) = 0.516

) . I, 2
l03 =212 ___4 600? - 850 . 1
200 - 10° - 56 - 1450  0.516
_ 1353.0 - 2625 g
0.516

t, = 13.79 mm

Stress at M to M:
"6 . 5729 - 600 - 850

g, = 2
= 736 13,797 1450
_ 215896 _ 1115 MPa »
13.99°
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This is the peak stress, and it is within design limitations.

Eye thickness = 1. = 1, Li§
B,
where
B.=H+B.(1-H)
= 027 + 1.25(1—-0.27)
= 027 + 091 = 1.18
then
o= 1379 . [ 927 _ ¢ 60 mm
1.18

This meets the minimum eye section requirement.
The width at the eyes is

wc=wo’Bcl

56 118 = 66.1 mm

The front and rear lengths at this uniform width are

Cf=H'3C
= 0.27 - 600 == 152 mm
cc=H: b

Hoy

C
0.27 - 850 = 230 mm

Step Three—Since both stress and eye section are
within design limitations, no second trial is required.

Step Four—Lateral rate:
CL = 0.984 from Fig. 10.6

_200-10° - 56° - 1450
4 - 600" - 850

= 4895 13.79 - 0.984

- 13.79 - 0.984

= 664 N/mm
Step Five—Mass of spring:
VF = (.748 from Fig. 10.1

Front end active volume:

56 - 13.79 - 600 - 0.748 = 346580
Rear end active volume:

56 - 13.79 . 850 - 0.748 = 490990
Inactive volume at seat:

56 - 13.79 - (25 + 29) = 38610
Total volume exclusive of extensions
necessary for making eyes 876180

Mass = 876180 (mm’) - 7.85 - 10-* (kg/mm’)

6.88 kg

il

il

Step Six—Volume efficiency:

v._.s 11

\' 18E Cy VF

18 - 200 - 107 - 0.516 - 0.748
= 0927 N - mm/mm*®

Step Seven—Specific volume efficiency:

- U 2
\'% S"p
1
= ogp.M = (.288

1135°

Fourth Example—Design a semi-elliptic passenger car
spring with the same parameters as those for the first
example, but with an additional requirement for an axle
control {®-see Table 4.1) of 0.030 deg/mm of vertical
travel. This requtires an unconventional design of type T-2.

Step One—In the unconventional design Z does not
equal Y°, therefore it will be necessary to calculate t,, for
both the front and the rear cantilevers, and this requires
calculating the clamped rates for both the front and the
rear cantilevers. The formulae for the fotlowing develop-
ments are taken from Chapters 4 and 5.

b (573 + . b)
a. (373 — & -a)
_ 850(57.3 + 25.5) _ 5085
600(57.3 — 18.0)
be _ 80 _ 1.417
a, 600
(Z + YY)
k, =k .=+ "/
: LY + 1)
2985 + 1417
14172

= 18.05 N/mm

Z =

= 21.12 .

18,05

—— = 6.05 N/'mm
2.985

kb=?a

As a control check on these values compute

ke =

= 21,12 N/mm
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Step Two—For first trial, assume length ratio H =
0.15. With thickness ratio J, = (.40 (same as in first
example) Cy (from Fig. 10.7) = 0.530 by interpolation
between H = (.10 and H = 0.20.

For front cantilever:

t ) ..- . 4353 .._1....,
o * Ew, Cy
' 4 . 600° 1
= 18.05 . .
©200- 10063 0.530
= 2335
tea = 13.27 mm
850
M = 5720 —
P,at M to 1450
= 3358 N
SwatMioM = 2% Fs
wﬂ th
_ 6 - 600 - 3358
63 - 1327
= 1090 MPa
1090
$, = ———emmmm— = 1135 MPa
w 4.0 -1
tag = Jc toy

¢
{Je + H(l - Je)] * ton

[0.4 4 0.15(1--0.4)])-13.27
0.490 - 13.27 = 6.50 mm

A

Step Three—Since t,, = 6.50 mm is not acceptable, a
second trial becomes necessary with a length ratio greater
than 0.15. '

Using H = 0.18 and Cy = 0.531:

s’ = 2331
ta = 13.26
Spe = 1091/0.96 = 1136 MPa,

ta = [0.4 + 0.108] - 13.26 = 6.74 mm

Therefore front end cantilever is within design limita-
tions.

For rear cantilever:

4bv; 1
tp’ = k — o —
i *Ew, Cy
N 3
_ o5, 4: 850 1
2001063  0.531
= 2221

tp = 13.05 mm

600
MtoM = 5729 - 20
Py at M to 1450

2371 N

]

6 bC Pb

W, top’

- 680 237
T 63 - 13.05

1127 MPa

1127
S. = —<' = 1174 MPa
P 096

SobalMtoM =

ty = jc “ top
== 0.508 - 13.05 = 6.63 mm

Rear end cantilever is within stress limitations, but ey
section thickness is below the specified 6.70 mm min’
mum.

If 6.63 mm is not acceptable for the rear eye sectio
thickness, a third trial becomes necessary for the rea
cantilever with -H larger than 0.18 (use 0.20).

For this example, 6.63 mm will be acceptabie becaus
the rear eye is shackled and does not take the braking an
driving forces. Also, the rear cantilever is longer than th
front cantilever, therefore the static and dynamic loads a
less than on the front eye.

Since the leaf thickness required for the front cantilevs
(t,s = 13.26) is greater than the leaf thickness required fi
the rear cantilever (t,, = 13.05), a transition for a distanc
(T) must be created between the two. For clamping pw
poses, the front thickness (13.26) is extended for the fu
inactive length (which is 50 mm in this example).

At the start of the active length for the rear cantileve:
the thickness transition must be made in as short a di
tance as possible in order to prevent an undue increase i
the rate of the rear cantilever. On the other hand, th
distance (T) must not be so short as to create too abrug
a transition. Depending on the capability of the taperin
equipment, it may be postulated that the tapering ra
(reduction in thickness per mm of length) within the di
tance (T), to be called TRy, should not be greater th:
twice the tapering rate of the rear cantilever which
TR, =t - (1 = J) /b 7

In this example
130506

850
Therefore maximum TRy = 2 - 0.00921
The leaf thickness at the junction of the transition tap

with the rear cantilever (to be called t;) can be express:
in two ways, namely t; = t,, — T-TRy = ¢, — T-T}

TR, = 0.00921

toa — tob
Then T = % — b
o TRy —- TR,
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If TR is selected as the maximum, namely 2 - 0.00921,
then

_ 1326 — 13.05
2-0.00921 ~ 0.00921

By using T = 25.0 mm,

= 22.8 mm

4 = 13.05 — 25 . 000921 = 12.82 mm

Step Four--Lateral rate: Since t, is different for the
~ front (13.26) and rear (13.05) cantilevers, it is suggested
to use the average thickness (13.16 mm) for calculating the
lateral rate.

The value of C; will be found in the first carpet plot of
Fig. 10.8 since the factor remains practically unchanged
between H = 0 and H = 0.20. With B, = 1.00 and
Je = 0.40 the lateral rate factor C, = 0.832

"k = 69.70 - 13.16 - 0.832

= 763 N/mm
Step Five—Mass of spring: VF = 0.711 from Fig. 10.2
by interpolation between carpet plots for H = 0.10 and
H =020

Front end active volume:

63 - 13.26 -°600 - 0.711 = 356370
Rear end active volume:
63 - 13.05 . 850 - 0.7} =

496870
Transition 13.26 to 13.05: ‘

63 . (0.21/2) - 25 = 170
Inactive volume at seat:

63 - 13.26 - (25 + 25) = 41770
Total volume exclusive of extensions )
necessary for making eyes 895180

Mass = 895180 (mm’) - 7.85 - 10 ¢ {kg/mm’)
= 7.03 kg

Step Six—Volume efficiency: In the unconventional de-
sign, the front and rear cantilevers have different volume
efficiencies because of their different peak stresses.

U S )
V U 9El 4. +H( = I
16 J2(1 — 1)
Cy

For front cantilever:

_ 11352 - 16 - 0.4 - 0.67
9200 - 10[1 + 0.4 + 0.0324 - 0.6]0.531
1135 - 0.9216

1.8 - 10° - 1.41944 - 0.531

For rear cantilever:
U 11747 . 0.9216
v 1.8 - 10¢- 1.41944 - 0.53]

Step Seven—Specific volume efficiency:
For front cantilever:

Y
v

= (,936

2200100

= 0.875 . = 0,271
’ _113¢?
For rear cantilever:
) .1
= 0.936 . ?'__%90_1_9_ = 0272
1174
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SUMMARY OF THE FOUR EXAMPLES

Example First Second Thied Fourth

Single leaf type T-2 p.2 P-4 T-2
Control (deg/mm) 0.028 0.028 0.028 0.030
Thickness

t, (at seat) 13.13 131 13.7¢ 13.26/13.05

t, (at eye) 6.70 6.80 .60 6.74/ 663
Width

w, (al seat) 630 63.0 56.0 63.0

w, (at eye) 63.0 6.0 66. 1 63.0
Lengihs of constant sections

feont 115 162 162 108

rear . 163 236 2)0 153
Stress 5, at M to M (MPa) 1159 1122 1135 113671174
Disiance of S, from seat center

front 225 25 25 225

rear 308 25 25 308
Lateral rate (N/mm) 762 766 664 763
Mass (kg) 7.02 7.00 6.88 1.03
Volume efficiency (J/mm’) 0.90% 0.912 0927 : 0.875/0.916

021 0.290 0.288 027170272

Specific volume efficiency .
Points which may be considered to favor a choice between the four examples:

First and fourth examples have peak stresses at considerable distances from the axle seat.

Secand example has the lowest peak stress and the highest specific volume efficiency.

Third example has the lowest mass, lowest iateral rate, narrowest width at axle seat.

Fourth example furnishes specified (higher) axle control. ’ X
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Appendix A
Conversion Table

To Convert from 51 Unit to U.S. Customary Unit, Divide by the Factor -
To Convert trom U.S. Customary Unit to $1 Unit, Multiply by the Factor

Quantity St Unit Factor (* = Exact) U.S. Customary Unit

Lengih meter m 0.304 8 foot ft

Length mitlimeter mm 5.4 inch in

Area Momeant of Inertia . mm* 416 231,425 6° inch o the fourth power ine

Mass . kilogram kg 0.453 592 4 pound-mass [1+3

Force {or Load) newton N 4.448 2 pound-torce I

Elastic Enargy. Work joule J (= N'm = kN-mm) 01129848 inch pound tyin

Banding Moment, Torque nawion millimater W-mm 1129684 8 pound inch orin

Spring Rate (k) newtlon par mm N/mm 04751268 pound per inch Ibyfin

Sivess, Modulus of Elasticity pascal Pa {N/mZ?) 6894 757 pound per 5quare inch Iby/in {= psi)

magapascal MPa 0.006 894 757

Modulug of Elasticity for Sleel (€) 200 x 10* MPa Eguals (Nearly) 29 x 108 psi

Density of Material kilogram per kg/ny 27 679.90¢ paund per cubic inch Ibmfin®
a.g. for stesl cubic meter 7850 kg/m? Equals {Nearly) 0.283 6 [byin?

Acceleration of Gravity 9.808 650 mvs? 0.3048* 3247405 firg?
“g" — adopted 1901 by 9.806 B50'm/s? 0.0254" 386.089 infg?
lnternationat Committee
on Welghts and Measures

Natural Frequency “f* cycles per sacond Hz Equals {Nearly) f= VO.780/F(in)
t= VL 1 = 02484/, (m) '

@ R, f = \248 4/F(mm) :
where Fy e
= glatic deflection
= load/spring rate
M. 448 222 = 0,453 592 37 - 9.806 650
44482216
b6894.757 =
0.000 645 16
27 679.90 = 0453 59237
0.000 016 387 064

Table 5.3 shows the mass of each of the leaf spring bars

Appendix B

Derivation of Formulae
for the Tabulated Values
in Tables 5.2 and 5.3

-

as listed in Table 3.1 (also listed in Table 1 in SAE Stan-
dard J1123). The mass values are expressed in terms of
k.g per m {or g per mm) length for bars of mean dimen-
sions, .

The calculation in this appendix shows the formula for
Cross section area of the bar. The mass values in Table 5.3
apply to steel bars having a mass of 7850 kg per m?.

Table 5.2 shows the moment of inertia of each of the leaf
spring bar cross sections listed in Table 3.1. The moments

of inertia are expressed in terms of mm? for bars of mean
dimensions.

The calculation shows the formula for the moment of
inertia.

The description in Chapter 3 of the cross section refers
to a flatness tolerance which permits the two flat surfaces
to be slightly concave. The calculations treat these sur-
faces as parabolic rather than circular. The difference
amounts to considerably less than the accuracy to which
the values in the Tables have been extended.
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c=0.25 x CONCAVITY TOLERANCE

l— c.g. OF PARABOLIC SEGMENT

T
f y =05t-04¢

| K

Y

Y

IJ
J— !
-t w+ 0.5 x WIDTH TOLERANCE
h=8 (1-cos o} =0.254 644 R = 0,190 983 ¢

Nomeanclature

w = NOMINAL WIDTH

t = NOMINAL THICIKNESS

R=075t

sina = 0.50 1/0.75 t = 0.666 667

a = 0.729 722 {radian)

cosfa=1— (%2 =%

00s a = V% = 0.745 356

! =w + 05 x WIDTH TOLERANCE —2h

Cross Section Area _—
AREA = [ + QD e
AREA = It + A2 (2a—sin 2qa) —2(% ¢l
AREA = Nt + 0.5625t2(1.459 444-0.993 807) —1.333 333c!
AFPA = Nt + 0.261 92112 -7 ~1.333 333¢! tmm?)
Mass per Unit Length (See Table 5.3)
MASS = (It +0.261 921 2 —1.333 333¢110.007 850 {kg/m)
Moment of Inertia {See Table 5.2}
e

o= 8+ ap - e

] = M3/12 = 0.083 333 It?

2RZ  AQp 2 sinda-cosa
ap = e — | -
4 2 3a — sina - Cosa}
2 - 0.296 296 - 0.745 356
. = 0.140 625 12 - 0,261 921 2 |1 —
3(0.729 722 — 0.666 667 - 0.745 356)
” = 0.013 540 ¢
| ——— [ 203 2l 2¢!
=2l— — —.0.36c? 4+ — (0.5t—0.4c)
- I_ 7 3 3 ( ¥

* = 1.333 333 ¢f [0.068 571 ¢Z + (0.5t — 0.4 ¢)?)

1 = 0.083 333 {t% 4+ 0.013 540 t4 — 1.333 333 ¢/ [0.068 571 ¢Z + (0.5t — 0.4 ¢)3) (mm%)
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LETTER SYMBOLS

Definition

side of square wire
width (long side) of rectangular wire
spring index (D/d)

surge velocity of transient wave in dynamic loading

mean coil diameter

diameter of arbor

inside diameter

outside diameter

wire (and bar) diameter

modulus of elasticity in tension

linear deflection

frequency {(cycles per second)

modulus of elasticity in shear

standard acceleration of gravity

density {mass per unit volume}
correction factor

spring length

moment

number of active coils

total number of coils

number of cycles

load or force

energy [linear rate}

pitch (axial distance center to center of coils)
linear spring rate

torsional spring rate

radius

stress

time in hours

time in seconds

thickness (short side)} of rectangular wire
angular deflection

volume of active material

velocity of spring under dynamic loading
' mass o ' ’

SI Unit

millimeter (mm)

millimeter (mm)

meter per second (m/s)

millimeter {(Inm)

millimeter {mm)

millimeter {mm)

millimeter (mm)

millimeter {mm)

megapascal (MPa) (= N/mm? = MN/m?%
millimeter (mm)

hertz (Hz)

megapascal (MPa) (= N/mm? = MN/m?)
9.809 965 m/s?

kilogram per cubic meter (kg/m?)
millimeter (mm)

newton millimeter {N-+ mm)

newton (N} (= kg * m/s?)

joule () (= N + m =kN + mmn)
millimeter {mm)

newton per millimeter (N/mm)

newton millimeter per degree (N » mm/deg)
millimeter (mm)

megapascal (MPa) (= N/mm? = MN/m?)
hour ¢h)

second (s)

millimeter (mm)

degree (deg)

cubic millimeter (mm?)

meter per second (m/s)

kilogram (kg)
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CONVERSION TABLE

To Convert from SI Unit to U.S. Customary Unit, Divide by the Factor
To Convert from U.S. Customary Unit to SI Unit, Multiply by the Factor

R, T

»57.295 780 = 180/7
< 6894757 3=

4.448 221 6
0.000 645 16

N’
Quantity SI Unit Factor (§ = Exact) U.8. Customary Unit
Length kilometer km 1.609 344§ mile
meter m 0.304 8§ foot ft
millimeter mm 254§ inch in
_ Area square millimeter mm? 645.16§ square inch in?
: Volume cubic millimeter mm?3 16 387.064§ cubic inch in?
cubic millimeter mm?® | 37854120 gallon gal (U.S)
liter L 3.785412 gallon gal (US)
' Area Moment millimeter to the - inch to the
of Inertia fourth power mm* 416 231.425 6§ fourth power int
; Mass kilogram kg 0.453 592 37 pound-mass Iby,
Force (or Load) newton N 4,448 221 6* pound-force by
Elastic Energy, joule J(N+m) 0.112984 8 pound inch Ibs + in
_ Work ' (= kN * mm) ' R T
; Bending Moment, newton millimeter N+ mm 112.984 8 pound inch Ibg ¢+ in
i Torque (= mN * m)
| Spring Rate newton per mm ‘N/mm 0.175126 8 pound per inch Iby/in
- {Linear) (= kN/m} ;
g Torsional newton millimeter ) pound inch per
Spring Rate per radian N » mm/rad 112.984 8 radian Ib¢ « in/rad
Plane Angle degree 57.295 7800 radian rad
Stress, pascal Pa {(N/m?% 6894.7573¢ pound per
Modulus of kilopascal kPa 6.894 757 3 ] square inch Ibe/in? (= psi)
13 Elasticity megapascal MPa 0.006 894 757 3
PN Density of kilogram per pound per cubic
s Material cubic meter kg/m? 27679.90 . inch 1bg,/in®
1 e.g. for Steel 7850 kg/m? ~0.283 iby/in?
l< q-! Acceleration “g” 9.806 650 m/s? 0.3048§ 32174 “ft/s?
1 due to Gravity 9.806 650 m/s? 0.0254§ 386.09 in/s?
h g (by Interna-
¥ tional Agreement)
Az Natural Frequency
i (Hz = cycles/s)
g5 L [g f =+/0.248/F(m) f=/9T8/F.(in)
k- 27 VF, f=/248/F{{mm) f=+/9.78/F,(n)
: 1 3"_' where F,
L = static deflection
: = load/spring rate
3 *4.448 221 6 =10.453 592 37 - 9.306 650



Chapter 1

Fundamental Considerations

1. Energy
Definitions

A mechanical spring is defined as an ¢lastic body which
has the primary function to deflect or distort under load,
and to return to its original shape when the load is
removed.

The external work imparted to the spring by the prod-
uct of the two factors “‘load’” and ““deflection’’ is stored
by the spring as potential energy and is subsequently reco-
vered (except for frictional losses) as kinetic energy. The
complete cycle may require only a fraction of a second
or up to several years; two typical examples are whether
the spring actuates an engine valve or a circuit breaker.

For most spring applications, the deflection F can be
considered as proportional to the load P, provided the
elastic limit of ihe material is not exceeded. Not all
springs, however, have linear load deflection diagrams.
Notably in this class are disk or Belleville and volute
springs. Where accurate load deflection characteristics are
a factor, changes in coil diameter and non-axial force
components must be considered. If the spring is consid-
ered as having a constant load-deflection rate R, with load
P expressed in terms of N (newton) and deflection F
expressed in terms of m (meter), then the energy stored
by the spring at deflection F or load P can be expressed
in terms of J (joule = N . m) as follows:

Energy=g—-=—=— 8]

However, in this Manual, F is expressed as mm and
R as N/mm; this requires that the denominator in the
energy formula be multiplied by 10° so as to convert mm
into m, thereby allowing the energy still to be expressed
as J, The stored energy will then be expressed as follows:

__PF P RF
2X10° 2R X108 2X10°

@

The need for this conversion arises wherever lengths
are expressed in mm, as in d, D, F, L, and also where

compound terms involving a length dimension are used,
such as R (N/mm) and E, G, 8§ (MPa = N/mm?). -

There are four mathematical symbols in this Manuai
where the length factor has not been converted to mm.,
They are the symbols for density - v (kg/m?), standard
acceleration of gravity - g (9.81 m/s?), and velocity under

". dynamic loading - ¢ and v (i/s). Therefore, the reader
must be alert to apply the correct conversion factor where
a formula contains both converted and unconverted fac-
tors, as in Sections 2 and 3 of this Chapter.

The preceding formulae are based on the fact that the
deflection starts from the free length or free position
depending upon the type of spring. Generally the spring
is given some initial deflection F, upon assembly into its
application whicii develops the load P.. From this point,
the increase of the load to its maximum value P, will cause
the spring to be deflected through a distance or *‘stroke™
{F: - F\) to the maximum deflection F,. The subsequent
decrease in load to P, will return the spring te its assem-
bled length. In such instances, the energy to be absorbed
by the spring during the cycle is:

P AP o (B2 P
Energy = 7 % 10=(F’ F) = SR % 10° 83
_ R(F* — F%)
2 X 10° @

Energy Capacily of Different Spring Types

The general problem for the designer is to know the
overall energy capacity required of the spring and to relate
this to the maximum stress in the spring. It has been estab-
lished in fundamental studies that the energy capacity of
a spring for a given maximum stress increases in direct
proportion to the volume of the active spring material.
For each type of spring, the energy capacity per unit vol-
ume of active material represents the basic index for the
efficient utilization of the spring material.

This Manual dezls with helical compression and exten-
sion springs, in which the spring wire is principally sub-
jected to torsional stress, and with torsion and flat spiral
springs, in which the spring wire is principally subjected
to bending stress. The two formulae expressing the
specific energy capacity for these spring types are as
follows:
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For springs subject to torsional stress:

Energy _ Ug

Volume G
For springs subject to bending stress:

Energy U§E
Volume E

where:

for material under uniform stress, there-

fore most efficient utilization of mate-

rial possible; approached by a thin-.

walled tube used as a torsion bar

spring (under torsional loading) and by

a ring spring {under compression)

1/4 . for round wire torsion bar springs and -
coil springs

1/6.5 for square wire coil springs

= 1/6 for rectangular cross sections in uni-
form circular bending

1/8  for round cross sections in uniform

circular bending

U=1/2

¢ cc o
] 1]

The fermulae indicate that the specific energy capac-
ity increases with the square of the maximum stress which
the material can withstand without permanent set.

Specific energy capacity is also inversely proportional
to the modulus of elasticity of the material. 1t is for these
reasons that there is a constant search for materials and
fabricating processes which will permit springs to be
highly stressed. In many applications, density of mate-
rial is an important factor in mass reduction,

As for the type of springs to incorporate the highest
possible energy capacity, the formulae are not conclusive
in themselves, because the maximum design stresses vary
with the type of spring and material, as the diagrams in
the later chapters of this Manual show, A comparison
of different configurations on the basis of volume of
metal can be made by selecting suitable stress values for
each configuration and solving the appropriate
energy/volume equations. When other than metallic
materials are considered for mass reduction, the compar-
isons should be made by converting the cnergy/velume
equations 10 energy/mass equations,

The principal spring types treated in this manual can
be arranged in descending order of their specific energy
capacities:

1. Round wire compression springs,

2. Flattened round wire or rectangular wire compres-
sion springs.

3. Round wire extension springs.

4, Square wire compression springs.

5. Torsion springs and flat spiral springs with rectan-
gular wire section. '

6. Square wire extension springs.

7. Torsion springs and flat spiral springs with round
wire section.

Space Limitations

Frequently it is valuable to determine early in the design
of a particular spring configuration the maximum vol-
ume of spring material which can be used within a given
space. _

For a flat spiral spring, the solution depends only upon
the required clearance between coils and on the space
required for the inner fastening device.

For round wire compression and extension springs, the
curves in Fig. 1.1 will determine if the space is approxi-
mately adequate. The curves represent ‘‘space efficiency
factors” V/V,, where V is the volume of active spring
material (the inactive end coils are ignored), and V, is the
volume of the cylindrical space in which the spring is con-
tained when solid. The curves are plcited against “‘spring
index'" (C = D/d). _

Two types of spring application are considered. One
type is springs under a static load throughout their life
witl only infrequent further deflection, such as a steam
boiler safety valve spring. In such a spring, the entire
(round) wire surface is assumed to be under uniform tor-
sional stress. For this spring the space efficiency factor is:

T C

V/V, = m

Other springs are expected to withstand a great num-
ber of load cycles which subject the wire to large stress
ranges, as in most engine valve springs. In such a spring,
where the maximum stress range is the criterion for fail-
ure, the higher stresses near the inside of the coil, due
to wire curvature and direct shear, become more criti-
cal. This is usuaily taken into account by multiplication
of the torsional stress with a **stress correction factor”
greater than 1.0 and dependent upon the spring index C.
the “Wahl factor’” K,, which is widely used for this
purpose, is expressed by the formula:

4C — % 0615
‘4c—4+ C

K«

For the spring, which must not fail under these *“fatigue
loading’* conditions, the space efficiency factor is:

1 rC

VIV, = moe — =
v K3 (C + 1)

22



: 1IR3 2EYE% V83 14 (S e N N N R R RN NE AR r
OBHI R N HA BT st ek s Y IR S EHE R ST AR
0.7 FHHHES e H e _J SPRINGS SUBJECT TOSTATIC [1ii:
R N PRI LOADING (CURVES BASEDON |10
06 L HHN TR T UNCORRECTED STRESSES) i
N T SRR T HHHIR R HH
FIEH MR RRE RS cachschans VRE SR AR TR RS AR KR EREREERLED ENVEY EEVEY ENVHY ENNS
0.5 T TR PR e P T e T RSREAERREE RN AR
: : E PR P A | R YT ity
» LR Pl P [ PR LT SERESEENREAE
2 R TR IR LT “SHIHE
> HE S e Hihn L
& o4 e PN SSREEEIREE
£l i i ik SR
< ! S Spp T T Rl TN
Tl ; V] P 17 .
> il Espll SR
Z oqlill Tilsaac T ieastin Sy e
90.3 E S CEREER = . ek M
S i l}“{w!.i Hh T i
e i N RS
w = EIEIREIRY BRA NS = SRREY S
W 25 SR RGN
I D! ekt iH :.l 3 B ERSAE B b I &
& | TN
0.2 [ IITI;I']“
N g ; - I D D SO S
e t}:f::;i:;:'ﬁ* '::.\;i:::i:;::':::::::
s SO0 FER0E EOSRE DE4: 0 PSbs “SGEH PRREE SRURE SRR
: . SASEARS SRS HIRR ) \\\ o
0.15 ol SPRINGS SUBJECT TO FATIGUE 1.} SIS BERES FEREY S RGN
1741 LOADING (CURVES BASED ON po “\..\;“*
.linilit CORRECTED STRESSES) e DORS DORNE DDy o ¥l T
PP EDOR1 FHE0S I00E DODOS 10001 BOVES 100 ESEES TOREH DO S DODRE AOORY DRSDS SEOE DORRY DO B
2 4 6 8 10 12 14 16 18 20

SPRING INDEX C = D/d

Fig. 1.1=Space efficiency of round wire compression and extansion springs

After the spring index is estimated, the space efficiency
factor may be found from Fig. 1.1. When this factor is
multiplied by the volume available for the solid spring,
the result will be the maximum volume of active spring
material which may be used in the available space.

With decreasing index, the space efficiency factor will

be increased, but the maximum deflection of the spring.

will be reduced.

Nested Springs

If the volume of active material, which can be built
into one spring within the available space, is insufficient

23

to satisfy the energy requirements for the spring, as
expressed in the formula for specific energy capacity, then
the designer should consider the use of a second (and pos-
sibly a third) spring inside the first one and acting in par-
allel with it, The springs in such a nest should be wound
right and left, alternately, to avoid jamming.

The most economical design will be approximated if
all springs have equal values of solid length (L), free
length (Lo), and spring index (C), since their maximum
stresses will then be equal, This means that the wiré
diameters of the springs will be in the same proportion
as their mean coil diameters, and their energy capacities
will have the same ratio as the squares of the wire
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diameters. Rather than have equal maximum stresses, it
may be more efficient to have the smaller wires assume
a somewhat higher stress level because of their greater
tensile strength,

Assuming no radial clearance either between the nested
springs or between the outer spring and the housing (with
diameter D,) in which it is to operate, the wire diameters
and mean coil diameters can be expressed in terms of
D,, as follows:

Subscripts 1, 2, and 3 in the following equation denote

dimensions of the outer, center, and inner springs, '

respectively.

_ D, _ CD,

4 =T I:)‘_c+1

4o Do C D, = CDo €1
T C+1 C+1 T CH+1 CH+
4o = Do [c—l]2 D, = CDe [c—1]=
T ec+i1lc+1 T ec+1lc+

If V represents the total volume of active material in
all springs of the nest, then the space efficiency factor
foi static loading is:

For two springs:

T C - 172
WV‘_(<:+1)‘-’[1+[c+1]]

For three springs:
wC C—-1)p C— 1
YV = cH 1)2[1 +{c+ 1] +[c+ 1”

For fatigue loading conditions, these formulae will
again have to be multiplied by 1/K.2. In Fig. 1.1, the
solid lines show the space efficiency factors for spring
nests without clearance between the springs.

For practical purpose, it is necessary to provide radial
clearances within the nest. This is expressed by a factor
Z, the ratio of actual diameters to diameters which would
allow no clearance. Values of Z may be established from

~ consideration of tolerances and diameter changes.

With the assamptions that C, L, and L, are equal for

all springs, the space efficiency factor for static loading

then becomes;

For two springs:

we=gsml 2 le] ]

For three springs:

_ xC Cc - 172
Wv‘_(c+1)2[1 +7‘3[c+ I]

g bl
C+1 ]
Values of Z may be as low as 0.92 for springs of less
than 25 mm outside diameter. They may increase by
approximately 0.01 with every 25 mm of increase in out-
side diameter, Thus, a second spring with 125 mm out-

side diameter should have ample clearance within the
outer spring if it is designed with:

D, C-1
C+1 C+1
cCDp, C-1I
D’“O‘%c+i'c+1

The dashed lines in Fig. 1.1 indicate the space efficiency
values for spring nests with clearance between the springs
obtained by using Z = 0.92 and Z = (.94,

If clearance must be provided between the outer spring
and the housing, the space efficiency will be further
reduced since it will then be necessary to use:

d‘='Zc[::1
4b = Zac?:l g:ﬁ 2
D, = ccfol
D. = zccfol'gli

Fig. 1.1 confirms thar the use of more than one round
wire spring is more beneficial in a space of large diameter
(permitting a high spring index C) than in a space of small
diameter. Introduce a second spring only for a spring
index greater than 4, and a third spring only for a spring
index greater than 6.

Changing from a lower to a higher spring index is not
efficient for a single spring, but it is when a second spring
is added. In particular, nested springs of high index are
necessary if a greater flexibility is required. In a given
space, the higher spring index is equivalent to a smaller
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wire size, and generally indicates fewer manufacturing
difficulties and higher permissible stresses.

The Space Efficiency Factor is a rather useful tool when
the designer must fit a spring {or several springs) having
specified spring rate, load, and stress at that load into
a limited space of specified outside diameter D, and

solid spring length L,. The designer could start by

choosing a value for the spring index C = D/d, and then
go through steps 1-6 for the single spring, assuming it
is to undergo static loading: :

== Do
Cc+1)
GD,
2Ny =remem——
* SRC(C+ D
3. L, = Nud if this proves excessive,
choose a higher value
rof C ’
4S = 8§ CP(C + 1)* ifthis proves excessive,
T 7 D,? choose a lower value of
C
7 L, D,?
5V, = —;
6. V. = V. times Space Efficiency Factor from

Fig. 1.1

If there is no value of C which will satisfy the speci-
fied maximum values of both L, and S,, the designer
will then use two springs, with a higher value of C, For
the two springs (here assumed to have no radial clear-
ance and equal values of L, L,, and C) he will go
through steps 7-17;

7. di = same formula as for d
4, -1
8. d = —m
2 €+ 1)
2GD,{(C2+ 1)
9 Ny=——
'TUOBRCHC + 1P
10. Ly = N, d,(=N,;dy) if this proves ex-

cessive, choose a
higher value of C

GD,
ENLCH(C + 1}

C+1
C-1

cC-17
R__.
‘[c+1]

11. R;' =

12 Naz = an

25

. B P R
14. P, = Tl
_8CP. (C + 1y _ if this proves ex-
. Sl 7 Do? (=52 essive, choose a
' lower value of C
16. Vo2 = same formula as with single spring
17. V. = V, times Space Efficiency Factor from

Fig. LI

A numerical example follows using the following speci-
fied parameters:

Max. available outside diameter D, = 125 mm
Max. available solid length L, = 127 mm
Load at solid length P, = 13G00 N

Spring rate h R = 52 N/mm
Max. stress {uncorrected} at
solid length S, = 860 MPa
Modulus of elasticity G = 79 3006 MPa
Type of loading static
D
Spring index C=d
A—Single Spring: )
G a¢ G D,?
3L, = Nyd = ———d = ————
d DR 8RCHC + 1)?
L o 79300 x 1252
P8 X 52C3(C + 1)
2.98 X 106
= —— = 127
CHC + 1)

CI(C + 17 = 23460, C = 7.1 (by trial solution)

SCP(C + 1)
w Dg?

8 X 13000C(C + 1)?
m X 1252

C{C + 1) = 406; C < 6.7 (by trial solution)

4. Ss =

Since no value of C will satisfy the requirements for
both L, and S,, two springs must be considered.

B-—Two Springs: by trial select C = §

125
7. = —="_ = |39
4 8+ 1
D, =8 X 13.¢ = 111
8 — i
8. d, = 139 = 10.8
_ D=8 %X 108 = 86
2 X 79300 X 125 X 65
9, Ny = = 8.30

B X 52 X 83 X g8
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10. L, = Ny, d, = 8.30 X 147 = 122(OK)
79300 X 125

LRy = oo g = 324
8 + 1
12. N, = 830—— = 10.7
8 — 1
g8 — 172
13. R, = 32‘4[3 - l] = 19.6
13000 X 32.4
14. P, i = 8100
8 X 8 X B10O x 92
15.8 = 1357 = 855(=8;) (OK)
X 1252
6.V, = 1-23“4— = 1.50 X 108

17. V., = 1.50 X 108 X 0498 = 747 X 10° mm?

Helical springs of rectangular wire are used in special
applications where a greater volume of material is
required in a limited space, and they may provide a solu-
tion to a problem of high loads in a small space. '

A helical spring of cylindrical or conical form, made
from a round bar of tapered cross section, is feasible and
finds an application as a vehicle suspension spring. The
variable bar cross section can impart a variable rate to
the spring as the smaller diameter portion of the bar closes
solidly during the early stages of spring compression. This
feature can provide improved ride ‘‘characteristics’’ to
a loaded vehicle. The use of a papered bar, combined with
variable coil pitch, reduces the linear space and spring
mass requirements., Manufacturing methods have been

developed to form the tapered round bar prior to coiling.

The tapered bar helical springs can be designed with
the tapered bar section at one or both ends of the spring,
depending upon the application and the characteristics
desired. Due to the added variables involved, the design
of these springs becomes complicated but can be handled
by developing modifying factors on the standard design
formulae and then experimentally verifying the spring
characteristics. Ancther approach is to develop new for-
mulae to encompass the added variables and constraints
imposed on the variable rate and the stress distribution
along the bar length.

2. Static Versus Dynamic Loading

The term *‘static loading”” implies a force application of
sufficiently low velocity that the spring is not deflected
bevond an equilibrium position, and deflections and
stresses are stabilized throughout the spring. In practice,
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a force is usuvally applied until the deflection is limited
by some external means. If this position is reached at a
low velocity, no surge within the spring will occur and
it may be considered as statically loaded. When a mass
W (kg) is gradually lowered on a vertical helical spring
of rate R (N/mm), assuming that the standard accelera-
tion of gravity g = 9.81 m/s? prevails, and since force
equals mass times acceleration, the mass W (kg) will exert
a vertical force P = W g = W x 9.81 (N) on the spring,
when at rest, and a deflection F = P/R {mm) will result.

The term *‘dynamic loading’’ implies an application
in which the velocity of the moving spring end is apprecia-
ble. This is true for all impact loadings as well as for
sinusoidal lpadings under high frequencies. Because of
the inertia of the spring coils, the whole spring deflec-
tion is not equally distributed among the coils so that
some of them must undergo a stress range greater than
the corresponding siress range with static loading. For
example, lét thé mass W be suddenly released from a
point where it just touches the top of the free vertical hel-
ical spring of rate R. In this case, the spring will undergo
a maximum deflection F, before it comes to rest at the
equilibrium position under deflection F.

When the mass descends a distance F, (mm), its poten-
tial energy decreases by W g F,/10° (J); assuming no
damping, the strain energy in the spring increases by

‘RF.2/(2 x 10°) (7).

Therefore:

ngl_ RFlz ='“';8'F]=2 g=2F

100 2 x 10° R "R

1t then follows that, for this instance of dynamic load-
ing, the maximum deflection and, consequently, the max-
imum stress, is twice as large as would result from the
gradual (static) application of the same mass, When the
mass is released from some point higher than the top of
the free spring, then the maximum stress is more than
twice the static stress.

Two basic instances of dynamic loading can be distin-
guished. In one instance the stroke is practically constant.
This applies to the driving spring of a machine gun, since
the striking part is finally stopped by a stiff buffer act-
ing in parallel to the driving spring. The other instance
is that of a buffer spring, which absorbs almost the full
kinetic energy of the striking part and therefore has a vari-
able stroke. In the first instance, the spring itself may take
a greater deflection than that prescribed by the striking
part owing to the kinetic energy of its coils. In addition,
at the minimum compressed length, the whole deflection
of the spring is not equally distributed among the coils,
so that some of them must necessarily take a higher than
average stress. Therefore, the conventional formulae give
too low a maximum stress, and special formulae are
required for the maximum dynamic stress.



An example of dynamic loading will serve to illustrate
the relationships. A precompressed spring is suddenly
compressed by a heavy mass moving with constant veloc-
ity v over a given stroke. The motion of the front end
of the spring causes a surge wave which is propagated
along the spring wire with surge velocity ¢, while the coils
themselves move axially with velocity v. This wave may
be called “‘single wave,”’ as long as no reflection occurs
at the rear end of the spring. The amplitude of this sin-
gle wave can be expressed by one of the following:

1. Change of load, AP (N)
2. Change of stress, AS (MPa)
3. Change of deflection per coil, AF (mm)

It has been found that all these changes of load, stress,
and deflection per coil are proportional to the velocity
of loading v (m/s). They may be expressed as follows:

AP o dl N
—_— = e - —_— —_
v D RL X0 = e e VY Ce (m/s)
AS AP AS 1  (MPa
Y -V apr wVvEY© (o)
aF_ T _mDt By (mm)
v N, X 10? d X 1P NG m/s
where:
T, = travel time of the wave over the whole wive
length, or “‘surge time™’ s
4 = 7850 kg/m* for steel _
G = 79 300 MPa \
then:
d3
AF = 1S ( N )
M m/s
A—S = 353 (MPa)
v Me
m/s
AF 1.40 D*
v Taxie (%)
v ' m/s

The additional siress AS is independent of the spring
dimensions; for any compression spring made of steel,
each m/s of impact velocity increases the stress by 35.3
MPa.

After reflection of the single wave from the fixed end
of the spring, the incident and the reflected waves are
superimposed by. ordinary addition of the stress ampli-
tudes. Therefore, the maximum siress built up in the

spring depends on the stress amplitude of the single wave
as well as on the number of superimpositions of the sin-
gle wave gver the duration of the compression stroke.
While the stress amplitude depends upon the impact
velocity only, the number of superimpositions is a func-
tion of the surge time T, that is, the spring dimensions.

With slow dynamic loading during compression time,
there are many superimpositions of the surge wave of
small amplitude. Therefore, the dynamic stress will not
noticeably exceed the static stress,

However, with rapid dynamic loading, the compres-
sion time can be of the order of the surge time. There
are few superimpositions, but the amplitude is high and,
consequently, the dynamic stress can exceed the static
stress substantially. In such instances, it may be advisa-
ble to tune the surge time T, with regard to the compres-
sion time by proper selection of the spring dimensions.

In most instances of dynamic loading, the analysis of

. stress is not as simple as in the example given. However,
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in general, two groups of factors appear to be decisive
for the maximum stress built up and the spring life
expected:

- 1. The “loading functioa® v(t), that is, the time-
velocity function of the moving end of the spring, with
stroke, compression time, maximum velocity, and maxi-
mum acceleration as important parameters.

2. The spring, characterized by its material, maximum
static stress, surge time T,, and inherent damping,

The influence of the loading function v({t) on the life
of springs has been strikingly proved by fatigue tests: The
average life of springs under sinusoidal loading may be
reduced as much as 50:1 under impact loading, with the
same stroke and frequency. However, the importance of
each individual life factor remains (o be explored by more
fundamental testing.

Gun springs are among the springs which are subjected
to severe dynamic loadings. The following methods of
design have been successfully tried:

1. Single wire springs~-Proper adjustment of the surge
time T, to the given compression time reduces the max-
imum dynamic stress.

2. Stranded wire springs, coiled from 3-wire or 7-wire
strand. Their greater inherent damping improves the
spring life.

3. Two-section springs, that is, a front spring in series
with a somewhat stiffer rear spring. In comparison with
a single spring, a two-section spring gives more possibil-
ity of adjusting the spring assembily to the given loading
function since a more equalized distribution of stresses
over the wire length can be-obtained at the moment of
maximum compression. This results in lower peak stresses
and better life than with a single spring.




3. Natural Frequency

With dynamic ioading of compression springs, the iner-
tia of the spring coils, in addition to their elasticity,
becomes effective. When moving one end of a
precompressed free spring in an axial direction, the dis-
turbance of the equilibrium at this end is propagated
along the spring wire in a transient wave with a definite
surge velocity.

C=1L \/%_ )

m::: (LIF :active part of spring = W = w’d;I:,Dy 2)

spring rate.= R = %{_, (3}

Length of active part of spring = L. = sD N, (4
Substituting W(2), R(3), L(4} in (1}

C = _g z%g_ 5)

Here all length units must be used uniformly in terms
of meter, as follows:

g = 9.806 650 m/s? (6)
G = 79300 x 10° N/m? (for Steel) 4]
vg = 7850 x 9.806 650 N/m* (for Steel) (8)

Substitute g{6), G(7} and +{8)

in (5)

79300 x 10° x 9.806_650
2 x 7850 x 9.806 650

=d

=2247 % (m/s) (9)

The travel time of the wave over the whole wire length
or “surge time”’ i1s {L, D, d specified in mm here expressed
as m)

L #DN
T,=_2_ =2""2(s)
10°C 10°C (19)
with mean value for spring steel
DN, ) an

- 2247) 10%d
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Active solid Iength of the spring =

L; = Nd (12)
.'. Na = Lﬁ
d

B @) L @) R o

T, increases with the active solid length and with the
index of the spring. A spring of index D/d = 7 has a
surge time of 69 x 104 s/mm of active solid length.

iO‘

In some instances, another formula can be used te good
advantage.

W
L=V gxw ©

where W(kg) is the mass of the spring and R (N/mm)
is the rate.

When both ends of the spring are supported, as is
usual, one cycle of vibration comprises just twice the
surge time T, therefore, the natural frequency of the
spring, measured in Hertz, is:

(i9)

fa l - 2247 x 104

2T, 2D°N,
358 x 10°d
“W(HZ) . (15)
(16)

or f = 358 x 10°d? (H )

L.D?
S W

= «/H}F_ - «/E 7
= 2Vpr = 158Vy (17

The natural frequency decreases when the spring index
and the active solid length are increased. A spring of index
D/d = 7 and an active solid length of 250 mm has a fre-
quency of 29 Hz,

The natural frequency of valve springs, as used in
automotive engines, tends to be somewhat lower than that
calculated from the above formula. Actual measurements
reveal that the frequency may be as much as 10% less
than that calculated, due, evidently, to the end effects
introduced by more active coils during a spring surge.

NOTE: It is necessary to distinguish clearly between
the natural frequency of the spring itself, as described
above, and the natural frequency of a mass W, (kg)
attached to spring of much smaller mass and rate R
{N/mm).

or f
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The natural frequency of such a mass W, is:

1 4fR x 10
27 W

f =
The mass W, when attached to the spring, will cause
a static deflection

F=Wg
R

The natural frequency of the mass W,, relative to the
spring deflection F (measured in cycles/minute}

f = .159x60\}3_5ﬁl"_’

4. Residual Stresses

= 245 (cycles/minute)

Residual stresses (sometimes called *‘trapped stress”) may
be set up in springs in a variety of ways including heat
treatment, shot peening, and hot and cold presetting. As
a rule, the presence of residual stresses of proper sign
makes possible the utilization of higher working stresses;
in springs, this is of considerable advantage since the
enecrgy storage capacity increases as the square of the
working stress. For coiled springs, the shot peening and
presetting metheds of inducing residual stresses are most
practical.

Shot Peening

The shot peening process consists essentially of sub-
jecting the spring to a stream of shot moving at high
velocity. The peening action of the shot sets up benefi-
cial biaxial compressive stresses in a thin surface layer
and also results in cold working this layer. The depth of
this cold-worked layer depends, among other things,
upon the size and impingement velocity of the shot used,
the direction of impingement relative to the surface, and
the spring material. Shot peening, when properly con-
ducted, resuits in relatively large increases of the stress
range through which the spring can safely operate under
fatigue or repeated loading conditions.

In commercial use, two types of methods are most

adaptable. In the earlier method, air is used for the
propelling agent as in the common sand blast equipment.
The second method is mechanical, the shot being fed on
a rapidly rotating wheel having radial blades. Thus, the
energy of the wheel is transferred to the shot by the blades
and by centrifugal force, the shot in turn impinging on
the parts. Tests have shown that either method can pro-
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duce the same results in increasing fatigue life, but the
mechanical method is more economical for high
production.

The increase in fatigue life is accomplished in two ways.
One consists in stressing the surface layers in compres-
sion. Fatigue failures are due to tensile stresses and, if
a compressive stress.can be set up in advance where sub-
sequently the load application will produce a tensile stress,
the part will carry considerable load before it is actually
stressed in tension. The second effect is the cold work-
ing and strengthening of the surface layers which raises
the physical properties where the highest stresses occur.
This second effect is of minor importance compared with
the first. Because of the twofold beneficial results
imparted by shot peening, this surface treatment has done
more to increase the life of springs than any alloy steel
or other process ever employed.

Shot peening can be successfully carried out on wire
sizes'in excess of 0.75 mm. Bui it will be effective only
if it is thoroughly and evenly applied over the entire sur-
face, with particular emphasis on those parts of the sur-
face which will undergo the highest load stresses. Thus,
on compression springs the inside of the coil is most
important, whereas on torsion springs, it is the outside
that is important. Time of exposure to the shot is one
of the prime factors 1o obtain effective peening, as indi-
cated by the curve in Fig. 1.2. For each type of spring,
a knowledge of this time factor, with a definite type and
size of shot, is needed.

GAGE READING

EXPOSURE TIME

Fig. 1.2—intensily determination curve

The effects of shot size and peening time can be
checked by means of Almen strips and other observa-
tions, The height of the arc in the Almen strip is not in
itself a measure of fatigue life, but it furnishes a check
on uniform operation of the shot peening machine. The
SAE Manual on Shot Peening (HS 84) details the methods
for controlling the machine with the help of Almen strips
and for measuring coverage. The importance of proper
peening coverage cannot be overemphasized.

Since shot peening is a mechanical working process,
it can be affected by heat. If springs are heated suffi-




ciently after shot peening (Fig. 1.3), the benefits will be
reduced and the endurance limit will drop, eventually to
that of the wire as originally received. The use of shot
peened springs in applications involving high tempera-

" tures necessitates careful planning. If the spring is heated

above 430°C during manufacture, the maximum resis-

_tance to settling at temperatures usually encountered in

automotive practice is obtained. But in this event, the

* beneficial shot peening stresses are completely removed,

and no increase will occur in fatigue lfe due to the shot
peening operation. Therefore, compromises must be
made if an endurance is to be realized which exceeds that
of the untreated wire.

: AN
. N
~C

a
150 200 50 300 380 400 as0
STRESS RELIEF TEMPERATURE —*C

OUE TO SHOT PEENING

PERCENT INCREASE IN ENDURANCE STRESS

Fig. 1.3—Reduction in effectiveness of shot peening by subsequent
heating or siress relieving

Presetting

Residual stresses are most commonly set up in helical
compression springs by means of a presetting operation,
known also as scragging or cold setting when performed
at ambient temperatures. When the presetting operation
is performed at an elevated temperature it may be called
hot pressing, heat setting, or warm setting.

The need for presetting depends upon the design
stresses, the application and its conditions and require-
ments. The use of presetting is most beneficial when
design stresses are at or near the yield point, and settling
or sag prevents the spring from performing as required.

Presetting is an operation that is performed during the
manufacturing of helical compression springs in which
the spring is compressed beyond ihe vield point of the
miaterial. The yielding of the surface layers of the wire,
which occurs during the presetting, produces beneficial
residual stresses, thus increasing the elastic limit of the
spring and thereby reducing the amount of settling or sag
in subsequent service, The spring is initially coiled to a
free length greater than the final desired free length and
is then compressed to a point where the spring may be
at or near the solid length (Fig. 1.4, point B). On releas-
ing the load, a permanent set OC is produced while the

spring behaves nearly elastically along line BC. In spe-
cial instances several additional compressions to point B
may be carried out.

A

LOAD

f
I
f
1
I
1
i DEFLECTION
E

o C. D

Fig. 1.4—Typical load-deflection diagram of halical spring during
presetting -

When presetting on helical compression springs at some
elevated temperature, the operation known as hot press-
ing, heat setting, or warm setting may be employed to
produce greater resistance to relaxation than cold setting.

Heat setting consists of compressing the spring on a
fixture, subjecting the compressed spring to a tempera-
ture higher than the desired operating temperature for
a time suitable to insure complete penetration of the heat,
and then cooling to room temperature before releasing.

For a description of warm setting, see Chapter 4, Sec-
tion S, _

Hot pressing consists of heating the spring in its free
or relaxed position to some temperature for sufficient
time to insure complete penetration; then while the spring
is at the temperature, it is compressed to some height
below the installed or operating position and released.

Fig. 1.5A represents the stress distribution over the
cross section at a load which gives a stress S somewhat
beiow the yield point.

For purposes of illustration, it is assumed that no strain
hardening occurs, even under the higher presetting load
(Fig. 1.4, point B) with which Fig. 1.5B deals. Here, yield-
ing occurs at stress S, and the distribution of stress wil
be as indicated by the shaded area f-h-i-k. The nominal
stress calculated from the presetting load by the usual for-
mula is equal to S,, and without yielding the stress dis-
tribution resulting from this presetting load would be as
indicated by ihe triangular area f-1-k. Actually, yielding
has started at the surface (wire diameter d} and has
progressed inward to a diameter:

dy = d-¥4 — 38,./8,

In Fig. 1.5B, the ratio §5,/S, has been chosen as
31/24. In that instance, d, becomes d/2.

When the presetting load is reduced to zero (Fig. 1.4,
point C), residual stresses are set up as indicated by the
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Fig. 1.5—Effect of presstting on stress distribution over cross section of helicat spring

shaded area in Fig. 1,3C, These are obtained by subtract-
ing the ordinates of the dashed line f-{ from those of the
broken line f-h-i in Fig. 1.5B. The reason for this is that
on removal of the load, the spring will behave approxi-
mately elastically, Therefore, removal of the load is
equivalent to subtracting the elastic stress distribution f-1
from the plastic distribution f-h-i.

If the spring is loaded subsequent to presetting, the
resultant stress distribution is found by adding the load
stress distribution to that of Fig. 1.5C. For example, a
load may be applied to the spring which gives a stress
S, the same as that shown in Fig. 1.5A. The resultant
stress distribution under that load is indicated by the
shaded area f-o-p-q in Fig. 1.5D. It will be seen that, due
to the presetting operation in this instance, the peak stress
has been: reduced from a value S (Fig. 1.5A) to a lower
value 8, (Fig. 1.5D).

Still dealing with a round wire helical compression
spring of large index and still assuming that no strain
hardening occurs, it may be considered that the material
yields at an essentially constant stress equal to the shear-
ing yield point and that complete yielding, over the entire
cross section, will occur theoretically at a load equal to
1.33 times the load at which yielding first starts. This
would indicate that, for these theoretical conditions, the

&
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maximum presetting load would be about 33% above the
load corresponding to the torsional yield stress and that,
after presetting, the spring would behave elasticaily up
to a load corresponding to a stress 1.33 times the torsional
yield point. Because of curvature and strain hardening
effects, the ratio of the maximum presetting load to the
load at which yielding first starts, tends to be higher than
.33 in actual springs, and, in some instances, for the
smaller spring indexes, it may approach 2. Since the
spring will behave elastically nearly up to the presetting
load, this means that the elastic limit of a spring may be
increased considerably by presetting; much of this
increase is attributable to the residual stresses set up in
the presetting operation. In actual practice, presetting
deflections equal to 2, and in some instances even 3, times
the elastic limit deflection may be used (OD = 2 to 3 times
OE in Fig. 1.4). In other instances, however, lower values
of presetting deflection may be required to avoid exces-
sive distortion of the spring,

In coid wound helical torsion springs, residual stresses
are also set up by the coiling operation; tension residual
stresses are set up on the inside of the c¢oil and compres-
sion stresses on the outside. If the spring is loaded by a
torque 50 as te wind up the coil, it is clear that the residual
stresses, in this instance, will also subtract from the max-



imum load stresses near the outer fibers. To take advan-
tage of the residual stress pattern, torsion springs should
therefore be loaded in the windup direction.

Residual stresses set up in cold wound helical compres-
sion springs as a consequence of the winding process are
usually removed or reduced by a low temperature, stress-
relieving (bluing) treatment. These stresses tend to aug-
ment the effects of the torsional working stresses in such
springs, and hence, their removal is beneficial.

5. Temperature Effects on Springs

Spring design becomes complicated for extreme tem-
perature applications. Generally, the usual spring
materials will operate satisfactorily at very low tempera-
tures under static loading conditions. The combination
of extreme cold temperature and impact loading

represents a more severe situation; however, it may not

be catastrophic because of the resiliency of the spring
material.

Under high temperature conditions, springs undergo
load losses which in most instances are due to a decrease
in the torsional elastic limit of the material. Springs may
be designed to operate satisfactorily at normal tempera-
tures, but under elevated temperatures these same springs
will undergo a slow piastic deformation {ccmmonly
known as ‘‘relaxation’’ when the spring is at a fixed
jength, or a “‘creep”” when spring is under a fixed load)
and take a permanent set. The amount of set depends
upon the working stress level, heat intensity, and the dura-
tion at the elevated temperature. See¢ Fig. 5.7 in Chapter 5.

Thus, in any spring problem involving elevated tem-
perature, the designer should be fully aware of the
impending difficulties and make suitable aliowances for
all the factors involved. In general, the spring stresses
should be reduced to the lower practical values. How-
ever, there are applications where such modifications are
not possible, and in these instances, some form of preset-
ting may be used. See Chapter 1 - Section 4.

The temperature, time, and stress level of any of the
presetting methods may be varied to minimize the loss
in load when subjected to the stresses and elevated tem-
peratures subsequently imposed in operation. This relax-
ation or sag may be reduced as much as 50% when
compared to a spring that has not been preset,

For recommended guidelines on selecting materials to
resist the effects of elevated temperatures, see Table 2.1
in Chapter 2.

If springs are subject to elevated temperatures during
operation, residual stresses may be greatly reduced or

‘even lost. For example, shot peening begins to lose its

effectiveness at temperatures around 260 °C, with complete
loss at temperatures around 430 °C on steel springs. This
indicates that, at these temperatures, residual stresses are
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considerably reduced, and the benefits of presetting will
be reduced correspondingly.

6. Fatigue Durability

Some springs are required to function cyclically with
accompanying repetitive stresses, Failure of these springs
is commonly known as fatigue. Generally, these springs
petform an essential function and should be designed to
have high fatigue durability. This applies particularly to
valve springs for internal combustion engines and to injec-
tor springs for diesel engines, Designing a spring of this
type requires a consideration of the stress and stress
range, the waveform and harmonic content of the cyclic
stress, the environmental conditions, and the specialized
surface treatments such as presetting and shot peening. .

From fatigue test data on cyclic loaded springs an S-n
curve (endurance factor Sg/Sy versus lifein number of*
cycles) can be plotted as shown in Fig. 1.6, This is a typi-
cal log-log plot of the endurance factor K¢ which is nor-
malized to represent the ratio of the peak alternating
stress as a fraction of the minimum ultimate tensile
strength of the material. The log-log coordinates permit
the test data to be reasonably well represented by straight
lines between 10° and 10¢ cycles of life. Spring steels
develop a ““knee” in the curves at abour 2 x 10° cycles
beyond which infinite life can be expected.
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Springs under a fluctuating load normally are alter-
nately stressed about a mean level with the actual stress
value not going through zero. The S-n curve of Fig. 1.6
refers to a completely reversed alternating stress with a
mean value of zero. Therefore, another form of diagram,
known as the “Goodman-type Diagram”’ as illustrated
in Fig. 1.7, is employed to correlate the actual stress range
with the conventional S-n diagrams by determing an
equivalent value of Kg. As an example, illustrated in
Fig. 1.7, a typical stress range between the initial stress



of K, reference line and the maximum stress K on the
“Goodman’’ line establishes Kg, which is one-half of
the overall peak-te-peak cyclic stress range and represents
a spring having equivalent life. These two diagrams are
the basis for the three fatigue strength diagrams presented
in Chapter 5 as Figs. 5.1, 5.2, and 5.3 for use in actual
spring design work. They are intended to establish safe
stress limits consistent with expected life endurance.
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Fig. 1.7—Goodman-type fatigue strength diagram tor helical springs

It should be understood that the S-n curves and
“Goodman-type Diagrams’’ are limit lines established
from accumulated test data by many investigators. They
have no theoretical basis, but are conveniently presented
in mathematical and graphical form for design purposes.
The lines given tend to be conservative and are intended
only to serve as a guide for the designer. In the final appli-
cation, the desiginer should consuli with the spring
manufacturer to establish realistic values for stress limits
in cyclic stressed springs. _

The following formulae are the basis for developing
the fatigue strength diagrams, They may be used in con-
._iunction with computers for spring design calculations
Instead of using the fatigue strength diagrams directly.

KE = anv

KE = KU(KS2 - K-Sl) = &
2Ky — (Ksz + K1) Su
2KeKe + Ksi(Ke — Kg)
Kg = = A+ BK
52 K¢ + Ke st
P
Min. TS = §1[»«3 - B]
ALP,
Max. Ks; = Csn“‘
A= Ksza( Ks] =0
B = (Ky — AYVKy
Where:
Ce, Cg, M and Y are constants
Ke = Endurance fac(or
K;, = Initial stress factor
Ks; = Maximum stress factor
Ky = Ultimate strength factor
n = Life cycles
P = Spring load .
Se = Endurance stress
S, = Initial stress
Sy = TS = Ultimate stress (min. tensiie strength)

Refer to Tables 5.3, 5.4, and §.5.

In selecting a spring material for prolonged fatigue
durability, first consideration should be given to carbon
steel valve spring quality wire. In the normal sizes, it
usually performs as well as alloy steel and is generally
more dependable. in most instances, the use of pretem-
pered steel is advisable to avoid hardening cracks that can
occur in material hardened and tempered after coiling.
Alloy steels are usually more subject to seams and have
a greater tendency toward quench cracks than are car-
bon steels. Therefore, it is advisable to sebject such
springs 1o magnetic particle inspection. While this proc-
ess is not ordinarily used for springs in the automotive
industry, it is seldom omitted on aircraft engine springs.
Another technique, more recently developed and com-
monly used for quality spring manufacturing, is magnetic
inspection of spring wire at the coiling machine.

7. Common Causes of Spring Failure

A spring designed and produced with due regard to all
the foregoing details should not fail. In spite of this, a
rare failure may occur on a properly designed spring. It
can usually be traced to the following causes:

1. Surface Imperfections—They occur as hardening
cracks, seams, pipe, laps, pits, die marks, and tool marks,
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Of these, magnetic particle inspection will locate only the
first three. The other imperfections must be found by
careful inspection of the raw materials, usually by etch-
ing both ends of every bundle of wire and by visual
inspection of the finished part. The difficult part of this
procedure is that the small sharp pits or marks may be
overlooked while the broad, round bottom marks, which
are harmless, are easily observed. For critical springs such

as automotive valve springs it is common practice to

inspect the wire continuously by an electromagnetic device
which rejects springs with defects.

2. Corrosion—This is a more common cause of spring
breakage than is usually understood by the spring user.
In valve springs, it may be caused.by condensation of the
products of combustion on the spirings. A small pit is
formed or hydrogen embrittlement has occurred from the
oxidation of the steel. It is not generally recognized how
fast this process can lead to breakage. Springs which were
perfect have failed in’ 3-6 h in an engine which was started
and stopped before it could run long enough to scavenge
the crankcase. In applications of this type, it will be neces-
sary to provide corrosion protection for the springs.
(Refer to Section & on surface protection.)

3. Improper Heat Treatment—It is a threat which must
not be overlooked, even though it is not frequently
encountered. If springs are overheated, the grain struc-
ture wil! be coarse and the fatigue life poor. Failure to
heat to a proper temperature, or tc heat long enough to
get all the carbides into solution, will result in ferrite
patches and low endurance limit. Automatic time-
temperature control in modern heat treating departments
has almost completely eliminated this once common cause
of breakage.

Decarburization—This.is the least frequent offender
in the entire list of imperfections. Partial decarburization
is usually present in spring wire, at least to a slight extent.
The degree of permissible decarburization will depend
upon the type of material and the application for which
it is used. When the examination by a competent metal-
lographer reveals a full ferrite ring around the circum-
ference, the wire is subject to rejection because the surface
condition will ultimately lead to premature failure.

The foregoing data cover the general considerations
which deal with fatigue durability springs, and some of
the special methods which have been developed to meet
the conditions where the consequences of breakage may
be disproportionally serious.

8. Surface Protection

The most widely used metals in the spring industry are
the carbon and low alloy steels. These are also the feast

' corrosion resistant. The wide acceptance of these steels

as spring material directs consideration toward choice of
the proper type of finish for a particular spring applica-

tion. The most important factors to be considered are:

1. Corrosive severity of the spring environment.

2. The degree of corrosion protection required to give
spring life expectancy.

" 3. Effect of coating and its method of application on
the mechanical properties of the spring. (See guidelines
in foliowing paragraphs to minimize hydrogen
embrittlement.)

4. Comparative corrosion resistance and the cost of
applying the coating.

5. Effect of the protective coating on associated
members.

6. Availability of the protective materials and the
equipment necessary for the application of this coating.

Protection From Mildly Corrosive Environment

For many applications, springs are coated with one of
several slushing-oils or rustproofing compounds. A more
durable coating, if required, is a phosphate coating with
rustproofing compound or organic finish, The organic
finish can be compounded with low, medium, or high oil
content in order to give the degrees of protection required,
though baking may be required to dry the springs coated
with compounds containing the higher oil content. An.
example of an organic coating with a low oil concentra-
tion is the asphaltic-based material known as Gilsonite
paint or Japan Black, while the medium and high oil con-
centration paints are alkyd enamels. The addition of zinc
chromate pigment to these synthetic enamels may be used
to further enhance their corrosive protection.

When springs are protected by applying a zinc or iron
phosphate coating, the thickness of the coating depends,
among other factors, on the precleaning process. When
an emulsion cleaner is used, a very fine coating is formed;
an alkaline cleaner produces a thicker, hard, tight coat-
ing; if an acid is used, the coating is coarse and very thick.
A uniform coating depends on good cleaning and chem-
ical control. This phosphate coating is a basis for the sub-
sequent coating with a rust preventive oil, wax, grease,
or organic finish providing good protection from corro-
sion. The mechanism of these coatings is the ability of
the minute pits, surface irregularities, and the crystalline
structure of the zinc and iron phosphate crystals to retain
the subsequent coating, thereby providing maximum cot-
rosion protection. The phosphating process must be tai-
lored to protect the spfing from acid pickling, both in
the precleaning sequence and during the phosphate proc-
ess by controlling the free acid ratio.

When the end use of the spring is in a mildly corrosive
atmosphere, a black oxide finish provides some degree
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of corrosion protection. A biack oxide coating provides
some of the same mechanics to hold rust preventive
materials as the zinc and iron phosphate coatings, but
with an overall lesser degree of protection. When black
oxide coatings aré applied they have the advantage of
causing very slight, if any, dimensional changes and no
hydrogen embrittlernent,

Frequently, it is advantageous to use precoated spring
wire where mildly corrosive conditions are encountered.
These wires are coated by dipping into molten metal or
by electroplating. They may be coated and then drawn
to size, or they may be coated at the finished size, Cad-
mium, tin, and zinc are the metals employed for the wire
coating process. The commercial importance of the proc-
ess is considerable because the parts formed from such
wires may be used immediately without having to undergo
additional operations normally associated with the plat-
ing of finished parts. In the case of extension springs,
the use of precoated wire is preferred because the tightly
wound coils prevent applying a satisfactory coating after
coiling.

Electroplating

Many springs are being plated with a variety of metals
of which cadmium and zinc have generally proved to be
the most satistactory.

Cadmiuvm and zinc plate are bluish white metals hav-
ing good ductility and providing a protective coating on
springs for most applications, When properly applied,
cadmium or zine plating does not flake or peel. They pro-
tect the base metal by sacrificial galvanic action. The pro-
tective life of both zinc and cadmium plate may be
extended by adding a chromate coating. The degree of
protection will still be dependent upon the thickness of
the plate which may vary from 4 to 13 um. Neither of
these metals is resistant to attack from strong acids or
alkalis. Both zinc and cadmium are poisonous when
vaporized. Neither should be used on springs which come
in contact with food or drink.

The end use of the spring and the environment deter-
mines which coating is to be applied. When either zinc
or cadmium is indicated, zinc may be chosen because it
is less expensive; the choice may be cadmium because of
the longer time before producing white corrosion
products, Cadmium can be baked at a higher tempera-
ture for relief of hydrogen embrittlement without the haz-
ard of blistering. Copper plate on springs should be used
only for identification purposes as it provides only slight
corrosion protection for steels, The use of a copper,
nickel, or chromium plate may be indicated for decora-
tive reasons but is not generally applicable. Springs
requiring nickel plate may be plated using the Sulfamate,
Watts, or electroless process. When the nickel corrodes,
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it forms green nickel corrosion products, and the pro-
tection depends on the thickness and continuity of the
plate. Plated nickel is dense and prevents the escape of
hydrogen which enters the steel during the precleaning,
pickling, and plating processes, Hard chromium plating
of springs is generally unsatisfactory because of the heavy
thickness (50 um or more) required Lo give corresion pro-
tection. Chromium plate is hard with low ductility; there-
fore, it is subject to peeling and cracking while causing
reduction in spring fatigue life.

When springs are exposed to severe environmental con-
ditions such as salt water, acid, and caustic atmosphere
or solutions, the most resistant coating is lead alloy. Lead
coatings should be 25 um in thickness to afford maxi-
mum protection. Heavy tin coatings, exceeding 25 ym in
thickness, should be used for springs coming in contact
with foodstuff because of the resistance of tin to weak
organic acids and its low toxicity. Lead and tin coatings
are electropesitive to steel {more noble in the electromo-
tive series); therefore, these coatings will only protect the
steel spring when the coating is continuous and of a suffi-
cient thickness. Lead and tuin plates are soft materials;
therefore, abrading .of the coating must be avoided in
order to provide the necessary continuous thick protce-
tive coating.

Techniques for Mininiziug Iiydrogen Embrittlement

Hydrogen may be introduced either during the clean-
ing steps in preparation for plating or it may be
introduced during the plating process. IT springs can be
fabricated without producing heavy scale or film, the first
hazard will be greatly reduced.

Residual stresses should be reduced as much as possi-
ble before plating. :

If scale removal is required, a mechanical process is
preferred. Unless the parts would distort, they may be
blasted with shot, grit, glass, aluminum oxide, etc., or
they may be tumbled or vibrated with various abrasive
media.

When either a sulfuric or hydrochleric acid solution
is used to remove scale' from springs, the use of a suita-
ble organic pickle inhibitor will eliminate excessive pick-
ling and tend to reduce hydrogen embrittlement. Springs
with a hardness over Rc 40 should not be descaled in acid.

The resistance of the passage of hydrogen from the steel
increases as the thickness of the plate increases; there-
fore, excessive plate thickness should be avoided as well
as the conditions producing hydrogen embrittlement. The
following procedure should be followed to achieve this.
The anodic or cathodic cleaning and pickling cycle should
be as short as possible to reduce possible cracking of the
spring in highly stressed areas. The zinc or cadmium plate
should be initially deposited at a low amperage until the
springs are completely coated. The amperage should then
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TABLE 1.1—CORROSION PROTECTION FOR SPRINGS

Criteria for flecommended Dimensicnal Special
Determining Protection in Buildup, Methods of Advantages,
Protection Order of Prefer- Minimum/Surface, Applying Precautions, and
to be Used ence pm Protection Limitations
Girectly ex- Phosphaie coat 25 Oip, spray, Close fils wiil peel
posed lo and paint, or or brush paint
weather, paint along
not making
close flits
Direclly ex- Cadmium or 13 Electroplate Corrosion protection
posed 1o, zinc plate good. Relief of hy-
weather, drogen embritiie-
making ment essential af-
close fits ter electroplating*
Not directly Cadmium or 4 Electroplate Same as above
exposed to zinc plale ..
weather, -
making
close fits
Not directly Phosphate coat 8 Dip Corrosion profection
exposed to phus oil poorer than phos-
wealher, . phate coal plus
making paint
close fits
Relatively Precoaled Thickness is varia- Hot dip or Fair all purpose coat-
miid corro- spring wire ble and is depen- electroplale ing applied to
sive condi- dent on size spring wire suit-
lions able for mildly cor-
- rosive condilions
Where corro- Ciide black Less than § Alkaline oxi-
sive condi- dizing so-
tions are ution,
very mild 30-60
min at
140°C
Mildest cor- Slushing oil or Dependent on Oip or spray Good for protection
rosive con- rust-proofing method of appli- prior to installation
ditions compounds cation and/or vis- angd for short pe-

cosily of rnaterial

riod after instalia-

S e e AT L

fion

aSee text for alternale methods of plating and recommendation for relief of hydrogen embrittlement.

be raised, as the plating operation is continued until the
specified thickness is achieved.

In spite of these precautions, springs which have been
cadmium or zinc plated have been exposed to a severe

.hydrogen embrittlement environment during the preplate

and plating steps. To produce a satisfactory spring, con-
ditions must be set up to force the hydrogen to pass from
the steel spring through the cadmium or zinc plate. The
time and temperature required to relieve hydrogen embrit-
Nement may vary from 1 h at 180°C, to 45 much as 24
h or longer at 220°C, depending on the tensile strength,
hardness, residual stress, size of the spring, and thick-
ness of the zinc or cadmium plate. This operation should
be performed as soon as possible after plating.

The following processes for applying metallic coatings
may be used with no exposure to hydrogen or substan-
tially less exposure than occurs with conventional elec-
troplating: mechanical plating, peen plating, vacuum

-plating, and low-embrittling electroplating.
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Effect of Finish on Environment

The choice of finish depends also on the conditions
encountered in use. Each individual application presents
a different problem since the type of protective finish
suitable for one may be wholly inadequate for another.
For exampie, consider the question, ‘‘Should zinc- or
cadmiuvm-coated springs be used in hydraulic systems
using petroleum hydraulic fluids?’* While the zinc- or
cadmium-coated spring will function perfectly for years
in this medium, conditions can develop causing the
petroléﬁm hydraulic fluid to break down producing acid,
sludge, and varnish by-products. These breakdown
products are caused by temperature and time. When a
breakdown occurs, it will be accelerated by the presence
of zin¢ or cadmium. Zinc or cadmium metal will act as
a catalyst speeding up the formation of acids, sludges,
and varnishes. These conditions may cause little or no
etching of the steel spring but will prevent normal oper-
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ation of the hydraulic system due tothe sludge and var-
nish deposits.

It is essential to consider all of the factors involved in
order to select the finish best suited for a particular pur-
pose. If possible, the spring maker should be consulted

before final decision, so as to coordinate the finish with
the manufacturing procedure.

Table 1.1 can be used as a general guideline for select-
ing finishes.
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Chapter 2

Spring Materials

1. Material Selection

Among the factors governing the selection of a mate-
rial for a spring are the desired load on the spring, the
stress range through which the spring operates, mass and
space limitations, expected fatigue life of the part, the
environment in which the spring will operate with respect
to temperature or corrosive conditions, and the severity
of deformation encountered in its fabrication. As loads
are increased and space is limited, springs must be made
from higher tensile strength materials. If the load cycles
also increase as the stress levels rise, the spring material
must have correspondingly better fatigue properties.
Music spring wire has the highest tensile strength of all
the common engineering materials, and valve spring wire
has the best fatigue properties.

Short descriptions of the types of wire and strip most

- generally considered for use in the manufacture of springs

will be found in the following sections. Complete details
and tolerances of the materials are covered in the refer-
ence specifications. The SAF specilications aiso give the
requirements of the finished springs made trom these
materials.

2. Cold Wound Spring Material

Spring wire is produced from hot rolled reds by cold
drawing through carbide dies to obtain the required size, .
surface finish, dimensional accuracy, and mechanical-

properties. By varying the chemistry, the amount of cold
reduction and other mill practices including heat treat-
ment, a wide diversity of mechanical properties and fin-
ishes is made available.

The several types of wire used in spring manufacture
are made from a variety of chemical compositions and
are either annealed, hard drawn, or pretempered to defi-
nite mechanicat properties. The performance of springs
is dependent upon the mechanical properties of the mate-

. tial used or the properties which may be developed as a

result of subsequent treatments. Some of these proper-
ties are given in Table 2.1. Tensile strength values are
shown in Tables 2.2-2,20,

3. Ferrous Wire

Hard Drawn Carbon Spring Wire—SAE J113, UNS
K06501 and Special Quality High Tensile Carbon Spring
Wire—SAE J271

‘The mechanical properties are developed by cold draw-
ing patented hot rolled material. Patenting may be
defined as heating to above the critical range followed
by rapid ceoling to transform at an elevated temperature
in the 455465 °C range. This operation produces a tough
uniform structure which is suitable for severe cold redug-
tion without actual or incipient breakage. To replace
patenting, a new process has been devetoped wherein the
hot rolled rods are given a controlled cooling treatment
on the hot bed prior to coiling into bundles. The result-
ing structure and physical properties are equivalent to
those obtained by patenting. This treatment is limited to
a maximum of 13 mm rod diameter. The subsequent cold
drawing imparts a fibrous structure and increases the ten-
sile strength of the wire without appreciable Toss in duc-
tility. Hard drawn wire is intended to withstand more
severe deformations than oil tempered grades. For the
most part, hard drawn wire is intended for use in springs
subject to static loads, low stress, or infrequent stress
repetitions. Tensile strength values of SAE J113, Class
1 and Class 2 hard drawn wires are shown in Tables 2.2

.and 2.3. SAE J271 is simjlar to SAE J113 gxcept the

former has restricted wire tolerances and is used for appli-
cations requiring higher stresses. See Table 2.4 for typi-
cal tensile strength values.

Music Spring Wire—SAE J178, UNS K08500

Music spring wire represents the highest quality of hard
drawn steel spring wire. Its manufacture involves care-
ful selection of heats of steel or portions thereof, special
hot rolling practice, and very closely controlled heat treat-
ment and cold drawing operations. The attainment of the
high mechanical properties of this grade is dependent
upon the chemistry of the steel, the high degree of crafts-
manship employed in processing, and the amount of cold
reduction (greater than that used for SAE J§13) after the
last of several patenting operations. This greater degree
of cold work involves an increased number of drafts, a
lower percentage of reduction per draft and slower wire
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TABLE 21—PROPERTIES OF COMMON SPRING MATERIALS

N Specification Densiy Modulus of Elasticity Avalable Maximom
Ry Name Numbers SA Comparable { kg/m® | Tension (E) | Shear (G} Wire Sizes Tarnpféatureb
E 1 “AsTM MPa MPa mm
High Carbon Steels
Hard drawn KOB501 | Jt13 A227 7850 205 000 79 300 0.50—14 110
Hard drawn valve KO6701 | 4172 —_ 7850 205 000 79 300 22—-85 110
Hard drawn special quality KQ82GO | J271 — 7850 205 Q0¢ 79 300 05—14 10
Music Kogsoo | ai7s A228 7850 205 000 79 300 0.16—6.5 140
Cit tempered KO70G1 | 4316 A229 7850 205 000 79 300 0.50—16 160
Oil ternpered valve KO6701 4351 AZ30 7850 205 000 73 300 1.6—6.5 160
Annealed G 10650 — — 7850 205 000 79 360 Thru 5 110
G 15660 — — 7830 205 000 79 300 Over 5 10
Ailoy Steels
Chromium Vanadium K15048 — A231 7850 205 000 79 300 0.5—12 230
Chromium Vanadium valve K15047 | J132 A232 7850 205 GOQ 79 300 0.5—12 230
Chromium Silicon K15590 | 157 Ad401 7850 205 000 79 300 0.8—11 25¢
Chromium Silicon valve - — A877 7850 205 000 79 300 0.8—10 250
Stainless Steel :
Austenitic (18-8) 830200 | J230 A313 7900 190 000 68 300 0.22—10 290
17-7 PH S17700 { J217 — 7810 200 000 75 800 0.5—10 340
Copper Alloys
Phosphor Bronze C52100 | J463 B103 8300 105 GO0 43 400 4 <
C51000 | J463 B159 8860 105 000 43 400 0.10-12 4
Beryllium Copper C17200 | J483 B194 8260 130 000 48 300 d €
C17200 | Ja63 B197 8260 130 00¢ 48 300 0.08—12 <
Silicon Bronze C65500 | J463 B99 8530 105 000 43100 | 0.10—13 °
Brass C26000 | J463 B36 8530 105 0G0 37 900 1 .
C27000 | J463 B134 8470 105 000 37 900 0.10-65 <
Nickel Alloys
Inconet 600 NOBE0D | J470 — 8500 215 000 75 800 0.10—12 430
Inconel X-750 NO7750 { J470 — 8300 215 000 75 800 2.10—14 430
Monel 400 . NO4400 [ J470 —_ 8830 180 000 65 500 0.10—12 230
Monel K500 NO5500 | J470 — 8470 180 000 65 500 0. 10—12 260

*Unitied Numbering System for Metals and Alloys. SAE HS 1086 (ASTM DS-56).

*Temperaiures repiesem the approximate point at which a compression spring witl experience 10% load 19ss wher: lpaded to 700 MPa
corrected stress for 100 h, : -

*Data lor this material are not avalable.

9Sheet and sirip.

TABLE 2.2—-HARD DRAWN CARBON STEEL SPRING WIRE, drawing speeds in order (o control heat buildup. Music
SAE J113, CL1 wire is used in the more severe types of spring applica-
Tensile Strength® Tensile Sirength® tions which require high tensile strength (see Table 2.5)
Diameters MPa * Diameters MPa and exacting surface control to obtain the necessary
mm mim : . . .
Min Max Min Max fatigue properties.
0.50 1950 2230 2.80 1480 1680
0.55 1920 2200 3.00 1450 1650
0.60 1900 2180 350 1420 1620 R
0.65 1880 | 2160 4.00 1400 | 1600 Oil Tempered Carbon Spring Wire—SAE J316, UNS
0.70 1850 | 2130 4.50 1380 1580 Ko07001
0.80 1800 2080 5.00 1350 1550
. . 1 520 . . .
?,33 }?23 3828 2_33 1358 :430 The mechanical properties for this grade are developed
: i i its fini ize. ral |
110 1720 1980 200 1250 1420 by heat'treatmg Phe wire ?t its finished size. The gene ;
1.20 1700 1950 8.00 1200 1380 processing to this point is the same as for hard drawn
140 1680 1 1920 2.00 1180 1350 wire, The heat treatment consists of heating the wire in
1.60 1650 1900 10.00 1150 1320 the strand form to a temperature above the critical range,
1.80 1600 | 1850 11.00 1120 4 1300 uenching in oil and then tempering Ly passing it throu
2.00 1580 1800 12.00 1100 1280 quencing .. Derng by p g gh
220 1550 | 1780 14.00 1050 1220 a molten lead bath maintained at the proper temperature
250 1500 1700 to produce the desired mechanical properties. The result-
_/Preferred sizes. ing tempered mar.tensitic structure provides g_reater free-
*Tensile srength values for intermediate sizes may be interpotated. ‘dom from relaxation under repeated and continued stress
2.20
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TABLE 2.9—HARD DRAWN CAR- TABLE 2.5—MUSIC WIRE, SAE J178, UNS K08500 ; g
BON STEEL SPRING WIRE, SAE i ﬁ.
J113, CL2 Tensile Strengtht Tensile Strength® )i
N Diameters MPa Diametert MPa |
Tensile Strength® mm mm - 3
DOiameter* MPa Min Max Min Max
mm -
Min Max 0.10 3000 3300 0.90 2200 2450
0.12 2900 3200 1.00 2150 2400
: 4 .
o ot S 0.16 2800 | 3100 1.10 2120 | 2380
0.60 2200 5460 0.18 2750 | 3050 1.20 2100 | 2350
0.65 2180 2440 0.20 2700 | 3000 1.40 2050 | 2300
0.70 2150 2426 022 | zeso0 2980 1.60 2000 2250
0.80 2120 2380
0.90 2100 5350 © 0.25 2650 | 2950 1.80 1980 | 2220
1,00 5050 300 0.28 2620 | 2920 2.00 1950 | 2200
1.10 2000 | 2250 0.30 2600 2900 2.20 1900 | 2150
1.20 1980 2220 0.35 2550 2820 2,50 1850 | 2100
1.40 1920 2160
1.60 1880 2120 0.40 2500 2750 2.80 1820 2050
1.80 1850 2080 045 2450 2700 3.00 1300 2000
g-gg :?gg gggg 0.50 2400 | 2650 3.50 1750 | 1950
250 1750 1960 0.55 2380 2620 4.00 1700 1900
3.00 1700 1900 0.60 2350 2600 4.50 1680 1680 o
3.50 1650 1850 0.65 2320 2580 5.00 650 1850 EN
pRos o e 0.70 2300 | 2550 5.50 1620 | 1820
5'00 1520 1720 0.80 2250 2500 6.00 ° ~1600 1800 ;
5.50 1500 1700 6.50 1530 1750 5
6.00 1450 1650 :
7.00 1420 1620 *Preferred sizes. | :
8.00 1380 1580 bTangsile sirength values for intermediate sizes may be interpolated. Pf
9.00 1350 1550 f
10.00 1320 - 1520 s
11.00 1300 1500 . .
! 12.00 1250 1450 "
~ 400 1200 1350 3
sPreferred sizes. application as compared to hard drawn wire, Oil tem- - ! _
*Tensile strength values for intermedi- pered wire is also more suitable for precision forming and
ale sizes may be interpolated. coiling operations than hard drawn wire because of the i
close control of tensile strength and its superior straight- !
TABLE 2.4—SPECIAL QUALITY ness. Ten§1le strength agd hardness val:‘ms of Class 1 and |
HARD DRAWN STEEL WIRE, SAE Class 2 oil tempered wires are shown in Tables 2.6 and
J271 2.7. i
¥
H L] ol
. Diameter Tens'ieus,’,lar-e‘n gth Co . .
mm Typical Oil Tempered Carbon Valve Spring Wire—SAE J351,
UNS K06701 .
0.50 2600 ‘
0.60 2500 . . . .
0.80 2400 Valve spring wire represents the highest quality of oil
l-gg % tempered wire, It is used for springs subject to dynamic
160 2100 stress applications with maximum life expectancy. To
2.00 2000 . meet this requirement, valve spring wire has the highest
3’38 :ggg degree of uniformity with respect to surface, structural "
.00 1800 soundness, and mechanical properties. The production
5.00 1750 of this quality requires rigid inspection, selection, and
g-gg :g continuous control of the product from the steel melting
10.00 1500 furnace to the finished wire. The surface of this wire will
12.00 1450 ‘have no areas of detrimental carbon depletion. It is free
14.00 1400 of seams, scratches, die marks, pits, or other surface
 spreferred sizes. defects that would impair the fatigue life of the spring.
" *Tensile strength values for in- Wire tensile strength and hardness values are shown in
lermediate sizes may be inter- Table 2.8.

polated.
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TABLE 2.6—0IL TEMPERED CARBON STEEL
SPRING WIRE, SAE J315, CL1t

Tensile Strength®
Diarneter* MPa i Hardness

mm R
Min Max Min Max

) Rockwell 15N
.50 2050 2250 880 20.0
0.55 2020 2220 83.0 20.0
0.60 2000 2200 2830 80.0
0.65 1980 2180 88.0 300
Q.70 1850 2150 875 8395
0.80 19C0 2100 875 895
0.90 1850 2050 az7.0 89.0
1.00 1800 2000 86.5 88.5
1.10 1780 1980 86.0 880
1.20 1750 1950 86.0 880
Rackwell 45N
1.40 1700 1300 55.0 60.0
1.60 1650 1850 54.0 59.0
1.80 1620 1820 530 58.0
2.00 1600 1800 525 57.5
2.20 1580 1780 52.0 57.0
2.50 1550 1750 515 56.5
280 1520 1720 505 55.5

Rockwell C

3.00 1500 1700 45 50
3.50 1450 1620 44 48
4.00 1460 1580 43 48
4,50 1380 1550 42 48
5.00 - 1350 1520 4% 47
5.50 1320 1500 41 47
6.00 1300 1480 40 45
7.00 1280 145G 40 45
8.00 1250 1420 Kl 44
9.00 1220 1400 38 44
10.00 1200 1380 37 42
i1.00 1480 1350 36 42
12.08 1150 1320 a5 41
14.00 1120 1300 35 41
18.00 1120 1300 35 41

Preferred sizes.
*Tensile strength values for intermediate sizes may be inter-
polated. . .

Hard Drawn Valve Sprihg Wire—SAE J172, UNS
K06701

A hard drawn grade of valve spring wire is produced
with all the restrictions as to processing and conirols of
quality equal to the oil tempered grade. The final mechan-
ical properties are the result of the amount of cold work
which follows the final patenting treatment. The fabri-
cation of this material is similar to the hard drawn car-
bon spring wire described in the first paragraph of Section
3. See Table 2.9 for tensile strength values of the wire.

Annealed Wires (SAE 1063, UNS G10650 Thru 5.0 mmm;
SAE 1566, UNS G15660 Over 5.0 mm)

Annealed wire is produced for certain applications
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TABLE 2.7—0OIL TEMPERED CARBON STEEL
SPRING WIRE, SAE J318, CL2

Tensile Strength® Hard

Diametors MPa araness
mm . R R,
Min Max Min Max
Rockwell 15N
0.50 2240 2440 90.0 920
0.55 2220 2420 90.0 92.0
Q.60 2200 2400 89.u 910
0.65 2190 2390 89.0 910
0.70 2180 2380 89.0 91.0
0.80 2150 2350 885 905
.90 2100 2300 88.0 90.0
1.00 2080 2260 875 895
$.10 2020 2220 875 89.5
1.20 2000 2200 87.0 89.0
1.40 1950 2150 ar.0 89.0
Rockwell 456N
1.60 1900 2100 58.0 63.0
1.80 1880 2080 57.0 62.0
2.00 1850 2050 56.0 610
2.20 1800 2000 555 60.5
2.50 1750 1950 55.0 60.0
2.80 720 1920 55.0 60.0
3.00 1700 1900 54.5 59.5

Rockwell C
3.50 1650 1850 49 - 54
4.00 1600 1800 48 53
4.50 1550 1750 48 53
5.00 1520 1720 47 52
5.50 1500 1700 46 5t
6.00 1480 1680 45 50
7.00 1460 1660 44 49
8.00 1440 1640 44 49
9.00 1420 1620 44 49
10.00 1400 1600 43 48
11.00 1380 1580 43 48
12.00 1350 1550 42 47
14.00 1320 1520 41 46
16.00 1300 tE00 41 46

Preferred sizes.
*Tensile strength values for intermediale sizes may be inter-
polated.

where there is a high degree of severity of deformation
in the fabrication of springs and formed parts. This wire
is not commonly produced to definite tensile properties,
as the parts formed are subsequently heat treated. This
grade may be furnished lightly drawn after annealing in
order to aid in dimensional control during forming.

Alloy Steel Spring Wires—SAE J132, UNS'K15047; SAE
J157, UNS K155%0

Alloy steel wire is used in the manufacture of springs
which operate at moderately elevated temperatures up to
230°C" Because of their resistance to relaxation under
these conditions, their high tensile strengths, and their
torsional elastic limits, the most commonly used alloys
are SAE J132, Oil Tempered Chromium Vanadium Valve




TABLE 2.8—0IL TEMPERED STEEL VALVE SPRING
WIRE, SAE J351, UNS K08701

N D|ar|r"nne1ter Tensu:‘ g;rength Hardness

Over | ‘Thru Min Max | Min | Max

Rockwell 45N
— 25 1650 1800 52 57
25 35 1600 1750 5% 56

Rockweit C
a5 4.0 1580 1720 46 51
4.0 4.8 1550 1700 45 50
48 5.5 1520 1680 44 43
5.5 — 1500 1650 44 49

TABLE 29—HARD DRAWN CARBON
STEEL VALVE SPRING WIRE, SAE
J172, UNS KO6701

Diameter Tensile Strength
mm MPa

Over Thru Min Max
-— a5 1600 1750
35 4.0 1580 1720
40 48 1550 t700
48 55 1520 1680
55 — 1500 1650

Spring Quality Wire and Springs, and SAE J157, Oil
Tempered Chromium Silicon Alloy Steel Wire and
Springs. See Tables 2.10 and 2.11 for tensile strength and

hardness values of oil tempered wire. These alloys may '

also be obtained hard drawn or annealed, and in com-
mercial quality or valve spring quality.

4. Stainless Steel Wire—SAE J230 and SAE J217

Stainless steels, SAE J230 in either UNS 530200 or
UNS S30400 grades, are produced to mechanical proper-
ties by cold drawing. In this condition, these grades have
good corrosion resistance and also good temperature
resistance up to 260°C. SAE J217, UNS 517700, Spring
Wire and Springs, covers a grade of stainless normally
produced cold drawn which, after forming, is age hard-
ened by heating to 480 = 5°C for 1 h. In this condition,
it has mechanical properties equal to music wire. It has
the corrosion-resistant properties of UNS $30200 and,
in addition, greater resistance to relaxation up to about
340°C, All metallic coatings, such as lead or copper, must
b= removed prior to heat treatment. Springs made from
\_less wire must be passivated after heat treating to
ensure maximum corrosion resistance. All of these stain-

TABLE 2.10—CHROMIUM VANADIUM STEEL SPRING WIRE, SAE
J132, UNS K15047

Diameter Tensila Strength Reduction
mm MPa " Hardness of Area
Over Thru Min Max Min Max % Min
Rockwell 15N

— 05 2050 2200 885 §9.7 —_

0.5 0.6 2020 2180 8233 895 _

0.6 0.8 2000 2150 88.0 89.3 —

0.8 1.0 1950 2100 875 88.8 —

1.0 1.2 1900 2050 B7.0 88.5 —

. Rockwell 45N

1.2 1.6 1800 1950 57.9 614 —

1.6 2.0 1750 1900 56.4 59.4 -

20 25 1700 1850 550 51.9 -

Rockwell C

2.5 30 1600 1750 48 51 45

3.0 40 1550 1700 47 50 40

4.0 50 1500 1850 46 49 40

50 6.0 1450 1600 45 48 40

8.0 8.0 1400 1650 43 47 40

8.0 10.0 1350 1500 42 48 49
10.0 12.0 1320 1480 41 45 40
12.0 — 130G 1450 41 45 40

TABLE 2.11—CHROMIUM SILICON STEEL SPRING WIRE, SAE J157,

UNS K15590
Tensile Strongth® Reduction
Diameters MPa Hardness of Area
mm
Min Max Min Max % Min
Rockwell 15N
08 2060 2240 885 90.0 —
09 2050 2230 885 90.0 —
1.0 2040 2220 88.5 90.0 —
1.1 2030 2210 88.5 90.0 —
1.2 2020 2200 88.0 88.5 —
1.4 2010 2190 88.0 895 —
Rockwell 45N
1.6 2000 2180 59.5 630
18 1980 2160 59.0 62.5 —
2.0 1960 2140 59.0 62.0 -
22 1940 2120 585 61.5 —_
2.5 1920 2100 58.0 61.5 45
2.8 1910 2090 58.0 61.0 45
3.0 1900 2080 57.5 61.0 45
Rockwell C
35 1860 2040 51.5 54.0 45
4.0 1830 2000 51.0 53.5 40
4.5 1800 1960 50.5 53.0 40
5.0 1780 1940 50.5 53.0 40
55 1750 1920 50.0 525 40
6.0 1720 1900 49.5 52.8 40
70 1700 1880 49.5 52.0 40
8.0 1680 1850 49.0 §52.0 40
9.0 1660 1820 4a8.5 52.0 40
10.0 1640 1800 48.5 515 40
1.0 1620 1780 48.0 51.0 40

sPreferred sizes.

tTensile strength values for inlermediate sizes may be interpolaled.
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TABLE 2.12—HARD DRAWN STAINLESS STEEL WIRE, SAE J230,

UNS $30200 (18-8)

Tensile Strangtht Tensile Strengthe
Diameter» MPa Diameters MPa

mm mm

Min Max . Min Max
0.22 2240 2440 1.60 1750 1950
0.25 2220 2420 1.80 1720 1920
0.28 2200 2400 2.0¢ 1680 1880
0.30 2180 2380 2.20 1650 1850
0.35 215Q 2350 2.50 1620 1820
0.40 2120 2320 2.80 1580 1780
0.45 2100 2300 3.00 1550 1750
0.5¢ 2080 2280 3.5¢ 1430 1680
0.55 2050 2250 4.60 1420 1620
0.60 2026 2220 4.50 1360 1550
Q.70 1980 2200 5.00 1300 1500
0.80 1940 2140 5.50 1260 1460
0.90 1900 2100 6.00 1220 1420
1.00 1880 2080 7.00 1160 1360
1.10 1850 2050 8.00 1100 1300
1.20 1820 2020 9.00 1000 1200
1.40 1800 2000 10.00 200 1100

*Preferred sizes.
bTensite sirength values for intermediate sizes may be interpolated.

N’
TABLE 2.13-—HEAT
TREATED STAINLESS
STEEL WIRE, SAE J217,
UNS §17700 (17-7 PH)
Diameters TG"S"EFS.: ength
mm Typical
0.50 2400
0.60 2380
0.80 . 2320
1.00 2300
1.20 2250
1.60 2200
2.00 2100
2,50 2050
3.00 2000
4.00 1950
5.00 1800
6.00 1850
8.00 1800
10.00 1750
*Preferred sizes.
e
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TABLE 2,14—SPRING BRASS WIRE, SAE
J461, UNS C26000 AND UNS C27000

Tensil-Strength, MPa
Temper

Min Max
Haif-Hard 550 650
Three-Quarter-Hard 625 728
Hard 700 800
Exira Haro 800 9040
Spring 825 -

iess steel spring materials are magnetic at spring hard-
ness. Tensile strength and hardness values for hard drawn
wire are shown in Tables 2.12 and 2.13.

5. Copper Allbys

Spring Brass—SAE 1461, UNS C26000
(70% Copper—30% Zinc)

This material is most often supplied as strip or wire
and is recommended for light-duty springs. Mechanical
properties are not usually related to size but rather to the
terminology quarter-hard, half-hard, three-quarter-hard,
hard, extra hard, spring, and extra spring, which indi-
cate the mechanical properties available irrespective of
material section, as shown in Tables 2.14 and 2.15.

Phosphor Bronze—SAE J461, UNS C51000 and UNS

C52100
(80% Copper—38% Tin—0.3% Max Phosphorus)

Sheet and Strip—This material is superior to spring
brassin mechanical properties and equal in electrical con-
ductivity. Mechanical properties are shown in Table 2.16.

Wire—Spring temper wire has the size-tensile relation-
ship shown in Table 2.17.

ST




TABLE 2.15 — SPRING BRASS SHEET AND STRIP, SAE J461, UNS C26000

. . Tensile Hardness
Size rﬁfnctlon Strength
Temper MPa Min | Max { Min | Max
Over/Thry Min Max RB R30T
C.50/0.90 60 74 —_ -—
Halt-Fard 8:28;6‘?0 395 | 460 ‘f z 5% ;6
0.70/- - — 58 68
0.5G/0.90 72 70 — —_
Three-Quarter-Hard 338;670 440 | 510 7_5 8_2 65 70
0.70/- - — 67 72
0.50/0.90 70 84 — —_
0.90/- 81 86 — —_
Hard oso070 |48l 2| T 1| 7
0.70/- —_ — 71 74
0.50/0.90 85 59 — -
Extra Hard g:ggg 70 | 570 | 635 {f 92 74 76
0.70/~ — — 75 77
0.50/0.90 89 92 — n
, 0. - 93 —_ e
Spring o30r.70 | 625 | 6% P26 %
0.70/- — —_ 76 78
0.50/0.90 91 94 — —_
Extra. Spring 0w |ess|7s | ¥ 51 %
0.70/- — —_— 77 79

TABLE 2.16—PHOSPHOR BRONZE SHEET AND STRIP, SAE J461, UNS C52100

. . Tersile Hardness
Size Section Strength
Temper mm MPa Min | Max Min | Max
Over/Thru Min | Max RB R30T

1.0/- 76 13| — —
Half-Hard e om0 | ol s | ¥ s
' 0.25/0.75 - — 63 75
10/- 9 97 - -
Hara Store o feo| ol es 2|2
0.25/0.75 _ — 73 80
1.0/ 95 100 | — —
0.75/- - — 78 a3
Extra Hard 0.50/1.0 670 | 770 | 45 o8 _ _
0.25/0.75 — - 77 az
1.0/~ a7 102 — —
) 0.75/- _— - 79 84
Spring o.so§1,o 725 1820 | g5 F 00 | — | —
0.25/0.75 —_ — 78 83
1.0/- 38 103 — —
Exvaspring | 02301 760 | sao [ oo [ wor [ X ¥
0.25/0.75 —_ — 79 83
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TABLE 2.17—PHOSPHOR BRONZE Wi

RE AND ROD, SAE J461,

UNS C51000
Diameter Minimum Tensile Mini
mm Strength, MPa inimum
Elpngatlon
Over Thru Wire Rod % in 50 mm
— 0.60 1000 850 —
0.60 1.5Q 925 800 —_
1.50 3.00 200 750 —_
3.00° 6.00 850 725 3.5 {rod only)
6.00 9.00 825 700 5.0
9.00 12.00 725 - 625 9.0

Beryllium Copper--SAE J461, UNS C17200
(98% Copper—2% Beryllium)

This material is commonly used because of its excel-
lent fatigue resistance and its ability to be formed in a
soft or cold worked condition and subsequently aged or
precipitation hardened to spring temper at the relatively
low temperature of 315 °C, Mechanical properties of the
various mill tempers after heat treat, independent of size,
are shown in Table 2.18.

Silicon Rronze—ASTM B99, UNS C65500
(95% Copper—3% Silicon)

There are several different chemical grades of silicon
copper alloy wires. UNS C65500 strip is also used for flat
parts requiring spring properties. They are less costly than
the phosphor-bronze group and have about the same
tensile-cold worked temper relationships. The tensile
strength of spring grade wire is 900 MPa minimum and
725 MPa minimum for strip and is a function of the
chemistry of the alioy rather than size.

6. Nickel Alloy Wires, SAE J470

UNS N06600 (Inconel 600)
(75% Nickel—16% Chromiunt—8% Iron)

This is used chiefly because of its corrosion resistance
and its strength and resistance to oxidation at elevated
temperatures. Its nominal operating range is from a low
of -40°C to a high of 345°C when springs are designed
with average stresses, such as 380-585 MPa in torsion or
760-930 MPa in bending. As cold drawn, the tensile
strength range is 1070-1280 MPa. The nominal stress
relieving temperature is 425-480°C.

UNS NO7750 (Inconel X-750)
(73% Nickel—15% Chromiam—7% Iron—2,5%
Titanium-—0.8% Columbium—0.8% Aluminum)

This is an age hardenable alloy that has outstanding

resistance to relaxation at elevated temperatures up to
600°C. This grade is furnished in two tempers.. The
lower temperature aged product has a tensile strength
range of 930-1140 MPa which after aging at 730°C for
16 h will have a tensile strength of 1170 MPa and maxi-

mum resistance to relaxation. 1f greater strength is-

desired, an aging treatment of 845°C for 4 h will develop
1520 MPa tensile strength but with some deterioration
.of relaxation properties.

UNS N04496 (Moncl 460)
(65% Nickel—35% Copper)

This is used because of its high strength, ductility, and
resistance to alkalis and acids. It is also the lowest cost
nickel grade spring alloy. In the cold drawn spring grade,
its tensile strength varies with the amount of cold work
in the range of 900-1100 MPa, and it should be stress
relieved after coiling at 275-315°C. It is best used for

TABLE 2.18—BERYLLIUM COPPER, MECHANICAL PROPERTIES OF MILL TEMPERS
AFTER HEAT TREAT, SAE J461, UNS C17200

Tensile Strength
Temper Hardened Strip Wire Hardness, Miq
Before Hardening Temper MPa MPa
Min Max Min Max | RC | R3ON { A1SN

Solulion Treated {A) AT 1140 1350 1140 1350 38 56 78
Quarter-Hard {% H) W HT 1200 1410 | 1200 1410 38 58 73
Half-Hard (1% H) a2 HT 1270 1480 1270 1480 39 - 59 79.5
Three-Quarier-Hard ;

{% H) 3% HT — — 1310 [ 1520 | 40 60 80
Hard {H} HT 1310 1520 _ —_ 40 60 80

2.26

[P ———




moderately loaded springs which are subject to corrosive
attack such as marine or salt water conditions. It is
reasonably stable in the temperature range of -70 to
+200°C.

UNS NO05500 (Monet K-500)
(66% Nickel—31% Copper—3% Aluminum)

This is used in place of regular monel because it can
be age hardened to provide higher mechanical properties.
When aged at 585°C for 16 h followed by slow cooling
to 480°C, this grade of wire has a tensile range of
1100-1240 MPa. It is nonmagnetic and can be used at
temperatures to 235°C,

Superalloys

In addition to the above, several specialized grades of
nickel or cobalt-base alloys containing varying amounts
of chromium-tungsten-molybdenum and/or siticon have
been developed. These materials, termed “superalloys,”’
are all age hardening grades and have tensile properties
in wire form that can be used to make springs that are
dimensionaily stable up to 815°C and at stress levels to
550 MPa. Details of these materials are given in SAE
J467, Special Purpose Alloys (**Superalloys’’). Further
information should be obtained from the manufacturers.

™

7. Spring Steel for Fiat Spiral Springs

Flat wire and strip are terms, sometimes used inter-
changeably, which identify two different products. There
is an area of overlap where a cross section may be
produced either as a flat wire or as a strip. The process-
ing is different, and since this may have an effect upon
the application, the two shali be described briefly below.

Fiat Wire

Flat wire is produced by passing round wire through
the rolls of a flattening mitl. The wire may be left with
a natural round edge formed by the flow of material as
it passes between the rolls, or it may be shaped by a Turks
Head or edger to produce a flat or radius edge.

In the hardened and tempered condition, the desired
mechanical properties for a given end use are obtained
by quenching and tempering in the strand. The required
combination of strength, hardness, toughness, and duc-
tility can be produced by varying the carbon content and
the conditions of quenching and tempering.

In ordering flat wire, it is necessary to specify the edge )

required, unless the approximately round edge produced -

by cold work is acceptable.
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Strip

The ability of high carbon steel strip to attain high
hardnesses and elastic limits makes it suitable for many
special applications. Spring steel strip is produced in a
variety of chemistry combinations and mechanical
properties.

Selection of the proper grade can only be made after
determination is made of the hardness, strength, and
fatigue requirenients, plus the ductility needed for form-
ing. Spring steel strip is produced by subjecting hot rolled
strip to a cleaning operation and a combination of cold
rolting and thermal treatments. This process transforms
a coarse grained material of uneven dimensions and a
rough surface to one that is capable of being formed,
responding to heat treatment, and having vniform dimen-
sions and a smooth surface free of defecis. Selection
of the raw material and the mill practice employed are
key factors in determining the quality of the finished
product, such as uniformity in response to forming and
heat treatment, and ductility,

Hardened and tempered cold rolled steel sirip is
produced to meet a range of hardnesses or ultimate ten-
sile strengths. This operation is performed on the strip
to secure the highest mechanical properties. Materiat in
this condition is capable of only moderate forming.

Hardened and tempered strip may be suppiied in any
of the following finishes: black tempered, scale-less tem-
pered, brighi tempered, tempered and polished, or tem-
pered, polished, and colored, '

Untempered steel strip may be supplied with different
edges as listed below:

1. Round or square, a prepared edge.

2. Natural mill edge.

3. Approximateiy square edge produced by slitting.

4, Approxmately round edge produced by edge
rolling.

5. Approximately square edge produced by edge rofl-
ing or filing to eliminate slitting burr.

6. Square edge produced by edge rolling when width
tolerances and finish are not as exacting as in Item 1.

Tempered strip is supplied with an edge as described
in Item 1.

8. Hot Coiled Spring Materials

Spring steel bars are available in carbon and alloy
grades. The bars are generally used in the as-rotled con-
dition, but may be centerless ground before coiling. Table
2.19 lists some materials commonly used in hot coiled
springs. Given a steel heat of minimum hardenability
and a mild oif quench, the ‘“‘H”’ steel sizes listed should



TABLE 2.19—MATERIALS COMMONLY USED IN HOT COILED SPRINGS

Tensile Properties Torsional Propertias
Ultimate Elastic Ultimate Elastic Application—Based
Material Strength Limit Modulus Strength Limit Moduius on Hardenabiiity
MPa MPa £ MPa MPa G {See Chapter 2,
MPa MPa Section 8)
Min® Min® Mint Min®
Carbon Sieels
SAE 1085 and .
SAE 1095 1200 900 200 000 780 520 76 000 up to 1Q mm bar size
Carbon Boron Sieet
SAE 15862H 1450 1260 200 000 1000 720 76 000 up to 25 mm bar size
Ailoy Steels
SAE 5150H 1450 1280 200 000 1000 720 76 00O up o 10 mm bar size
SAE 5160H 1450 1280 200 000 1600 720 76 000 up to 20 mm bar size
SAE 9260H 1450 1280 200 000 1000 720 76 000 up to 0 mm bar size
SAE 51B60H 1450 1280 200 000 1000 720 76 000 up 10 30 mm bar size
SAE 416tH 1450 1280 200 000 1000 720 76 000 up to 80 mm bar size
SAE 6150H 1450 1280 200 000 1000 720 76 000 vp to #Q mm bar size

*Generally accepled values: reduced from nominal values of 205 000 MPa and 79 300 MPa to offset various factors related to hot coiled

springs.

*Carbon steel minimum values are based on size shown. Core hardness may be lower than surface hardness for size shown,
“H" sleel minimum values are based on a through hardened bar of 444 HB (1450-1650 MPa Ultimate Tensile), Ref. SAE J413a. Typical

hardness ranges are 444-495 HB and 461-514 HB.

provide a minimum as-quenched core hardness of 58 Re.
Sizes for the ‘“H”” steels are based on SAE J1268 JUNS0.
A minimum core hardness of 58 Rc as-quenched is con-
sidered desirable to produce a spring that can be fully
preset to operate at maximum stress levels. An automo-
tive suspension spring is typical of the high stress, mini-
mum weight approach,

When springs are operated at lower stresses, . a softer
core can be permitted and larger bar sizes used. The car-
bon steel sizes shown are based on this type of applica-
tion. Selection of a material involves many variables and
requires a thorough knowledge of spring requirements,
materials, and the heat treat system involved.

9. Corrosion Resistance

To ensure that a new spring design will provide ade-
quate performance, it is necessary to evaluate not only
the mechanical requirements of the application, but also
the environmental conditions in which the Spring must
function. Corrosion is the major environmental factor
which will promote spring breakage. It destroys and
removes metal from the surface of the spring by chemi-
cal or electrochemical methods in an irregular fashion
which causes an overall reduction in the spring stock size,
compounded by localized areas of intensive metal
. removal. These effects seriously reduce both the static
strength and the fatigue strength of the spring. Since the
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corrosive losses reduce the spring stock size, the result-
ing strength reduction will vary inversely to the section
size and, therefore, gain increasing importance as the size
decreases. :

To protect the spring against the corrosive environ-
ment, one must either isolate the surface from the
environment, nullify the environmental effects, or use a
spring material that is vesistant to the chemical attack of
the corrosive agents. Isolation of the surface may be
accomplished by removing the spring from the environ-
ment or covering the surface with a protective coating.
Applied finishes are discussed in Chapter 1, Section 8.

The environmental effects can be nullified on elec-
trochemical forms of corrosion by attaching to the spring
a sacrificial metal which is chemically more active than
the spring metal. This can be done by piating the spring
surface with a sacrificial metal, that is, cadmium or zinc
for stee! springs, or by providing an electrical conduc-
tive link between the spring and the sacrificial metal.

‘The most common corrosion resistant spring materials
are nonferrous metals or stainless steels. To be truly cor-
rosion resistant, these metals must be selected on the basis
of the corrosive environment in which they are to oper-
ate, Among the nonferrous materials used are phosphor-
bronzes, brasses, and copper nickel alloys. However, due
to lower elastic properties, it is necessary to use a larger
volume of these metals to give performance comparable
to ferrous metals. For certain severely corrosive condi-
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tions, stainless steels offer very satisfactory performance,

The materials have very nearly the same mechanical
; rties as the standard ferrous spring materials and
:;mj;ermil satisfactory design with the least amount of
metal and a minimum of space.

Because of economic conditions, it is not always pos-
sible to use anti-corrosive materials in spring parts sub-
ject to such attack. It thus becomes necessary to analyze
each application to determine the type and degree of pro-
tection that is necessary to ensure adequate performance.

10, Material Handbooks

Additional inforrmation on materials and further details
of specifications can be obtained from the following
sources:

1. Society of Automotive Engineers, Inc., 400 Com-
monwealth Drive, Warrendale, PA 15096. SAE Hand-
book includes material compositions and properties,

2. American Society for Testing and Materials, 1916
Race Street, Philadelphia, PA 19103. Annual Book of
Standards: Part 3 covers steel strip and wire, Part 6 covers
copper alloys, Part 10 covers tests of metals.

3. Humington Alloys Products Division, The Interna-
tional Nickel Co., Hunrtington, WV 25720. Handbooks
of high-nickel alloys.

4. Copper Development Association, Inc., 405 Lex-
ington Avenue, New York, NY 10017, Standards
Handbook for copper alloys.
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Chapter 3

Helical compression and extension springs are normally
cold wound when the material is less than 10 mm in
diameter, and hot coiled when it is greater than 16 mm
(see Chapter 4). When the cross section is between 10 mm
and 16 mm both processes are common.

A. HELICAL COMPRESSION SPRINGS
1. General

A helical compression spring is an open helical spring
which offers resistance to a compressive force. It is made
in various forms and from different shapes of wire
depending upon a wide variety of uses. While it is neces-
sary in some cases to employ square, rectangular, or spe-
cial shaped wire, the use of round wire predominates in
the manufacture of most compression springs. The most
comimon form has the same diameter for its entire length

d is known as @ straight spring. Variable diameter

Nvpirings are used to some extent. '

The main objective of a spring design is to obtain a
spring which will be reasonably economical for a given
application, will fit into the available space, and will give
satisfactory performance. The space governs the dimen-
sional limits of operating length and outside and inside
diameters. In addition, some other requirements, such
as load, deflection, and maximum solid length, need to
be known at the start. These dimensions, together with

‘the load and deflection requirements, determine the

-

stresses in ‘the spring.

When a helical compression spring is loaded, the coiled
wire is stressed in torsion. The stress is greatest at the sur-
face of the wire; as the spring is deflected, the load varies,
causing a range of operating stress, Stress and stress range
govern the life of the spring, The higher the stress range,
the lower the maximum stress must be to obtain com-
parable life. Relatively high stresses may be used when
the stress range is low or if the spring is subjected to static
loads only. The stress at solid length must be sufficiently
high to permit presetting if this manufacturing operation
is included. However, if the spring is not preset, then the
solid stress should be kept low enough to avoid perma-
nent set, since springs are frequently compressed solid
“ring installation.

Nt
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Cold Wound Helical and Spiral Springs

The materiat selection depends upon the spring appli-
cation and such factors as cost, allowable stress, fatigue
durability, corrosion resistance, and resistance to set or
load loss at elevated temperatures. If the space is limited,
or if optimum fatigue durability is required, shot peen-
ing and spring presetting may be considered as means of
increasing tie allowable working stress. If a spring is sub-
ject to elevated temperatures and/or high level stresses,
then presetting by either heat setting or hot pressing may
be necessary to reduce the relaxation in service. See Chap-
ter 1, Sections 4 and 5. Spring materials are fully
described in Chapter 2, which should be referred te for
material selection.

2. Spring Details

Terminology ;md Types of Ends

A typical helical compression spring is illustrated in Fig.
3.1 to explain the spring terminology. This figure shows
the configuration of closed and grouad ends of a com-
pression spring. This minimizes the eccentricity of load-
ing at the ends and reduces the installation space required.

Typical types of end configurations which may be
employed are illustrated in Fig. 3.2. The unground ends
may be used for reasons of economy, but they give eccen-
tric loading with some increase in maximum spring wire
stress and space required. The plain ends similarly pro-
duce eccentric loading and additionally present a handling
problem due to springs tangling together.

Wire Diameter (d)

The desired size of wire will be determined by the elas-
tic limit and the modulus of the material, loads, range
of operation, and type of application of the spring.

Round wire provides the most economical compression

spring design and should be used whenever possible, At
times, however, it is necessary to resort to the use of
square, rectangular, or flat wire in order to obtain the
desired characteristics within a limited space.

If the design necessitates a rectangular section, a rolled
wire {with round edges) is more economical and can quite
often be rolled from round wire in stock. For these wire
sections, rectangular wire formulae are applicable,
although the load capacity, rates, and stresses will be
somewhat altered due to the large edge radii.
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Fig. 3.2—Typical ends of helical compression Springs

Coil Diameter (D)

The following procedure is recommended when
specifying the coil diameter in the itemized spring
specifications.

1. If the spring works over a rod, the minimum inside
diameter of the spring should be specified,

2. If the spring works inside a hoiising, the maximum
outside diameter of the spring should be specified.

3. If the spring is confined both internally and exter-
nally, the limiting dimensions may be stated in addition
to the mean ccil diameter,

Some consideration should be given to the spring index

(C = ratio of mean coil diameter to wire diameter) in
the design. An unusually low index is difficult to
manufacture, while a high index will cause large varia-
s in coil diameter. Indexes 3.5-15 are commercially
Swactical to manufacture, but indexes in the range of 5.5-9
are preferred, particularly for close tolerance springs and

D-—PLAIN ENDS

those subjected to cyclic loading. For details on coil
diameter tolerances, refer to Part C of this chapter.
The spring index is generally not selected at will as it
depends upon other spring parameters. Considering only
the active portions of a compression spring, there is a

" direct relationship between thé ratio of maximum deflec-
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tion to solid length and the stress and index. This is
expressed by the formula:

F _x5¢€
L, G

Free Length (L,)

The free length is an overall dimension measured par-
alief to the axis of the spring when it is in the free or
unloaded state. If definite loads are specified for the
manufacture of the spring, the free lengih should be an
approximate dimension which may be varied to meet the
load requirements. On the other hand, if a load with a
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lerance is not specified, then it is advisable to specify
= free length with a tolerance. Detailed information of
:e length tolerances is given in Part C of this chapter.

amber of Coils (N)

The number of coils should be specified as a reference
mare, and it should be stated whether it refers to active
[,) or total coils {N,}). The maximum number of coils
1l be restricted when there is a solid length specifica-
sn.  When specifying the number of coils, it is advisa-
= to use total coils rather than active coils. Total number
" coils is counted from tip to tip. On springs of great
agth, it is advisable to specify the pitch or number of
ils per 25 mm rather than the total number of coils.
wings with closed ends or with closed and ground ends
we one inactive coil at each end. Springs with plain ends
e considered to have virtually no inactive end coils
iless they are fitted into specially shaped spring seats.
wings with plain ends ground are considered to have
out one-half inactive coil at each end; the actual num-
« depends upon the free pitch of the spring and the
ickness at the tip after grind. Tolerances to number of
ils are outlined in Part C of this chapter.

elix of Coil

In applications such as one spring operating incide
ther, it is necessary to coil the springs so that the
lices are in opposite directions, right and left. If a spring
serates over a screw thread, the direction of the helix
ould be opposite to that of the thread. In some
stances, the direction of the helix may be chosen for
wt number or source identification. In such special
ses, the direction of coil helix should be specified; other-
ise, it will be taken as optional.

5 lid Length (L,)

It is desirable that the solid length be specified as a max-
wm dimension, allowing the manufacturer any toler-
ice under this dimension determined by variation in wire
‘ameter and the amount of grind on the ends.

oad (P)

Itis the force required to compress the spring to a speci-
#d loaded length. It may be used as a resisting force to
1sorb the energy of a blow or shock, or to exert a force
i in the case of a valve gear. In some cases, load is static
ud is used to exert force at a given point. Sometimes
spring load is utilized for an energy source to actuate
irts of a device rather than to offer resistance,

The axis of a helical compression spring should be posi-
med vertically when the spring is being checked for

load. The readings should be made during the unloading
which will produce a lower load due 1o the spring
hysteresis.

Load should be specified at a definite compressed
length of the spring and not at some deflected distance
from the free length, as the free length should be a vari-
able dimension. Toierances should be applied to the load
and not to the length whenever possible. Load tolerances
are explained in Part C of this chapter.

Rate (R)

1t is the change of load per unit length of spring deflec-
tion as the spring is being compressed. Rate should be
determined between 20 and 60% of total deflection when
test lengths are not otherwise established. If even coil
spacing or pitch is used, a constant rate develops. In a
compression spring with closed ends, the rate is not con-
stant throughout the entire deflection of the spring. This
is due to a portion of the active coil adjacent to the closed
ends closing down as the deflection nears the solid com-
pressed length of the spring, thus increasing the actual
rate of the spring due to the decrease in the number of
active coils.

It is possible to design a spring with a definitely increas-
ing rate by using a variable pitch of coils or a variable
diameter spiing; however, a helical compression spring
cannot be designed with a decreasing rate. Rate tolerances
are outlined in Part C of this chapter.

. B. HELICAL EXTENSION SPRINGS
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1. General

An extension spring is a particular type of helical
spring, usually close wound, which offers resistance to
a tension force applied through suitable end forms. Sim-
ple hooks and loops serve the purpose most frequently.
A distinguishing characteristic of the conventional exten-
sion spring is the presence of initial tension, a force in
the close wound coils which must be overcome by a pull
applied at the ends of the spring before the coils will
separate. '

Music wire, hard drawn spring wire of various kinds,
and pretempered carbon and alloy wire are the materials
used in extension springs. Annealed or untempered wire
which requires hardening and tempering after coiling is
rarely used for conventional extension springs, because
during the hardening process the springs lose their initial
tension. '
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TWIST LOOP
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Fig. 3.4—Typical machine made loops

2. Types of Ends

The sketches in Fig. 3.3 show some of the many types
of ends which have been used on extension springs,
Details such as hook opening or restraint of the loop
within the body diameter should be specified on the draw-
ing because the word descriptions in Fig. 3.3 are not
universally standard. There is no limit to the designs of
loops which may be developed for a particular installa-

tion. In general, the machine hooks and machine loops -

are the preferred designs of those shown in Fig. 3.3.

Many extension springs of small wire size can be looped
automatically on a coiling machine. Fig. 3.4 illustrates
typical loops which can be made complete on modern
spring making machinery.

The cross loops made by this technique are free from
the mutilated portions which reduce the endurance of this
style of loop as made by other techniques.

3. Stress Concentrations in End Coils

When sharp bends are made in forming the end hooks
or loops of extension springs, stress concentrations are
produced which may cause failures. An adeguate estimate
of the stress concentration at the bend in the end hook
or loop maay be found by multiplying rhe bending or shear
stress obtained with the ordinary design formulas by the
ratio ro/r,, where r, is the radius of the center line of the
bend and r, is the inside radius of curvature of the wire
at the bend, as illustrated in Fig. 3.5. For best results,
this ratio should not be permitted to exceed 1.25; in other
words, the inside radius of curvature should be at least
twice the diameter of the wire,

Coned ends with swivel eves, hooks or bolts, as illus-
trated in Fig. 3.3, provide effective means for reducing
the stress in the end coils of the spring. Another way to
avoid stress concentration in the end coils is to obtain

EXTENDED
CROSS LOOP

ENLARGED
TWIST LOOP

REDUCED
TWIST LOOP

TORSION STRESS
AT A

Fig. 3.5—Stress conceniration at end hook bend

an extension spring action by combining a compression
spring with two yoke-like drawbars. The limit imposed
upon deflection by the definite solid length of the com-
pression spring prevents$ excessive extension and provides
a substantial measure of safety for the spring in this
arrangement. Extension springs may be made by screw-
ing threaded plugs into the ends of plain machine- cut
springs, the threaded plug being equipped with a hook
of substantial proportions to minimize the effects of stress
concentration.

4. Position of l__-looks

The position of hooks relative to each other can be in
line, ar right angles, or at any other angular position as
required. The hooks on springs with many coils may
change position somewhat in shipment, and the variation
of position is also affected by other variations during
manufacture. Hence, in order to maintain the position
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of hooks relative to each other, it is necessary to exercise
special care in manufacturing. If the position of ends rela-
tive to each other is important, the drawing of the spring
should emphasize the importance of position by a state-
ment as well as by pictarial representation.

5. Specifications

The drawing specifications for an extension spring
should include the coil diameter, the wire diameter, the
free length, some reference to number of coils, and full
particulars concerning the type of ends. Coil diameter is
usually specified as outside diameter. Free length should
be measured inside hooks. Either the number of coils in
the body of the spring or the length over the coils may
be specified, but only as an approximate figure. In com-
puting the length over coils, it should be recognized that
there is always one more wire diameter in the length than
the number of coils in a close wound spring. Full hooks
and loops are the same diameter as the body coils, and
the length required for two ends is approximately the
same as two diameters of the body coils.

When load is specified, the extended length inside
hooks under the load should be given. The imanufactur-
ing tolerance should be applizd to the load rather than
to the extended length. Iniuial tension should be controlled
by including it in the test load rather than specifying it
independently. If load and tolerance are specified at a
particular extended length, the free length inside hooks
should be shown as an approximate dimension.

Extension springs normally do not have a definite stop
to their deflection such as the solid compressed length
of a compression spring. The drawing specifications,
therefore, should include a statement of the maximum
extended length which must be attained without encoun-
tering permanent set,

6. Initial Tension

The initial tension that can be wound into an exten-
sion spring depends upon the index and the winding tech-
nique. Fig. 3.6 shows a range of practical values of initial
tension in terms of stress. The corresponding load should
be figured from the load-stress formula without any cor-
rection factor. lt is difficult to coil springs with a very
small amount of initial tension, because some springs will
then have some open wound coils. Very high values of
initial tension may require special coiling techniques and
may increase cost.

Normally, the initial tension varies slightly from coil
to coil, so it is necessary to extend the spring an apprecia-
ble amount before overcoming all of the initial tension.

A practical method of measuring the initial tension in
a spring is as follows:
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1. Extend spring some unit of length until all coils are
open, then measure load.

2. Extend spring another equal unit of length and
measure load.

3. Subtract the first load from the second load to
obtain the scale for the selected unit of length.

4, Subtract the scale for the selected unit of length
from the first load to determine the initial tension.

After separation of all the coils, the slope of the load-
deflection diagram is the same as for an open wound
spring. :

7. Spring Design

The design of extension springs, apart from the need
for making allowance for initial tension, differs little from
the design of compression springs. The end construction
affects the deflection of the springs, and spring calcula-
tions should include an allowance for the effect of end
deflection. In the case of full hooks or loops at each end,
the total number of active coils for rate computations can
be taken as the number of body coils plus one to aliow
for end effect. _

The stress levels for extension springs are substantially
lower than the stress levels for compression springs. There
are several reasons for this. 1n the first place, the tor-
sional stress in the body of the spring must be low te avoid
high bending stresses in the loops. Second, extension
springs are normally made withont residual stress, so the
limiting factor is the torsional elastic limit rather than the
high apparent stress which results from taking out set in
a compression spring. However, in cases where higher
stresses are needed, it is possible to coil the spring with
excess initial tension and then stretch it, removing initial
tension and inducing residual stresses. If this practice is
used, the remaining initial tension cannot be high, and
it may be necessary to use coned ends or inserted hooks
to avoid excess stress in the loops. Without residual stress,.
the maximum stress may be a compromise with the
requirement for initial tension. Normally, springs are
given a low temperature heat treatment to obtain the max-
imum elastic limit, but this heat treatment may reduce
the initial tension in an extension spring by 25-50% while
increasing the elastic limit by a similar amount.

Still another reason for lower stresses is the hazard that
an extension spring may be extended beyond its design
length either in assembly or by careless handling. Loops
on the side wilt cause a higher stress than loops over cen-
ter which apply the load axially.

Considering all of these uncertainties, a reasonable
uncorrected stress level is 35% of tensile strength for fer-
rous materials and 30% of tensile strength for nonfer-
rous and austenitic stainless steel for static or mild service.
Prediction of fatigue life is very difficult because of fur-
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ther complications, such as surging caused by impact C. TOLERANCES FOR HELICAL COM-
loads and increased stress which results from bowing of PRESSION AND EXTENSION SPRINGS
the spring, it it operates in the horizontal position. Exten-
sion springs have many advantages, but experimental 1. General
work and testing are necessary to utilize their maximum *
potential. ' '
The tolerances in this section apply to cold coiled
springs made of round wire. When applied with sound
N’
237



e

judgment, they represent economical limits for good com-
mercial springmaking practice, Closer tolerances can be
maintained, but usually with increased cost.

The perfect universal tolerances system for cold coiled
helical compression and extension springs has not been
devised. That it will ever be is unlikely.

There are many reaons for this situation. One is the
peculiar interdependence that each dimension of a spring
has upon its other dimensions and upon its load-
deflection characteristic. Another reason is that certain
aspects of specifying spring tolerances can have a great
influence upon the cost of springs. If the designer is una-
ware of them, or chooses to disregard them, he may
design considerable extra cost into a spring without
increasing its value. .

The wire which spring makers use in the manufacture
of cold coiled helical springs is purchased to standards
or specifications that include tolerance for the diameter
and mechanical properties of the wire, Variation within
the limits of these tolerances causes significant variation
in the dimensions and load-deflection characteristics of
springs.

This variation in wire is one reason why spring makers
recommend that designers apply realistic tolerance only
to mandatory requirernents and specify other require-
ments only as approximate, suggested, or limiting values.

The designer should specify e¢ither free length, solid
length, or loads at specific lengths. If more than cne of
these is specified, the secondary requirements will have
a wider tolerance which includes the effect of the spring
rate tolerance.

When the above practice is followed, the spring maker
has the opportunity to make compensating adjustments
in the nencritical dimensions in order te maintain the
mandatory requirements. Without this freedom for
adjustment, the use of special controls or salvage opera-
tions may be required, which would increase manufac-
turing costs.

The magnitude of the wmanufacturing tolerances
required for a spring of a given design depends upon
many factors. Sometimes a customer allows insufficient
space for a satisfactory spring. This results in a spring
design that is overstressed and allows very little manufac-
turing variation. Tolerances in such a case are severely
restricted by the application, and cost must become a
secondatry matter.

Generally, cost is a major consideration, and springs
must be produced in a most economical manner, Speci-
fied tolerances need to be generous enough to allow
acceptable springs to be made using ordinary methods,

Those types of wire made to close tolerances, such as
music wire and carbon steel valve spring quality wire, tend
to reduce variation in spring dimensions and permit the
holding to closer tolerances than is the case when the com-
mercial grades of wire are used.
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Compression springs designed o high stresses, within
safe stress limits, tend to vary less than springs designed
to low stresses.

The degree of nonconformance which the customer’s
receiving inspection will accept can be a vital factor in
the cost-tolerance relationship. When the spring maker
is aware of the customer’s inspection and acceptance
practice, he can adjust his control measures accordingly
to meet the required quality level at lowest possible cost.

The above is particularly true for large production runs
which allow time for process refinement and the effec-
tive application of statistical control. When this can be
done, it tends to reduce variation in spring dimensions
to the minimum, and very close tolerances can be met.

Many drafting rooms use standard drawing forms hav-
ing a tolerance box for machine dimensions. These box
tolerances are almost always impracticable for springs.
It is strongly recommended, when drawing forms with
box tolerances are used for springs, thar the tolerance box
be crossed out and that realistic spring 1olerances be speci-
fied for mandatory requirements.

Figs. 3.7-3.13 give tolerances for dimensions, load, and
rate for compression and extension springs.

The diameter and out-of-round tolerance for the com-
mon grades of spring wire can be found in the SAE Hand-
book under the section entitled Spring Wire and Springs.

2. Coil Diameter

Coil diameter tolerance may be specified on either the
inside or outside coil diameter. The tolerances in Figs,
3.7 and 3.8 are functicns of the wire diameter and the
ratio of mean diameter to wire diameter. The tolerances
are to be consideraed as manufacturing tolerances and do
not take into account changes in diameter due to applied
loads. Fig. 3.7 gives coil diameter tolerance for springs
having wire diameters in the range 0.30-9.50 mm. Fig.
3.8 gives coil diameter tolerance for springs having wire
diameters in the range 9.5-16.0 mm.

3. Free Length

The free length tolerances specified in Figs. 3.9 and
3.10 can be maintained, in most cases, unless changes in
free length are reguired to compensate for other varia-

bles which affect load.
Therefere, when a load with tolerance is not specified,

it is advisable to specify the free length with tolerance
for control and inspection purposes. Otherwise, it is
recommended that the free length be a reference
dimension.

In the case of comipression springs, the free length is
an overall dimension measured parallel (o the axis of the
spring. For extension springs, the free length refers to the
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is less than 0.30 mm.

length inside to inside of the hooks. Free length toler-
ances for compression springs (expressed as mm per mm
of free length) are shown in Fig. 3.9 as functions of the
number of active coils per mm of free length and the
spring index.

Free length tolerances for extension springs expressed
as functions of the free length appear in Fig. 3.10,

4. Load

Load tolerances for compression springs, as functions
of the nominal free length tolerance of Fig. 3.9 and the
deflection from free length, are shown in Fig. 3.11.
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B

The normal load tolerance for an extension spring is
equal to the product of the appropriate tclerance factor
from Fig. 3.12A and the appropriate multiplying factor
from Fig. 3.12B. Tolerances determined in the above
manner are functions of the spring index, the ratio of free
length to deflection, and the wire diameter.

5. Rate

When spring rate is a functional requirement, it should
be specified with tolerance. Normal rate tolerances are
shown in Fig, 3.13 as functions of the number of active
coils.
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6. Solid Length

If the working range of a compression spring
approaches solid compression, it is advisable to specify
the solid length as a maximum. If the spring ends are
closed and ground, the lowest specified maximum solid
length should be not less than the product of the maxi-
mum allowable number of coils and the maximum allow-
able wire diameter.

If the ends are not ground, the lowest specified maxi-
f mum solid length should be not less than the product of
! the maximum allowable number of coils, plus one, and
! the mazimutn allowable wire diameter.
!

When the wire diameter is less than 2.50 mm, it is advis-
able to add to the solid length an additional amount
equivalent to one-half wire diameter to compensate for
thick ends which occasionally occur during production
end-grinding operations. Failure to make this allowance
. could require a costly sorting operation after grinding.
3 Finishes such as paint or plating, when applied to
springs, significantly increase the solid length of the
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JIDE TO INSIDE), mm

springs and must be allowed for when calculating solid
lengths.

7. Number of Coils

Tolerance on the number of coils is given in Table 3.1
for compression springs and in Table 3.2 for extension
springs. The tolerance is expressed in degrees as a func-
tion of the number of active coils.

8. Squareness and Parallelism of Ends

The squareness of the ends of compression springs hav-
ing ends that are closed and ground should be within 3
deg of the spring axis when measured in the unloaded
position. R

The ends shall be parallel within a limit equal to twice
the squareness of the ends.
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" TABLE 3.2—NUMBER OF COILS TOLERANCE OF EXTEN-
SION SPRINGS

TABLE 3.1--NUMBER OF COILS TOLERANCE CF COM- Tolerance, deg

PRESSION SPRINGS Ciose Open
Active Tolerance Active Coils Wound Wound

Coils 1 deg a 30 90

3-10 ' 45 410 45 90

For sach additional 10 coils, add 30 For each additional 10 coils, add 15 30
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D. HELICAL TORSION SPRINGS

1. General

Torsion springs store energy or offer resistance to an
applied torque when subjected to an angular deflection.
This deflection Tesults in an increase in the number of
coils in the spring and a relative decrease in the spring
diameter, The term *‘toision spring’’ may be confusing,
since compression and extension springs are subjected 10
torsional stresses, while torsion springs are subjected to
bending stresses.

The contour of a torsion spring is usually cylindrical;
however, it can be conical, hourglass, or barrel-shaped.
The use of hourglass or barrel-shaped torsion springs
makes it possible to obtain an increasing rate. Assembly
of these springs over a rod of the same size as the inside
diameter of the smallest coil results in some of the spring
material becoming inactive during deflection, thus
increasing the spring rate.

Torsion springs may be either close wound or open
wound. Open wound springs are recommended wherever
possible, since close wound springs produce frictional
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loads which are difficult to evaluate. When an open
wound torsion spring is used in a confined space, the
length of this space must be adequate to accommodate
both the increased number of coils due to winding of the
spring and the variations in the original number of coils
in manufacture. Close wound torsion springs increase in
length as they are wound up. Clearance must be allowed
for this increase in length and for variations in the springs;
otherwise, the springs will bind, and breakage or setting
will resule. __

Torsion springs may be coiled from annealed wire and
fully heat treated after coiling for certain applications,
particularly where unusually difficult end coil formations
are specified. It is by no means uncommon to produce
heavy torsion springs from large round or square bars
which are coiled hot, as described in detail in Chapter
4 which relates to hot coiled springs. However, it is by
far the most general practice to coil torsion springs from

either hard drawn or oil tempered wire,
Square and rectangular wire cross sections are fre-

guently used in torsion springs due to their greater mate-
rial efficiency compared with that of round wire.
However, the unit cost of square and rectangular wires
is generally greater than that of round wire, and, in con-
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sequence, the use of round wire springs usuvally results
in a lower net material cost. It is to be appreciated that
““keystoning’’ will result when square and rectangular
wires are coiled and that allowances for the effect should
be made, as discussed in Chapter 5, Section 6.

2. Effect of Direction of Coiling and Benefi-
cial Residual Stress

Torsion springs should be designed so that torque is
applied in a direction which tends to reduce the coil
diameter. Cold wound helical torsion springs made from
hard drawn or pretempered wire must be coiled to a
smaller diameter than that desired in the finished spring,
to allow for recoiling when released from the coiling
arbor. This causes a tensile residual stress to be set up
on the inside of the ¢oil and a compressive residual stress
on the outside. If the spring is then loaded by a torque,
s0 as to reduce the coil, it is clear that these residual
stresses will be subtracted from the maximum load
stresses near the outer fibers. These beneficial bending
stresses are analogous to the effect of presetting on tor-
sional stress distribution over the cross section of helical
springs. To take advantage of these residual stress pat-
terns, torsion springs should therefore be loaded in the
same direction they were coiled.

3. Support of Torsion Springs

Torsion springs can be wound without appreciable set
until the inside diameters of the coils are only slightly
larger than the inside diameter to which they were origi-
nally coiled before recoiling from the arbor. Winding to
any smaller diameter would be equivalent to recoiling
from a smaller mandrel than that used for the original
coiling and would produce substantial set. For this rea-
son, it is necessary to support adequately torsion springs
which are coiled in such a direction that the diameter is
reduced by the applied torque. The most common way
to effect adequate support is to insert a rod through the
spring, and experience shows that the diameter of this
rod should be approximately 90% of the smallest inside
diameter to. which the spring is reduced when under max-
imum load or travel. Insufficient support on the inside
is conducive to early failure.

The size of the supporting rod, as indicated above, is
affected by the decrease in the coil diameter due to the
angular deflection of the spring. The reduced mean
diameter may be determined by the following formula:
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where:

D = free mean ceil diameter

D’ = reduced mean coil diameter

N, = free number of active coils

N = increased number of active coils

4, Types of Ends and End Stresses

The variation in torsion spring ends is almost Hmitless,
but a few of the more common types are illustrated in
Fig. 3.14. The double torsion type of spring shown is
necessary for some applications, but it is expensive to
make. In many cases, it may be less costly to use two
springs instead, one left-hand and the other right-hand.

When torsion springs are used with eyes at the ends
or with bends off the coil, special care should be taken
1o keep stresses low. When bends-are made at smaller
radii and then loaded, the stress becomes tensile at the
inside of the bend and may be much greater at that point
than the stress in the coil. Due to the sharp curvature,
the neutral axis moves in toward the center of the bend
and the tension stress becomes that of a cantilever load-
ing multiplied by a constant greater than unity, depend-
ing upon the degree of curvature. A close appreximation
of the peak stress a! such bends is given by:

O

SHORT HOOK ENDS

R\
Il

HINGE ENDS

SPECIAL ENDS .

STRAIGHT OFFSET

Qf

STRAIGHT TORSION

DOUEBLE TORSION

Fig. 3.14—Details of helical torsion springs



TABLE 3.3—HELICAL TORSION SPRING FORMULAE

Rectangular
Round Wire Square Wire Wire
Moo 80 _Eor _EobB_
T 3672N,D 2160 N, D 2160 N, D
g = J02M 6.0 M 6.0 M
T te bt
M/O = E d¢ E Ebi®
T 3672N,D 2160 N, D 2160N, D
where;

b = axial dimension
| = radial dimension

where:

S. = peak stress, MPa

S '="stress from torsion spring formula, MPa
r, = radius of bend to center line of wire, mm

I radius at inside of ends, mm

5. Specifications

Torsion spring applications are seldom alike and have
no standard forms, It is recommended that all inquiries
and orders for torsion springs be accompanied by draw-
ings clearly illustrating the types of ends, the diameter
of the rod over which the spring must work (if one is
used}, the length of space availeble, and the position of

the ends at maximum working deflection. In addition,.

the torque in newton-millimeters at loaded position and
the angular position of the ends under this torque should
be given, Particularly important is whether the spring
should be left- or right-hand wound.

6. Design Formulae

The constants in the formulae of Table 3.3 are derived
from the theory of the bending of straight bars. Tests may
show appreciable differences from calculations as dis-
cussed in Part D, Section 8 of this chapter.

If the length of the ends is appreciable in comparison
to the body of the spring, this length may be converted
into the number of ceils and included with N, in the
load deflection formulae.

7. Design Stresses

The maximum design stresses aliowed for static load-
ing with various commercially available spring materials
can be established as a percentage of the tensile strength
of the mmaterial, as shown in Table 3.4, The end stress
should also be considered in any torsion spring design,
as discussed in Part D, Section 4 of this chapter.

8. Commercial Tolerances

In the accompanying outline of tolerances for torsion
springs, no load tolerances are listed. There are several
reasons for this. Standards have not been set up as to
what size arbor a spring of given [D isto betestedon.  If
and when the arbor size is agreed upon, then the amount
of coil tension must be set, as this also affects friction
and hence input and output of the springs. So far, no
accepted standard test machine has been developed for
universal use as has been done in weighing devices used
on extension or compression springs. In order to test tor-
sion springs, the vendor and customer must develop their

TABLE 3.4—ALLOWABLE DESIGN STRESSES AS A PERCENTAGE OF TENSILE STRENGTH

FOR VARIOUS MATERIALS

SAE No. Type of Wire % of Tensils Strength
J132 Gil termpered alloy wire 77
4316 Qil lempered carbon wire 76
J178 . Music 78
J113 - Hard drawn carbon steel 68
Hard drawn stainless type 302 65
Phosphor Bronze spring wire 70
246
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Fig. 3.15—Commercial coil diameter 10terances for helical torsion springs with wire diameters 0.30 to 7.00 mm. Round off indexes to
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own testing technique on the spring in question, making
such allowances for friction, end position, diameter, and
wire size as are inherent'in the product. Such a proce-
dure makes load testing of each spring type come under
a different method. In the present state-of-the-art, this
will have to be endured, as there is no remedy vet in sight.

Coil Diameter’
Coil diameter tolerances can be specified on either the

inside or the outside diameter of the coils, depending
upon the importance of the respective dimensions to the

i
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uses. These tolerances apply to torsion springs made of
7.00 mm or smaller wire size on torsion coiling machines.
Tley are given as functions of the ratio of the mean
diameter D to the wire diameter d, as shown in Fig.
3.15. These tolerances are to be considered as manufac-
turing tolerances and do not take into account changes
in diameter resulting from angular deflection.

Wire Diameter

For wire diameter tolerances, refer to the SAE Hand-
book under the section entitled Spring Wire and Springs.
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Position of Ends

The ends or position of the arms with respect to the
coil of a torsion spring are subject to the tolerances shown
in Table 3.5 up to and including a D/d ratio of 16.

Fig. 3.16—Flat spiral springs

TABLE 3.5—TOLERANCE FOR POSITION OF ENDS

Total Number of Coils

Tolerance, * deg

2.48

Upto 3 8
Over 3 thru 10 10
Qver 10¢ thru 20 15
Over 20 thry 30 20
Over 30 25
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E. FLAT SPIRAL SPRINGS
1. General

A flat spiral spring consists essentially of flat spring
material wound on itself with open space between the
coils in the free position. These springs are fundamen-
tally made to deliver a torque, but this may be translated
to linear action by means of linkages. They provide a
compact means for storing energy and, therefore, are
often used to produce force or motion in preference to
other types of springs.

Flat spiral springs are very widely used for locks and
window counterbalances in automobiles and for main-
taining pressure on carbon brushes of electric motors and
generators. Typical examples are shown in Fig. 3.16.

Another closely related type of spring is identified as
a clock or motor spring. In this style of spring, the length
of material is so great that it is confined in a case or drum,
and a majority of the coils are contacting each other in
the unwound position. As the spring is wound, the active
length changes continuously so the load-deflection curve
is nonlinear. The design of this style of spring is a spe-
cialty which will not be covered in this manual. It is
recommended that the manufacturer be consulted in
design problems of this spring style.

2. Spring Materials

The material for flat spiral springs is described as flat
wire in Chapter 2. By far the greatest proportion is made
from oil tempered wire, although for certain applications,
the springs are formed from untermpered or annealed
material and are fully heat treated after forming. Spe-
cial applications occasionally require the use of stainless
steel, nickel alloys, or nonferrous materials.

3. Design Formulae

The formulae used for this type of spring are similar
to those found under the torsion spring section:

_ 687ML
Ebt?

_ oM
b?

Variations may be expected from the calculated defleg-
tion values for several reasons. If the material is rolled
from round wire so the edges have small radii, the load
may be about 5% weaker than predicted. If the outer end
is free to swivel about a pin, the load may be weaker than
with a clamped end. If the active length varies as the
spring contacis the arbor, or if the coils touch, the rate
will increase. [f only one load test is specified, it is cus-
tomary for the manufacturer to vary the free position to
compensate for these deviations. If two load tests are
specified, it is necessary to-vary the developed length to
meet a rate requirement.

The arbor size and free outside diameter do not affect
the load-deflection characteristics very much, but they
do affect the total available deflection. If the arbor size
is large and the outside diameter is small, the overlaps
may be so close together that very little deflection is avail-
able. A rigorous equation for total deflection would be
very complex. The following approximation equation is -
useful as a guide:

N
ora:me;u < \/Da’ + 1271t — D, _ 2L
2t ™D, + D,)
turns

The equation assumes uniform spacing of successive
coils and doss not account for the extra thickness of mate-
rial at the first overlap. Springs made from tempered
material normally have a slight increase in spacing as the
coils get larger. This gives less total deflection than uni-
form spacing. Therefore, the total deflection will be less
than the formuia indicates,

Because of the large amount of residual stress, the
apparent stress for static applications may be as high as
the tensile strength of the material. Fig. 3.17 shows the
stress versus thickness for steel springs with maximum
residual stress, which is normal when the springs are made
from tempered material.

2.49
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Chapter 4
Hot Coiled Helical Springs

1. General
Definitions

Helical compression and extension springs are normally
cold wound when the material is less than 10 mm in
diameter {see Chapter 3}, and hot coiled when it is greater
than 16 mm. When the cross section is between 10 and
16 mm, both processes are common.

Hot coiled springs find extensive use in many fields of
heavy industry and particularly in automotive, railway,
agricultural implement, construction equipment, and ord-
nance applications. Basically, they are designed accord-
ing to the general helical spring formulas of Chapter 5,
but some of their features require special attention,

Spring steel bars are available in carbon and alloy ana-
lyses. The bars are generally used in the as-rolled condi-
tion, but may be centerless ground before coiling. Table
2.2 lists some materials commonly used in hot coiled
springs.

2. Heat Treatment

In a typical hot coil spring operation the bar is heated,
coiled, and quenched in a continuous operation. Care
must be used to prevent excessive temperature before coil-
ing, while maintaining adequate temperature for quench-
ing. After quenching, the spring is tempered to produce
the specified hardness. It is important that the finished
spring have a fine grained structure and a surface free
frpm excessive pitting, roughness, or other defects.

It is sometimes desirable to heat treat a spring that has
cooled below the critical temperature for quenching. This
may occur when a spring receives secondary operations
after coiling or as part of a salvage operation. This is
sometimes referred to as double heat treat and involves
heating the spring to the proper temperature, quenching,
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and tempering. This process will produce satisfactory
springs, but care must be used to prevent excess scale and
decarb during two heating operations.

Additional information can be found in SAE J412,
‘*General Characteristics and Heat Treatments of Steels®
and SAE J413, ““Mechanical Properties of Heat Treated
Wrought Steels.”’

3. Shot Peening

Shot peening is used to increase the fatigue strength
of springs, thereby helping to reduce their size and cost.
Refer to Chapter 1, Section 5 for details. Hot coiled
springs need shot peening to remove scale in addition to
its other benefits,

4. Presetting

Hot coiled compression springs normally receive a
manufacturing operation commonly cailed presetting.
This process consists of coiling a spring to a free length
greater than specified free length. Following heat treat-
ment, the spring at room temperature is compressed solid
or to a specified preset length, to produce yielding. For
high stress springs, the preset stress {corrected with Wahl
factor) is usually 1100-1150 MPa. Presetting is covered
in more detatl in Chapter 1, Section 5.

5. Warm Seit.ing

In order to reduce the ‘“*sag’’ or “*settling’’ of helical
suspension springs which occurs when they are subjected
to vehicle loading over time, it has become common prac-
tice to warm set—or hot press—the springs at an elevated
temperature {usvally in the range of 120°C-260°C
depending on the particular spring design). One theory
holds that the major benefit of this operation results from



TABLE 4.1—PREFERRED
DIAMETERS OF ROUND
STEEL BARS {ANSI B32.4)

mm mm | mm | mm
9.0 18 30 55
95 19 32 60
10.0 20 35 65
11.0 21 36 70
12.0 22 38 75
13.0 23 40 80
14.0 24 42 a5
15.0 25 45 80
16.0 26 48 93
17.0 28 50 100

TABLE 4.2—CROSS SECTION TOLER-
ANCES FOR HOT ROLLED CARBON AND
ALLOY STEEL ROUND BARS

Specified
Diameter, mm Tolerance, Qut of
Plus and Mirus, | Round,
Over Thru mm mim
— 8 0.13 0.20
8 10 0.5 0.22
0 15 .18 Q.27
15 20 0.20 .30
20 25 0.23 0.34
25 30 0.25 0.38
30 35 0.30 0.45
35 40 0.35 0.52
40 60 .40 0.60
60 80 0.60 0.90
80 100 0.80 1.20

TABLE 4.3—CROSS SECTION TOLERANCES FOR TURNED AND POLISHED

RCUND BARS
Tolerance, Minus Only, mm
Specified Maximum of
Size, mm Maximum of Carbon Range
Mai f Carbon Range Over 0.55.
Maximum of Cam‘gn o 10 0.55 incl Also all Grades
Carbon Range | 272 22"99 Annealed or Guenched and
0.28 or Less 06;5 p I‘O Stress Relieved Tempered or
Over | Thru 32 Ind after Cold Normalized and
Finishing Tempered, before
Cold Finishing
Carbon Stesl
—_ 40 0.05 0.08 Q.10 0.12
40 60 0.08 0.10 0.12 0.15
60 100 0.10 012 015 0.18
100 150 VR P ' 0.15° 018 0.20
150 200 0.15 0.18 0.20 022
200 225 0.18 0.20 0.22 0.25
225 — 0.20 0.22 0.25 028
Alloy Steel
Coils
_ 25 0.05 0.08 0.10 Q.12
Cut Lengths
- 40 0.08 0.10 0.12 0.15
40 60 0.10 a2 0.15 .18
60 100 0.12 0.15 0.18 0.20
100 150 0.15 0.18 0.20 0.22
150 200 0.18 0.20 0.22 0.25
200 225 0.20 022 0.2% 0.28
225 | — 0.92 0.25 0.28 0.30
252

it st



TABLE 4.4—CROSS SECTION
TOLERANCES—STEEL BARS (ROUND),
CARBON AND ALLOY: COLD DRAWN,
_ GROUND AND POLISHED AND TURNED,
R GROUND AND POLISHED

Tolerance, Minus, mm
Specified
Diameler, mm | Cold Drawn, Turned,
Ground and | Ground and
Owver Thru Polished Poiished
— 25 0.03 0.03
25 50 Q.04 0.04
S0 5 0.05 0.05%
75 100 0.08 0.08
100 150 - 010
150 200 — 0.12s

*For nonfesulphurized carbon sieels (steels
specified to max sulphur limits under 0.08%)
or for any steel quenched and tempered (heat
irealed}, normalized and tempered, or any simi-
tar doubte trealment prior o turning: the toter-
ance is increased by 0.03 mm.

an increase in the amount of strain hardening that occurs
when the spring is stressed past the proportional limit

(point ““A”* in Figure 1.4), Increasing the temperature

lowers the proportional limit to some stress lower than
L A", and therefore if the spring is still stressed to
point “B”’, the amount of strain hardening that occurs
is greater. This increase in strain hardening will reduce
the dynamic or static settling {load loss) that occurs over
the useful life of the spring.

A second theory is that a more effective beneficial
residual stress pattern is set up over the bar cross section
when a spring is warm set at elevated temperature.

Also refer to the general treatiment of presetting at an
elevated temperature which is given in Chapter 1, Sec-
tion 4, - -

It should be noted that a final {cold) presetting opera-
tion is still necessary.

In general, warm setting will decrease the load loss by
more than 30%, depending on the working stress level.

6. Specifications and Tolerances

Bar Diameter

Round bars are available as preferred sizes as described
in American National Standard, ANSI B32.4, “‘Preferred
Metric Sizes for Round, Square and Hexagon Metal
Products.”” Excerpts from this standard are shown in
Takle 4.1. Since spring performance is predicated on
s, __al factors including the bar diameter, adherence to
preferred sizes is not generally feasible and the desired
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actual size is to be specified. Generally hot rolled steel
bars are specified for hot coiled springs. Table 4.2 shows
tolerances for hot rolled steel bars in the range of
diameters generally required. Other processed forms of
round steel bars are available such as cold drawn, turned
and polished, ground and polished, and turned, ground,
and polished. These are generally specified when close
tolerances are required; to control decarburization; for
reduction or elimination of surface imperfections; and
availability in limited quantities. See Tables 4.3 and 4.4.

Bar Length

Bars are commonly purchased to exact length, Sug-
gested sheared length tolerances for hot rolled carbon and
alloy steel are found in Table 4.5.

Length tolerances of special straightened machine cut
bars that are approximately one half of the tolerances in
Table 4.5 may be found in ASTM A29. For other toler-
ances consult the manufacturer.

TABLE 4.5—LENGTH TOLERANCES FOR
HOT ROLLED CARBON AND ALLOY
ROUND STEEL BARS
Specified
Diameter, mm

Length Tolerance,
Plus Only, mm

Over 1500 3000
Over Thru Thry 3000

— 25 12 20
25 50 16 25
50 100 25 40

Coil Diameter

The coil diameter can be expressed in terms of the mean
coil diameter (D) which is used in the rate and stress for-
mulae. However, coil diameter tolerances should be speci-
fied on either the inside diameter (1D} or the outside
diameter (OD) of the coils, depending upon the impor-
tance of the respective dimensions to the user. Tolerances
are shown in Table 4.6, based on coil diameter and spring
length.

For motor vehicle suspension springs, it is customary
to specify the ID in order to facilitate the coiling of a
family of springs on a single arbor. Where tangent tail
ends are specified, additional clearance must be provided
for the tangent tail end where the straight portion of the
bar extends beyond the outside diameter, since the last
12-25 mm of coiled bar length does not continue to wind
in a uniform diameter. See Table 4.6.
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TABLE 4.6—COiL DIAMETER TOLERANCES

Inside or Qutside Diameter

Toterance, Plus and Minus, mm

For Free Spring Length, mm

For Specified or
Computed Qutside Up to Over Over Over Over
Diarneter, mm 250 250 thru 450 | 450 thru 650 | 650 thry 850 | 850 thry 1050
750 thru 1100 0.8 13 25 38 4.6
Oweér 1100 thru 150.0 1.3 2.5 36 4.6 56
Cwver 150 0 thru 2000 25 3.6 46 56 66
Quer 200.0 thry 300.0 3.6 4.6 56 6.6 6.6

Spring Lengths

Spring lengths are to be measured after preloading (see
“Preload Length™) as the distance parallel to the axis
between the end surfaces, or else between two reference
points specified on the spring drawing.

Free Length—Free length is the length when no exter-
nai load is applied. When load is specified, free length
is used as a reference dimension only. When load is not
specified, free length tolerance equals = {}.5mm + 4%
of free-to-solid deflection},

Solid Length—(see also ‘‘Number of Coils’)—Solid
length is the length when the spring is compressed with
an applied load sufficient to bring all coils in contact;
for practical purposes, this applied load is taken to equal
approximately 150% of the load beyond which no
appreciable deflection takes place, See Table 4.7 for the
formulae to calculate the solid length. When nominal
solid length is specified, the tolerances shown in Tabie

4.8 apply.

"~ Preset Length—In the presetting operation (see
“‘Presetting’’) the spring is usuvally compressed solid.
However, if the stress at solid length is so high that the
spring would be excessively distorted, the presetting oper-
" ation may only be carried to a specified preset length.
If more than one preset compression is desired, this must
be specified on the drawing.

Preload Length—Preloading is the operation of
deflecting the spring to the preload length in order to
remove temporary recovery of free length before the
spring is checked for load and rate.

If the spring was preset during the manufacturing proc-
ess to the solid length, the preloading may also be car-
ried to the solid length; but it may be restricted to a
preload length slightly greater than the solid length,
provided the maximum deflection during subsequent serv-
ice will not go below the preload length.

If the spring was preset to a specified preset length
greater than the solid length, the preloading should be
restricted to a preload length greater than the preset
length.
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However, the preload length must not exceed the mini-
mum spring length possible in the mechanism for which
the spring is designed. In suspensions, this is calied the
““length at metal-to-metal position.'’ The metal-to-metal
contact will occur in the suspension mechanism when rub-
ber bumpers are disregarded. The spring deflection from
the specified loaded length to the metal-to-metal position
is called “‘Clearance.”

Loaded Length—Loaded length is the length while the
load is being measured; it is a fixed dimension, with the
tolerance applied to the load.

Load

Load is the force in newtons (IN) measured on the load
testing machine required to deflect the spring to the speci-
fied loaded length. It is to be measvred during compres-
sion of the spring (compression load) and not during
release of the spring (release load),“unless otherwise
specified. :

With loaded length fixed, the usual tolerance for motor
vehicle suspension springs is expressed in terms of load
equivalent to a deflection of + 5 mm at the nominal rate.
Where the demand for greater accuracy warrants the cost
of additional presetting or other operations, the load
tolerance may be specified as low as +1.50 mm at the
nominal rate,

In the springs for general automotive use, the load
tolerance (with loaded length fixed) typically equals
+(1.50 mm = 3% of free-to-solid deflection) at the
nominal rate. This tolerance is limited to springs where
the free length does not exceed 900 mm or six times the
free-to-solid deflection, and is not less than 0.8 times the
OD.

Rate

Rate is the change of load per unit length of spring
deflection (N/mm).

In the springs for motor vehicle suspension, the rate
is expressed in terms of the load increase per 25 mm

Wt
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TABLE 4.7—FORMULAE FOR TOTAL COILS AND FOR NOMI-
NAL SOLID LENGTH

Nominal

£nd Configuration Total Coils (N)  Solid Length {LJ)

Both ends taper rolled N, + 2 101 d{N, -1} + 21
Both ends with tangent il N, + 133 1.01 g {N,+ 1)
Both ends wilh pigtail N, + 1.50 1.0 d (N, — 1.25}
Taper rolied plus langent iail N, + 1.67 1.01 d N+t

Taper rolled plus piglait N, + 1.75 1.01d (N— 1)+t
Tangent tail plus piglail M+ 142 1.61d N,

where:
¢ = bar diameter
t= bp thickness of taper roiled bar
1.01 = factor used to compensate for lne cosine effect of the coil

rehx angle.
The brackeled term in the solid lengih formula for springs with
two piglail ends may vary between (N - 0.90% and (N, - 1.60). de-
pending on the pigtal details.

deflection (N/25 mm). It is therefore determined as one
half of the difference between the loads measured 25 mm
above and 25 mm below the specified loaded length.
Tolerance is + 3% with centerless ground or with preci-
sion rolled bars, and +4% when commercial hot rofled
bars are used,

In the springs for general automotive use, the rate is
determined between 20 and 60% of the total deflection
unless otherwise defined. Typical tolerance is +5%. In

" non-critical applications, this may be increased to + 10%.

Number of Coils

Total number of coils (N, are counted tip to tip,
active number of coils (N,) are specified as the number
of working coils at free length. With increasing load, N,
may progressively decrease due to the ‘*bottoming out”’
effect. Rate is inversely proportional to active coils and
will therefore be higher than calculated when it is checked
at heights or loads which cause significant bottoming out.
It is sometimes necessary for the designer.to compensate
for the bottoming effect by increasing the calculated num-
ber of active coils. If no appreciable bottoming out
occurs, the relationships between N, and N, are as
shown in Table 4.7 which also gives the formulae for
nominal solid length.

Since nominal solid length may be exceeded somewhat
by actual solid length due to manufacturing variation,
a frequent practice is to specify nominal solid length
;o§ether with 2 maximum solid length, as shown in Table

End Configurations (See Fig. 4.1.)

Four types of configurations are used:

Taper Rolled—This end configuration is defined as
having the bar end taper rolled prior to coiling, gener-

TABLE 4.8—SPRING SOLID LENGTH

TOLERANCES
Nominai
Selid
Length, mm Maximum Deviation of
Solid Length- Above

Over Thru Nominal Solid Length, mm

— 175 1.5

175 250 25

250 325 30

325 400 4.0

400 475 4.8

475 550 55

$50 625 6.5

ally for 240 deg, to a poimt thickness (t) of approximately
33% of the bar diameter. After coiling, the tip of the
tapered bar is to be in approximate contact with the adja-
cent coil and must not protrude beyond the outside
diameter of the spring by niore than 20% of the bar
diameter. A squareness limit of 3 deg with the axis of
the spring is normal, but where finished end bearing sur-
faces are required for critical applications, the ends may
be ground. This grinding operation is performed perpen-
dicular 1o the axis of the spring helix. The resuiting
ground bearing surface must not be less than two-thirds
sf the mean coil circumference, nor narrower than haif
the width of the hot tapered surface of the bar. This type
of spring is used with fuil size flat seats.
The advantages of this end type are:

a) Material savings due te elongation during taper
rolling.

b) Any partial number of total coils can be designated,
because rotational orientation is not required. When max-
imum stress must be reduced, a partial coil may be added
rather than one complete coil (as in the case of a double

_tangent tail). This can result in a significant material

savings. :
¢) It requires less vertical space than tangent tail ends.

Disadvantages:

a) Taper rolling is an added operation requiring con-
siderable equipmeni and floor space.

b) Two taper roiled ends require additional labor costs
to insure squareness of the ends with the coil center lirvie.

~ The bar must be guided and oriented on both ends dur-
ing the coiling operation, and this often results in signifi-
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cant scrap or rework problems.

Pigtail—The pigtail end is defined as an untapered end
coil formed substantially smaller than the central coils
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TWO TAPER ROLLED ENDS

ONE FLAT TANGENT TAIL AND ONE TANGENT TALL END
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TWO PIGTAIL ENDS

Fig. 4.1—Typical ends for hot colted compression Springs

of the spring and in such a fashion as to have the out-
board bearing surface perpendicular to the axis of the
_ spring helix. This end type is commonly used where the

spring must be clamped to the seat to prevent any unseat-
ing. It can also be used to fit over a piioted seat without
clamping. The pilot seat for a pigtaiied end is considera-
bly smalier in diameter than for a non-pigtailed end and
may result in a more efficient design. A pigtail end
requires the least amount of vertical space and provides
for optimum preset conditions. Rotational orientation is
not required, therefore, any number of partial coils can
be designated. Further, it requires the Jeast amount of
inactive material. When forming the pigtail, usually a
straight end portion is required to facilitate coiling. The
length of this straight portion is dependent on the
manufacturer’s equipment, but it can have an effect on
the size of the pigtail. The major disadvantage of a dou-
ble pigtail design is the need for additional equipment to
form the second pigtaii.

Tangent Tail—This end type is defined as an untapered
end coil formed as a helix having a pitch substantiaily
equal to the bar diameter and jts diameter the same as
the central coils. To facilitate coiling, however, a straight
end portion approximately 25 mm long is permitted to
Project tangent to the coil diameter. The resulting heli-
cal end requires a spring seat with a corresponding heli-
cal ramp. The main advantage of this end type is that
it is the simplest and least troublesome method of coil-

~—ing a spring.

The disadvantages are:

a) It requires angular orientation during installation.

b} It requires maximum verticai space.

<) It requires a greater amount of material than the pig.
tail or taper rolled ends. :

d) With two tangent tail ends, any design change in
the number of coils must be in increments of full coils,
The angular relationship between the opposite ends must
be a constant for any one particular design application.

Flat Tangent Tail--This end type is similar to the tan-
gent tail end except the last 220 deg (minimum) is coiled
perpendicular to the axis of the spring helix. To facilj-
tate coiling, a straight end portion about 25 mm long is
permitted to project tangent to the spring diameter. This
end type has advantages over the tangent tail end in that
it does not require a helical seat and orientation at instal-
lation. It also reduces the space requirements. A disad-
vantage is that it operates with a large amount of inactive
material,

Springs can be specified to have any combination of
the four types of ends. The combination of two tangent
tail ends may involve a complex arrangement for index-
ing the spring seats, unless the design of every spring is
adjusted to an identical number of totai coils.

Spring ends and seats are usuaily so formed as to ren-
der approximately two- thirds to one coil inactive at each
end.

Direction of Coiling

For most applications, the direction of coiiing is unim-
poriant; however, right- hand coiling is preferred because
most spring manufacturers are so equipped. When direc-
tion of coiling is important, as in the case of concentri-
cally nested springs, it must be specified for each
Component spring, maintaining opposite directions for
adjacent springs. For tangent tail springs, the direction
of coiling must conform with the installation conditions.

Uniformity of Pitch

The pitch of coils in a compression spring must be
sufficiently uniform so that when the spring is com-
pressed, unsupported laterally, to a length representing
a deflection of 80% of the nominal free-to-solid deflec-
tion, none of the coils must be in contact with one
another, excluding the inactive end coils. This require-
ment does not apply when the design of the spring calls
for variable pitch, or when it is such that the spring can-
not be compressed to solid length with lateral support.

When the design of the spring calls for variable pitch,
or when it is such that the spring cannot be compressed
to solid height without lateral support, the above require-
ment does not apply.
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Zoncentricity of Coils

S At free length, the center of all coils must be concen-

#

ric with the spring axis within 1.5 mm. This axis is the
straight line connecting the centers of the end coils.

squareness of Ends

Unless otherwise specified, the tapered ends of any
spring having an outside diameter to bar diameter ratio
of 4 or more, and a free length to outside diameter of
1 or less, shall not deviate more than 3 deg from the per-
sendicular to the spring axis, as determined by standing
the spring on its end and measuring the angular devia-
tion of the outer helix from a perpendicular to the plate
on which the spring is standing. In the case of a tangent
tail end, the spring must stand on a seat with matching
helical ramp. Tolerances for springs outside these limits
are subject to special agreement.

Closer Tolerances

The above specifications and tabulations apply to
general hot wound springs. However, where large
volumes are required, such as automotive suspension coil
springs, closer tolerances on some spring parameters are
~ossible, The high volume requirements permit the use

\__,;f highly automated production equipment and tooling
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which can be precisely controlled. These same reasons
apply to the steel mills which permit them to produce a
high quality product to be used for the large volume
requirements. These reduced tolerances apply io the fol-
lowing spring parameters:

Coil Diameter—Inside diameters up to 140: =0.75
mm. Inside diameters over 140: +1.25 mm.

Bar Diameier-—The tolerances detailed in the tabula-
tion of hot coiled springs (Table 4.2) apply for commer-
cial hot rolled bars; tolerance for precision rolled and
centerless ground bars is +0.10 mm.

Bar Length— The bars are commonly purchased to an
exact length (for length tolerance see Table 4.3).

Normal Load—The usual load tolerance is £ 12% of
the specified rate or = 110 N. whichever is grearer. Where
the demand for greater accuracy warrants the cost of
additional presetting or other operations, the load toler-
ance may be specified as low as =6% of the specified
rate or +55 N, whichever is greater.

Rate—Rate tolerance is 3% for springs made from
precision rolled or centerless ground bars and +4% when
commercial hot rolted bars are used. The rate is normally
checked as the average between 25 mm above and 25 mm

below the normal loaded height.

7. Other Hot Coiled Forms

Large extension springs may be made by the hot coil-
ing method, but thev cannot be made with initial tension.
If (as is usually the case} it is desired to have the coils
in contact at no load, then it is impossible to preset the
spring and thereby induce a favorable residual stress pat-
tern. Therefore, the design stresses for extension springs
must be considerably lower than for compression springs
of comparable dimensions (see Part B, Chapter 3).

Hot coiled helical ;orsion springs shouid be open coiled
for the reasons given in Part D, Chapter 3. A round bar,
while tiheoretically not the most economical section,
should be used if possible because of availability and facil-
ity of spring manufacture. A square bar may be used,
if necessary, to secure additional capacity. Design infor-
mation and formulae for round bar helical torsion springs
are included in Chapter 3, Part D of this manual.
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1. Design Formulae for Round Wire Springs

All spring design is founded on Hooke’s Law, which
states that within the proportional limit of any material,
deflection is proportional to the load. This means that
if stress under any load within the proportional limit is
divided by the corresponding strain under that load, the
result will always be a constant value. This is indepen-
dent of hardness or any other property of the material
except the proportional limit.

In helical compression and extension springs, the wire
is stressed in torsion when the spring is loaded. The basic
design formulae for round wire compression and exten-
sion springs are shown below:

Gd*F

P =ipn,
. Gd*
3D N,

(Force N}

{Linear spring rate N/mm)

(
oo -'Tll"U

g == DP {Basic Stress MPa)
rd?

SDPK,.
md?

8§, = (Corrected Stress MPa)

By making suitable substitutions, the formulae may be
combined or transposed to show other useful relation-
ships. For example, the stress may be expressed in terms
of deflection, rate, and volume of active spring material.

f2GR
S=F v

For springs made of steel wire (with G = 79.3 x 10°

MPa)
S = 398F \/%

2. Design Stresses

{MPa)

~ Nhen a helical compression spring is deflected by axial
Yoading, the spring wire is twisted, essentially as a straight
bar is twisted under torsion. The torque moment which

2.59

Chapter 5

Design of Helical Springs

produces the twist is the product of two factors: one is
the load acting along the helical spring; the other is the
mean coil radius, or the distance from the spring axis to
the center of the coiled wire,

In ihe straight torsion bar spring of circular cross sec-
tion, the twisting produces a shear stress which is uni-
form at every point of the bar surface; but in the helical
spring coiled from round wire, the stress pattern on the
wire surface is more complex. There are two reasons for
this occurrence. The torque moment results in a steeper
twist angle for the short wire fibers at the inside of the
coil than for the long wire fibers at the outside of the coil,
and, consequently, it produces a higher shear stress at
the inside of the coil. The axial load causes a direct shear
stress which adds to the shear stress from the torque
moment at the inside of the coil, but subtracts from it
at the outside of the coil.

Under static loading conditions, the variations in stress
over the cross section of the spring wire can be neglected.
The standard stress formula can be used, as it will fur-
nish an average stress over the entire surface of the wire.
However, when the spring is subjected to fatigue load-
ing, the standard formula is inadequate because it con-
veys neither the higher local stress nor the wider stress
range prevailing during each cycle at the inside of the coil.
Fatigue failures are induced by a combination of high
stress level and wide stress range, and it is a common
experience that fatigue failures in helical springs occur
at the inside of the coil. A failure at some other point
can usually be traced to a local flaw in the wire surface
or to severe coiling or presetting stresses.

The maximum design stresses allowed for loading with
various spring materials which are commercially availa-
ble for helical springs can be established as a percentage
of the minimum tensile strength of the material. Com-
mercial springs made with a moderate amount of preset-
ting will give a reasonable factor of safety when stressed

to the uncorrected stress levels given in Table 5.1.
It has been found convenient to take into account the

stress conditions at the inside of the coil by using a *“cor-
rected stress.”’ This is obtained by computing the stress
from the standard formula and then multiplying the result
with a stress correction factor KW. The factor increases
with greater curvature of the coiled wire. Greater curva-
ture is equivalent to a smaller spring index, which is the
ratio of mean coil diameter to wire diameter, The Wahl
factor K, is most commonly used, and its values may be
taken from Table 5.2.




TABLE 5.1—ALLOWABLE UNCORRECTEC TORSIONAL
STRESS AS A PERCENTAGE OF TENSILE STRENGTH FOR
VARIOUS SPRING MATERIALS UNDER STATIC LOADING

SAE No. Type of Wire % of Tensile Strength
J132/44157  Qil tempered alloy steel 50-55
J316 Oil tempered carbon steel 45-50
J178 Music 40-48
J113 Hard drawn carbon steel 42-45
30302 Slainless steel 42
Nonferrous metals 42

When the design stress is calculated by including the
Wabhl stress correction factor, the stress values can be
increased proportionally providing the spring index is
between 4 and 9. For springs with smaller or larger
indexes, the maximurmn design stress should be kept lower
than that previously outlined.

The recommended apparent stresses for compression
springs may exceed the torsional elastic limits normally
found in the wire. Nevertheless, they are applicable since,
by suitably presetting, the spring manufacturer can induce
offsetting residual stresses. Presetting is a beneficial oper-
ation which will minimize the load loss in operation. A
detailed discussion on presetting is given in Chapter 1.

Values 20% lower than those previously given should
be employed when designing a spring which is not preset.
While the 20% lower values for nonpreset springs may
seern to be unattractive to the designer, it should be real-
ized that many springs are so designed because they can
be produced at a much lower cost and they may perform
fully as well as the preset springs.

In general, helical compression springs should be
designed so that the stress at solid compression is within
the limits previously outlined. Any compression which
falls short of deflecting the spring to its solid length will
not produce permanent set and therefore will not result

in loss of load. Springs designed for long endurance life,
such as valve springs, or for operation under elevated
temperatures, require special considerations with the yge
of design tables and diagrams given in this chapter, and
as explained earlier in Chapter 1.

3. Fatigue Life

For those springs which are cyclically loaded, it is com-
mon practice to obtain basic mechanical properties from
S-n fatigue data and from fatigue strength diagrams, as
explained by Figs. 1.6 and 1.7 in Chapter 1.

Three fatigue strength diagrams for typical round wire
spring design applications are presented in Figs. 5.1, 5.2,
and 5.3 to aid in the actual design work in establishing
the life cycle expectancy. These diagrams cover various
spring materials having superior surface qualities, such
as valve spring quality wires, and include the variables
of presetting and shot peening. The Wahl correction fac-
tor is used for all stress values referred to.

The allowable initial and maximum stresses are deter-
mined by multiplying the appropriate stress factor K
with the minimum tensile strength TS of the wire or bar
used to make the spring. The initial stress factor K, is
read from the 45 deg reference line, while the maximum
stress factor K, is read from the appropriate higher
diagonal line depending on the life cycles desired. The
stress range is ‘established by the difference in the
ordinates of the two diagonal lines. The fatigue strength
diagram is then used either to establish the permissible
maximum stress and siress range which will provide the
desired life cycle expectancy, or else, to establish the life
cycle expectancy for the maximum stress and stress range
which must be considered for the spring application in
question.

TABLE 5.2—TABULATED VALUES FOR WAHL STRESS CORRECTION FACTOR K,, Kw = %‘1 + %]
Ca= .0 0.1 0.2 0.3 0.4 0.5 06 0.7 0.8 09
Y
2 2.058 1.975 1.905 1844 1.792 1.746 1.705 1.669 1.636 1.607
3 1.580 1.556 1.533 1512 1.493 1.476 1.459 1.444 1.430 1.416
4 1.404 1.392 1.381 1.370 1.360 1.351 1.342 1.334 1.325 1.318
5 - 1.311 1.304 1.297 1.290 1.284 1.278 1.273 1.267 1.262 1.257
6 1.263 1.248 1.243 1.239 1.235 1231 1.227 1.223 1220 1.216
7 1.213 1.210 1.2086 1.203, 1.200 1.197 1.195 1.192 1.189 1.187
.8 1.184 1.182 1.179 1177 1.175 1.172 1.170 1.168 1.166 1.164
" g 1,162 1.160 1.1568 1,156 1.155 1.153 1.151 1.150 1.148 1.146
10 1.145 1.143 1.142 1.140 1138 1.138 1,136 1.135 1.133 1132
1 1.131 1.130 1.128 1.127 1,126 1.125 1724 1,123 1.122 1.120
12 1.119. 1.118 1.117 t.116 1.115 1.114 1.113 1.113 1.112 1.111
13 1.110 1,109 1.108 1.107 1.106 1.106 1.105 1.104 1.103 1.102
14 1.102 1.101 1.100 1.099 1.089 1.008 1.097 1.097 1.096 1.095
15 1.085 1.094 1.092 1.093 1.092 1.0914 1.091 1.090 1.080 1.089
16 1.088 1.088 1.087 1.087 1.086 1.086 1.085 1.085 1.084 1.084
17 1.083 1.083 1.082 1.082 1.081 1.081 1.080 1.080 1.079 1.079
18 1.078 1.078 1.077 1077 1.077 1.076 1.076 1.075 1.075 1.074
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Fig. 5.1 - Fatigue strength diagram Tor round wire helical compression springs which are not preset. All stresses are Wahl corrected.
biagram applicable to springs which are not preset and to the following materials: Music Steet Spring Wire and Springs—SAE J178;
Hard Drawn Carbon Steel Valve Spring Quality Wire and Springs—-SAE J172; Oil Tempered Carbon Steet Valve Spring Quality Wire
and Springs—SAE J351; Qil Tempered Chromium-Vanadium Valve Spring Quality Wire and Springs—SAE J132

~ The formulae used as the basis of the fatigue strength 4. Examples of Spring Design Problems
diagrams are presented in Chapter 1. When performing '

spring design calculations with the use of computers, these
formuiae may be used directly instead of the diagrams.
Tables 5.3, 5.4, and 5.5 give the essential parameters
required for use with the formulae.

Example 4.1: For a spring with a 28 mm inside
diameter, using a 4.5 mm diameter hard drawn wire,
determine the stress at a load of 530 N.

28 + 4.50 = 32.5 mm

§DP B X 325 x 530
wd? T X 4,508

D

Il

S:

= 481 MPa

2.61




TABLE 5.3—PARAMETERS FOR COLD WOUND SPRINGS FOR FATIGUE STRENGTH OF FIGURE
5.1—NOT PRESET '

Ky = .5800 Cg = 5548 M = -0.0090
Not Shot Peened Shot Peened
Ce = 0.6620, ¥ = 0.0622 Ce = 05021, Y = -0.0206

Cycles n Max K, Ke A B Ke A B
108 500 324 410 268 396 464 il
106 490 280 374 .333 378 451 194
17 480 243 339 395 360 438 27
0.8
SOLID STRESS
0.7 j . Ky
| __MAXSTRESSATSTATNICSERVICE | | _ _ | __
= T /’,/,.’ — } MAX K g,
;?g 06 / - //’:f:/—// : /.
' s - ’:’,' e '
z - b
] 0.5 0 P
§|§ g Vg
- PR S I |
a | - Tg - |
Yy Nl
g I e T EXAMPLE 4.2
- - I
O |
I
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» H V4l f 1
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=
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Fig. 5.2—Fatigue strength diagram for round wire helical compression springs which are preset. Diagram applicable to moderately
preset sptings and to materials mentioned in Fig. 5.1
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TABLE 5.4—PARAMETERS FOR COLD WOUND SPRINGS FOR FATIGUE STRENGTH DIAGRAM
OF FIGURE 5.2—PRESET

Ky = 07000 Cg = .7757 M = -00139

Not Shot Peened Shol Peaned
Ce = 05758, ¥ = 0.0537 Ce = 0.610, Y = -0.0630
Cycles n Max Kg, Kg A B Ke A B
105 .661 310 430 .66 372 486 306
108 .640 274 .394 437 357 A73 324
1?7 820 242 360 486 343 .460 343
0.8 1
1 SOLID STRESS
4 } . PRESET STRESS , __» Ky
hd R
‘ 0.7 [~ MAX STRESS AT STATIC SERVICE —T Y- —= Tz
"""""""""" ;:,"/‘Jerr’"" T 2
1010 o—"] - J/‘y = ,"/"// / MAX Kgp
7Z 06 %5 — =
4 = =
g 10° 4
g = / /er
g 2 05 2
o 0 >
¥ 04 x
x 0. _ (&
5 &
g LIFE CYCLES
2 03 |
w EXAMPLE 6.1 —
(7
= 0.2
0.1
0
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

INITIAL STRESS FACTOR Ksi (AL suirz sieess,

Fig. 5.3 - Fatigue strength diagram for hot coiled round bar helical compression springs. All stresses are Wahl corrected, diagram
represents 8-10 fatigue life, and is applicable to hot coiled helical compression springs which are shot peened, preset, and using car-
bon steel or alloy steel bars.
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TABLE 5.5—PARAMETERS FOR HOT COILED SPRINGS FOR FATIGUE STRENGTH DIAGRAM

OF FIG. 5.3—SHOT PEENED AND PRESET

Ky = 0740 Cc=1808 Cg=0830 M=-00215 Y = -0.130
Cytles n Max Kz Ke A B
1000 0.715 0.737 0.738 0.002
10000 0.681 0.546 0.628 0.151
100000 0.648 0.405 0.523 0.293
1000000 0.617 0.300 0.427 0.423
2500000 0.605 . 0.266 0.392 0.471

From Table 5.1, the ailowable uncorrected stress for
SAE J113 hard drawn carbon steel wire is 42% of tensile
loading. Since the tensile strength of 4,50 mm wire is 1380
MPa min (sce Chapter 2, Table 2.2), the allowabie stress
is 1380 x 0.42 = 580 MPa. Therefore, the stress of 481
MPa is satisfactory for static loading.

Example 4.2: Using spring dimensions similar to those
in Example 4.1, determine the maximum load obtaina-
ble using an oil tempered carbon valve spring wire to
attain unlimited life when the initial spring load is 270
N and the springs are shot peened and preset,

Tensile strength of 4.50 mm diameter oil tempered car-
bon valve spring wire is 1550 MPa min for SAE J351 (see
Chapter 2, Table 2.8).

Kw = 1.206 (Wahi correction factor from Table 5.2)
_ B8DKwP 8 X 325 X 1206 X 270

Sei ar d2 r X 4.50
= 296 MPa
296
Ksi = 1550 = (),191

Referring to Figure 5.2, for unlimited life when springs
are shot peened and present, or using the formulae in
Chapter 1 together with the parameters in Table 5.4:

Ks: = .460 + 3429 K; = .460 + .343 x .191 = .526

Since P, = Ky, therefore P, = 270 X .526 = 885 N
P. Kg 191
Example 4.3: Using the data of Example 4.2, deter-

mine the number of active ¢oils required to give a load
change of 360 N when the deflection is 20 mm.

AP _ 360
R = === 18N/mm
_ _Ga G d¢
R _BD3N.a“dN‘ TR
793 X 108 x 4.5 ‘ .
Ne = g X 3255 X I8 6.6 (active coils)

Thus, if this spring were to be made with closed ahd
ground ends, the total number of coils would be 8.6, with
one inactive coil at each end for closing.

5. Design Stresses for Hot Coiled Springs

High stresses can be used in design of hot coiled heli-
cal compression springs because presetting is employed
and the heat treatment and shot peening processes pro-
vide the required control over the physical properties.
Based on the material used and its heat treated hardness
and tensile streagth, the spring can withstand a certain
maximum stress for a particular stress range and for an
estimated number of fatigue cycles. Load loss or spring
set, within permissible limits after a number of cycles of
loading is another factor to consider. High cyclic stresses
can result in appreciable spring set, so that unsatisfac-
tory spring performance may result even though the
spring may not break in service.

The stress limits for hot coiled springs can be deter-
mined from the fatigue strength diagram given in Fig.
5.3, This diagram is applicable to springs which are axi-
ally loaded without angularly aligned or offset spring
seats. When the spring is subjected to excessive bow due
to non-aligned spring seats, then the siresses should be
decreased proportionally, This diagram is applicable to
springs which are preset and shot peened. All stress values
are Wahl corrected. The diagram represents B-10 fatigue
life or the number of cycles where 10% of the popula-
tion is estimated to fail (see Section 7).

The allowable initial and maximum stresses are deter-
mined by multiplying the appropriate stress factors (Kg
and Kg) by the minimum tensile strength for the bar
used to make the spring. Basic mechanical properties for
the particular material are obtained from S-n fatigue data,
as explained in Chapter 1, and also in Section 3 of this
chapter where application of the fatigue strength dia-
grams is explained. Fig. 5.3 is applicable to hot coiled
springs and, in addition to stress factors K, and K, it
gives the maximum stress factor K, for solid stress,
preset siress, and for maximum stress at static service.
Frequently, the sofid stress may be the same as the preset
stress, in which case the spring is compressed solid to per-
form the presetting operation. In cases where the design
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solid stress is in excess of 1150 MPa, the presetting oper-
ation can be performed by presetting to a fixed spring

length.

6. Fatigue Life of Hot Coiled Springs

Fatigue testing is an accelerated method of examining
springs for design adequacy and for quality control pur-
poses. Fatigue life is expressed by the number of deflec-
tion cycles a spring will withstand without failure. it can
be estimated by the use of the fatigue strength diagram
shown in Fig. 5.3. Re-examination of the design will be
in order if the fatigue tests resuit in failures which are
¢ confined to one section of the spring.

The procedure to establish suitable parameters for a
fatigue test frequently requires the exercise of judgment
when the spring application is known to involve random
stress amplitudes. As an example, a suspension spring will
undergo & large number of cycles of small amplitude near
the design load position without failure. Under greater
amplitudes, the number of cycles without failure will be
reduced, since the maximum stress as well as the stress
range are increased, and both are determining factors in
the fatigue life of a spring.

The metal-to-metal position (vertical load limit) is fre-
quently used as a maximum deflection position of the
spring in a fatigue test; but in heavy truck spring designs
this deflection is often considered excessive for the test
setup, as it is rarely reached in actual service. Then the
maximum deflection position in the fatigue test may be
established at compressing the rubber bumper to between
one-third and two-thirds of its free height during full
jounce,

The length of the test stroke is selected from experience.
A frequently used method of establishing the length of
test stroke is to add to the compression stroke (from
design load to load at maximum deflection position) one-
half of this deflection for the release stroke (from design
to initial load). This practice may require modification
in those cases where it would produce less then 100,000
or much more than 250,000 cycles, according to Fig. 5.3.

There are several considerations as to why the test setup
should be preferred to be such that it will result in a
preponderance of cycle figures which are neither too short
nor too long. At higher stresses (shorter lives), the scat-
ter of the cycle lives is theoretically reduced so that fewer
test samples will produce a given degree of precision in
the estimated life of the entire population. However,
lc_Jwer stresses (longer lives) give more realistic results,
Sl‘n.ce they duplicate more nearly the actual service con-
ditions and prevent spring settling during the test. Also,

. Comparisons between different groups of springs will be
‘ more distinct at lower stresses, since different S-n curves
tend to diverge the more they approach the fatigue limit

(or limited value of stress at which 50% of the popula-
tion would survive a very large number of cycles, say
n =25 x 109,

In order to establish the fatigue life cycles, which are
acceptable in any spring design, it is desirable to have road
durability tests run over a prescribed course so that
fatigue life test data and actual road durability may be
correlated. .

Example 6.1: To estimate the expected life of a hot
coiled, shot peened, and preset spring which is to meet
the following specifications:

Taper rolled plus
tangent tail

End configurations:

Inside diameter: D; = 90.0 mm

Instalted load and P, = 6600 N at
length: 260 mm
Rate: R = 51.0 N/mm

Metal-to-metal ¢l = 45 mm-
clearance;

Metal-to-metal limit S: = 1000 MPa
stress:

Min tensile strength of TS = 1570 MPa
bar: -

Test stroke (compressed compressed = 60.0 mm
and released from released = 30.0 mm
installed):

The computations are as
follows:
Bar diameter selected; d = 15.00 mm

N, = Gd* _ 760 X 1® X 15.00¢
* 8D3R 8 X 105.0° X 51.0

Ky (for C = 105.0/15.00 = 7.00) = 1.213

= B.15

' _ 8DKyw _ 8 X 1050 x 1.213 _
S5./P = Pyt 7 X 15.00° = .0961
L. = 101 X 15.00 X (8.15 + 1.67) + 15.0/3
= 153.8 mm
L, =L+ {P/R) = 260 + {6600/51.0)
= 389.4
Ps =P + R(L, — Lg) = 6600 + 51.0 (260 - 153.8)
= 12020 N
P, = 6600 — 51.0 X 30.0 = 5070 N and
P, = 6600 + 51.0 X 60.0 = 9660 N
length load stress factor
Tabalation L P s Ksg
Positions; mm N MPa
Installed—I 260.0 6600 634 0.404
Released—1 290.0 8070 487 0.310
Compressed—2 200.0 9660 928 0.591
Solid 153.8 12020 1155 0.736




The factors (K5 and Ks) may be used with Fig. 5.3
to estimate the life cycles n to be approximately 2.5 x

10*; or the formulae in Chapter 1 can be used with the

parameters in Table 5.5 to calculate directly the life cycles

as follows:

Ky(Ks: — Ksi)

K.E=

2Ky — (Ksz + Ksgy)

0.740 (0.591 - 0.310)

2 x 0.740 - (0.591 + 0.310) = 0.3591

Since Kg = Cg n";

= (Ce/Ke) Y
(1.808/0.3591)/0310 = 250,900 cycles

7. Evaluation of Fatigue Test Results

TABLE 5.6—MEDIAN ‘RANKS (PERCENT) FOR SAMPLE SIZES 1—30

it must be understood that the fatigue life cycles for
any group of springs will vary considerably even under
closely controlled test conditions. Moreover, the average

Sample Size
Rank Rank
Order 1 2 3 4 5 6 7 T8 ] 10 Order
1 50.000 29.289 20.630 15910 12.945 10,910 9.428 8.300 7.412 6.697 1
2 70.711 50.000 38573 31.381 26.445 22.849 20113 17.962 16.226 2
2 70370 61427 50.000 42 141 36.412 32.05¢ 28.624 25.857 3
4 84.090 68.619 57.859 50.000 44.015 39.308 35510 4
5 87.055% 73.555 63.5E8 55.9384 50.000 45163 5
6 89.090 77.151 67.948 80691 54.831 [
7 90572 79.887 71.376 64 490 7
8 91.700 82.038 74.142 8
9 ' 92 587 83.774 9
16 93.303 10
Sample Size
Rank Rank
Order 11 12 13 14 15 16 17 18 19 . 20 Order
1 6.107 5613 5.192 4.830 4,516 4.240 3995 3.778 3.582 3.406 1
2 14,796 13.598 12.579 11.7¢2 10,240 10.270 9678 9.151 8677 8.251 2
3 23.578 21.669 20.045 18.647 17.432 16.365 15.422 14.581 13.827 13.147 3
4 32.380 29.758 27.528 25.608 23.939 22.474 21.178 20.024 18.988 18.055 4
5 41.189 37.853 35016 32.575 30.452 28.589 26.940 25471 24.154 22.967 S
6 50.000 45.951 42.508 39.544 36.967 34.705 32.704 30.921 29.322 27.880 6
7 58.811 54.049 50.000 46.515 43.443 40.823 38.469 36.371 34.491 32.795 7
8 67.620 62.147 57.492 53.485 50.000 46,941 44 234 41823 39.660 37710 8
9 76.421 70.242 64.984 60.456 56.517 53.059 50.000 47.274 44 830 42626 9
10 85.204 78.331 72472 67.425 63.033 59177 55.766 52.726 50,000 47.542 10
1 93.893 86.402 79.955 74392 £69.548 65.295 61.531 58.177 55170 52.458 11
12 94,387 B7.421 81.353 76.061 71.411 67.296 63.629 60.340 57.374 12
13 94 808 88,208 §2.568 77.525 73.080 69.079 65.509 62.289 13
14 95.169 89.060 83.635 78.821 74.529 70.678 67.205 14
15 95.484 89.730 84578 - 79976 75.846 72.118 15
16 95,760 90.322 85.419 81.011 77.033 16
17 96.005 90.849 B6.173 81.945 t7
18 96.222 91.322 86.853 18
19 96.418 91.749 19
20 96.594 20
{Continued)
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TABLE 5.6 (CONT'D)

Sample Size
fAank Rank
Ovder 29 22 23 24 25 26 27 28 29 30 Order
1 3.247 3.101 2.969 2.847 2.734 2.631 2.534 2.445 2.362 2.284 1
2 7.864 7.512 7191 6.895 6.623 6.372 6.139 5922 5.720 5.532 2
3 12.531 11.970 11.458 10.987 10.553 10.153 9.781 9.436 9.114 8814 3
4 17.209 15.734 15.734 15.088 14,492 13.942 13.432 12.958 12.517 12.104 4
5 21.890 20015 20.015 19,192 18.435 17.735 17.086 16.483 15,922 15.397 5
6 26.574 25.384 24.297 23.299 22379 21529 20.742 20.010 19.328 18.691 6
7 31.258 29.859 28.580 27.406 26.324 25.325 24.398 23.537 22.735 21.986 7
8 36.943 34.334 32.863 31.513 30.269 29.120 28.055 27.065 26.143 25.281 8
9 40.629 38.81¢ 37.147 35621 34.215 32.916 31712 30.593 29.550 28.576 9
10 45.314 43.286 41.431 39.729 38.161 36.712 35.370 34,121 32.958 31.872 10
1" 50.000 47.762 45716 43.837 42,107 40.508 39.027 37.650 36.367 35.168 11
12 54.686 52.238 50.000 47.946 46.054 44305 42.685 41.178 39.775 38.464 12
13 59.371 56.714 54.284 52.054 50.000 48.102 46.342 44.707 43,183 41.760 13
14 64.057 61.190 58.568 56.162 53.946 51.898 50.000 48.236 46.592 45.056 14
15 68.742 65.665 62.853 60.271 57.892 55.695 53.658 51.764 50.000 48.352 15
16 73.426 70.141 67.137 64.379 61.839 59.491 57.315 55.293 53.408 51.648 16
17 78.109 74616 71.420 68.487 65.785 63.287 60.973 58.821 56.817 54.944 t7
18 -82.791 79.C89 75.703 72594 . 69.730 67.084 64.630 62.350 - 60.225 58240 - - 18
19 87.469 83.561 79.985 76.701 73.67¢ 70.880 68.288 65.878 63.633 61,536 19
20 92.136 88.030 84,266 80.808 77.621 74.675 71.945 69.407 67.041 64.832 20
21 96.753 92 488 88.542 84012 81.565 78.471 75.602 72.935 70.450 68.128 21
22 96.898 92.809 89.013 85.507 82.265 79.258 76.463 73.857 71.424 22
23 97.031 93.105  B9.447 86.058 82.914 79.990 77.265  74.719 23
24 97.153 93.37/ 89.847 B6.568 83.517 " 80672 78.014 24
25 97.265 93.628 90.219 87.042 84.078 81.309 25
26 97.369 93.861 90.564 87.483 84.603 26
27 97.465 94,078 90.885 87.896 27
28 §7.535 94.280 91.186 28
29 97.638 94.468 29
a0 97.716 30

life of the tested springs is not sufficient by itself to estab-
lish a judgment on the design, the material, or the produc-
ton method which the springs represent. The relationship
between the number of applied cycles and the percent-
age of springs which failed at these cycles can best be ana-
lyzed with the help of statistical techniques which will
systematically describe the ““dispersion'’ or **spread”’ or
“scatter’” of the recorded test results, The extent of the
scatter will depend upon the consistency of surface con-
dition, fabrication, and the general quality of the springs
which are tested.

Sampling

One of the main purposes of statistical analysis is to
draw inferences about the properties of a large group (the
“population’’) from the results of tests on a smail group
(the ““sample’”). If the entire population were tested, one
would not have to infer anything; one would know how
the population reacted to the test. This would be called
100% confidence. If 99% of the population were tested,
one would be 100% confident about that 99%. Also, if

the sample of 99% were considered representative of the
remaining 1%, one would be close to 100% confident of
predicting the result if that 1% were tested. If only 5%
are tested, one would know about that %, but how much
could one infer about the remaining 95%7? Actually, if
certain conditions of sampling are met, one can infer a
great deal about the entire popuiation from tests on small
samples, What is required is a good, honest sample.

The primary condition for a good sample is that it be
taken at random under conditions which ensure that all
springs of the population have an equal chance of being
chosen. This is obviously impossible in the case where
the sample consists of a few handmade springs of a design
which has not yet gone into production. Only experience
can tell the engineer whether the various properties of the
sample which can affect the test result (in regard ro mate-
rial as well as to production methods and centrols) will
also be present in the production springs (the ““popula-
tion’’). This determination is outside the realm of statis-
tics. However, statistical mathematics are based on the
inherent assumption that the sampie is a true representa-
tive of the population,
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Distribution

If the entire population were tested under identical test
conditions, the results could be shown in graphical form
by arranging them in ascending numerical otder and plot-
ting the cumulative fraction (or percent) of failures over
an abscissa of “life cycles.”” A sample selected at ran-
dom from this population can be expected to exhibit a
similar distribution of fatigue life; the larger the number
of springs in the sample, the closer will be the similarity,

It is possible to calculate the likelihood of similarity
for samples of any given size. Tables are available based
on such likelihoods; Table 5.6 is an example. It presents
the “‘median rank’ of each test result for a sample size
between 1 and 30. A rank is assigned to each individual
test result corresponding to that portion of the popula-
tion which it is most likely to represent. The median rank
is used as an estimate of the true rank because it is just
as likely to be high as low. Table 5.6 lisis percent figures,

A good approximation formula for the median rank
(which may be used for larger sample sizes than those
in Table 5.6) is:

J-03

100 x
N + 04

where:

J = Position (in ascending order) for each test result
in the sample
N =Total quantity of springs in the sample

The median rank line constructed from such data
predicts that certain percentages of the population will
survive specific cycles-to-failure. But any such estimate
may err substantially on either the high or low side. The
question is: How confident can the engineer be of such
an estimate? When he has accumulated a great deal of
experience in comparing the results of small samples
which represent springs of different materials or differ-
ent designs or different production methods, he may
judge, after contemplating two such median rank lines,
that he should give preference to one set of springs over
the other because of its apparent superiority in fatigue
life. However, when judgment based on experience is not
considered adequate for a final decision, then it will be
necessary to construct lines of higher confidence.

In many cases a confidence level of 90 or 95 or even
99% will be required, so that there will remain only a
10 or 5 or 1% risk of the estimate being either too high
or too low. For'a chosen confidence level, the life cycles
of a given percentage of the population will be found
within a certain “‘tolerance interval.”” On the median rank
graph this may be represented by a ‘“tolerance band”’ to
either side of the median rank line. Wider bands indi-
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cate increased doubt about the line truly representing the
population. With a given sample size, the bands wil] be
wider for higher confidence levels. With a given confi-
dence level, the bands will be wider for a smaller sample
size.

If a 90% confidence level has been chosen, the lower
and upper limits to the estimated fatigue life distribution
of the population can be shown by constructing *5%
rank’” and ““95% rank”’ lines (see ‘““Theory and Tech-
nique of Variation Research’” by Leonard G. Johnson.
Elsevier Publishing Co., 1964), The numbers 5% and
95% represent the chance of being either too high or too
low in assigning the given ranks to the individual springs
in the sample, and they are used to establish the limit
within which the true population is expected to lie.

For a concise summary of distribution mathematics see
“Engineering Considerations of Stress, Strain, and
Strength,”’ by Robert C. Juvinalt, McGraw-Hill Book
Co., 1967. )

Weibull Plot

Several systems of mathematically organizing the test
result data have been established. In the past, the nor-
mal (or Gaussian) distribution has been most widely used.
It is graphically represented by the familiar symrmetrical
beil-shaped distribution curve which is completely defined
by two statistical parameters:

1. The riean life — In the test sample it is the sum of
all the recorded test result values, divided by the sample
size. It then becomes an estimate of the population mean
life. A population with normal distribistion has the mean
coinciding with the median (which is the middle result
when all individual results are arranged in order of mag-
nitude), and also coinciding with the mode (which is the
cycle value at which the greatest number of failures
occurs).

2. The standard deviation — It describes the scatter
on either side of the mean. For the test sample it is mathe-
matically defined as the square root of the sample vari-
ance (which in turn is the sum of the squares of the
difference between each recorded test result and the mean,
divided by the sample size minus 1). [t then becomes an
estimate of the population standard deviation.

When the test results are arranged in ascending numer-
ical order, and the cumulative percent of failures is plot-
ted (using median ranks) over an abscissa of life cycles
on normal probability graph paper, it will be found that
a straight line can be fitted to the results as long as the
distribution is normal. This becomes an estimate of the
population distribution.

While the normal distribution has a number of attrac-
tive attributes and has been the subject of many publica-
tions, it must be recognized that in spring fatigue testing
the results are usually not normal in that they cannot be




plotted in the symmetrical bell-shaped distribution curve
but in a skewed curve. This has led te other mathemati-
cal formulations, In the automotive industry the Weibul!
plot is used because it permits straight-line plotting of the
cumulative failure probability versus life cycles on
Weibull probability graph paper, even when the distri-
bution is skewed.

In the Weibull distribution the relationship between the
number of applied cycles and the cumulative percent of
failures at these cycles is expressed by a formula which
uses three parameters:

1. The minimum life, which may or may not be zero.
It is denoted by the letter “‘a.”

It is generally assumed that a = zero because that is
the condition for which the Weibull formula assures
straight-line plotting on Weibull paper.

2. The Weibull siope, which is an indicator of the
skéwness of the distribution. It is called the ‘‘shape
parameter’’ and is denoted by the letter “*b.”” It also is
a measure of the scatter of the distribution; a low slope

~ value indicates a high degree of scatter, and vice versa,

The slope is the tangent of the angle formed by the dis-
tribution line with the abscissa on Weibull probability
paper, when the scales are such that the distance
representing the factor 100 on the (logarithmic) abscissa
scale for life cycles equals the distance from 2.3 to 90.0%
on the {log-log) ordinate scale for percentages of failure.

In the Weibull distribution, the mean, the median, and
the mode never coincide exactly. But when the Weibuil
slope is within the range of 3.2-3.5, the differences are
small enough to give the Weibull distribution an appear-
ance of symmetry. The Weibull comes nearest to the por-
mal distribution when the Weibull slope equals 3.44 (thus
representing an angle of 73.8 deg), because there the mean
and the median have identical values.

The more the slope value increases above 3.44, the
more the distribution curve will be skewed to the left (with
a long tail to the left), where the mean is to the left of
{or less than) the median. The more the slope value
decreases below 3.44, the more the distribution curve will
be skewed to the right (with a long tail to the right}, where
the mean is to the right of {or more than) the median.
Fig. 5.4 shows a graph (for Weibull slopes 1 through 12)
which locates the percent of failed springs at the life cycles
representing the mean of the population,

3. The characteristic life, which is the 63.2% failure
point for the population. It is called the *‘scale parame-
ter’” and is denoted by the Greek letter theta ( 0).

63.2 = 100 {1-1/e)
where: e = 2.7183 (the Napierian base)

Example 7.1 (Fig. 5.5): Eight springs have been fatigue
‘tested under identical conditions. The results are arranged
in ascending order of failure cycles and are given rank

order numbers accordingly. In this order they are assigned
median ranks from Table 5.6 as follows:

Order Cycles to Median

Spring No. Faiture Rank
E 1 61 000 8.30
A 2 91 000 20,11
F 3 114 000 32.05
H 4 135 000 44,02
C 5 155 000 55.98
B8 6 177 GO0 67.95
G 7 205 000 79.89
D 8 245 000 91.70

“These points are plotted on Weibull graph paper in Fig.
5.5. Drawing a straight line of best fit through the
median rank points produces an estimate for the failure
rate of the entire population with the parameters b =
2.4 and ¢ = 170 000.

From Fig. 5.4 it will be seen that for b = 2.4, the per-
cent of failed springs at the mean is 52.7. At that failure
level the median rank line in Fig, 5.5 shows 150 000 cycles.
At the B-10 life level (that is, at the number of cycles
where 10% of the population are estimated to fail), the
median rank line shows 66 000 cycles.

Significant Difterences

In most cases the fatigue testing of springs will be
undertaken for the purpose of comparing different sam-
ples, and the probability graph will be expected to con-
vey information on the relative life distribution of the
populations represented by those samples, For example,
the comparison may involve a sample representing a firse
design, and another sample representing a second design.

When the two median rank lines for the test data of
the two samples are plotted on the same graph, they will
readily show if the second design promises some improve-
ment in fatigue life. However, in order to establish if there
is a “‘significant difference’’ between the two designs, it
will be necessary to find quantitative values for the degree
of improvement {or degradation) between one design and
the other. The questions is this: How confidently can one
say the limited test resuits indicate that the second design
assures an improvement in fatigue life for the entire spring
population? The answer depends not only on the amount
of separation between the two plotted slopes, but also
on the size of the two test samples,

Furthermore, the degree of confidence in the superi-
ority of one design over the other need not be constamnt
from one quantile level to another. For example, it is pos-
sible to have a significant improvement at the B-50 life
(50% failure level) without any improvement at the B-10
life (10%o failure level), or vice versa. This is partly due
to differences in the Weibull slope, and partly due to the
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Fig. 5.4—Location of the mean for Weibull slopes 1-12

greater width of the tolerance bands at the lower quan-
tile levels.

Example 7.2 (Fig. 5.5): It has been proposed that the
spring design represented by the sample of eight in Exam-
ple 7.1 be replaced by a new design. Seven springs of
the new design have been fatigue tested with results which
are shown arranged in ascending order and are assigned
median ranks from Table 5.6 as follows:

Order Cvceles to Meadian

Spring No. Faiture Rank
M 1 132 ¢00 2.43
0 2 195 GO0 22.85
K 3 233 000 36.41

L 4 275 000 50.00
P 5 315 000 63.59

J 6 365 000 77.15
N 7 440 000 90.57

For this second plot it will be seen from Fig. 5.5 that
the Weibull slope b = 2.7 and the characteristic life #
= 310 000; the mean life level is at 51.8% (see Fig. 5.4),
therefore, the estimated mean life is 280 000 cycles. The
estimated B-10 life is 138 000 cycles.

Since the estimated mean life in Example 7.1 was
150 000 cycles, the mean life ratio on the median rank
lines is 280 000/150 000 = 1.87. This represents an esti-
mated improvement of 87%. The ‘“‘confidence number’
corresponding to this mean life ratio (that is, the proba-
bility that the true mean life ratio of the population is
greater than 1) is found by reference to the mean life
nomograph (Fig. 5.6).
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i continue to intercept on confidence number.
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4' ) Fig. 5.6—Confidence nomograph at mean iife level
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Fig. 5.7—Confidence nomograph at B-1¢ life leval
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In order to work with the nomograph it is necessary
to establish the “*degree of freedom’ {= freedom of
movement of the individual test results about a fixed
mean) for the samples representing the two designs. The
degree of freedom equals (N - 1) where N is the size of
the sample. Thus N, -1 = 7and N, - 1 = 6, and the
product of the two, known as “‘total degrees of free-
dom,”’ is 42. '

The nomograph furnishes the confidence number 98.8
for b = 2.4 (first design) and 99.4 for b = 2.7 (second
design). The average is 99.1, and this means that 99.1
times out of 100 the second design is superior to the first
design at the mean life level,

The confidence number corresponding to the B-101ife
ratio will be found by reference to the B-10 level nomo-
graph (Fig. 5.7). Since the estimated B-10 life in Exam-
ple 7.1 was 66 000 cycles, the B-10 life ratio on the median
rank line is 138 000/ 66 000 = 2,10. The nomograph fur-

. nishes the confidence number 91.0 for the first design and

93.0 for the second design. The average is 92.0, so the
second design is superior at the B-10 level 92.0 times out
of 100.

Thus, the confidence numbers obtained from the fore-
going “‘significant difference’’ study indicate a certain
superiority of the second design over the first. Quantita-
tive values for the degree of this superiority are obtained
by using the information from the nomographs on so-
called “‘confidence interpolation graph paper’ or sim-
ply ““ratio paper” which has a log-log ordinate for per-
cent confidence and an arithmetical abscissa for life ratio
(Fig. 5.8).

To obtain quantitative values at the mean life level, the
mean life ratio on the median rank lines (in this case 1.87)
is plotted on the ratio paper at the 50% confidence level
and is connected by a straight line with the confidence

‘number (in this case 99.1) at abscissa 1. The life ratio

values at other confidence levels are then found on this
line, It will be seen that at the 60% confidence level the
ratio is 1.75, so there are 6 out of 10 chances that 75%
improvement will occur. At 90% confidence {which is fre-
quently used as a standard) the ratio is 1.32, so there are
9 out of 10 chances that 32% improvement will be
realized.

The same procedure will establish guantitative values
at the B-10 level. There the percent of improvement will
always be comparatively lower for the same degree of
confidence. This is due to the greater width of the toler-
ance bands at the lower quantile levels. In this example,

the life ratio at 90% confidence is 1.08, so there are 9

out of 10 chances that 8% improveinant will be realized,

Minimum Life Greater than Zero

As stated earlier, Weibull plots are generally con-
structed with the assumption that the minimum life is
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zero, The sample data will then plot a straight line on
Weibull probability graph paper.

When the minimum life is greater than zero, the sam-
ple points can usually be fitted with a fairly smooih
curved line. However, this would mean foregoing one of
the major advantages of the Weibull process, which is
to analyze the data with the help of a straight line even
when the number of test results is small.

A relatively simple technique permits the test results,
which indicate a minimum life greater than zero, to be
converted to straight-line plotting on the Weibull graph.
This requires that the curve drawn through the sample
points be extended downward until the abscissa value
which it approaches asymptotically can be approximately
established as an estimate of the finite minimum life “‘a.”
When this is subtracted from each of the plotted data
points, it may be possible to fit the new points thus
obtained with a straight line.

If it develops that the new peints can still be better. .
fitted by a curve than by a straight line, then the estimate
of the minimum life was incorrect. If the new line is still
concave downward, the minimum life was estimated too
small; if the new line is concave upward, the minimum
life was estimated too large. A second {(and possibly a
third) estimate will then be required until the plotted
points can be successfully fitted with a straight line, It
is well to remember that before any one of the life cycle
values found on this straight line is used for comparison
with a corresponding value on any other median rank
line, it must be increased by the ““a’” value which was
subtracted from the curved median rank line to obtain
the straight line, '

Example 7.3 {Fig. 5.9): Seven springs have been fatigue
tested with results listed below, arranged in ascending
order and shown with their assigned median ranks from
Table 5.6. The plotting of these values produces a curve
which is concave downward. A tentative extension indi-
cates “‘a’’ to approximate 50 000 cycles. When the points
are replotted with each result reduced by 50 000, they can
only be fitted with a curve which is concave upward;
therefore, a second attempt is made with a = 45 000,
and this brings about a successful straight line fit,

Cycle less  Cycles less

Order Cycles to Median

No. Faiture Rank 5¢ 000 45 000
1 85 000 9.43 35 000 40 000
2 110 000 22.85 60 000 65 000
3 135 000 36.41 85 000 90 000
4 155 000 §0.00 105 000 110 000
5 180 000 63.59 130 000 135 000
6 210 000 77.15 160 000 185 000
7 250 000 90.57 200 000 205 000

F— __(
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" 8. Rectangular Wire Springs

The use of rectangular wire sections (including the spe-
cial case of square wire) is not recommended, except in
cases where space limitations make it necessary. Since
these shapes are not produced in large quantities, they
are difficult to procure. In addition, the square edge con-
ditions which are prevalent in them tend to limit ductil-
ity and may thus promote breakage.

Wire which is rectangular before coiling will upset at
the inside of the coil and become trapezoidal in section
after coiling. This limits the deflection per coil, as the
solid height is predicated in the wire thickness at the inside
diameter. An appropriate formula for the upset thick-
ness {t)) at the inside, compared to the original thickness
(t) of the rectangular wire [or (a) of the square wire], is:

(Do — Di)
tG=t]l + K—
‘ [ (D, + D)
where;
D, = cutside diameter of spring
D; = inside diameter of spring
K = 0.3 for spring temper materials

0.4 for annealed materials

Wire which is keystone-shaped before coiling over-
comes this difficulty but is costly and hard to obtain, par-
ticularly in smail guantities.

The principal object in using rectangular section wire
is usually to procure maximum load capacity for the
spring in a given space. Consequently, such springs are
often highly stressed. The problem of insuring reasona-
bly long service life becomes aggravated if the range of
stress is high or if elevated temperature conditions pre-
vail. In such cases, shot peening becomes a mandatory
requirement,

The design formulae for compression and extension
springs coited from rectangular wire are shown as:

_ KiGbeF
D*N,
_K.Gb3
DaN.
DP
Kibe

7

The values for the deflection and stress constants are
given in Fig. 5.10. They are approximated by the fol-
lowing formulae:

0.430Cg — 0.217
Cr + 0.200

_ 0.685Cx + 0.355
Cr + 1.500

K; = deflection constant =

K; = stress constant

where;
CR = bt/ t
b = long side of rectangular cross-section wire

t

short side of rectangular cross-section wire

The previously cited formulae are uncorrected for stress
increase due to curvature. They are suitable for the basis
of design for springs which are preset and then used for
static loading. Coil curvature in rectangular wire springs
alters both rate and maximum stress and needs to be con-
sidered where fatigue loading is present. Factors for deter-
miniilg corrected rates and stresses were developed'by G.
Liesecke and appear in graph form in spring design text-
books. The reader is referred to these sources for these
finer points in rectangular wire spring design. See book
entitled ‘“Mechanical Springs,’” by A. M. Wahl,

9. Square Wire Springs

Uncorrected stress — The uncorrected stress S in a
square wire spring is obtained by assuming the spring to
. act essentially as a straight wire under torsion. This gives:

24PD
ad

Deflection — The deflection F for a square wire heli-
cal spring is given by:
_ 359PD°N,
Gat
P Gat

Spr = e I ————
Pring rate = £ = S9N,

F

Corrected stress — The corrected stress S. which
includes effects of curvature and direct shear and which
should be used to calculate stress range for fatigue load-
ing, is given by:

8 =K’
.2 056 0.5

:=l+___,+._._ —_—
K C C’+C3

In this case, the spring index is C = D/a and K’
represents the curvature correction factor,
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Fig. 5.10 — Constants for springs of rectangular wire

10. Buckling of Compression Springs

A helical compression spring which is made excessively
long compared with its diameter can buckle in the same
manner that elastic columns buckle under compressive
loads. Regardless of the size or stiffness of the spring,
the critical deflection at which buckling occurs depends
on the free length, the slenderness ratio Lo/D, and the
method of constraining the ends. Fig. 5.11 gives curves
for the ratio of critical deflection to free length for springs

supported with hinged and fixed ends.
In springs with hinged ends, the free length must be

measured as the distance between hinges when the spring
is free, not between the ends of the spring. This applies
only when the distance between the hinges is net much
different than the distance between the spring ends. If
the distance is much greater or much less, the relations
do not apply. These data are derived from calculations

278

and are substantiated by experiments on springs with the
conventional closed and ground ends and with reasona-
ble concentric loading. Eccentric loading and poor end
support will cause buckling at slightly lower deflections.
Interference between coils will delay buckling and in some
cases will suppress it entirely.

If a spring is compressed gradually beyond the buck-
ling point, lateral deflections will build up while the axial
raie decreases rapidly and then becomes negative. Sud-
den collapse may not occur at the buckling point, and
the spring may be used right up to the buckling limit.
Where the slenderness ratio is very large, loading with-
out guides may cause complete collapse with the spring
flying out transversely to its axis. If buckling cannot be
avoided by spring design, provision must be made for
proper guiding; care must be taken to prevent binding
on the guides. The lateral pressure on the guides increases
with lateral deflections of the spring; therefore, the guide
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clearances should be as small as is compatible with
diameter tolerances and eccentricity of springs and spring
seats.

11. Diameter Changes

The spring designer who must use springs in a confined
space should be aware of the natural diameter changes
which occur in springs when they are compressed. These
diameter changes are due to two combined effects. One
is an increase in the diameter of a helical spring upon
compression when the coils, which were originally'
inclined, assume a position more nearly at right angles
to the spring axis. The second effect is the result of the
normal winding or unwinding of the spring during exten-
sion or compression. In the case of the conventional
round wire helical spring, this effect is one of unwinding
during compression. Associated with this unwinding (or
slight decrease in the nimber of coils) is an increase in
the spring diameter. For springs using wire of other cross
sections, this last effect may be zero or it may even be
negative, resulting in a decrease in spring diameter dur-
ing compression.

With a conventional round wire helical spring under
compression, the combined diameter increase coupled
with the normal permissible dimensional tolerances may
be large enough 10 cause jamming of a spring required
to work within a tube or sleeve. Therefore, it is desirable
to have a sufficiently accurate formula to determine the
increase of the spring diameter during compression.

When spring ends are constrained from unwinding dur-
ing compression, the relative increase of diameter is:

where:

AD = increase of mean coil diameter due to compres-
sion from free length to solid length

When one or both ends of the spring are free tc unwind

. freely without friction, the relative increase of the spring

diameter is nearly iwice as great and is given by the
expression:

aD

p* — 08pd — o.z'dz]
D

= 0.10[ o

2.80

For a normally supported compression spring, the
diameter increase will be somewhere in the range between
these two extreme cases, depending upon the friction con-
ditions at the spring seats.

For extension springs, the same formulae apply. A
minus sign appears for AD, since an extension spring
decreases in diameter during extension. The type of end
hooks must also be considered, as it may or may not allow
for winding of the spring during extension.

12. Conical Compression Springs

Conical compression springs made with a uniform
taper from end to end may be calculated with the use of
the compression spring formulae by using the average or
mean coil diameter. The formulae will not hold after the
spring is deflected more than that required to close the
largest coil of the spring. Conical springs, like volute
springs, are manufactured with variable coil spacings. The
pitch of the larger coils may be increased to maintain
linearity closer to the solid length. Conical springs with
a large taper from end to end are very much like volute
springs in that the coils can telescope inside each other
to give a markedly reduced solid length. In other cases,
however, where the taper is small, the conical feature has
little effect on the solid length which then becomes simi-
lar to that of the straight helical compression spring. For
volute springs, the reader is referred to the SAE Volute
Spring Manual. Barrel-shaped or hourglass-shaped
springs may be calcuiated as two conical springs mourited
in series, each taking one-half the total deflection under
a given load.

13. Relaxation or Load Loss in Helical Springs
at Elevated Temperatures

If a helical spring is compressed by a given amount’
between parallel plates at elevated temperature, it will be
found that the load exerted by the spring will gradually
relax or drop off with-time. The amount of this relaxa-
tion, or set, generally increases as the stress and/or tem-
perature increases. Normally, the set is greater for long
periods of time than for short ones, Fig, 5,12 shows
spring relaxation for various spring wires. Fer inform-
tion on heat setting see Chapter 1, Section 4.
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Chapter 1

Introducﬁon

Torsion bar springs are used in a wide range of installa-
tions, from precision instruments th rough balance springs,
to automotive and military tank suspension springs. The
designs vary widely in efficiency of material utilization
(stored energy per unit volume of spring material), in
complexity, and in production costs. This Manual pre-
sents information particularly pertinent to high efficiency
springs as used on suspensions for surface vehicles. It is
applicable, however, to many types of torsion bar springs
for a wide variety of uses.
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The Manual has been revised to reflect up-to-date de-
signs and manufacturing processes. It also incorporates
the SI metric units in all definitions, design details, and
specifications. In the International System of Units (SI),
force is not defined by the action of gravity. Accordingly,
in this SI (Metric) edition of the Manual, the kilogram
(kg) is restricted to the unit of mass [in place of the
pound-mass, or pound avdp], and the newton (N) is the
unit of force [in place of the pound-force]. The millimeter
{mm) has been chosen as the unit of length.
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Chapter 2

Design Calculations

1. Symbolz_s Used in Formulae (for SI Units see dsaic = Angle @ when Pyauc is applied; positive as
Appendix) shown in Fig. 2.1, rad

B = Angle between reference line and lever at zero
P = Force at end of lever, perpendicular to refer- load position; positive as shown in Fig. 2.1,
ence line (Fig. 2.3), N © rad
Piatie = Static load {used for P in suspension computa- 0 = Windup angle when P is applied (= a + B),
tions), N rad
a = Angle between reference line and lever when Ouoic = Windup angle when Pyue is  applied
P is applied; positive as shown in Fig. 2.3, (= Agtane + B) (Fig. 2.1), rad :
rad Oiounce = Windup angle when the maximum operating !

JOUNCE POSITION

he (SEECHAPTER2,

TORSION
BAR STATIC LOAD SECTION 5A)
CENTER (LAYOUT)
POSITION !
T ] A
f |
a i
“ASTATIC REFERENCE LINE
—% 1 - B
B(POSITIVE) XREBOUND
(NEGATIVE f h, (SEE CHAPTER?2, !
AS SHOWN) SECTION 5A) ;
S :
{POSITIVE 8

POSITION l

‘ H
\— ZERO LOAD POSITION WHICH WOULD
BE REACHED IF “k’* WERE CONSTANT

ACTUAL POSITION
AT ZERO LOAD

Fig. 2.1—Relation of various load positions at end of lever
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load is applied, with the lever in jounce posi-
tion (= aounce + B) (Fig. 2.1), rad

d = Diameter of round bar {(outside diameter of
tubular bar), mm

di = Inside diameter of tubular bar, mm

dmax = Diameter of tapered bar at large end, mm

dpun = Diameter of tapered bar at small end, mm

t = Thickness of rectangular bar or square bar,
mm

w = Width of rectangular bar (long side of cross
section), mm

L = Active length of bar (defined in Chapter 3,
Section 3), mm

R = Length of lever (Fig. 2.3), mm '

f = Deflection at end of lever from reference line
when P is applied, measured parallel to di-
rection of P (= R sin a); positive as shown
in Fig. 2.3, mm

. fo. .= Deflectior at end of lever from reference line
when Pyuuc is applied, measured paraliel to
direction of Pyauc (= R sin ageanc); positive
as shown in Fig. 2.3, mm

fo = Deflection at end of lever from zero load posi-

tion to reference line, measured parallel to
direction of P (= R sin 8), mm
f + f, = Total static deflection at end of lever, from
zero load position to static load position,
. . measured parallel to direction of Pyaee, mm
& = Effective static deitection at end of lever, equal

to load divided by spring rate prevailing at
that load, mm
T = Torque applied to bar (= P R cos a),
N-+mm
k = Spring rate at end of lever (variable), mea-
sured parallel to direction of P, N/mm
ky = Torsional spring rate of bar (= T1/0),
N + mm/rad
¥ = Shear strain
.30 -..._...-l'- =
28 _ -
26 i e HABQVE | HE
: - L~ l?z %
.24 r{\ — +
20 HHE
16 [ /7%, STFFRESS COFRFICIENT,
A6 7
Py e (i
] 2 3 4 $ 6 7

Fig. 2.2—Saint Venant's coefficients for rectangular bar in torsion

G = Shear modulus (see Chapter 5, Section 1),
MPa

8, = Shear stress, MPa

72 = Saint Venant’s stress coefficient (Fig. 2.2)

N = Saint Venant’s stiffness coefficient (Fig. 2.2)

C = Load factor defined in

C, = Rate factor } Chapter 2,

C; = Static deflection factor ] Section 4

No = Number of laminae in laminated bar

2. Round Bar in Torsion

Table 2.1 shows the relation whicl_l exists for the follow-
ing conditions:

a) Bar is straight.

b) Uniform cross section of solid cylindrical, tubular
cylindrical, or solid tapered circular configuration.

c) If tubular, inside and outside diameters are concen-
tric.

d) Torsicnally loaded oniy.

¢) Tapered bars have constant taper, with d; (at dis-
tance x from end with diameter dyyn) = dmin + (dmax —
don) ¢ x/L

When the three types are to have identical torsional
rate kr and identical siress rate S./#, the following rela-
tions exist between them:

1. The ratio L/d (L/dmin for the solid tapered bar)
is the same for ail three. .
2. The volume {mass) of the solid cylindrical bar can
be reduced by changing to one of the other two types:
a) The space requirements for the tubular cylindri-
cal bar are larger than for the solid cylindrical bar because
both d and L increase by a factor

FT/(1 = {di7d)»

However, these spacial increases are more than balanced
for volume by the growing interior space as d; (and there-
fore the factor) are reduced.

b) In the solid tapered bar, as the ratio dmax/Gmin
increases, dmax increases against d in the solid cylindrical
bar, but dmin decreases by a larger percentage, and there-
fore L also decreases. The net result is that the volume
of the solid tapered bar becomes ever smaller as the ratio
Arnax/dmin 1 increased.

3. Rectangular Bar in Torsion
A. Straight Bar of Solid Rectangular Cross Section

For a straight bar of solid rectangular cross section,
loaded in torsion only, the following relations exist:




Windup angle (radian):

When the bar has Ny, laminae of ¢, thickness, w, width,
T, torque, 1., and 73, coefficients; also Nyz laminae of

_ TL _ % SsL t2, wa, T2, g2 and ns.2; also Nis laminae . . . . :
MttwG Nt G Windup angle:
Torsional rate (N + mm/rad): - T, L _ NS L
Mat*w G 7.4 G
T -
ky = _6 — _....._.....ﬂs taLw G _ Tz L - Nz.2 S, L
: N2t W2 G M2t G
Stress (MPa): andso on
T 10tG Torsional rate:
N N2 12w - 7L T
k‘l'='é'=Nle'l‘l + Nuk‘rg"’ [
Stress rate (MPa/rad):
_ Nus N3.1 2w G + N 3,2 tAwe G+ ...
S: _ 7 tG - L
[ M2 L
Stress:
B. Straight Laminated Bar
. _ 1]3,;_0 G _ 1]3,26!26
- = L- L
For a straight laminated bar (each of the N, laminae M2 22
having equal rectangular cross section, same material, and so on
same length), loaded in torsion only, the relations are:
Stress rate:
' NLttwG
kr=m.__"'L_—- §§=2§iﬁ_n32t26
8 MNz1 L T2z L
§ = M Nt G
0 une and so on
TABLE 2.1—FORMULAE FOR ROUND BARS IN TORSION
Type of Round Bar
Solid Tubular Solid
Quantity { Symbol | Cylindrical Cylindrical Tapered Unit
Windup 32TL I2TL 32 TL .
Angle 0 703G | 7dG[ — (@) | #G [ 30 d¢ ] radian
D2 + Dd + &
28, L 28, L
dG dG
Torsional T T T
Rate ky r ? ? N+ mm/rad
adiG | ad¢G[V - (@#/dy) | =G 3D
2L 3 32L 2+ Dd + ¢?
2L
16T 16T 16T
Stress S, oy T = (de7an FIT < (@7 7ds MPa
0dG 8dG 8G , _ 3D
2L 2L 2Ld? D+ Dd + 2
Stress S, dG dG .
Rale r} TN ETR Variable MPa/lrad
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R = o

In actual practice, the dimensions for a laminated tor-
sion bar can be established by the following procedure,
considering the case where the complete bar is to have
a rate kr and this cross section:

/ ! fow

2, w2 1 tyiwy

From given data the maximum windup angle (@jounce)
will be computed at which all laminae may be subjected
to the maximum allowable stress (Ssijouncer)s With all lami-
nae having the same active length (L), the maximum
allowable thickness for each lamina is:

trx = i x Ss(jouncel L
Ta iounce G

Any lamina thicker than tmax will be overstressed.

All 1aminae are wound up to the same 8jcunce and would
carry the same maximum stress if the thickness of all
laminae could be held 10 tpex. This would result in the
most efficient spring or in a spring of minimum weight.
In most cases this is not practical and the thickness of
the laminae must be adjusted to give the required rate.
[t should, however, be kept in mind that the stresses
shonld be held as close as possible to the allowable maxi-
mum stress in order to keep the spring weight to a mini-
mom.

The torsional rate of the complete bar is:

k*r = Nuk-n + Nmkn + ... N[,nkn.

In general, this result will not coincide with the desired

value calculated from

k=PRcosa
T a+ B

See Chapter 2, Section 4.

If the rate as checked by load-deflection test turns out
too low, another lamina will have to be added. If it turns
out too high, thinner laminae must be used, or the widths
of the laminae must be reduced.

It is important to remember that no laminae should
exceed tmax, but all laminae should be kept as close as
possible to this thickness. The stress is not affected by
a change in width (w) as long as the ratio M/% = |;
this holds true for most practical applications where
(w/t) > 3.5. '

Consequently, changing w is a convenient way of rate
adjustment if the widths of the laminae are not required
to be held to existing commercial sizes.

Changing the active length (L) of the bar, provided
the specific design allows this, is also a means of rate
adjustment; however, L also affects the stress, and the
whole computation will have to be repeated.

4, Torsion Bar Spring and Lever

Fig. 2.3 shows a combination of torsion bar spring
and lever which is frequently used in suspensions. In this
diagram the deflection f and the angles a and 8 are mea-
sured from a reference line which is perpendicular to
the applied load and passes through the center of ihe
torsion bar. They are counted positive when their relations
to the reference line are as shown in Fig. 2.3.

Fig. 2.3—Torsion bar spring and lever

The load deflection characteristics of this mechanism
are not linear but are given by the following:

p = T
R cosa
T
k-r="é‘
g =a+8
T
kr = :
T a+ B
k + k. + /]
p o ke B)=_TC1[Cl=a B _ ]
Rcosa R cos ¢ cOos o
E=sina

The function C: is plotted in Fig. 2.4 against the ratio
f/R or sin a as abscissa, so that the curves represent
load-deflection diagrams for the end of the lever.

The rate will be a minimum when dk/df is equal to
zero, or when

—Jsina

C = —-——
! 2sin2a + |
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Fig. 2.4--Load lactor versus deflection

It will be noted from the chart that C; becomes equal af :
to zero when 8 = —a. da Rcosa
The vertical rate at the end of the lever is given by
k = (dP/df). Using the value of P above and the relation K = dP _dP da
f=Rsina df a df
kr 1+ (e + Btana
+ ==
P=ﬁx(a A sz cos? a
R COS @
dP _ k tan a 1 k= . ¢
T = " 2
c_" + + 2
da R [(a B cos a cos a] - R
- : +
4P k-r[l'—' (a+.8)tana] C, = 1 + {(a + Btana
— = costa
da R cos a
f = Rsina Fig. 2.5 shows the function C; plotted against the ratio
4 - 3.7
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Fig. 2.5~-Rate factor versus deflection

f/R or sin a as abscissa. It shows that the rate of such
a torsion bar and lever is by no means constant, and
that the minimum rate occurs at a position of lever center-
line below the horizontal. When f/R is zero then for
all values of 8, C; = 1.0,

The rate will be a minimum when dk/df is equal to

" zero, or when Cp = 1/(2 sin? a + 1) only for negative

values of sin a.
The static deflection at any point is defined as & =
P/k. Using the above values this becomes

cos a
1

+
U‘-+3 tan a

38

8=RC3
C, = lcoscw.
- a+B+tana

Fig. 2.6 shows the function C; plotted against the ratio
f/R or sin a as abscissa, so that the curves represent a
comparison of static vertical deflection with the vertical
deflection from the reference line. By definition, the ab-
scissa values in Fig. 2.6 actually represent sin osanc OF
f./R.

The rate will be a minimum when dk/df is equal to
zero, or when C; = ~3 sin a. -
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Fig. 2.6—Static deflection factor versus deflection

It is to be noted that the curves for minimum rate, 5. Sample Computation
maximum static deflection, and 8 = 90 deg all intersect
at f/R = —1.0 or C; = 3.0. _

Note: All angles in previous equations are expressed A. Requirements for Round Bar
in radians. In Figs. 2.4-2.6, the angle 8 is given in degrees,
but for calculation of loads and rates from the constants

C: and C, the torsional rate must be expressed in the Required: Determination of diameter {d) and act.ive
dimensions N + mm/radian. Where necessary, angles are length (L) on a torsion bar spring of rou_nd cross section
converted from dcgrécs to radians by the relation 1 ra- for a passenger car suspension for the given values:

dian = 57,296 deg as shown in the examples.

Static load: . Puiatic = 4000 N
Rate at static load: k = 16 N/mm
Length of lever: R = 400 mm
Position of lever at sfatic load:  asaie = 7 deg

= -H).122 rad
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Deflection, static load to jounce

position: he = 100 mm
Deflection, static load to rebound

position (with rebound stop): h, = 125 mm
Stress at static load: Sastaticr < 670 MPa
Stress at jounce position: Ssyouncer < 900 MPa

For recommended stress values see Chapter 2, Sec-
tion 6.

B. Computation for Round Bar

The effective static defection at static load & = 4000/
16 = 250 mm.
Therefore

250
— = 0.625
= 06

3
C3=E

Position of end of lever above horizontal at static load
(all positions shown in Fig. 2.1):

f, = R sin Qgage = +0.122 - 400 = +48.8 mm

From Fig. 2.6 or the formula

o COS Mgtatic
Cy = 0625 = :
. l/(astntic + ﬁ) 4 tan Cytatic
_ 0.993
1/(0.122 + B) + 0.123
! = 0993 _ 0.123 = 1.466

0122 + 8 0.625

| :
= w——— — 0,122 = 0.560 radians = 32 deg

1.466

From Fig. 2.5 with fo/R = +0.122 and B = 32 deg;
C: = L.10

2 - 2
Therefore, kr = "CR =16 1 14000 — 2327000 N -
2 .

mn1/rad
Rechecking with Fig. 2.4 or formula we obtain

P - ke{astatic + B)

statie
R c08 dstatic

_ 2 327000(0.122 + 0.560} _
400 « 0.993

4000 N

The lever angle at jounce position is obtained from

fo + h, _ 48.8 + 100 _

i unce - = = 0.372
sin ajo R 200 03

Qjounce = +21.8 deg = +0.38 radian

The lever angle at the rebound position is obtained
from

i =l hr 488 — 125
reb . R 400

ey = —11.0deg = —0.19 radian

= —0.191

The torsional windup angle is 8 + @jounce = 32 deg
+ 21.8 deg = 53.8 deg = 0.94 radians.

The maximum torque Tiounce = Kkt {8 + QGiounce) =
2 327000 (0.56 + 0.38) = 2 187000 N - mm

Then,

) léTjounce 16 * 2 187000
@ = = = 1237
m Ss(jounoe} 3.1416 . 200 ) 6
d = 231
Use d = 23 mm

__ 16PR _ 16 - 4000 - 400

e ey S VTR AT A

To oroduce the required rate, the active length must
be

wd*G _ 3.1416 - 280000 - 76000
32kr 32« 2327000

= 898

Use L. = 900 mm
We shall sketch a line corresponding to 8 = 32 deg
in Fig. 2.5 and mark the limits

f/R = —0.53 at free position
f/R = —0.19 at rebound
f./R = —0.12 at static

(/R = —0.18 at jounce

The curve shows that the rate, going from static to
jounce, builds up rapidly from C; = 1.10 to a value of
C, = 1.60, or a rate change of 45%. The rebound rate
first decreases and then builds up again. At the rebound
position C; = 0.96 indicating a decrease of 13% from
the rate at static load. At zero load C, = 1.40. This
arrangement, with the radius arm at a smatl angle above
the horizontal at the static load position, gives an increas-
ing rate from this position to the jounce position which
is desirable. The rate increase near the free position limits
the deflection of the arm and thus facilitates assembly.

This spring requires presetting. {See Chapter 2, Table
22)

For method of selecting preset angle, see Chapter 5.

3.10




¢, Computation for Laminated Bar

If the active length of the round bar is found to be
considerably in excess of the available space, then consid-
eration may be given to a laminated bar. This will require
more cross-sectional space, but much less length. Use
of rectangular cross section material in the “as rolled”
condition may dictate a slight reduction in maximum
allowable stress,

A laminated bar with square cross section (Nt = w)
can be fitted into a square hole anchor. A bar with stepped
width laminae requires a more complicated anchor con-
figuration, but it has the advantage of reducing the com-
pressive stresses between bar and anchor, since each step
in the anchor takes only the torque of one or two laminae;
also it improves the environmental clearance conditions
as its cross section approaches a circle.

For this sample computation it will be assumed that
a 35% reduction in active length is required (from 900
to 585 mm), that the stress at jounce position is to be
limited to 860 MPa, and that w/t will exceed 4.0 so that
2= N

The requirements for load, angular position, and deflec-
tion are to remain unchanged; therefore, the torsional
rate is to be maintained at ky = 2327000 N « mm/rad.

Then

860 + 585
0.940 - 76000 | O4+mm

D. Computation for Laminated Bar of Square Cross.
Section

For the square cross section (Ny = w), and assuming

s = 0.3
M2 1 wG 1]3 ttw2 @G
kr = N
L L
w = Lk—r 585 + 2327000
NG 3 + 76 000
= /59706 = 244
Using t w = N 12 = 244 and tya = 7.04:
Nimin) = 244
— = 492
7.04%
Let N = 5; then:
t2 = 244/5 = 488
t =70
w=35+70=350

" = 0.33 — (0.2/5) = 0.333 — 0.040 = 0.293

31

Check

5+ 0293 + 343 + 35 + 76000
585

k'r=

2 290000

{which is within 114 % of the required rate, thus satisfac-
tory)

10
7.04

Ssmex = = 855 MPa

TNAX

860 -

(This solution is satisfactory.)
With density of steel = 7850 kg/m*:
Mass = 7.85 - 10°% - 585 - 3152
5.6 kg

[

Required Clearance = diagonal of the’square

t.414 « 35 = 49.5mm

6. Operating Stresses
A. Suspension Springs

Suspension springs are generally loaded in one direction
only and, as can be seen from Table 2.2, they are usually
shot peened and preset. The bars are subjected to both
processes because this enables the springs to operate at
the high stresses required of them. Without shot peening
and presetting, the bars would encounter early fatigue
failures and would suffer excessive settling. Both shot
peening and presetting are further discussed in other sec-
tions of this manual. It can also be noted that research
and development is pushing the upper edges of Table
2.2 upward. As materials and processes are improved,
added classes can be expected. Extension of applications
to reduce weight and size will follow as experience in
the higher stress classes is gained.

Classes 1250-1100—0Operation of torsion bars at these
stress levels requires close attention to material and pro-
duction quality as the critical flaw size becomes smaller
in inverse proportion to the operating stress level. With
proper precautions in design and manufacturing, the ex-
pected Jimited spring life can be extended to acceptable
levels. Only minimal applications have been logged in
these classes, primarily in advanced military vehicles. Ex-
tension to commercial applications will bear close cost-
benefit analyses because of the costs involved in the design
and manufacture of material in these stress ranges. With
proper handling, very extended lives have been displayed
by early production material. '



TABLE 2.2—ROUND TORSION BAR CLASSES

Operating Load Direction SAE Steel (Typical) s
Shear Seitling T
Class § Stress, Max | % ofMax | Single Shot Diameter Diameter
No. {MPa} Deflection Only Reverse Peened Preset | Uptod0mm | Upto65mm Typical Applicatior
1250 1250 10 Max Yes — Yes Yes 12081 1(MOD)
1200 1200 10 Max Yes - Yes Yes A '
! 150_ 1150 10 Max Yes — ves Yes H43400 (ESR)> Heavy vehicle suspensi
1100 1100 10 Max Yes _ Yes Yes H43500 (ESH)® military and off highw:
1000 1000 10 Max Yes —_ Yes Yes H43400 -
H51600
900 900 24 Yes e Ygs Yes HE1500 Passenger car suspens
800 800 2-4 Yes — Yas Yes H15621 H4 1500 Truck suspensions
H43400 -
— G10650 H86550
fo HE6600 Stabilizer bars
700 700 2-4 — Permissible | As required — G10900
550 550 2 Max - Permissible | As required - gg:% - Hi?;ghc:ﬁ;e gmg '
G10450
5505 550 2 Max — Permissible | As required — 1o
G10900

* Torsion bars in class 5508 are normally praduced from shallow hardening carbon sleel grades; they cannot be expected to have the depth of harden.

which can be achieved with alloy steels,

b {(ESR)—Electro Slag Remell,

3.12
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Class 1000-—Bars operating at these stress levels have
now been in production for over 20 years. Operation at
these stress levels implies limited spring life, but with
proper attention to design and manufacturing details, ac-
ceptable extended life can be obtained. Particular empha-
sis on minimizing operating stress range can do much
to assure extended life. By referring to the conservative
“Life Test” diagram, (Chapter 6, Fig. 6.1} it will be ob-
served that a shot peened and preset bar operating be-
tween a maximum stress of 950 MPa and a minimum
stress of 170 MPa is estimated to have a minimum fatigue
fife of about 60000 full cycles. On the other hand, a
bar operating under a stress range reduced from 780 to
600 MPa (between a maximum stress of 950 MPa and
a minimum stress of 340 MPa) will have a minimum
fife of about 140 000 cycles.

Class 900—This might be called a typical passenger
car torsion bar spring. A bar required to have a life in
the laboratory in excess of 100000 cycles, with a maxi-
mum stress of about 900 MPa and a’ minimum of about
275 MPa has proved very satisfactory in the field. From
the diagram, a minimum life in the laboratory of about
120 000 cycles would be obtained.

Class 800—This is a typical truck suspension torsion
bar spring. To achieve the longer life required of a truck
spring and to take into account the harder usage, the
maximum stress is limited to 8300 MPa. According to
the chart, a truck spring designed to a maximum stress
of 300 MPa and a minimum of 2000 MPa should have a
minimum tife of 250 000 cycles in the laboratory.

In the discussion of fatigue life, it was noted in each
case that the expected life was that to be obtained in
the laboratory. In the laboratory, the bar is usually cycled
between the metal-to-metal jounce and rebound positions,
but in actual service, very seldom is the bar called on
to withstand these extreme cycles. A formal road test
program or a record of failures, or lack of failures, should
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be made to attempt to find a correlation between actual
service life and laboratory life. After a correlation has
been established between actual service and laboratory
fatigue life, the laboratory testing becomes a quality con-
trol tool.

Classes 1000, 900, and 800—Rectangular and Lami-
nated Bars—Since most bars of rectangular cross section
are fabricated from “as rolled” stock, their inferior surface
finish, as well as the secondary stresses that occur in
such bars, when twisted, must be taken into account. A
reduction of the maximum operating stresses (Table 2.2)
by 5% is, therefore, recommended when using Class 1000,
900, and 800 steels.

B, Classes 700 and 550-—Other Torsion Bar Springs

Counterbalance Springs—Counterbalance springs run
the gamut of stress ranges. Fortunately, they do not.usu-
ally have the service life required of them that suspension
springs do; for example, 10000 cycles of a tilt cab bar
represents about 30 years life at the rate of one cycle
per day. Generally, counterbalance springs are under load
most of the time and are only relaxed when the mecha-
nism they are counterbalancing is operated. Because of
this condition, the maximum stress is usuaily limited to
about 700 MPa. Counterbalance torsion bars sometimes,
because of space limitations, have to operate at stresses
over 760 MPa and it is a practical solution to preset
the spring. .

Stabilizer Bars—Stabilizer bars are generally designed
to give a certain roll resistance, and the stress is of second-
ary consideration. Because a stabilizer bar is a part of
the suspension and is subjected to reverse loading, it
should be shot peened if some areas are stressed in excess
of 700 MPa, but it need only be shot peened in the highly
stressed areas.



Chapter 3

1. End Configuration
A. Serrated End Connection

Of all known arrangements, serrated ends permit the
smallest end diameter. Satisfactory static strength may
be obtained even if the diameter of the serrated end is
small. However, experience indicates that the minor diam-
eter of the smallest serrated end should not be less than
1.15 times the diameter of the bar.

Refer to ANSI B92.1 (latest revision) for spline and
serration design and inspection.

The serrations themselves must be designed with two
features in mind:

Stress Concentration at the Serration Root—At the
point where the anchor first contacts the serration {next
to the transition section) the bar still is under the full
windup torque, Even with the enlarged end diameter,
the stress at the bottom of the serration root may be
~aarly as high as that in the body of the bar. Added to

\_ I8 a stress pattern due to the localized pressures on
the serration flanks, so that the tctal stress here may be
very high.

This stress concentration can be minimized by provid-
ing the largest root radius compatible with the anchor
serration contour. The standard serration pressure angle
(at the pitch diameter) is 45 deg which is large enough
to permit effective shot peening. Surface finish of the serra-
tion contour is usually not specified because the methods
of forming produce an acceptable finish.

Compressive Stress on the Flanks of the Serration—
A design that is favorable for the first condition (large
root radius) reduces the flank area, and therefore increases
the pressure on the fAanks. If this pressure is too high,
an excessive local permanent deformation will occur
somewhere near the contact area, initiating a fatigue frac-
ture. Experience has shown that a compressive stress
equal to approximately 140% of ultimate tensile stress
is permissible when it is caiculated for full length contact
on approximately 25% of total serrations in accordance
with the hertz equations for stress due to pressure between
curved efastic bodies.

Formation of serrations may be done before or after
heat treatment depending on manufacturing procedure.
However, it should be noted that the serrations will be

L
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Design of End Fastening

subject to a final acceptance gage. The possibility of serra-
tion distortion exists when heat treatment foilows the
serration forming operation.

Serrations shall be parallel to the centerline of the bar
in accordance with tolerances specified on the individual
part drawing,. .

A slight change of serration size is produced by shot
peening operations. Asserubly problems sometimes resuit
when a serrated bar end is machined to the maximum
size, as defined on a drawing, and gaging is conducted
directly after the machining operation with shot peening
following later. To insure absolutely proper assembly of
serrated torsion bars into their anchors, it is necessary
to conduct composite *“go gage” checks of the serrations
after all shot peening is completed.

External and internal serrations when new will not
show full contact. During the first few load applications,
the high spots will take a local compressive set and the
required contact area will be established. On parts which
have been fabricated with reasonable accuracy, the perma-
nent set required to produce this contact is not large
encugh to cause damage. Both external and internal serra-
tions deform elastically during load application, and the
contact will therefore be limited in length. Experience
has shown that it is satisfactory to make the length of
the serrations equal to 0.4 times the major diameter.

B. Hexagonal End Connection

Hexagonal ends for round torsion bars can be produced
without machining. They offer advantages in high volume
production where upsetting machines in various degrees
of automation can be utilized.

The usual practice is to centerless grind the bar stock,
cut to a predetermined length, upset the ends to a hexagon
shape, and finish with a coining operation to improve
the fatness of the sides. There is no need for further
machining or grinding. Part numbers, arrows or letters
indicating the direction of rotation, and other coded data
are usually put in during the upsetting operation. The
transition section, which is being formed by the plastic
flow of the material, is left in the “as forged” condition.
The slightly rougher surface of the transition section is
not detrimental as long as no pits or inclusions are present.

The ratio of width across flats to bar diameter must
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Fig. 3.1—Typical design of hexagonal end connection

be sufficiently large to preclude high stress in the hex
section which would cause end failures. Ratios of 1.4,
1.3, and 1.2 for classes 1000, 900, and 800, respectively,
have proved satisfactory in laboratery and field testing.
For classes below 800, a minimum ratio of 1.20 is recom-
meided.

A typical design is shown in Fig. 3.1. The dimension
across the hexagon flats has an overal! tolerance of 0.40
mm. A minimum corner radius of 0.75 mm is specified,
to go with a 1.00 mm maximum corner radius in the
anchor. To insure against the possibility of the corners
being too round, it is necessary to specify a dimension
across the corners of the torsion bar hexagon. Otherwise,
a cam action by the hexagon in the anchor is conceivable
which may cause a bursting of the anchor.

2. Anchor Member
A, Serrated Anchor

Stresses in the torsion bar anchor or hub will not be
as high as they are in the bar, although high local stresses
exist. The internal serrations must also be designed with
generous fillets in otrder to avoid high stress concentra-
tions. Shot peening is not necessary.

The high pressure angle required for a durable serration
design will produce large radial components of the flank
pressures, and, therefore, a tendency to burst the anchor,
as if it were loaded by internal hydraulic pressure. Ade-
quate material must be provided behind the teeth to with-
stand this internal pressure.

The internal serrations should be longer than the exter-
nal serrations and so positioned that they will overlap
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the external serrations at both ends, regardless of toler-
ances and assembly variations.

The hardness of the anchor can be conmderablv lower
than that of the bar. In many installations it has been
held below Rockwell C 30. If broaching is scheduled to
follow heat treating. the hardness should not exceed
Rockwell C 36 in consideration of tool life. (See ANSI
B92.1.)

B. Hexagonal Anchor

As in the serrated anchor, local high stress areas exist
in the hexagonal anchor. They are located at the corners
of the internal hexagon, and unless sufficient wall thick-
ness is maintained, the anchor will split through the cor-
ners 180 deg apart. This will be particularly true if the
torsion bar has overgenerous radii at the corners. The
bar will then act as a cam and cause a wedging action.

The internal portion of the hexagon anchor can be
formed by broaching or extruding, but the parallelism
of the sides must be held within 0.004 mm/mm of length.
A surface finish of approximately 1.9 pm or less should
be maintained.

The hardness of the anchor should be substantially
beiow the hardness of the torsion bar. Anchor hardness
(of internal faces) of Rockwell C 25-30 has been found
satisfactory. This lower hardness permits the relatively
rough finish on the bar (generally in the as-forged condi-
tion) to “seat” into the anchor faces. Otherwise, the bar
tends to bear only on the high spots. This introduces
serious stress concentrations in the bar which have been
found to lead to premature failure. However, the hardness
cannot be substantially less than Rockwell C 25 or settling
of the bar end into the anchor face will change the relative
position of the anchor and torsion bar appreciably.




The length of the internal hexagon should be such that

the torsion bar is in full contact with the anchor. The .

transition portion must be protected from corrosion if
the anchor extends beyond the bar so as to form a pocket
for the retension of corrosive elements.

. A maximum clearance of 0.50 mm across the flats has
been found to provide the necessary clearance between
the bar and the anchor. The minimum clearance is deter-
mined by the relative position of the anchors and the
desired ease of assembly.

3, Transition Section

The transition from bar diameter to end diameter
should be gradual in order to keep stress concenirations
to a minimum. A taper of 30 deg included angle and a
fillet radius of 1.5 times bar diameter have been found
to be satisfactory. Some users have specified an arc instead
of a uniform taper in blending the end diameter with
the bar diameter, A radius of four times the bar dlameter
has been found to be satisfactory.

With splined torsion bars where thin-walled anchors
are utilized, and especially where a tubular anchor struc-
ture is used to reverse the direction between a solid torsion
bar and a tubular torsion bar, additional transition con-
figuration controls are required which are not shown in
Fig. 3.2. Specifically, the sharp edge produced at the junc-
ture of the transition radius or taper and the end diameter
must be radiused. Experience to date has shown a radius
of three times the spline depth is adequate.

The active length “L" of the torsion bar spring is not
immediately apparent on the spring drawing which gener-
ally notes the overalt length (L,.) and the lengths of the
two end sections {L.na). Adjacent to each end section
there is a “transition section” of length ! which may
be considered to consist of one inactive portion close to
the end section of diameter D, and one active portion
close to the active bar diameter (d). This portion has

@ RADIUS =15d

f T n

e i e
N b +

]——-—— EQUIVALENT ACTIVE
LENGTH = 2, = Q2

LENGTH OF TRANSITION e — o]
SECTION = ¢
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the same flexibility as a bar of diameter d and an “equiva-
lent length™ 1.. See the sketches in Fig. 3.2,

The type of transition section (uniform taper or arc,
Fig. 3.2) affects the flexibility of the bar.

When the transition section has the form of a uniform
taper where the length § can be readily computed or
measured, the equivalent length 1, equals the product
of § and a factor Q which is found in Fig. 3.3 at the
intersection between the appropriate D/d value on the
abscissa and the Q curve (see right hand ordinate scale).

When the transition section has the form of a circular
arc with radius r, the length | cannot be readily estab-
lished on the drawing, but it can be computed as the
product of the bar diameter d and the factor 1/d which
in turn is found on the left hand ordinate scale in Fig.
3.3 at the intersection between the appropriate D/d value
on the abscissa and the appropriate £/d curve (with inter-
polation between two curves if necessary). Then the equiv-
alent length 1, eqguais the product of | and a factor V
which is found in Fig. 3.3 at the intersection between
D/d and the V curve (see right hand ordinate scale).

The active torsion bar spring length is:

il

L=Le— 2Lena — 21 + 21,
Loa = 2Lena — 2(t = L)
Loa = 2Lona — 24 (1 —.Q) or

Loa — 2Lena — 24(1 — V)

]
!

The derivation of the Q and V factors follows.
The windup angle of a short element of length dx and
diameter y under an applied torque T is

32T dx

de:ﬂ'y‘G

From this, the windup angle of a uniformly tapered
section can be calculated by integration as '

_ 3274 _If 1 1 \2 1\
Ouer = 3G 3[0/':1 * (D/d) M (D/d) ] :
N
f =
END DIA D L r _ _BJ;R}EIA

SEEFIG, 3.3 d
- EQUIVALENT ACTIVE
LENGTH = £, = v

LENGTH OF TRANSITION
SECTION=¢

Fig. 3.2—Transition with uniform taper (left); and with circular arc {right)




For the transition section of langth  betwesn the active bar of diameter d and the inactive end of dismeter D (D = root diameter for the serrated end;
D = Inscribed diametar for hexagonsal end), the equivalent active length 2, at diameter d is V-2 when transition is an arc of radius r, Q-2 when transition

iz 8 uniform taper.
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where:

Biaper = Windup angle of a uniformly tapered section

d = Diameter of smalil end, equal to diameter of bar
D = Diameter of large end
1 = Length of taper

This is correct for any taper angle. Comparing this
equation with the equation for windup angle in Chapter
2, we see that the tapered portion has the same flexibility
as a bar of diameter d and a length I,

b=y~ 5 ()] -ams

where:

1. = Equivalent active length of transition section at ber
diameter d

From the formula for windup angle d @, the windup
angle of the transition section formed as a circular arc
can be found by integration as

32T} 1 D Dy2
B = 2o X Dss+1o;+1s(d)
(3)

D3
—-—(d)—arcta 2.....1
D _, "V

d

|

+ 15

Comparing this equation with the equation for windup
angle in Chapter 2, we see that the transition section
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has the same flexibility as a bar of diameter d and a
length L,

(D a f

+ IS—d———-—-arc tan D_ 1=V (Fig. 3.3)
/D d
q- 1

It should be noted that this equation is developed for
a parabolic arc rather than a circular arc because of ease
of calculation. This license introduces an insignificant er-
Tor.

We can consider the value !, the equivalent active
length of the transition section. Fig. 3.3 gives the value .
of this equivalent in a convenient form. The total active
length of the bar will be L = Length between transition
sections plus equivalent active length of both transition
sections. . )

A transition section formed by a circular arc may be
specified by the use of the following formulae (Fig. 3.3).

by 2,
r_\d +d

e

e - (1)

For a given bar diameter and end diameter, the length
of the transition section will be directly specified by the
radius of the arc.




Chapter 4

1, Methods to Insure Correct Vehicle Height
A, Infinitesimal Adjustment by Screw

This system is desirable where vehicle height is impor-
tant and where a definite preload is necessary to prevent
reversals of load. The screw adjustment is being used
to overcome tolerance stackups of mating parts, variances
in fit between external and internal parts, variances in
load to be carried, and also, to overcome settling problems
in service.

Fig. 4.1 shows two typical torsion bar adjusting mecha-
nisms using hexagonai torsion bar anchor ends to transmit
torque from the torsion bar to the anchor housing. A
screw operating a lever on the anchor housing converts
the torque into a force and lever arrangement. Spherical
or cylindrical seats must be used to toggle the bolt in
order to eliminate any possibility of bolt bending.

During assembly, the parts are positioned near the de-

*d free position, the torsion bar is assembled to the

“wmthor housing which is attached to the reactionary mem-
ber, and the torsion bar is wound up to the desired angle.

Variances of the adjusting mechanism range from bults

LOWER CONTROL ARM

Control of Assembly Position

being used in tension, to bolts being used in compression
and a number of other combinations. _ ]

Provisions for protecting the assembly from rust are
commonly used.

ey

B. Adjustment by Vernier Steps

This system is desirable for experimental installations
where the static load or standing height may need to
be changed. It is subject to errors and, therefore, not
desirable in large production.

The two ends of the bar are made with different num-
bers of serrations; for example, 55 serrations on one end,
57 serrations on the other. Each step of adjustment is
then equat to (360/n,) — (360/n) deg, where n, and ng
are the numbers of serrations at the two ends.

For convenience in assembly, the end with the smaller
number of serrations should also be smaller in outer diam-
eter, so that it will pass through the bore of the large
internal serration.

In assembly, the lever must then be located in the de-
sired free position (zero load position) and the tar turned
until a position is found at which both serrated ends will

enter.

Fig. 4.1—Two typical torsion bar adjusting mechanisms
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C. Equal Serrations at Both Ends

In this system, the smallest step of adjustment equals
360/n deg, where n is the number of serrations. The as-
sembly tolerances will usually be smaller than 360/n, so
that adjustment during assembly is not possible.

The interna! serrations in lever and anchor must be
broached in relation to fixed reference lines and the bar
must be so machined and preset that the serrations at
both ends are in proper relation. The permanent set after
the first windup must be measured, and the angle of suc-
ceeding windups adjusted correspondingly. This has been
done in large production runs without difficulty.

During assembly, the lever is positioned near the de-
sired free position, and the bar is inserted, forcing the
lever to the correct position. This type of assembly is
used for volume production where vehicle height consid-
eration and settling problems ase of relatively. minor im-
portance.

D. Blocked Serrations at Both Ends

This system can be applied to (Section C) in order to
insure correct assembly. One tooth is removed from each
external serration and one space is omitted in each inter-
nal serration (by removing one tooth from the broach,
see Fig. 4.2). These blocking serrations are kept in proper
position in anchor, lever, and bar, so thai only the correct
assembly position is possible.

Where bars with clockwise and counterclockwise

windup are used, the blocking serrations can be so ar-
ranged that bars will fit only in the correct station.

E. Variable Height Systems

These systems fall into two broad categories; mechani-
cally actuated and hydraulically actuated. It is usual to

apply one of the systems outlined in Sections B, C, and/ -

~ § OF MISSING
© TOOTH SPACE

COINCIOENT PITCH DNA 1S
HOWN SEFARATED
Tl

Fig. 4.2—Apglication of missing tooth and missing tooth space for
indexing

or D to assure proper system assembly and component
alignment. Beyond that, proper vehicle elevation and/
or attitude may be manually or automatically controlled
or a combination of these.

Power supply and centrol system configurations also
present endless combinations and can involve many nie-
chanical and hydraulic subsystems outside of the scope
of this Manual.

2. Marking of Windup Direction

Even where blocked serrations are used, bars should
be marked for direction of windup to avoid mistakes in
fabrication and assembly. This should also be done on
bars which are not preset, but will be stressed at or near
the recommended operating stresses. Such bars will take
a small permanent set and must be reinstalled in a station
with the same windup direction if they have been removed
for servicing.
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Chapter 5

Material and Processing

1. General Reqﬁirements

Selection of material and proper specification and con-
trol of processing are vital factors in the production of
torsion bars. Applications involving high stresses necessi-
tate strict hardenability and quality requirements for the
material and suitable control of decarburization, heat
treating, shot peening, and presetting, plus quality assur-
ance provisions, even to the extent of fatigue testing of
samples of each production iot. From this ultimate cate-
gory, torsion bars vary all the way to parts using heat
treated carbon steels at low stresses involving no special
requlrements or processing. The following brief discus-
sions and tables are presented as basic information to
assist the designer in detailed specifications. They will
also serve to direct attention to certain aspects of process-
ing which are of critical importance.

A, Material

The hardenability of the specific material selected for
a torsion bar must not only guarantee that an adequate
surface hardness can be achieved, but must also insure
that the proper center hardness to achieve the optimum
residual stress distribution—as determined by experi-
ence—will be obtained. Since the surface of a spring is
of major importance, the quality of steel ordered should
reflect experience gained under service conditions.

Bars which operate at a high stress level may require
purchase of Magnafiux Quality steel (Aircraft Quality
if an aircraft application is specified), which details special
steel testing practices such as magnetic particle inspection.
Also, rigid inspection standards for finished springs
should be specified as the application requires. For bars
designed to operate at somewhat lower stresses, it is
recommended that a standard of surface guality be estab-
lished by negotiation between the manufacturer and the
steel producer, and that surface inspection standards be
made as definite as possible to avoid misunderstandings.

Centerless grinding of hot rolled steel may be utilized
for two primary purposes. The grinding insures the toler-
ances required on the bar diameter; also the amount of
steel ground off may be sufficient to improve surface con-
ditions.

Table 5.1 suggests hardenability specifications for com-
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TABLE 5.1—RECOMMENDED MINIMUM

HARDENABILITY
Approximate Dia. Minimum Hardenability, Jominy
of Body, mm Distance in mm at 55 Rockwell C
25 9.5
38 13.0
51 16.0
63 19.0

mon sizes of alloy bars. To achieve a 90% minimum
martensitic structure, it is necessary to sclect a steel that
will meet these minimum hardenability criteria. Typical
hardenability by grade can be determined from Hardena-
bility Bands for Carbon and Alloy H Steels, SAE Hand-
book, J1268. The depth of hardness for a given steel may
be improved by utilizing a strong oil quench with violent
agitation. The extent to which the required improvement
can be achieved is usually determined by experiment.

Grade selection of carbon steels is usually based on
carbon and manganese content, with standard SAE 1065
(G 10650) through SAE 1095 (G 10950) analyses gener-
ally chosen; these are usually fine grained killed steels.
Standard Hardenability Bands for Carbon H Steels, SAE
Handbook J 1268.

Table 5.2 gives recommendations for magnetlc particle
inspection specifications. Category A is in the form cur-
rently used for heavy duty class 1000 applications. See
Table 2.2 in Chapter 2, Section 6A.

Category B represents the limited stated requirements

TABLE 5.2—RECOMMENDED MAGNETIC PARTICLE
INSPECTION REQUMREMENTS

Requirement

Category {Applicable to Hardened Springs)

3 Na evidence of circumferential indications, iongi-
tudinal cracks, heavy seams, conlinuous light
indications, heat checks, laminations, or
fiakes. Light longitudinal indications within a
circumferential width of 8 mm shall nol exceed
a longitudinal length of 10¢ mm individually
and/or collectively, or as agreed between steel
suppliet and user.

e No evidence of circumierential indications, longi-
ludinal cracks, or heavy seams.

c As agreed between supplier and manufacturer.




for highly stressed bars when extensive negotiations have
taken place. Similarly the lower stressed bars designated
as category C generally do not have written drawing re-
quirements and the supplier agreements are less compre-
hensive in scope.

B. Value of Shear Modulus

The value of the shear modulus “G” recommended
for use in design and stress calculations is 76.0 X 108
MPa for steel. While somewhat lower values have been
used in the past, recent tests confirm the recommended
figure, which has become accepted as standard for harden-
able carbon and low allow steels in many modern refer-
ence works and handbooks. Since tests are partly depen-
dent on shape, the values of G thus obtained show some
fluctuation, but for torsion bars above 16 mm diameter
and flat bars requiring hot forming, the suggested figure
of 76.0 X 10° is applicable. 79.3 X 10° MPa is recom-
mended as the value of the shear modulus for round
torsion bars below 16 mm diameter. The shear modulus
is also known as the modulus of rigidity and torsional
modculus of elasticity.

Identical values of G should be used for torsion bars
with and without presetting. A substantial number of
windup tests show that the rate of the torsion bar-—and
therefore G—is noticeabiy reduced as an immediate con-
sequence of presetting (while all dimensional values re-
main unchanged in the presetting operation). However,
the greater part of this loss is restored within retatively
few days, and the remaining difference between the origi-
nal and final G values is less than the normal variation
between products of successive heats of steel, or between
successive tests on the products of any one heat of sieel.

C, Upsetting and Machining

For torsion bars with machined ends (such as serra-
tions) and machined surfaces in the A and B categories,
it is recommended that the material either be die forged
or upset from bar stock. The dic should be designed to
result in uniform material removal in machining over
the body and ends of the bars. A microscopic study of
the longitudinal cross section of the upset oc forged ends
should show a grain flow structure following the contour
of the bar.

When bars are upset, it is usually considered advisable
to normalize them. If experience has indicated that the
heating for forging or normalizing can lead to cracking,
especially with high hardenability materials, the cooling
should be controlled. This may be accomplished either
by slowing down the cooling rate near the exit end of
the furnace or by covering the heated portion. Since the
surface must be of superior quality, it is necessary not
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only to provide adequate stock for removal, but to achieve
a quality surface in machining. It is generally recom-
mended that highly stressed parts be ground rather than
merely turned.

No circumferential grind or tool marks should be evi-
dent. Regardless of machining methods, which are op-
tional to the manufacturer, there must be no stress risers
in the surface. These generally result from cutting or
grinding blends, too} tears, or similar faulty machining
conditions.

Table 5.3 suggests machining allowances based on the
diameter of the raw stock. For torsion bars of other than
round section, it is not a general practice to machine
or grind the surfaces, but it is desirable to limit decarburi-
zation and surface imperfections by agreement between
steel supplier and manufacturer. For certain applications,
such as deck lid springs, even the normal hot rolled sur-
face may suffice. Because of the cost of surface removal,

‘each application should be surveyed individually for stock

removal requirements. Also, for very high volame appli-
cations, special surface quality negotiations with suppliers
may result in less allowance than would be otherwise
necessary. :

TABLE 5.3—RECOMMENDED MINIMUM STOCK REMOVAL

Diametral Allowance, mm
Dia. of Body, mm | Classes 700—800 Classes 1000—1250
To

Over  ncluge :
00 — 125 0.75 1.50
12,5 — 18.0 1.06 2.24
19.0 — 250 1.40 3.00
250 — 375 1.70 375
375 — 500 2.24 5.00
50.0 — 63.0 2.80 6.30
63.0 — 900 3.55 8.00

Most automotive torsion bars have hexagon forged ends
that are neither ground nor machined. Experience has
shown that such torsion bars manufactured of SAE
15B62H (H15621) and SAE 5160H (H51600) steels re-'
quire no annealing after upseiting and forging prior to
heat treating.

D. Heat Treatment .

In heating for hardening, bars should be adequately
soaked prior to quenching. Highly stressed bars should
be heated in a controlled atmosphere furnace, in a neutral
salt bath, or by electrical methods to minimize pitting,
scaling, and surface decarburization. This is mandatory
if either the bar body or serrations are finished before
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heat treatment. Quenching should be done in oil at a
temperature of 40—80°C with rather vigorous agitation.
Bars should be removed from the quenching medium
while still warm and transferred immediately to the tem-
pering furnace to avoid cracking. The actual process must
be checked metallurgically to insure that the hardening
transformation is complete. To avoid the necessity of
straightening, bars are frequently heated and quenched
while hanging in a vertical position or quenched in a
machine which spins them during the cooling. Periodic
checks should be made of the as-quenched hardness in
cross sections of the bars as well as of the tempered parts.
Adequate metallurgical tests should also be performed
to check for retained austenite, decarburization, and
proper microstructure. The presence of decarburization,
retained austenite, or nonmartensitic structure will result
in decreased fatigue life.

Hardness of highly stressed bars (Class 800 and above)
is generally specified as Rockwell C 47-51. Steels of supe-
rior surface and internal quality as processed can be used
at values up to about Rockwell C 54. Ordinary quality
steels intended for lower stress (Class 550) applications
may be as low as Rockwell C 40. It is desirable to specify
as high a hardness as possible consistent with quality
so as to minimize permanent set in operation, but not
so high that excessive breakage is encountered.

Hardness testing on the surface of torsion bars must
be avoided because any indention becomes a stress riser.
Sample coupons or sacrifical bars may be included in
the heat treat lot for testing purposes.

E. Straightening

For most applications, the straightness of a torsion bar
is not critical, and requirements would be on the order
of perhaps 3 mm Total Indicator Reading (TIR) in 300
mm of length. It is essential, however, that steps be taken
to avoid cracking should straightening be undertaken.
In the case of hardened alloy stee springs, it is recom-
mended that straightening be performed while the bars
are still hot from the tempering operation.

F. Shot Peening

Springs should be shot peened to the maximum obtaina-
ble intensity consistent with cost fimitations. In the in-
" stance of the most highly stressed bars, a minimum inten-
sity of 10 C on the body and 7 C on the serrated ends
is desirable. Because of the necessity of peening the root
radii of the serrations, a smaller diameter shot must be
used, than would normally be economical and consistent
with the body peening requirement. As a general rule,
the shot diameter for reaching into the serration root

radius should be approximately one half the radius. One
common practice is 1o peen the spring with a mixture
of 60% large and 40% small diameter shot (by weight)
using $550 and $280 nominal diameter steel shot, for
example. Intensity measurements in accordance with SAE
J443 should be made at regular intervals. The common
requirement is for 90% minimum visual surface coverage.
it is the intent to provide complete “visual” coverage
or even, in most cases, coverage in excess of 100%, ob-
tained by repeated slow passes through the peening equip-
ment.

Reduced peening intensity even to the extent of 12 A
minimum is frequently specified on automotive applica-
tions because of the added cost of obtaining the very
high intensities required for critical military usage. If ex-
perience so indicates, limited or no peening on the rela-
tively lightly stressed ends of some commercial bars may
be acceptable or peening may be limited to stressed areas
such as bends.

Recent work in the 1000—1250 Classes of high stress
level series torsion bars has indicated the desirability of
ascertaining the quality of the shot peened surface through
residual surface stress measurements. Use of high speed,
x-ray diffraction equipment allows the collection of a sta-
tistically significant number of distributed readings from
a production sample item. Desirable residual stress levels
can be ascertained during the development program of
the particular item as it is dependent on stress level im-
posed and expected cyclic life history.

G. Presetting

The preferred method of presetting bars is to twist
them through a specified angle, release and twist at least
two more times to the same end position. The twist angle
should correspond to about 0.022 radians strain and the
resultant set should not exceed 0.008 radians strain as
discussed in Chapter 5, Section 2. Set in excess of the
latter amount indicates the physical properties of the bar
are subnormal. In large volume operations with hexagon
ends, it is often more satisfactory to establish an angle
for each lot which will give the desired set condition,
and twist one time to the value established.

It is generally considered desirable to peen bars prior
to presetting, and most processing schedules show that
sequence. Nevertheless, the two operations have been suc-
cessfully used in reverse order. Since the aim for peening
and presetting is the same—to secure favorable residual
stresses—the sequence can be influenced by peening inten-
sity and bar diameter as well as the possible obliterating
effect of one operation on_ the other. Practical consider-
ations concerning processing requirements and preset an-
gle tolerances may frequently be the deciding factors for
the choice of sequence.
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H. Corrosion Protection

Since corrosion results in pits and other surface imper-
fections leading to reduced fatigue life, it may be desirable
that precautions be taken in this regard depending on
the material and application. Corrosion protection should
be accomplished by adequate cleaning followed immedi-
ately by applying an acceptable primer. Materials and
procedures as defined in Federal Specification TT-C-490
for cleaning and pretreatment methods, TT-P-636 for al-
kyd coatings, and TT-P-1757 for zinc chromate primer,
have been found satisfactory. Commercial practice has
been to apply one or two coats of inexpensive baked
enamel or epoxy paint following the cleaning operation.
Serrations and other exposed areas should be coated with
a good grade of No. 2 grease or equivalent. When addi-
tional protection to the surface of the bar is required, it
is recommended that a double layer of plastic tape be
applied. Both vinyl and polyethylene materials have been
used. Other materials may be used depending upon the
nature of the environment. Rubber sleeves and plastisol
coatings have been used, but care must be taken that
deterioration of the coating will not permit hidden corro-
sion,

L. Special Testing

As is evident from the previcus discussions, a wide
variety in detailed processing can be employed to produce
satisfactory parts. To provide the most economical torsion
bars of suitable quality, it is necessary to define require-
ments accurately and completely and then substantiate
the selected processing by adequate fatigue testing.

To establish the confidence limits inherent in a given
material and process, or to prove the efficacy of process
control, it is necessary to perform fatigue tests on the
finished parts. Detrimental residual stresses from im-
proper heat treatment or inadequate peening will readily
show up in reduced fatigue life, as will poor surface, im-
proper presetting, ot other defects. It ts common practice
to test at a higher loading than expected in service to
provide an expedited test, as discussed elsewhere in this
Manual. Since the fatigue test is the ultimate test of spring
quality, it provides the basic data for evaluation of pro-
cessing changes and variables.

Corrosion testing to evaluate coatings and protective
covers at the attaching end may be carried out in conjunc-
tion with fatigue testing or as a separate procedure.

The following test procedures have been established
by SAE, all of which are published in the SAE Handbook:

SAE J406, Methods of Determining Hardenability of
Steels

SAE J417, Hardness Tests and Hardness Number Con-

versions
SAE J419, Methods of Measuring Decarburization

SAE J420, Magnetic Particle Inspection

SAE J421, Cleanliness Rating of Steels by the Magnetic
Particle Method

SAE J443, Procedures for Using Standard Shot Peening
Test Strip

SAE J448, Surface Texture

It will be noted however, that no standard fatigue test-
ing procedure is given and it is believed important to
impart a note of caution when establishing such a proce-
dure. By use of the information contained in this Manual,
the engineer can design a test which is meaningful and
capable of accomplishment.

2, Presetting

A. Load Deflection Curve

Presetting is an operation which aliows the designer
to use, in his calculation, operating stresses higher than

_ the initial elastic limit of the material. It increases the
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load capacity of the tersion bar in the direction of preset;
but reduces it in the opposite direction. The operating
torque must always be in the direction of the preset torque
and should never be reversed. Torsion bars used for clock-
wise and counterclockwise operation should not be preset.
An exception may be made for bars highly stressed in
one direction only. A preset in this direction will benefit
the life of the bar even if this resuits in an actual stress
increase in the opposite (low stress) windup direction.
However, care must be taken that this actual stress does
not exceed the safe limit.

Theory and practice of the presetting operation have
been well established for torsion bars of -circular cross
section, and the following paragraphs deal with such bars.
While the presetting operation can and should alse be
applied to rectangular torsion bars, the limits of presetting
windup and the amounts of allowable set strain on these
bars have not been as thoroughly explored.

Fig. 5.1 shows the load deflection diagram obtained
during the presetting of a torsion bar spring of approxi-
mately 58 mm diameter and 1930 mm active length. The
loading begins at point O and progressing to point I shows
a linear increase in torque with windup angle. The slope
of the line 0-1 indicates-a forsional rate of 765 X 108
N + mm/deg. After point I, partial yielding occurs and
the rate of torque buildup decreases up to point IT which
represents the maximum specified presetting torque. Upon
removal of the load, the bar returns from point II to
point III elastically and along a straight line, The distance
0-11I on the abscissa represents a pemanent set of approxi-
mately 30 deg. The slope of line 1I-Ill now indicates a
torsional rate of 740 X 10* N + mm/deg. This drop of
torsional rate immediately after presetting appears in most
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Fig. 5.1—Load-deflection diagram during presetting

cases but it is of a temporary mature, in other words,
the apparent drop in shear modulus will persist for a
short time only. (See Section 1 of this chapter.) At point
11, all the material in the bar was either in the yield
range or below. Since the yield point is now at point
11, any subsequent deflection from point 1II, for example
to point IV, will be elastic. Then, if the operating torque
is lower than the presetting torque, the maximum load
torque in service will correspond to a point such as point
IV, and the yield point will not again be reached.
Yielding does not occur instantly; therefore, if point

IV is 1o be very close to point II, the bar should be -

held at point II for several seconds or it should be loaded
to that point several times.

B. Stress Distribution

The mechanism by which the bar produces the extra
load carrying capacity is illustrated by Fig. 5.2. Here

the curve O-I-II is identical with that in Fig. 5.1, but
the coordinates have been changed to stress versus strain.

Strain y, shown along the abscissa, is determined from
v=6d/2 L.

Nominal stress S,, shown atong the ordinate, is derived
from S; = 16 T/w d2.

This stress has no physical significance above point 1,
because it is calculated by a formula which is true only
when Hooke’s law holds—that is, below the elastic limit.
But the actual stress at the surface can be derived from
curve O-I-II by a method shown by G. B. Upton® as
follows:

Through a point A on line I-iI draw a vertical AD.
Lay a tangent to curve I-1I through point A, which inter-
sects the Y axis at point B. Drop vertically from point
A by a distance equal to 1/4 OB to point C. The actual

1G. B. Upton, “Materials of Construction.” Timoshenko, “Strength
of Materials,” Part 2, should also be consulied.
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Fig. 5.2—Stress-strain diagram during presstiing

stress at the surface of the bar is equal to DC when the
nominal stress equals DA and the strain equals OD.

Curve I-V is drawn by connecting a number of points
found in this way and is the actual stress-strain curve
for a point at the surface of the bar.

We see that the material has strain hardened from 800
MPa at point 1 to 910 MPa at point V, which explains
part of the increased load capacity. But even more is
due to a change in stress distribution.

If the material of the bar is homogeneous, any other
element must have the same stress-strain curve as a parti-
cle at the surface. Also shown along the abscissa is a
linear scale, with the maximum strain OE equal to unity
(upper scale). It is generally considered proved that during
twisting of a round bar, the cross sections remain plain
and undistorted, so that the strain at any point is propor-
tional to radius: Therefore, at full preset, when the surface
is at strain OE, a point at 0.6 radius is under a strain
of 0.6 times OE and its stress is shown by the point of
curve I-V above that abscissa.

The curve 0-I-V then shows the actual stresses under

full preset windup plotted against radius as abscissa. Lin-
ear stress distribution would give stresses along the
straight line 0-V, and the excess of stresses above this
line accounts for the increase in stored energy.

The ordinate E-Il shows the nominal stress at the sur-
face when the bar is under full preset windup. When
the bar is released, this nominal stress becomes zero, and
the actual stress will be reduced by stress E-II. A trapped
stress equal to E-II minus E-V will then remain at the
surface. Similar reasoning applied to points below the
surface shows that the trapped stresses at any radius are
indicated by the difference between curve 0-I-V and the
straight line 0-11. Thus the beneficial trapped stresses for
this example do not go any decper below the surface
than where the diameter is 75% of the bar diameter which
is the point of intersection of 0-I-V and O-1L

The trapped stresses have been measured experimen-
tally and found to agree with this diagram.?

2§, O. Fuchs and R. L. Mattson, “Measurement of Residual Stress
in Torsion Bar Springs.” Procesdings of the Saciety for Experimental
Stress Analysis, Vol. 4, No. L. :

< o 3.28



C. Selection of Preset Strain

In Fig. 5.3 the curve O-I-11 of Fig. 5.2 is replotted on
different coordinates. The abscissa is the same as in Fig.

\_5.2 except it is now called “applied strain Yap.”

Plotted as ordinate is ‘“‘elastic recovery strain Yer~
which is equal to the nominal stress (curve 0-I-1I in Fig.
5.2) divided by the shear modutus. The difference between
applied strain and elastic recovery strain is the permanent
set strain Yset.

For the range 0-1, the elastic recovery strain is equal
to the applied strain, since we are operating elastically
or below yield point L.

For range I-IN, the elastic recovery strain is less than

the applied strain or, in other words, the bar has taken
a permanent set. The difference between applied strain
and recovery strain is the permanent seét strain Yser =
Yap T Ver

The ordinates of any point along the diagonal Q-I-V1
are, by construction, equal to the applied strain as ex-
plained for the range 0-1. Consequently, the vertical dis-
tance between curve 0-I-11 and diagonal 0-1-V1 represents
the set strain Yset.

The nominal stress, identical with that shown in Fig.
5.2, has also been plotted along the ordinate.

In this form, the diagram applies to any straight bar
of circular cross section, made of the same material and
heat treated the same way, as the original test bar. For
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Fig. 5.3—Elastic recovery of a round bar
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any other material or heat treatment, a new load deflection
diagram similar to Fig. 5.1 must be established by a simple
torsion test. From this data, the corresponding elastic
recovery diagram of Fig. 5.3 can then be constructed.
Any point along curve I-II shows the elastic recovery
strain or nominal stress which is produced by presetting
up to the corresponding applied strain. The diagram may
therefore be used to determine the proper presetting for
a new design. Assuming that Fig. 5.3 represents the elastic
recovery characteristics of our material and heat treat-
ment, we proceed to select the proper presetting strain.

Due to production tolerances in chemical composition
and heat treatment, the elastic recovery will vary in a
range limited by the two dashed lines. If, for example,
we want a bar to withstand an operating stress of 1000
MPa nominal, we should preset to a strain ys, = 0.022
so that the minimum expected nominal presetting stress
S, becomes approximately 1070 MPa or about 7% above
the operating stress. With this applied strain of 0.022,
the set strain should not exceed 0.008. It should be kept
in mind that this quantity depends entirely on the chosen
applied strain, which in turn is determined by the maxi-
mum expected operating stress. The set strain, as shown
by Fig. 5.3 is always determined by the difference between
applied strain and elastic recovery strain. Any set strain
higher than this difference would indicate that the torque
capacity of the bar has been exceeded and it is evidently
inferior to the original test bar used to establish Fig. 5.3.
Such a bar would be subject to continuous settling and
eventual failure. The presetting, therefore, can be used
as a final check on the quality of a given material and
heat treatment.

The relation between strain and windup angle is given

3.30

by
8§ = 2 L y/d (radians)
or
0 = 1i4.6 L v/d (degrees)

If presetting is used on through hardened bars, there
is no reason to stop the process short of an applied strain
of about ¥,, = 0.022, even if the operating stress is less
than 1000 MPa. At this strain, the presetting penetrates
to about one-haif diameter so that three-quarters of the
material is loaded to yield stress. Presetting to a larger
applied strain will increase the torque capacity very little
more, but the chances of damaging the material are in-
creased. Therefore, an applied strain of y,, = 0.022 is
recommended for torsion bar springs made of through
hardened material of a hardness near Rockwell C 50.
Using this applied strain of 0.022, the windup angle
9 = 2.52 L/d degrees. Shallow hardened bars may be
preset only to slightly above the yield stress of the mate-
rial. .

Torsion bar springs of the size described in this chapter
have at maximum windup a stored energy of the order
of 16 000 J. This is sufficient to impart a velocity of 500
km/h to a 0.5 kg fragment. The danger to personnel is
therefore great if the bar breaks during presetiing, even
if a fragment is accelerated only by a fraction of the
total enengy. Bars may crack during presetting due to
inclusions or seams, and the presetting fixture should
therefore contair guards which will protect the operator.




Chapter 6

Fatigue testing is an accelerated method of examining
springs for design adequacy and for quality control pur-
poses. Fatiguelife is expressed by the number of deflection
cycles a spring will withstand without failure. It can be
estimated by the use of the fatigue strength diagram
shown in Fig. 6.1. Reexamination of the design will be
in order if the fatigue tests result in failures which are
confined to one section of the spring.

The procedure to establish suitable parameters for a
fatigue test frequently requires the exercise of judgment
when the spring application is known to involve random
stress amplitudes. As an example, a suspension spting
wilt undergo a large number of cycles of small amplitude
near the design load position without failure. Under

Fatigue Life

greater amplitudes, the number of cycles without failure
will be reduced, since the maximum stress as well as
the stress range are increased, and both are determining
factors in the fatigue life of a spring. .

Fig. 6.1 shows a relationship between the initial and
maximum stress in the test cycle, and the estimated mini-
mum number of cycles to failure, for a solid round alloy
steel torsion bar, heat treated to Rockwell C 47-51, shot
peened, preset, then subjected to unidirectional loading
only, as are most preset bars.

The chart covers fatigue tests under this loading condi-
tion, with the specified stresses maintained throughout
the test. It provides a ready means of estimating minimum
fatigue life for any selected method of testing or a means
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TASLE 6.1—MEDIAN RANKS (PERCENT) FOR SAMPLE SIZES 1 TO 30

Sample Size
Rank Rank
Cuder 1 2 3 4 - € 7 8 9 10 Order
1 50.000 29.289 20.630 15.910 12,945 10.910 9.428 8.300 7.412 6.697 1
2 70.711 50.000 38.573 31381 26.445 22.849 20.413 17.962 16.226 2
3 79.370 61.427 50.000 42141 36.412 3z2.052 28.624 25857 3
4 84.090 68.619 57.859 50.000 44.015 39.308 35510 4
5 87.055 73.555 63.588 55.984 50.000 45.169 5
6 R 89.090 77151 67.948 60.691 54831 2]
7 90,572 79.887 71.376 64.490 7
8 91.700 82.038 74.142 8
9 92.587 83.774 9
10 93.303 10
Sample Size
Rank .- : Rank
Order " i2 13 14 15 16 17 18 19 20 Order
8107 5613 5192 4,830 45186 4.240 3.995 3.778 3582 3.406 1
14,796 13.598 12.579 11.70G2 10.940 10:270 9.678 9.151 B8.677 8.251 2
23.578 21.669 20.045 18.647 17.432 16.365 15422 14,581 13.827 13,147 3
32.380 29,758 27528 25.608 23.939 22474 21.178 20.024 18,988 /18055 4
" 41.189 37853 7 35018 32575 30.452 28.589 26.940 25471 24154 22.967 5
§0.000 45 951 42,508 39.544 36.967 34.705 32.704 30.921 29.322 27.880 6
58.811 54.049 50.000 46.515 43.483 40.823 38.469 36.371 34.491 32.795 7
67.620 62.147 57.492 53.485 50.000 46.941 44 234 41.823 39.660 37.70 8
76.421 70.242 64.984 60.456 56.517 53.059 50.000 47.274 44 83¢ 42.626 9
85.204 78.331 72472 67.425 63.033 59177 55766 _ 52.726 50.000 47.542 10
93.892 86.402 79.955 74,392 69.548 65.295 61531 58177 55170 52.458 11
94.387 87.421 81.353 76.061 71411 67.296 63.629 60.340 57.374 12

94 808 88.298 82.568
95169 89.060
- 95484

[ S Oy
QEE~I® DEWMN o SO0~ N Wh

77.525 73.060 69.073 65.509 62.289 13
83.63% 78.821 74.529 70.678 €7.205 14
89.730 84.578 79.976 75846 72.419 15

95.760 90.322 85.419 81.0M1 77.033 16
96.005 90.849 86.173 81.945 17

96.222 91.322 86.853 18
’ 96.418 91.749 19
’ ' 96.594 20

of selecting a desired stress range for the fatigue test. It
is recommended that this fatigue setup produce at least
an average of 50 000 and preferably an average of
100 000 cycles.

There are several considerations why the test setup
should be preferred to be such that it will result in a
preponderance of cycle figures which are neither too short
nor 100 long. At higher stresses {(shorter lives), the scatter
of the cycle lives is theoretically reduced, so that fewer
test samples will produce a given degree of precision in
the estimated life of the entire population. However, lower
stresses (longer lives) give more realistic results, since
they duplicate more nearly the actual service conditions
and prevent spring settling during the test. Also, compari-
sons between different groups of springs will be more
distinct at lower stresses, since different S-N curves tend
to diverge the more they approach the fatigue limit (or
limiting value of the stress at which 50% of the population
would survive a very large number of cycles, say n =
10 000 000).
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In order to establish the fatigue life cycles which are
acceptable in any spring design, it is desirable to have
road durability tests run over a prescribed course so that
fatigue life test data and actual road durability results
may be correlated.

It must be understood that the fatigue life cycles for
any group of springs will vary considerably even under
closely controlled test conditions. Moreover, the average
life of the tested springs is not sufficient by itself to estab-
lish 2 judgment either on the design or on the material
or on the production method which they represent. The
relationship between the number of applied cycles and
the percentage of springs which failed at these cycles can
best be analyzed with the help of statistical techniques
which will systematically describe the “dispersion™ or
“spread” or “scatter” of the recorded test results. The
extent of the scatter will depend upon the consistency

:of surface condition, fabrication, and the general quality

of the springs which are tested.
The foilowing paragraphs have been more fully treated




TABLE 6.1—CONT'D)

Sample Size
Rank Rank
Order 21 22 23 24 25 26 27 28 29 30 Order
1 3.247 3.101 2,969 2.847 2.734 ©2.631 2.534 2.445 2.362 2.284 1
2 7.864 7.612 7.191 6.895 6.623 B.372 6,139 5.922 5720 5532 2
3 12.53 ‘11,970 11458 10.987 10.553 10.153 9.781 9436 9.114 814 3
4 17.209 15.734 15.734 15.088 14.492 13.942 13.432 12.958 12817 12.104 4
5 21.890 20.015 20.015 19.192 18.435 17.735 17.086 16.483 15.922 15.397 5
6 26,574 25.384 24297 23.299 22.379 21,529 20.742 20.010 19.328 18,691 6
7 31.258 29.859 -~ 28.580 27.406 26.324 25.326 24,398 23.537 22735 21.986 7
8 35.943 34.334 32.863 31.513 20.269 29.120 28.055 27.065 26.143 25.281 8
9 40,629 38.810 37.147 35.621 34,215 32916 31Ti2 30.593 29.550 28,576 9
10 45.314 43.286 41.431 39.729 38.161 36.712 35370 34.121 32.958 31.872 10
1 50.000 47.762 45716 43 837 42.107 40.509 39.027 37.650 36.367 35.168 1t
12. 54.686 52.238 50.000 47 946 46.054 44 305 42.685 41,178 39.775 38.464 12
13 59.371 56.714 54,284 52.054 50.000 48.102 46,342 44.707 43.183 41.760 13
14 64,057 61,190 58.568 56.162 53,946 51,898 50.000 48.236 46,592 45.056 14
15 68./42 65,665 62.853 60.271 57.892 55695 53.658 51.764 50.000 48.352 15
16 73.426 70.141 87137 64,379 61.839 59.491 57.315 55.293 53.408 51.648 16
17 78.109 74.616 71.420 68.487 65.785 63.287 60973 58.821 56.81i7 54 944 17
18 82.79t .- 79.089 75703 #2594 69.730 87.084 64.630 62.350 60.225 58.240 ‘18
19 87.469 83.561 79.985 76.701 73.676 70.880 68.288 65.878 63.633 61.536 19
20 92.136 © 88.030 84.266 80.808 77.621 74675 71.945 69.407 67.041 64.832 20
-21 96.753 92.488 88.542 84,912 81,565 78411 75.602 72935 70.450 68,128 21
22 96.898 92.809 89.013 85.507 82.265 79.258 76.463 73.857 71.424 22
23 97.03¢% 93,105 89.447 B86.058 82.914 79990 77.265 74.719 23
24 97.153 93.377 89.847 86.568 83.517 B0 672 78.014 24
25 . 97.265 93.628 90.219 87.042 84.078 81,309 25
26 97.369 93.861 90.564 87.483 84.603 26
27 97 465 94.078 90.385 87.806 27
28 97.555 94,280 91,186 28
29 97.638 44,468 29
30 97.716 30

in Section 3 of Chapter 8 of the Manual on Design and
Application of Leaf Springs, SAE HS J788 APRS0 and
the interested reader is referred to that Manual.

One of the main purposes of statistical analysis is to
draw inferences about the properties of a large group
(the “population™) from the results of tests on a small
group (the “sample). It is, in fact, possible to infer a
great deal from the small sample when it has been prop-
erly selected. Only experience can tell the engineer
whether the various properties of the sample which can
affect the test result (in regard to material, to production
methods, to controls) will also be present in the produc-
tion springs (the “population”). This determination is out-
side the realm of statistics. However, statistical mathemat-
ics are based on the inherent assumption that the sample
is a true representative of the population.

If the entire population were tested under identical test
conditions, the results could be shown in graphical form
by arranging them in ascending numerical order and plot-
ting the cumulative fraction {or percent) of failures over
an abscissa of “life cycles.” A sample selected at random
fr_om this population can be expected to exhibit a similar
distribution of fatigue life; the larger the number of springs
n the sample, the closer will be the similarity.

It is possible to calculate the likelihood of similarity
for samples of any given size. Tables are available based
on such likelihoods; as an example, Table 6.1 presents
the “median rank” of each test result for sample sizes
between 1 and 30. A rank is assigned to each individual
test result corresponding to that portion of the population
which it is most likely to represent. Table 6.1 lists percent
figures.

The median rank line constructed from such data pre-
dicts that certain percentages of the population will sur-
vive specific cycles-to-failure. But any such estimate may
err substantially on either the high or low side. How
confident can the engineer be of such an estimate? When
Jjudgment based on experience is not considered adequate
for a final decision on this question, it will be necessary
to construct lines of higher confidence.

In many cases, a confidence level of 90 or 95 or even
99% will be required, so that there will remain only a
10 or 5 or 1% risk of the estimate being either too high
or too low. For a chosen confidence level, the life cycles
of a given percentage of the population will be found
within a certain “tolerance interval.” On the median rank
graph this may be represented by a “tolerance band”
to either side of the median rank line. Wider bands indi-
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cate increased doubt about the line truly representing
the population. With a given sample size, the bands will
be wider for higher confidence levels. With a given confi-
dence level, the bands will be wider for a smaller sample
size. :

Several systems of mathematically organizing the test
result data have been established. In the automotive indus-
try, the Weibull plot has found wide acceptance because
it permits straight-line plotting of_the cumulative failure

probability versus life cycles on Weibull probability graph

paper.
In the Weibull distribution, the relationship between

the number of applied cycles and the cumalative percent
of failures at these cycles is expressed by a formula which
uses three parameters:

a) The minumum life, which may or may not be zero.
It is denoted by the letter “a.” When a = zero, the sampie
data will plot a straight line on Weibull paper. Otherwise,
the points will plot a curved line, but this can be converted
to straight-line plotting by a relatively simple technique
which is detailed in the Leaf Spring Manual SAE HS
J788 APRE0).

b) The Weibull slope, which is an indicator of the skew-
ness of the distribution. It is called the “shape parameter”
and is denoted by the letter *b.” It also is a measure of
the scatter of the distribution; a low slope value indicates
a high degree of scatter, and vice versa. The Weibull
comes nearest to the normal {or Gaussian) distribution
when b = 3.44.

The Leaf Spring Manual shows a graph (for Weibull
slopes 1 through 12) which locates the percent of failed
springs at the life cycles representing the mean of the
population.

¢) The characteristic life, which is the 63.2% failure
point for the population. It is called the “scale parameter”
and is denoted by 0:

63.2 = 100(1 — 1/¢)
where;
¢ = 2.7183 (the Napierian base)

Example 1: Eight springs have been fatigue tested under
identical conditions. The results are arranged in ascending
order of the failure cycles and are given rank order num-
bers accordingly. In this order, they are assigned median
ranks from Table 6.1 as shown in Table 6.2.

These points are plotted on Weibull graph paper in
Fig. 6.2. Drawing a straight line of best fit through the
median rank points produces an estimate for the failure
rate of the entire population with the parameters b =
2.4 and 8 = 170 000.

For b = 2.4, the percent of failed springs at the mean
is 52.7 according to the Leaf Spring Manual. At that
failure level the median rank line in Fig. 6.2 shows

TABLE 6.2

Cycles to Median

Order
Spring No. Failure Rank
E 1 61000 8.30
A 2 41000 20.114
F 3 114 000 32.05
H 4 135 000 44,02
c 5 155 000 5598
B G 177 000 87.95
G 7 205 000 79.89
D 8 245600 91.70

150 Q00 cycies. At the B-10 level (that is, at the number
of cycles where 10% of the population is estimated to
fail) the median rank line shows 66 000 cycles.

In most cases, the fatigue testing of springs will be
undertaken for the purpose of comparing different sam-
ples, and the probability graph. will be e:fpected 0 convey
information on the refative life distribution of the popula-
tions represented by these samples. For example, the com-
parison may involve a sample representing a first design,
and another sample representing a second design.

When the two median rank lines for the test data of
the two samples are plotted on the same graph, they
will readily show if the second design promises some im-
provement in fatigue life. However, in order to establish
if there is a “significant difference” between the two de-
signs, it will be necessary to find quantitative values for
the degree of improvement {or degradation) between one
design and the other. The question is this; “How conf-
dently can one say the limited test results indicate that
the second design assures an improvement in fatigue life
for the entire spring population?” The answer depends
not only on the amount of separation between the two
plotted slopes, but aiso on the size of the two test samples.

The degree of confidence in the superiority of one design
over the other need not be constant from one quantile

“level to another. For example, there may be a significant
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improvement at the B-50 life (50% failure level) without
any improvement at the B-10 life (10% failure fevel).
This is partly due to differences in the Weibuil slopes,
and partly due to the greater width of the tolerance bands
at the lower quantile levels.

Example 2: It has been proposed that the spring design
represented by the sample of eight in Example 1 be re-
placed by a new design. Seven springs of the new design
have been fatigue tested with results which are shown
arranged in ascending order and assigned median ranks
from Table 6.1 as shown in Table 6.3.

For this second plot, it will be seen from Fig. 6.2 that
the Weibull slope b = 2.7 and the characteristic life
@ = 310 000; the mean life level is at 51.8%, therefore
the estimated mean life is 280 000 cycles. The estimated
B-10 life is 138 000 cyctles.

The Leaf Spring Manual explains the method by which
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TABLE 6.3 the amount of improvement over the original design {Ex-
ample 1) can be reduced to percentage figures at certain

Order Cycles to Median Al " :
Spring No. Failure Rank degrees of confidence. The result is in this case that with
L M A 132 000 943 0% conﬁdeqce a 32% improvement can be expected
0o 2 185 000 22.85 at the mean life level, an 8% improvement at the B-10
K 3 233000 36.41 level.
L 4 275000 50.00
P 5 315 000 §3.59
J 6 365 000 77.15
N 7 440 000 90.57
i
:i N

e L AR A A

r—

TR T S g 4t Lk e e
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Chapter 7

Torsion Bar Spring Applications

1. Square Torsion Bar for Boat Trailer
(Fig. 7.1)

-~

Fig. 7.1—Square torsion bar, boat trailer
Specifications
Instatlation: Boat trailer suspension:
two transverse bars, one

on each side of vehicle;
see Fig. 7.1 for schematic

layout
Length of lever: R = 450 mm
Static load: Pytaue = 2000 N

Static deflection:

Position of lever at static
load:

Angle of lever at jounce
position {limited by

f, + fp = 100 mm

Astatic = —22.5 deg

component

interfcrences): Qjounce — —125 deg
Maximum torsion bar

length: L = 550 mm
Maximum torsion bar

size: t2 = 25 X 25 = 625 mm?

3.37

Material: UNS G41500 (SAE 4150)
Hardness: 415-461 Bhn
Shear modulus: 76.0 X 10 MPa

Determined from Calculations

L =529 mm

t =20 mm

Ss(mticl = 500 MPa
Sstiounces = 840 MPa

ke = 56.6 X 108 W
deg
Total deflection to jounce position = 175 mm

Piounce = 3182 N

Calculation

Determine static torque:

Paatie X R X ¢OS Gstatic

2000 X 450 X 0.9239

8315 X 108 N + mm .
Rsina + R sin 8 = 100 mm

Tsl.nttc

[ T T

fo + &

100 + 450 X sin 22.5 deg
430

Therefore sin § =

= 0.6049
B = 37.2 deg
Total deflection to
Jounce position = R sin 8 + R sin ojounce

= 450 X 0.6049 — 450 X 0.2164
= {75 mm

Torsional spring rate:

ke = Tatatic _ Ttatic 8315 x {1
T Opaie B+ astanc 14.7
N -
= 56.6 X 17—
deg

fl

3240 X 1®* N + mm/rad




—

From k¢ = ﬁ—}_&;ﬁL we obtain:
jounce

Ticunce = 56 600 (37.2 — 12.5)
= 1398 X 1®N + mm
Tiounce = Piounce X R X €08 ttjounce

1398 X 138
Piounce = 250 X 69763 = 3182 N

From Fig, 2.2: , = 0.208 %; = 0.141
Assume t = 20.0 mm .

G _ 0141 X 204 X 76 X 10°
ke 3240 X 10°

L =

= 529 mm

- — Totatic _ 8315 X 108
el T gt 0.208 X 200

kr (8 + @jounce)
Nt

- 56 600(37.2 — 12.5)

0.208 X 208

1398 X 109
= 1664 x 109 S0 MPa

= 500 MPa

Sn(}ouml -

Note: This high stress is considered ucceptable in this
application as experience has shown that the jounce posi-
tion is attained infrequently during operation. -

2. Hexagonal Torsion Bar for Truck Tilt Cab
(Fig. 7.2)

Specifications

Hexagonal torsion bar for cab-
over-engine truck cab
counter-balance; torque re-
quirement and maximum in-
scribed diameter given; se-
cured to chassis on one end,
other end torqued.

Torque required (T): 2050 X 10®* N - mm under tilt

Installation:

a
1880 X 10® N - mm under tilt
B
(see Fig. 7.2)
Windup angles: o = 23.5 deg
B = 21.5 deg

Torsional rate _ T ._ (2050 + 1880108

ke =
desired: T o 23.5 + 21.5
= §7.3 x 107 N._mm
deg
N - mm
= 5000 X 108 ———
rad

Maximum bar size al-

lowable: 28.0 mm across hexflats
Material: UNS G51600 or G41400 (SAE
5160 or 4140)
Hardness: 415-461 Bhn
Maximum allowable
stress in either di-
rection (S,): 725 MPa
Shear modulus (G):  76.0 X 10° MPa

‘Data Determined from Caleulations

Bar size selected:
L = 683 mm active length
5, = 698 MPa under 2050 X 10* N -+ mm torque

N - mm
deg

Actual torsional rate (k) = 87.3 X 1®

Calculation

. Using the formulae for stress and for windup angle
with an hexagonal bar from Timoshenko:!

_ T
0.188 43

Ss

where d’ = diameter of inscribed circle
Therefore:

3 = T
© 018885,

2050 X 10°
0.188 X 725

15.04 X 108
24.7 mm

df

Select 25 mm hexagonal bar (d' = 25 mm)

1L
QISAHG

! Timoshenko, “Strength of Materials.” Part 2, Chapter V1.
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TORQUE (103 N.mm)

\
1600 \N
\
\ | TORQUE REQUIRED
1200 \,§ //
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0
—400
- o » \
o0 \ \
—1200 \
\
A\
\
- 1600
-2000
0 10 20 30 40

CAB TILT, DEGREES

Fig. 7.2—Hexagonal torsion bar—truck tilt cab
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‘Therefore:
0.115d4 G
L= ke
_ 0115 X 25¢ X 76,0 X 107
5000 X 100
= 683 mm
Then:
2050 X 109
= ——e——— = {98 M
S = 0188 % 25° Pa

3. Laminated Torsion Bar for Truck Tilt Cab
(Fig. 7.3)

Specifications

Installation: Torsion bar for cab-
over-engine truck cab
counterbalance; torque
requirement and bar
length given; torsion bar
secured to chassis at cen-
terline, torqued at both
ends.

Torque required (T) per 1835 X 10* N « mm under

side: tiit «
770 X 10* N + mm under
tilt B :

(see Fig. 7.3)

a = 39.5 deg == 0.6894 rad

B =155 deg=0.2705 rad

Torsional rate desired (kr) (1835 + 770)10°

per side: 39.5 + 15.5

= 4736 X I® N - mm/
deg
=2714 X 10* N - mm/
rad
Length per side (L): 700 mm
Material: G51600 (SAE 5160), leaf
spring stock
Hardness: 415-461 Bhn
Maximum allowable
stress in either direction
(S:): 725 MPFPa
Shear modulus (G): 76.0 X 1¢* MPa

Windup angles:

Data Determined from Calculations

Width (w) of all laminae = 50 mm
Number of laminae (Ny) =2

Thickness of laminae () = 9.50 mm
Maximum working stress
(8, = 711 MPa
Actual torsion rate (kr) = 4743 X 108 N - mm/deg
per side or 94.86 X 107
N - mm/deg total

. Calculation
t*wG
kr = Ng * %(per side)
Mo+ gy o ke XL 2718 X 10° X 700
L G 760 X 109
= 25000 (required)
n;atG
S = ———
ML
Assuming 1, = 1y (Fig. 2.2)
725 X 7
el = 9.69 mm

bmax = 760 X 105 X 0.6894

Assuming w = 50 and t = 9.50 (nearest standard leaf
spring size below 9.69)

w/t = 50/9.50 = 5.26

25000
W t?
25 000
= = 1.997
No 0.292 X S0 X 9.59 1.99
Use NL =2
Then
2 X 0292 X 9.5 X 50 X 76 X 10°
T 700

2718 X 108 N - mm/rad = 4743 X 10* N -
mm/deg (Satisfactory because it is within 0.15%
of the specified rate)

MmatG .
= o == 1- . 2
8 L (/M2 = 1; Fig. 2.2)

_0.6894 X 9.5 X 76.0 X 10°
700

= 711 MPa

4, Torsion Bar with Integral Torque Arm

The example which follows is similar to torsion bar
springs used in the front suspension of some compact
and mid-size passenger cars. Two bars are usually so ar-
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42 LAMINAE - 50 mm

700mma|

'WIDE, 9.50 mm THICK

Fig. 7.3—Laminated torsion bar—truck tilt cab

ranged that their torsionally stressed portions are posi-
tioned transverse or perpendicular to the centerline of
the vehicle. The torque arm portions are substantially
paraliel to the centerline of the vehicle. The example is
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simplified in that only two diameters are used in the tor-
sional part of the spring. In practice, both ends are ex-
truded to at least three different diameters to improve
the efficiency of the spring.




Bar deflection: Stress at cushion point *C"”

; , M=P(@+b)
v 81 = Static deflection of bar T = P(Z? — a%)¥/?
S P, = Static load on bar (approximately perpendicular 16 P
S’ to arm in design position) 8= 30 l (a+ b) + [(a + b
ka = Rate of bar from load P, T .
5. = &____ (eq. 1) + (2% — az)]ﬂz] (eq. 10)
A k‘ . .
1- l b 4 »
| & = P[—— [I:V3 + (a + by — a? Stress at step point “D
3EIL M=Pa+b+e(l—q)
l f 'r = p(z! . az)l."z
+——@ —f- —@+b
- q) [( P ~ @+ ey 16 P
S§=K,X a+b+e(l —q)
+ @[ —are+or - @ - 1 - ] T
& ' i + E[a +b+ el ~ q)P
2 — a L3
+ ﬁ(—}-—"l,’),[b + e + quf ~ n)]] . . (22 - 32)3 u:] (eq.- 1)
§=P 1 V2 — a9 + (a + b)Y - A K, = Stress concentration factor at step = 1.1
IEL Q!
g 'Design of bar as shown in Fig. 7.4:
toL-f—ey: 5 Material: SAE 15B62H (UNS H15621)
Hardness: 444-495 Bhn
+ V2 - a%) b+ e+ q@— n) Preset: 79 over max load
Gh Shotpeened: 2 passes at 90% coverage
(eq. 2) Dimensions: (Ref. Fig. 7.4)
s Where: a = 122 mm
i~ ' b = 108 mm
L=a+bt+te+f (eq. 3 ¢ = 90 mm
L - a3 f = 395 mm
? = L = 915 mm
; = — .4
g BT+t (eq- 4 Z = 420 mm
IE 11 Jl di\* R = 75 mm
; q2=r=l_=(d_) — {eq. 5) dy = 32 mm
2 2 2 - dz = 285 mm
: n = Correction for end transition : 8 = 63.5 mm
g {see Chapter 3, Section 3) E = 207 X 10° MPa
i Load on bar at jounce G = 79.3 X 10° MPa
; P; = Pa+ 8k, (eq. 6) 915
8; = Jounce travel when ay (angle of arm travel con- Q= m = 1.33577
sidered to be small)
Windup angle 4
e = P, < S y 80 2. D 28.5
kT (Ve g e I, = 51471 mm¢
6p Fr N J, = 102943 mm*
S = da[{-——é+(R—Ntan6)sin6} n = 0.5 D (min) + (1 — V)¢
T Leos | =05 1.2d,+02 - 094,
N ) 2 = dj (0.60 + 0.18)
+ [[0(}3. 0" + (R ~— N tan 8) > st 8] = 285 - 0-78 = 27 mm
3 15 with D/d = 1.20 (min)
+ [R(1 — cos 6) + N sin 6] and r/d = 4
[R( ) in 6] ] ] 1/d = 09
(eq. 9) vV =08
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&
!
Determine rate of bar from eq. 2: o . .06
% % - 1L - s
1 1 [
: . . . 1 .
ke 3207 - 10° - 514 + 53 o oase | (108 + %0
: 1.33577
: + (915 — 595
TAZ I s T OB + 160 - (395 — 22)]
f
- L >
H—»‘q—-b—.1+ : .- =L l f
sl o c
OOl ; IT T T
q dy dy

A—POINT OF LOAD APPLICATION
C-—-SUPPORT CUSHION
E—-ADJUSTABLE ANCHOR

JOUNCE ——JOUNCE TRAVEL
ANGLE A
\"—;W“
14
) ¥ DESIGN POSITION
B___
f AJL
STATIC aw <
WINDUP o
ANGLE a
O
-
Al

LOAD - ZERO

Fig. 7.4—Torsion bar with integral lorque arm
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1
= —————— - 420® — 122°
31963.5 - 10¢ [[20

+ 2308 - 1.33577 + 195.7807% - 0.6H
0.33577

+ 161 516

316338 - 108 1148

~ (16.25231 + 4.78423)- 10¢
| (4088 — L815848) 100+ "=y

3t 963.5-10°
+ 19.78543 - (07¢ - 1114.8

_ (7227215 + 62.65164) - 1
319635 - t0®

_ 13492379
31 963.5

‘== 0.004221 + 0.022057 )
= 0.026278

* + 0.022057

+ 0.022057

ks = 38.05 N/mm

Determine load capacity of bar by rearranging eq. {1,
and using stresses for point “D”
at jounce load: S; = 1240 MPa
at design positicn load: S, = 930 MPa

_ 1240 - @ - 28.5°
1.1 -t6

P

i
" [122 + 108 + 90(1 — 1.33577)]

+ [122 + 108 + 90(1 — 1.133577))°

+ (4200 — 122%)]2

- 5123 815
199.7807 + [199.7807 + 161 5162

- 5123 815
199.7807 + 448.8077

P, = 7900 - 930/1240 = 5925 N

= 7900 N

1
Allowable Teavel: §; = 'k—(P; — Py
A

1
= — 592
T5.05 (7900 — 5929)

51.9 mm

Il

3.44

_ 5925 1
38.05

Windup angle: oaw

(4202 — 12292
180 = 22.2 deg
T

Stress in Bend of Bar Point “B”

 The maximum value of principal stress was found to
be at @ = 22 deg into bend (See Fig. 7.5).

cos™! (i%) = 73.1 deg

N = 420 — 75 tan (73.1/2) = 364 mm

Using eq. 9
Stress at jounce

1 + (75 — 364

_ 16 X 7500 [ 364
T X 32¢ | lcos 22 deg

’ . . 364
X tan 22 deg) X sin 22 d"g] + [[oos 22 deg

z
+ (75 — 364 X tan 22 deg) X sin 22 deg]
+ [75(1 — cos22deg) + 264

1/
X sin 22 deg]z] j

1.2279 E65'59 -
+ [365.592 + (5.461 + 136.35?)21”33
930 MPa

Stress at Bushing Point “C”

Using eq. 10
Stress at jounce

16 X 7900
= —— 108) + [(122 + 108)
S) = 2 (22 + 108) + [« )

+ (4202 — 122943}
= 851 MPa
The allowable stress at points “B” and “C” depends

on the margin of safety required in this section of the
bar.




(22-a2)%

STRESS AT POINT “F"” ON ARC OF BEND
MOMENT ON RADIAL SECTION AT

- 3 _—-N — H
BENDING: M = P[cose (N tan o n)smo]
TORSION: T =P [R+{N tane-ﬁ}cose]
WHERE: N = Z—Htang_ﬂ____(eq.m

= —1 é,
oy

COMBINING TO OBTAIN MAXIMUM PRINCIPAL STRESS
{IN ANY POSITION}

Ya
N 82 1
_ 5, % 2l 16[ 2 2/2]
Smax = 3 * (2)+Ss_ _nd13M+(M + T4)

Fig. 7.5—Stress in bend
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Chapter 8

1. Applications

Many vehicles utilize stabilizer (anti-roil) bars to in-

crease roll rate for satisfactory handling characteristics.
Stabilizer bars are latergily mounted torsional springs
which resist vertical displacement of the wheels relative
to one another, Vertical suspension rates are not increased
when both wheels are deflected simultaneously, however,
stiffness is increased for one wheel bump. Passenger car
suspensions, tuned to give a soft ride with low rate springs,
use stabilizer bars to reduce vehicle rol} with only a minor
deterioration of ride. Motor homes and pick-up trucks
with slide in campers employ stabilizer bars to control
body roll caused by a high center of gravity5 Stabilizer
. bars are generally installed in both front and rear suspen-
sions or in front suspension only. Use of a stabilizer bar
on the rear suspension only can sometimes have an ad-
verse effect on vehicle handling. Such installations should
be tested under severe cornering conditions to ensure the
desired handling characteristics.

"
2. Design Elements

" Stabilizer bars are generally one piece with bends to
provide arms and meet package constraints. Stabilizer
bars consisting of a torsion bar and separate arms are
used on race cars and experimental vehicles. Bar diameter
is easily changed to determine optimum roll rates.

Material and processing requirements of stabilizer bars
are identical to regular torsion bar springs with the excep-
tion that stabilizer bars are not preset. Refer to Chapter
2 Table 2.2 and Chapter 5 for details.

Attachments to frame and suspension components are
usually rubber insulated. Care must be taken in locating
attachment points to avoid interference with suspension
motion uniess a specific constraint is required. Typical
attachments are:

¢ Bar and bayonet type link (Fig. 8.1)-~Rubber insula-
tors and washers are generally common with shock ab-
sorbers

¢ Bar with rubber insulated eye (Fig. 8.2

* Bar with eye type link (Fig. 8.3)

* Bar with trapped rubber and washers (Fig. 8.4)—

S’

Stabilizer Bars

" Provides lateral in addition to vertical resistance. May
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be used as a drag strut on SLA and MacPherson suspen-
sions or a torque arm on live axle suspensions

s Bar with rubber insulator block (Fig. 8.5)

& Bar with silent block bush eye (Fig. 8.6)—Similar
to Fig. 8.2—Used to improve durability life

3. Roll Rate Calculations

The total suspension roll rate is due in part to the
suspension springs and in part to the stabilizer. When
connected to a rigid axle suspension, the roll rate of the
stabilizer bar equals its effective roll rate at the wheels.
When applied to an indepéndent suspension, however,
the bar roll rate is greater than its effective rol rate at
the wheels. The required bar roll rate can be obtained
by multiplying the desired effective roll rate at the wheels
by the square of the ratio of wheel travel to bar travel
at the bar end, and by the square of the ratio of bar
length to wheel iread:

w2 (L)2

ke = kaw X {—] X |=

R RW \ fA) T

where

kr = Bar roll rate, N - mm/rad
krw = Effective roll rate at wheels, N - mm/rad
f, = Wheel travel
fa = Deflection at bar end “A” .
L = Bar length
T = Wheel tread

When rubber supports are used, as is usually the case,
they will add considerable deflection and thereby reduce
the calculated roll rate of the bar. The effect of rubber
supports, when the rubber rates are known, can be deter-
mined from the loads at the points of support € and
bar end A. Any connecting links with rubber joints will
add to the reduction of roll resistance in the critical stages
of initial roll motion. Usually the roll rate of the steck
bar is reduced 15-30% by rubber deflections.

The overall configuration of the stabilizer bar, and the
points of attachment to the suspension and vehicle struc-
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ture are usually determined by layout from available space
in the vehicle. With the configuration defined, a bar diam-
eter can be found which will provide the desired roll
rate.

Deflection of the bar ends “A” may be determined
by the method of unit loads:

ads

fa = I —ds +
Where M and T represent the bending and torsional
moment equations respectively in terms of the distance
s from the end of the bar to any section, and m and t
are the bending and. torsional moment equations due to
a force of one Newton acting at the bar end “A” where
the deflection is to be found. The integration indicated
must be performed over each portion of the beam for
which either M, m, T, or t are expressed by a different
equation.
The following formulae were derived by this method
and may be used to determine the diameter or rate of
bars approximating the configuration shown in Fig. 8.7,

- Rates calculated below are reduced for bars having bends

between point C and the centerline of the vehicle.

DEFLECTION OF “A”

fa = i[i.a =84+ -(a + 02 + 420 + c)]

3ElL
BAR ROLL RATE

PL2
ke = 2,

3EIL? |
2[1,3 — a8+ !—2"(a +b) + 420 + c)]

BAR DIAMETER

..ls_:s.].
L2E

[1,3 —a% + —[21(a + bR 4 42 b+ c)]

128
3w

d=4

where:
f, = Deflection at bar end “A”, mm
P = Applied load at bar end, N
E = 200000 MPa
r
1 = md mm*
* kg = Bar roll rate, N - mm/rad
4, Stress

The maximum stress normally occurs at a point on
the inside surface of the curved section B. Its magnitude
depends upon the inside radius of curvature R; and the
Wah! factor K used in calcuifating the maximum stress
in coil springs.

Since the allowable stress should not exceed 700 MPa
(Table 2.2) for a fully hardened bar, R, is determined
as follows:

8, < 16PLK < 700 MPa
wd? .

Fig. 8.7—Stabilizer bar
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13742
Thercforc K<-———— Pi,

from which D/d may be determined, and

= Wahl factor (Fig. 8.8)

D—-d

R.i=‘ >

since D=2R,+d

It is recommended that R, should at least equal and
preferably exceed 1.25d.

The principal shear stress at section B produced by
torsion and bending is less than the maximum torsional
shear stress on the inside surface of the bend due to the -
stress concentration factor. On bars with length a + b
approaching 2 I,, check principal stress (bending and
torsion) at attachment point C for critical stress.

Maximum bending stress Sy = 32 P 1,/mrd® is usually
not critical in 2 well designed stabilizer bar but should
never exceed the maximum yield point in tension (1250
MPa).

5. Design Example
Specifications

Stabilizer bar connected fo solid axle.

Required effective roll rate at the wheels 280 000
N - mm/deg

Roll rate loss due to rubber = 30%

L=1100mm 1, =250mm 2= 9mm
fa= 75mm 1, =230mm b= 70mm
¢ = 390 mm
Calculation:
80 000
kg (bar roli rate) = o7 — 40000N - mm/deg
= 400000 X 57.3

3.51

= 229 X 106N - mm/rad

2kpfy 2 X 229 X 108 X 75
L? 11002

= 2840N

_ [13.58 X 229 X 1
- 11002 X 200 000

maximum P =

[250° — 90° + (160* X 550) + (4 X 230% X 460))

_ JA1T3 X 10° X 1.263 X 108

242 X 101
= Y163 X 10° = 20mm

For 5, = 700 MPa
137d* _ 137 x 208

Wabhl factor K = Pl ~ 3840 X 230 = [.68
D/d (from Fig. §.8) =
Then D = 2.6 X 20 = 52 and
'  D—d_52-2
Ry = S = 2 = 16 mm

In line with the recommendation that R, should at
least equal 1.25d, it is apparent that R; should be increased
and thus S, be decreased.

2P,
dﬂ
32 X 2840 X 250
T X 200
= 904 MPa

maximum bending stress §, =




Appendix
Conversion Table

To Convert from SI Unit to U.S. Customary Unit, Divide by the Factor
To Convert from U.8. Customary Unit to SI Unit, Multiply by the Factor

Quantity SI Unit Factor (§ = Exact) t1.S. Customary Unit
Length kilometer km 1.609 344§ mile '
meter m 0.304 8% foot ft
millimeter mm 254§ inch in
Area square millimeter mm? 645.16% square inch in?
Volume cubic millimeter mm? 16 387.064§ cubic inch in?
cubic millimeter mm?® |3 7854120 gallon gal (U.S8.)
liter L 3.785 412 gallon gal (U.8)
Area Moment millimeter to the inch to the
of Inertia fourth power mm*] 416231.425 6§ fourth power int
Mass kilogram kg 0.453 592 37 pound-mass 1bm
Force {or Load) newton N 4,448 221 6° pound-force b
Elastic Energy, [ joule JN » m) 01129848 pound inch Ib¢ - in
Work (= kN - mm)
Bending Moment, [ newton millimeter N - mm [~ 112.984 8 pound inch 1b - in
Torque _ (=mN - m)
Spring Rate newton per mm N/mm 0.175126 8 . pound per inch lb/in
(Linear) (= kN/m) -
Torsional newton millimeter pound inch per
Spring Rate per radian N - mm/rad 112,984 8 radian Ib; - in/rad
Plane Angle degree 57.295 780 radian rad
Stress, pascal Pa (N/m?) 6894.757 3¢ pound per
Modulus of [kilopascal kPa 6.894 7573 } square inch
Elasticity megapascal MPa 0.006 894 757 3 1by/in? (= psi)
Density of kilogram per . pound per cubic
Material cubic meter kg/m3| 27 679.90 inch Tbm/in?
e.g. for Steel 7850 kg/m? ~0.283 Ibw/tn®
Acceleration *‘g” 9.806 650 m/s® 0.3048§ 32174 ft/s?
due to Gravity 9,806 650 m/s2 0.0254§ 386.09 in/s?
(by Interna- .
tional Agreement)
Natural Frequency
(Hz = cycles/s)
1 /s f = 4/0.248/5 (m) f = +/9.78/8 (in)
27 ¥§ = +/248/5 (mm) '
where &

= gtatic deflection
= load/spring rate

4448 221 6 = 0.453 592 37 - 9.806 650
b 57295780 = 180/w
caaparsyy = AMsn1s

3.52
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This manual has been prepared to assist the engineer and
the designer to have a better understanding of the basic
principles, types, and uses of pneumatic springs. In addi-
tion, it has been designed to serve as a useful guide in the
selection of pneumatic springs for specific applications. The
need for such a manual has been dictated by the popularity
-and growth of pneumatic spring applications.

The use of pneumatic springs in commercial applications
has been a relatively recent development, but the idea of
such a spring is not a new concept.

The earlicst available records of a practical approach to
pneumatic springs is a patent granied to John Lewis in
February 1847. Prior to 1910, Benjamin Bell was engaged
in experimental work on sleeve-type pneumatic springs with
various piston shapes. The work and ideas put forth by these
two gentlemen were made possible through the combined
efforts of an Irishman and an Englishman some 300 years
before that time. .

Robert Boyle, the Irishman, published a paper in 1660,
“New Experiments—Touching the Spring of Air”, setting
forth the law, “absolute pressures and volumes are in recip-
rocal proportion when temperature remains constant”. Eigh-
teen years later, Robert Hooke, the Englishman, formulated
the relationship between force and elongation of elastic solid
materials.

The first serious work toward adapting the pneumatic
spring to the automotive industry was carried out by the
Firestone Tire and Rubber Co. in the early 1930’s. By 1935,
experimental Buick and Plymouth cars were equipped with
preumatic springs. These were soon followed by instalia-
tions on other vehicles, such as Studebaker, Chrysler, Ford,
Lincoln, etc. In spite of this interest, the pneumatic spring
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Chapter 1
Introduction and History

. was not adopted in the late 1930°s primarily because of costs

and the tremendous improvements being made with steei
springs and suspensions in general.

In 1938, General Motors Corp. became interested in a
new suspension with pneumatic springs for its buses. Work-
ing with Firestone, the first buses were tested in 1944 and
first production was realized in 1953. This breakthrough
triggered the growth and development of the pneumatic
spring into the many new fields and applications that are in
use today. In addition, new concepts in pneumatic springs
have evolved to meet the requirements of these new and
changing needs.

During the mid-30's Goodyear developed and patented
the rolling lobe type air spring. The rolling lobe air spring
load-deflection characteristics can be greatly influenced by
piston contour. )

The pneumatic spring has been able to make inroads into
uses formerly reserved for more conventional and better
known springs because of some unique characteristics and
versatility. The more common and better known advantages
of pneumatic springs are:

Controllable spring rate

Adjustable load capacity

Simplicity of height control

Reduction of friction

Nearly constant frequency with respect to load varia-
tions

b

Why and how pneumatic springs can offer these advan-
tages and meet the needs of modemn industry will be de-
scribed in the following chapters which cover: basic princi-
ples, types, design problems, and special uses of pneumatic
springs.



Chapter 2
Basic Principles of Pneumatic Springs

1. General Discussion

The preumatic spring is basically a colamn of confined
gas in a container designed to utilize the pressure of the gas
as the force medium of the spring. The compressibility of
the gas provides the desired elasticity for suspension use.

The pneumatic spring’s ability to support a mass depends
upon its effective area, which is 2 nominal area found by
dividing the load supported by the spring by its gas pressure
at any given position. The effective area is a function of
deflection. Whether it remains constant, increases, or de-
creases is governed by the design of the spring and its
components. The spring rate is the result of change in effec-
tive arca and the change in gas pressure as the spring is
deflected. The gas pressure varies with the speed and mag-
nitude of deflection; for a unit of deflection, the pressure
and, therefore, the spring rate will be different for isother-
mal, adiabatic, or polytropic processes.

Pneumatic springs provide an adjustable spring rate, ad-
justable load carrying ability, simplicity of height control,
and a low friction action. Pneumatic springs are adaptable
for light or heavy suspension applications.

2. Compression Processes

For a specific spring design, the minimum pneumatic
spring rate occurs under isothermal compression conditions
and the maximum spring rate occurs with adiabatic com-
pression. The polytropic rate varies between the isothermal
and the adiabatic. The isothermal rate resuits when all the
heat of gas compression escapes so that the gas remains at
a constant temperature. The isothermal rate is approached
when the, spring is deflected. very. slowly to allow time for
the heat to escape, the gas temperature remains constant,
and the gas pressure rise is minimum.

Adiabatic rate occurs when all the heat of compression is
retained within the gas. This condition is approached during
rapid spring deflection when there is insufficient time for the
heat to be dissipated. The higher temperature of the gas
results in a higher gas pressure and, therefore, a higher
spring rate.

When the heat of compression is partially retained within
the gas, a polytropic rate results. This occurs during most
hormal spring deflections and produces neither isothermal
nor adiabatic rates, although in normal use it is much closer
to the adiabatic situation.

3. Constant Volume Pneumatic Springs

Pneumatic springs which maintain a relatively constant
volume at a given operating height regardless of static load
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or gas pressure are referred to as constant volume pneumatic
springs and are the more common type in use at this time.
At a given height, the load-carrying ability and the spring
rate are varied by changing the pressure of the confined gas.
With this type of spring. an external source of compressed
gas is needed to maintain the spring neight as the load on the
spring is changed. The natural vibration frequency of the
constant volume pneumatic spring remains more uniform
with changes in load than does the natural frequency of the
constant mass pneumatic spring.

4. Constant Mass Pneumatic Springs

Preumatic springs which use a fixed mass of gas as the
elastic medium are constant mass pneumatic springs. A
given amount of gas is sealed in the system and remains
constant for all conditions of load or deflection.

As the load on a constant mass pneumatic spring is in-
creased, the gas volume is reduced and the spring rate in-
creases. Conversely, when the load on the spring is reduced,
the gas expands and the increased gas volume results in a
reduced spring rate. Thus, the natural vibration frequency of
a suspension system using a constant mass pneumatic spring
increases as the load on the system increases.

Pacumatic springs which are not connected to a gas
source with height contro! or other valve arrangements,
often called “locked in” systems, are classed as constant
mass pneumatic springs, as are most hydro-pneumatic
springs. -

. Basic Cylinder and Piston Springs

A. Cylinders with pistons can be used as pricumatic
springs but they have several major drawbacks:

(1) Stiding friction transmits significant forces through
the spring. Short impulses are especially detrimental. »
(2) It is difficult to maintain zero gas leakage past the
piston and rod seals for the desired life of the unit.

(3) Clevises are required at the top and bottom for most
mountings.

(4) The effective area cannot be manipulated.

{5) The piston and rod guide present wear probiems.

B. An advantage is that high operating pressures may be
used, and the unit can combine load-carrying and damping
functions. '



6. Reinforced Flexible Member Springs

The use of a reinforced flexible member in conjunction
with rigid structures overcomes many of the above deficien-
cies. However, careful design is required to prevent high
local stresses and severe fluctuations in stress which result
in poor life. The flexible member structure carries only a
portion of the developed spring force, with the remainder
being transmitted directly through the gas column to the
rigid supporting members. With some designs the circum-
ferential stress created by the internal pressure, not the direct
load stress, is the principal stress the flexible member en-
counters. Gauge pressures with currently regularly used ma-

terials are generatly limited to 700 kPa for 2-ply and 1200

kPa for 4-ply reinforcement. Some severe operational con-
ditions limit this stifl further.

7. Flexible Member Operatmg Life Consnder-
ations

Pneumatic spring designs which have the lowest maxi-
mum stress and low stress variation with: cycling will
achieve the best durability. Durability is also directly cou-
pled with imposed stresses which are the result of the sus-
pension design.

In applications encountering repeated severe stresses, the
design maximum static pressure should be less than one-
third the normal burst pressure at the static design height of
the spring. For moderate and light-duty service, the maxi-
mum pressure may be increased up to one-half the normal
burst pressure. However, more conservative operating pres-
sures will generally result in increased life.

8. Operation With Only Slight Internal Pres-
sure

To maintain their correct shape, pneumatic springs must
have at least slight positive internal pressure under all de-
flection conditions. This means that springs with long re-
bound must have higher design position pressure than
springs with short rebound. Failure to meet this requirement
may cause girdle hoops to slip out of proper position with
multiple convolution designs. Reversible sleeve springs
may pinch extra folds between the piston and the top mount-
ing metals, resulting in rupture of the flexible member.
Generally, 70 kPa minimum design height gauge pressure
will prevent operation troubles. In some cases, half this
gauge pressure will suffice, but in a few special cases up to
140 kPa may be required.

9. Basic Calculation Considerations

The basic gas laws apply quite well for design calcula-
tions of general characteristics in the pressure, temperature,
and frequency ranges normaly used by pneumatic springs.
In addition to these factors, an effective area varying with
deflection must frequently be considered. This can be ac-
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complished by changing the size or shape of the piston.

It may also be necessary to take into account the fact thal
frequently a nonproportional change in volume occurs with
changes in deflection.

10. Design Balance

Factors that provide the most efficient design from a
theoretical standpoint, must be weighed against factors that
deteriorate spring life. Thus, each operating situation must
be evaluated on its overall requirements, and compromises
must frequently be made. Fortunately, there is generally a
variety of ways to attain the desired results, and good overall
performance is wsually attainable.

11. Spring Characteristic Features Peculiar to
Constant Volume Pneumatic Springs

Effective static deﬂecuon is determined by the dynamic
rate at the static design position. It can be shown graphically
by drawing a line tangent to the dynamic load-deflection
curve at the static design position and extending it through
the zero load line, then measuring the distance back to the
static design position. (See Fig. 2.1.) Natural frequency is
directly related to the effective static deflection.

Zero Deflection at
Position

Static Design

Selected Force . ®

Dynamic ot
At Static Design Rate e
Position

2
0’3’6\\0
oY

€= Extension
Effective Static

Deflection

J Compression =g

Fig. 2.1—Ettective static deflection”

*All drawings courtesy of Mr. Greg Van Meveren.



Rates are generally considered to vary in direct proportion
to force. Usually the natural frequency of the system stays
reasonably constant throughout the normal force range.

System natural frequencies are variable and are deter-

»—"mined by spring design, spring volume, and the gas law
processes involved.
Fig. 2.2 shows the effect of piston shape on the effective
- area (A,) and on the dynamic spring force (F,) curves versus
spring position. The lowest of the four skeiches shows the
effect of a large diameter flexible member combined with a
small diameter piston. This variation must be done with care
because of possible adverse effect on the service life of a
pneumatic spring assembly.

\
\l

lAe |

Extension =~ Compression

Fig. 2.2—Characteristic variations due to
piston shapes and flexible member size

12, Gas Law Processes
A. Definitions — Units

The mass of a vehicle and of its cargo is measured in
kilograms (kg) and is usually called “weight”; this mass,
less the unsprung mass, acts upon the suspension springs as
& load, or more accurately as a vertical downward force F

. Jow designated ‘force of gravity’), equaling mass times
“—dcceleration of gravity and measured in newtons
(N = kg % 9.806650 m/s?).

a~
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With a pneumatic suspension spring, this foad or force is
supported by a force which is developed as the product of
gas gauge pressure (that is, pressure above atmospheric
pressure) and an effective area within the flexible member

~ of the spring.

In this manual the force is measured in newtons (N), the
gas pressure is measured in kitopascals (kPa), the effective
area is measured in square millimeters (mm?). The relation-
ship between these three values is

1 N=1kPa x 10> mm®*

The pressure of the atmosphere at sea level is in balance
with a 760 mm column of mercury at 0°C; it equals 101,32
kPa. The sum of the atmospheric pressure and the gauge
pressure is known as absolute pressure. The fundamental
gas laws deal with this absolute pressure.

B. Vertical Supporting Force *-

The supporting force (F} is created as the product of gas
gauge pressure and effective area:

F=A, %P,

Effective area (A,) can be found directly when the force
and pressure are known. Then it is the result of dividing
force by pressure.

C. Constant Pressure, No Gas Flow, Constant Effective
Area

With C Pre Vi v, VI_TI
ith Constant Pressure T, T, or v~

where: T = absolute temperature
V = total preumatic spring and working volume

These relationships affect the pneumatic spring system
when the system is at rest arid only temperature changes
occur. Dynamically, the only way to maintain constant pres-
sure is in combination with infinite volume and thus is not
generally useful.

*The SAE Manuals on Metal Springs use MPa (= 105 Pa) as the Si unit
for stress etc. In these other Manuals the relationship between the three
values is therefore 1 N = 1 MPa X | mm?.
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D. Constant Pressure, Constant Temperature, Gas
Flow, Varying Displacement, Varying Effective
Area, Varying Volume

With varying effective area, volume is a function of dis-
placement. However, force is still the product of pressure
and effective area for alt attainable displacements.

Charts prepared from test data using a number of speci-
fied pressures are very useful since data in this form allow
manipulation of design height position, volume, and poly-
tropic exponents. Data in Iess general form is not as ver-
satile.

E. Constant Volume, Non-Flow Process

This process (see Fig. 2.3) can be shown as:

.. Pl Pz

T, T,

where: P = absolute pressure
T = absolute temperature

From a practical standpoint, with true gases this is a
desirable but unattainable process because of the nature of
the flexible member. Extremely large volumes may allow an
approximation of the process and there are ways to obtain
small ratios of volume change to total volume with feasible
total volumes. (An example, interconnecting springs with
only one spring undergoing a volume change at a time.)

Pressure

Volume

Fig. 2.3—Constant volume, non-flow process

F. Constant Temperature, Non-Flow Process (Isother-
mal Process)

PyXV =P, XV,
where: P = absolute pressure

¥ = total volume
PV = constant

This process (see Fig. 2.4) must be taken into account
when examining the static stability of systems. it determines
the practical limit of low rate operation. Under isothermal
conditions, the spring rate must be appreciably in the posi-

tive range.

Volume

Pressure

Fig. 2.4—Constant temperature non-flow process
{isothermal process)

G. Adiabatic, Non-Flow Process: This is defined as a
process with no heat transferred to or from the working
fluid (see Fig. 2.5).

TZ_ Pz {'\"'11’?_ V| -1
T, \P AV,

where: V = absolute temperature
P = absolute pressure
Y = volume
v = adiabatic exponent

This is a theoretical process; in-practice it is not attainable

with pneumatic springs. However, for rapid deflections it is
closely approached.

Y = 1.4 for Air

Pressure

Volume

Fig. 2.5~Adiabatic non-flow process




H. Polytropic, Non-Flow Process

T, _ (Pz){n—l}m_ (V])n—l P, VAN }
7o\5)  =lw) *5=w
l I A ! ? t<n<?

where: T = absolute temperature
P = absolute pressure
V = total volume

Ei n = polytropic exponent

Pressure

This is the general case where the terms pressure, volume Volume

and temperature all vary (see Fig. 2.6).
Pneumatic springs operate in the full range from nearly Fig. 2.6—Normal pneumatic spring operation situation

isothermal to almost adiabatic. A generally acceptable value
for n is 1.38 when the natural frequency of the system is
being determined.
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1. Bellows Types

Load-deflection characteristics in this type are determined
by the position relationship of the various components more
than by the physical dimensions and shapes of the compo-
nents. Beads are generally the same diameter and, in con-
junction with girdle hoops for multiple convolution springs,
restrict the expansion diameter of the convolution. No bead
passes through another bead or girdle hoop.

A. Single convolution bellows type consists of two beads
and one convolution.

B. Double convolution bellows consist of two beads, one
girdle hoop, and two convolutions (see Figs. 3.1 and 3.2).

A R G o=

=

7

Bead -—— ]
. Flexible
Girdle Hoop Member
e\, Bead
\ \-— - -

- - -

Fig. 3.1——Two convolution bellows, circutar section

°)
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Chapter 3

Types of Pneumatic Springs (See J511a for
Definition of Terms)

Flexible
Member

This design generally has no
beads or girdle hoop.

Fig. 3.2—Two convolution bellows, oblong section

C. Triple convolution betlows consist of twb beads, two
girdle hoops, and three convolutions.

D. More convolutions are generally unuseable because
of convolution instability.

2. Piston Types

Load-deflection characteristics are largely determined by
the shape and physical characteristics of the rigid compo-
nents. These springs, in their normal operation position,
have one or both ends or beads positioned well inside the
outer flexible member. Support for the small bead in the
form of a contoured piston may be used to control the
load-deflection characteristics by varying the effective area
to a considerable degree (see Figs. 3.3 and 3.4).

A. Reversible Diaphragm

The flexible member is restrained and controlled by rigid
structures attached to the small and large beads. In this type,
the small bead or a portion of the piston passes axially
through the flexible member and usually through the large
outer bead.
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Fig. 3.3-—Reversible diaphragm

Rigid
Housing.

Flexible
o Member

- e D)

Piston

D]

Fig. 3.4—Reversible diaphragm

The load-deflection characteristics are determined by the
volume of the rigid structures more than by the volume of
the flexible member. The shape and related positions of the
rigid structures are also important factors.

B. Reversible Sleeve

In this type. the outer flexible member may be self- or
externally-supported (see Figs. 3.5 and 3.6),

In the self-supporting type, the flexible member is re-
strained in diameter by its own internal construction, and
load-deflection characteristics are determined by the volume
of the outer flexible member, plus the size and proportions
of the small bead rigid structure to which the smal} bead is
attached. The small bead is positioned well inside the outer
flexible member but does not pass through the opposite
bead. These designs generally have little or no lateral stabil-
ity.

The flexible member in the externally supported type is
restrained by the floating external rigid structure and the size
and proportions of the small bead rigid structure. The load-
deflection characteristics are determined by the volume of
the outer flexible member. Again the shape and related
positions of the rigid structures are also important factots.

Beads
Flexible

o)

Girdle Band.
Flexible
O ~— Member

wiston

Fig. 3.6—Reversible sleeve type

1. Straight Sleeve Type Pneumatic Springs

The straight sleeve type pneuniatic spring is a form of the
reversible sleeve type spring. The flexible member is built
and cured on a mandrel. The molded shape may be cylindri-
cal or conical. A significant feature of the straight sleeve
type flexible member is the elimination of the end beads in
the cured product. Instead, the separate externzl beads are
forced or shrunk in place as the sleeve is assembled and
attached to its end.closures. Various fength requirements for
a given size flexible member can be accomplished simply by
cutting the sleeve to the desired length.

Straight sleeve type pneumatic springs for vehicular ap-
plications are in wide usage for air adjustable shock ab-
sorbers, air seats, and truck cab suspensions.

3. Hydro-Pneumatic Springs

Pneumatic springs which contain both a liquid and a gas
in the spring system are hydro-pneumatic springs (see Fig.
3.7). The gas, which is the elastic medium for the system,
may be in the accumulator separated from the liquid by a
diaphragm; it may be in the accumulator, in the connecting
lines, and in the spring assembly; or the liquid and gas may




Fig. 3.7—Hydro-pneumatic spring

be mixed as in the Oleo strut used for aircraft landing gears.
The usual form of the hydro-pneumatic spring is one in

. which the gas is sealed in part of the accumulator and is

separated from the liquid by a flexible diaphragm. The lig-
uid portion is in the cylinder or flexible member and in the
connecting lines. Liquid for leveling the vehicle is supplied
from a high-pressure source and controiled by sensing
valves. The accumulator may be separate from the load
ransfer component of the system, or it may be attached
directly to the unit and be an integral part of it. Vertical
motion of the vehicle's axles or chassis causes displacement
of the liquid, which in turn compresses or expands the gas
in the accumulator containing the elastic medium., With this
arrangement, liquid flow control valves may be incorpo-
rated in the system for damping purposes. This eliminates
the need for separate hydraulic shock absorbers.

In another type of hydro-pneumatic spring, the gas or
spring medium completely fills the cylinder, the connecting
lines, and a portion of the accumulator. The vehicle height
is regulated by admitting or releasing the fluid from its
portion of the accumulator.

The “Oleo strut” suspension is a hydro-pneumatic spring
which utilizes a mixture of gas and liquid in an extensible
cylinder. The motion of collapsing or extending the strut
compresses or expands the gas bubbles in the liquid to
provide the spring action. Damping and shock absorption
are usually provided by forcing the mixture through a con-
trolled or uncontrolled restriction.

Several manufacturers produce hydro-pneumatic suspen-
sion units which incorporate automatic leveling and self-

Accumultator
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pumping into a single strut type unit. The vertical motion of
the vehicle provides the actuation for the pump.

4. Bladder Type Spring

This type utilizes no integral reinforcement. It relies on
being contained within a restrictive structure, such as a coil
spring, for its support (see Fig. 3.8).

Fig. 3.8—Bladder type spring

5. Variations of Basic Designs

The bellows and reversible types may be blended in var-
ious ways to obtain desirable features of both.

Reversible sleeves and reversible diaphragms may also be
blended if desired. :

All types except the reversible self-supporting sleeve may
be made oblong as well as round.

The addition of special shaped metals or other support
members can produce desired lateral rates with the re-
versible sleeve type pneumatic springs.
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Chapter 4

-~ Pneumatic Spring Application Considerations
on Commercial Vehicles

>
=

This chapter is devoted to bridging the gap between the
theoretical characteristics of preumatic springs and their
functional application. Recognizing that the usual applica-
tion of pneumatic springs will be in conjunction with other

~ components making up a vehicle suspension, examples are

presented here in terms of the pneumatic spring design for
actual suspension systems. From this presentation, the de-
signer should be able to determine the sequence of data
accumulation, analysis, and calculation required to arrive at
a suitable design within his particular parameters. He should

also gain an understanding of how the pneumatic spring

_ characteristics, discussed in earlier chapters, become perti-

nent to overall suspension design.

1n addition to the design procedure examples and calcula-
tions, a section of this chapter presents generalized consid-
erations for pneumatic spring suspension design which have

" evolved from the experience of suspension designers and

pneumatic spring manufacturers.

The advantages of pneumatic suspension are not autornat-
ically attained. The entire suspension must be properly de-
signed if it is to take full advantage of pneumatic spring
capabilities and to compensate for their few limitations.

1. Reasons for Using Pneumatic Springs

A. To obtain better cargo protection through low spring
rate and frequency.

B. To make a lighter i.rg:h.iclc possible, thus allowing an
equivalent increase in cargo mass. 0

C. Pneumatic springs lend themselves to auxiliary axle
pick-up when the axle is not required, thus providing oper-
ating economies and improved maneuverability.

D. Pneumatic springs optimize load distribution on
muiti-axle units.

E. Ifitis elected to maintain essentially the same vehicle
structure as would be used with a higher rate and frequency
suspension, then less damage to the vehicle from road shock
will occur, and maintenance costs will be reduced.

F. Because pneumatic suspensions are normally leveled

" automatically, there is no change between the vehicle height

at the “curb load” (that is, the load on the spring which is
due to the mass of the vehicle without any payload) and at
the “design load” (that is, the load on the spring which is due

1o the mass of the vehicle plus the payload). This permits the
cargo space (o be designed with a higher top and a lower
floor without 4nterfering with the tires while still staying
within maximum vehicle height limits. Also, a constant
height can be maintained for use at loading docks ang for
trailer pick-ups.

G. As the cargo benefits from an improved ride, so does
the vehicte or trailer for the same reason. Thus, the vehicle
can be made lighter and still perform acceptably, again
adding more cargo capability.

H. More comfortable ride is provided for vehicle occu-
pants. -

1. When used in conjunction with other types of suspen-
sions, they make good axle load distribution possible.

J. They may make other functions possible, such: as jack-
ing, load shifting for increased traction, etc. :

K. Low spring ratc and frequency plus excelient load
distribution protects the cargo. which in turn protects the
roads and may make pneumatically sprung vehicles accept-
able on roads where units of large mass are not now al-
lowed.

2. Suspension Design Considerations

A. To design a pneumatic suspension system the de-
signer must know, in addition to what is needed for the basic
design, what will be required of the pneumatic spring and
what is needed to fit the spring into the total system.

The system requirements that the spring is to supply are
as follows: '

1. Satisfactory mechanical operation over the full axle
travel.

2. Support for the sprung mass with the available gas
pressure.

3. The desired dynamic spring rate and system frequency

throughout the sprung mass load range.
4. Desirable or at least satisfactory dynamic force char-

acteristics throughout the full axle travel.

The pneumatic spring requirements that the suspension
system must provide are as follows:
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. A space envelope that allows the spring to function

properly at all lengths,
2. An operating environment that does not seriously af-

fect spring life.

B. To take maximum advantage of these possibilities,

many considerations should be kept in mind. There is a lot
of reserve capability and versatility built into pneumatic

springs. While some violations of the following application’

principles can be tolerated, it is best to design to obtain as
many preferred conditions as possible for long, trouble-free
pneumatic spring service. Preumatic springs can be utilized
in many geometries, but in designing to get the maximum
benefit in one area, care should be taken not to create an
unacceptable situation in-another area. For example, good
spring life and ultralow rate and frequency characteristics
may be operating opposites with some designs.

The following are some thipgs to strive for and some
things 1o avoid:

C. The pneumatic spring design length should be estab-
lished within the recommended design length range since
life and performance characteristics may both be adversely
affected if the springs eperate continuously either above or
below their design range.

D. For lowest spring rate ard frequency for a particular
suspension design, chouse springs which keep the normal
operating pressure within 80-100% of the normal rated
value,

E. Moderate operating pressures (40-70% of rated pres-
sure} will provide maximum life. It is also necessary to
maintain some positive pressure under lightest load and full
rebound conditions. ‘

F. Low spring rates mean less control in vehicle roll;
therefore, some auxiliary restoring force must be supplied.
Leveling valves, shock absorbers, and shaped pistons may
sometimes help in this situation but it is best to have a
suspension design or linkage which supplies this restoring
force. Some methods that have proved successful are:

I. Using a roll stabilizing bar connecting one suspension
arm with the other.

2. Having rigid suspension arms with a rigid axle con-
nected to the suspension arms with flexible mountings.

3. Using flexible suspension arms attached rigidly to the
axle,

4. Keeping the roll moment as low as possible, consis-
tent with other design considerations,

5. Utilizing a suspension design that has as high a roll
center as practical.

G. Low spring rates produce more axle travel relative to
the frame over irregular road surfaces. Thus, more axle
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travel is needed before cushioned stops, with their inherent
high rates, come into operation. Bumpers should come into
action smoothly. Cushioned rebound stops are recom-
mended. Hydraulic shock absorbers or air damping may be
needed to control vehicle and axle action.

H. To increase the pneumatic spring’s load carrying ca-
pacity beyond what the spring normally provides, and gain
improved vehicle roll control, place the spring on a trailing
arm behind the axle. However, this arrangement witl work
the spring harder because of repeated longer travel required
to provide desired axle motion. .

I. For exira low suspension rate and frequency, place the
pneumatic spring between the suspension arm pivot and the
axle. This will generally provide good spring life if spring
operating geometry and pressure are within proper desiga
parameters.

}. Any operating condition that creates high stresses in
the flexible wall of the spring will adversely affect the spring
life. Examples are springs with high design operating pres-
sures, with long compression deflections, and springs with
severe misalignment between top and bottom mounting sur-
faces. The significant thing o remember is not just the high
stresses, but the number of times the springs are subjected
to these high stresses.

K. Rapid and repeated large changes in flexible member
stresses will reduce life. Examples are springs which have
portions of their structure subjected to repeated lateral mo-
tion because of excessive flexure of suspension components
when cornering and springs which have small gas volume
and undergo large deflections.

L. Life may be considerably improved if the alignment
between the upper and lower mounting surfaces is balanced
so that thé maximum misalignment is held to a minimum.
The adverse effect from misalignment varies with the design
and style of the spring (see Chapter 7, Section 2).

M. Continued operating temperatures above 65°C are to
be avoided for best life, since life is refated to the spring’s
total heat history. Heat shields or a separation from the
source of heat (such as the brake drums or exhaust systems}
may need to be considered. An occasional problem associ-
ated with heat is caused by welding of parts adjacent to the
pneurnatic springs, causing local deterioration of the side-
wall and subsequent failure.

N. Avoid situations where springs rub or nearly rub
against anything. This also includes rubbing against them-
selves. Low operating pressures increase the chance that
rubbing may occur between the outer inside wall adjacent 10
the top of the piston and the inner inside wall where the
rubber fabric sleeve rolls over the top of the piston (see Fig.
4.1).




Fig. 4.1—Internal chafing

Verification of satisfactory radial clearance with other
vehicle coniponents must be made under all anticipated op-
erating conditions. Remember that the: springs will grow
slightly with time and that suspensions have manufacturing
telerances. If the operating clearance of rolling sleeve
springs appears to be a problem, keep in mind that the spring
diameter is greatest at maximum pressure, which occurs
when the pneurmatic spring is in the fully compressed posi-
tion. Considerable clearance may exist at the normal design
height and even more clearance may be noted when the
spring is in full rebound. Points of possible interference
must be checked experimentally; there may be more clear-
ance than anticipated—or possibly less. If the spring is used
at considerably less than the normal maximum rated pres-
sure, there wilt bé extra clearance. If pneumatic springs are
used above their normal rated pressure, they will have larger
than rated diameters.

Q. Avoid spring extensions which appreciably flex the
spring wall, even localiy, close to its attachment regions.
Both extension and compression stops must be used to pro-
tect against the worst condition. If this is not controlled, the
spring will be damaged resulting in reduced life.

P, Bumpers must deflect some distance before they will
carry their rated toad, and this should be taken into account
when considering spring compression travel. In addition,
internai bumpers are limited by volume considerations and
are not generally designed for continuous ride use. They are
meant to be used as dynamic compression bumpers and
emergency ride springs only.

Q. Special shorter bumpers may be required if auxiliary
axle pickup is used. Hence, they become only compression
fravel stops and are not auxiliary springs or true compression
bumpers.

R. For ideal spring life, it is generally best to choose a
Spring with large volume or to use an auxiliary volume,
rather than resorting to severely shaped pistons or other rigid
Components to obtain a desired low frequency operation.

This also reduces the difference between the adiabatic and
isothermal rates and can produce very low dynamic rates
with an isothermally stable system. :

S. Isothermal instability occurs only on pneumatic .
springs of the reversible diaphragm type, or of the reversible
sleeve type with hourglass-shaped pistons having an effec-
tive area curve with negative slope. An isothermally un-
stable system has three spring height positions that wiil carry
the load at the same pressure. The center position is unstable
so that if, for example, the operating gas cools, the system
will settle to the lower stable position; but when this occurs,
the height control valve will come into play and add gas
which will bring the-system back to the mid-position. Then,
because the effective area is increasing as the load is raised,
the added gas pressure will bring the system beyond the
proper height {0 the upper stable position where again the
effective arca and pressure just balance the load. But now
the height controt valve operates to retumn the system to the
center position, and an unacceptable cycling situation is
created.

T. Road tar and sand, especially sand 3 mm across flats,
is detrimental to spring life. In cases where the spring is in
line with material thrown up by the tires, a protective shield
should be placed in front of the spring assembly.

U. Effective Static Deflection

Static deflection of a steel spring is easily obtained by
compressing the spring slowly in a laboratory, generating a

. load-deflection curve. This is used to obtain the spring rate
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which in many cases is approximately the same regardless
of the speed of cycling. Then from this and the value of the
load under study, the system frequency can be caiculated.

An effective spring (or system) static deflection can also
be obtained for a pneumatic spring but, several other factors
must be considered. The speed of cycling must at least -
approximate the conditions being studied (anticipated sys-
tern naturaf frequency or sudden shock inputs for example).
When the spring operates through an arm system this must
aiso be incorporated in the test setup if the resulting rate and
frequency are to apply to the system. The iest force—length
trace must pass through the desired force condition at the
desired spring static design length.

Having obtained such a trace, the effective static deflec-
tion can be found using the technique shown in Fig. 4.2,
This value can then be converted to rate and frequency. But
note that the resulting rate applies only in the tangency
region of the curve, However, the frequency will be approx-
imately true for a much wider band of operation.

This analysis method is not very practical in many in-
stances and the following design procedure has been found
to be more suitable and yields results that match normal field
operation quite well,
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3. Design Procedure

A. The initial step in specifying a pneumatic spring for a
suspension design is to record the known and estimatable
system parameters. To assist in this, a Data Record Form is
provided in Appendix C from which copies can be made and
be filled in for use in developing trial designs.

The form is self-explanatory, but reference to the glossary
(Appendix B) may be helpful. The data compiled on the
form is used in the selection of a trial spring design for the
proposed application. The spring will function in this appli-
cation if it meets or exceeds requirements stipulated on this
form.

A preliminary check for a suitable spring can be made by
applying the data record form values to Table 4.1. This can
be useful in making a first trial choice as to type and size
spring that could be used. The frequencies noted in the right
hand column of this Table can be corrected to values which
will be obtained with the proposed suspension by the formu-
las shown at the bottom of the Rate and Frequency Calcula-
tion Form {(Appendix D) which converts from a direct acting
spring to one with an arm ratio as required by the suspension
design.

B. The calculations performed on the Rate and Fre-
quency Calculation Fonm find the dynamic rate and system
frequency for a sprung mass system which uses the trial
spring and having an arm ratio of 1.¢. These intermediate
values are then converted to fit the trial suspension design
with the correct arm ratio in the remaining steps.

If the results are not satisfactory, change any suitable
specified item and recalculate the rate and frequency. It is
recommended that only one thing at a time be changed
insofar as possible so as to develop trends and the magnitude
of change possible with that item,

"It is frequently useful to alter the spring total volume as
this has a very significant effect on the rate and frequency.
If a different volume produces satisfactory results, another
spring design having approximately this volume may be
available. However, other design parameters may have to be
changed to permit the new spring to be used. Other arm
ratios may aiso be tried if the design allows but if nothing
tried from any change or combination of changes proves
satisfactory, consult the spring manufacturers as they may
be able to put together combinations of spring components
that will meet your requirements. A

C. If a substantially lower natural frequency is needed,
auxiliary volume must be added, This additional volume
may be approximately determined by applying the Principle
of Boyle’s Law when the spring rate and volume are known,
and the desired spring rate has been determined. This
method applies only to springs having a constant effective
area at the spring desired length.

V=V (R{/Ry)

Where: V, = actual volume of spring and reservoir
V, = volume of spring
R, = desired rate of spring
R, = spring rate of present spring

Auxiliary volume to be added to the spring system is
VZ - V|.

D. "Any mass which has been suspended by the use of
preumnatic springs will have from 1-6 deg of freedom and
may have six natural frequencies. The suspended mass will

“tend to vibrate at one or more of these natural frequencies.

For good isolation, all of the natural frequencies should be
one-half or less of the forcing frequencies. In some applica-
tions, the existing frequencies pass through the natural fre-
quency zone of the suspended mass and a temporary reso-

nance exists. It is then necessary o include a viscous -:

damping device in the system, such as a surface vehicle -
shock absorber.

4. Example of Application

The following example is typical of the procedure for
selecting a suitable pneumatic spring for use in a new pneu-
matic suspension design:

A. Start by obtaining all the required information as
showan in the Data Record Form for Pneumatic Spring Ap-
plication (see Appendix C). After an initial selection has
been made from Table 4. 1, consult pneumatic spring manu-
facturers’ catalogues to determine a more exactly defined
model that your suspension design can accept. If the manu-
facturers’ catalogues do not provide spring assemblies
which meet the necessary requirements, contact the manu-
facturers directly, as they may have other models, not listed,
which will meet your needs. Alternately they may be able to
make modifications to available assemblies which will
change them so as to meet your requirements.

B. In this example, it has been determined that a re-
versible sleeve type spring assembly XXXX may be suit-
able. To verify this, Rate and Frequency Calculation Form
for Pneumatic Spring Applications may be used (see Ap-
pendix D). The veleme, effective area, and pneumatic
spring gas gauge pressure are obtained from the example
spring force-length graph shown in Fig. 4.4. Careful scaling
on these graphs is required if accurate results are to be
obtained. A good procedure is to use dividers to find more
precise values for volumes. Effective arcas vary somewhat
with changes in gas pressure, thus it is wise to pick a pneu-
matic spring force-fength curve that is close to the antici-
pated pneumatic spring gas pressure. Using this curve, de-
ftermine the force in N at the desired spring design length
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TABLE 4.1—SOME TYPICAL PNEUMATIC SPRING CHARACTERISTICS FOR SURFACE VEHICLE USE

Normal Design Limits Spring Mass System
Natural Frequency
Mass Support Effective Nominal Normal Max. | Static Design Normal Min. Useful Direct Acting
N Capability Range Area Operating Extended Position Compressed Travel Without Aux. Volume
Diameter Length Length Range Length Without Internal
. Bumper
kg/Spring mm? mm mm mm mm mm Hz
BELLOWS TYPE
1 Convolution '
420 - 1430 17 400 250 150 127 - 110 50 100 29
950 - 3000 38 700 320 164 127 - 110 50 114 26
100- 4920 63 600 378 166 127 - 110 50 116 24
2 Convolution
200 - 1000 11 600 210 275 240 - 200 75 200 20
340 - 1600 - 17 100 244 275 240 - 200 i 75 200 21
§10- 3300 40 000 320 305 240 - 200 75 230 19
450 - 5000 61 600 376 305 240 - 200 75 230 1.7
130 - & 800 83 200 434 312 240 - 200 82 230 1.7
500 - 13 600 177 400 570 324 240 - 200 a2 242 1.7
3 Convolution o ’ )
500 - 5100 62 600 376 450 330 - 240 110 340 14
350 - 7 500 94 100 460 450 330 - 240 110 340 ¢ 1.4
350 - 10 500 134 800 515 460 330 - 240 110 350 1.4
REVERSIELE SLEEVE
IYPE i
68- 154 2 260 76 295 200 "7 178 13-17
80 - 340 4 840 102 267 178 - 105 102 185 09-20
136 - 467 6770 127 247 165 102 145 14-15
635 -1 270 19 000 203 405 292 150 265 1.0
560 - 1 460 20 800 220 508 - 375 355 - 203 203 - 127 305 - 248 11-15
794 -1 815 23 100 229 358 254 140 228 1.2
180 - 2 500 34 200 254 407 292 147 260 12
N 590 - 3 220 " 46 500 280 406 - 381 282 =270 180 - 147 234 - 226 1.3-15
225 - 3 265 45 500 315 667 - 444 457 - 178 216 - 108 451 - 336 11-16
360 - 3 580 49 000 305 660 - 341 414 - 184 218 - 117 442 - 224 10-1.7
452 - 3 580 55 500 330 635 - 343 414 - 229 219 - 107 416 - 236 1i1-14
680 - 4 000 71 000 356 914 - 544 457 - 305 356 - 150 457 - 394 1.1-13
DATA RECORD FORM FOR PNEUMATIC SPRING APPLICATION
1. Gross axie mass rating (GAMR) ................ e R N 10 000 kg
2. Axle unsprung mass .. ..........cvennun. U SO 680 kg
3. Axle sprung mass (both sides} .................... .. ... ... R . RN 2 320 kg
4. Axle sprung mass (at either Side} .. ........o.uiintiit i i e 4660 kg
3. Axle static support force per vehicle side (46‘60 XO806650) ....... ... v 45 699 N
6. Desired natural frequency of SPrUNZ Mass ............overinennnnennnnnannen..i. N 1.3-1.5 Hz
7. Maximum SPring ZaS PIESSUIC . . . . ..o\t tn et e tae e n e ta st e e e e es et e anranaanernees 760 kPa
8. Springarm (a) ........ AU e e e e 762 mm
9. Wheel aX1e T (8,,) .« v evvov vt et tet e et e e e e et e e e 508 mm
p—g
10, AT FAO (B/8,,) o oo ee et ettt e et et e et e e e e 1.500
419
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I'1. Spring design length selected from a suitable Force-Length Graph ............................ 320 mm
12. Maximum axle compression travel required ............. ... i i 100 mm

13. Resuiting change in spring length from spring compression

deflection = axle compression travel X (848,) .. oo v vve it i e e 150 mm
14. Minimum spring length along centerling resuling . ... .......cooouuooeeeeenir e, 170 mm
15. Maximum axle extension travel required .. ... ... ... it e e 105 mm

6. Resulting change in spring length from spring extension

deflection = axle extension travel X (a/a,} .........ouvuvunns. R 157.5 mm
17. Maximum spring length along centerline resulting ................. e 477.5 mm

18. Total change in spring length from full axle compression

and extension travel . ... ... ... e 307.5 mm
19. Smallest radial clearance limitation from spring centerline .............. ... . i, 165 mm

20. Spring design force required = (axle static support force
per vehicle side) / (a/a, ) . ... . i 30 466 N

If an internal compression bumper is required and its operation is vital to the suspension berformance, fill in the blanks in Items
21-23 and consuit a pneumatic spring manufacturer for their information so that a suitable bumper can be-provided. A bumper
which can endure two times the spring design force may be recommended for satisfactory service.

2i. Axle compression travel before bumper contact . ....... ... ... e 83.3 mm

22. Spring compression deflection to bumper contact =

xle compression travel before bumper contact X (a/8,) ......oiviiiiiii i 125 mm
23. Minimum force bumper should provide ... ... ... ... i s 60932 N
at a bumper compression distance of ..................... A [ 25 mm
420
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precisely. After multiplying this value by 10°, divide it by
the pressure value given for that line in kPa as shown on the
form to check out the effective area. Do the same for the
lengths * 10 mm from the design position. Proceeding down
this form will lead you to the answers defining the rate and
frequency which the pneumatic spring provides to your de-
sign. These data include the gauge pressure at design posi-
tion required—dynamic forces at =10 mm—the dynamic
spring rate at design position—the system’s natural fre-
quency for *10 mm amplitude. As can be seen, it is easy
to determine the effect of different loads, different arm
ratios, and the addition of different auxiliary volumes on the
suspension system characteristics. The results obtained
should be satisfactory for most uses. If more precise answers
are required, consult the pneumatic spring manufacturer for
a more thorough evaluation.

C. The principle of comparing volumes at =10 mm am-

plitude with volume at design position can he extended to
any other position along the force-length curve, so long as

EXAMPLE

the ratio developed is raised to the 1.38 power befere mul-
tiplying with the effective area for that position. This can be
used to create a dynamic spring force-length curve for the
full stroke. At the same time, a dynamic gauge pressure
curve can be drawn from the gauge pressures developed in
the calculation process (see Rate and Frequency Calculation
Form for Pneumatic Spring Applications).

D. Also, if desired, a dynamic spring rate curve can be

drawn, but be sure to obtain the calculated values in EN'm'- .

-

Rate and Frequency Calculation Form for Pneumatic Spring Applications

Preumatic Spring Selecied: XXXX Spring Design Length 320 mm

Sprung Mass to Be Supported at Either Side 4 660 kg

Spring Force at Design Position Required F, (for aja,, = 1.5) 30 466 N

Spring .
Spring Data and Calculations +10 mm Design —10 mm
Length
Spring Length: 330 mm 320 mm 310 mm
Volume Data:
Spring Volume V, 1471 L 1424 L 13.79 L
Auxiliary Volume v, 0.0 L 00 L 00 L
Bumper Volume Vy —0.714 L -0.7i14 L -0.714 L
Total Volume Vi 13996 L 13.526 L. 13.076 L
Effective Area Data*;
. F, (N) x 1¢° \
Effective Area A, = —p—q5-— 46 219 mm? 46 387 mm 46 387 mm*
s (kP2) —_— == 20!
*Note: Using 700 kPa curve for Ae.
Spring Dynamic Pressure Data:
Gauge Pressure p, = Sering Force () x 10° 656.8 kPa
at Design Length A (mm)
+ Atmospheric Pressure Pam + 101.3 kPa
= Absolute Pressure P, 758.1 kPa
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Spring Data and Calculations

Spring
+10 mm Design =10 mm
Length

Eg::lmic Press. = b v, 138
ute Press. a [—-—-—-—]
@ +/— 10 mm Vix 10 mm

— Atmospheric Pressure Pom

Dynamic Gauge Pressure P, £ 10 mm
@ +/— 10 mm

723.2 kPa 794.3 kPa

—101.3 kPa =101.3 kPa

_621.9 kPa 693.0 kPa

Spring Dynamic Force Data:

‘Dynamic Force Fy;=A_ X 1073 X Py + 10mm 28 743.6 N 32 1462 N

@ +/— 10 mm

3

Spring Dynamic Rate:

Fy — 10mm — Fy + 10mm

Dynamic Rate R, 30

Direct Acting System Frequency; *

- | Spring Rate
Frequency (f) 15.76088 Spring Force .l. 178 Hz

Caiculated Dynamic Data for Suspension with
Arm Ratio = aja,,

Wheel Force  F, = F, (aja,)

Wheel Rate R, =R, (aja,)

Actual Spring Mass = {, V{(a/a,)
Natural Frequency

1.500
45 699 N
382.79 N'mm

1.44 Hz

* from 1 X \/ 4 (avs?)

2

Force (N)/Rate (N/mm)

i

0.15915494 x

7
Rate
Force

15.76088 x

\/9.8066_50 (m/s?) X 10° X Rate (N/m)

Force (N)

0.15915494 X 99.028531 X \ AL (1 )
Force

(H,)
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1. Dynamic Response of Pneumatic Si)ﬁng

The pneumatic spring rate expression is (see Fig. 5.1

F, = PgA,
dF; dA, - dPg
Rate = i PSE + A, ax

PV" = C (constant)

Py _ 0P, dv _ nPA,

; dx V dx v
' nPA2  dA,
Rate = v + P, ey

where: A, = effective area
n = polytropic process exponent
P, = absolute pressure
P, = gauge pressure
V = spring volume
x = spring deflection

n approaches 1 at low frequency, and it approaches -y
(¥ = ¢ /c,, often referred to as k) at high frequency. Obvi-
ously, the lower the vy, the lower will be the dynamic rate;
also, the less will be the difference between dynamic and
static rate. n approaches 1 at fow frequency when there is
sufficient heat excharige between the spring medium and its
environment. As the heat exchange characteristics are a
function of the geometric configuration of the spring con-
tainer, piston, flexible member, etc., there is not a clear
demarcation that can be pinpointed as the frequency division
between isothermal (n = 1) and adiabatic process (n = ¥).
However, it is reasonably safe to say that most of the truck
or car pneumatic springs have ride and roll frequencies close
to or higher than 1 Hz and operate in a nearly adiabatic
process with a y value very close to 1.38.

2. Low Gamma Gas

Strictly from an academic point of view without paying
altention to practicality, it is obvious that any gas with a
] lower than air is desirable, because it enables us to obtain
-:V the same dynamic rate with a smaller volume. If sulfur
3 hexafluoride with a y of 1.09 is used in lieu of air with ay
of 1.38, we can expect a 20% reduction in spring rate.

Chapter 5

Low Gamma Gas, Heat Sink, and Pneumatic
Damping
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Fig. 5.1—Darivation of pneumatic spring rate

Proper care must be exercised to assure that the gas se-
lected does not condense within the design pressure and
temperature range. Otherwise, P\V] = P,V] relationship
will no longer hold, the dynamic rate or the pressure-volume
function will depend upon the condensation rate and other
thermodynamic properties of the two-phase mixture. Be-
sides thermodynamic properties, chemical and physical
properties of the gas, such as toxicity, chemical decomposi-
tion, thermal decomposition, compatibility with the spring
liner, and permeability, should also be considered. The ad-
ditional cost of the gas, the price of using a closed system,
and the availability of the gas in remote territory should also
be weighed against the benefit of low gamma gas.

3. Heat Sink

A pneumatic suspension designer will sometimes experi-
ence difficulty in finding space for a sufficiently large tank
to provide the desired ride softness. Incorporation of a heat
sink, which can absorb and give off heat rapidly to lower the
n value, seems to offer another alternative. The effective-
ness of a heat sink depends upon its ability to absorb and
give off heat rapidly.

The thermal capacity of the heat sink must be high as
compared with the heat variation accompanying compres-
sion and expansion of the pneumatic spring. Furthermore,
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since the heat transfer between the air and the heat sink must
be rapid as compared to the design ride frequency, the
exposed area must be as large as possible and also must be
in close proximity to substantiate all of the working gas.

Various materials in various forms, from aluminum balls
to polyester fibers, have been used for heat sinks; fine fibers
seem to offer the best combination in exposed areas and
proximity. Because metallic fibers are subject to comosion
and fatigue due to continuous spring deflection, their peak
effectiveness is relatively short,

Experiments in the early passenger car pneumatic spring
development found that fine polyester fibers are one of the
most effective heat sinks for that type of application. A test
was conducted on a reversible diaphragm (see Fig. 5.2)
designed for the rear suspension of a full size passenger car.
A (238 mm) stroke at # Hz was used with a normal standing
height gauge pressure of 689 kPa and a normal volume of
3.933 L. Without any heat sink, the measured rate was
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14.2 N/mm. Various ameunts of fine polyester fibers were
weighed and packed into the test pneumatic spring chamber,

the fixture was allowed to cycle for 3 min before the oscil- poe 100 MM e

loscope trace: was recorded photographically. Fig, 5.3
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Fig. 5.2—Reversible diaphragm
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Fig. 5.3—Pneumatic spring with heat sink
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shows a definite trend of the spring rate to decrease as the
amount of polyester fiber inserted is increased up to an

imum paint (about 110 g); a further increase of polyester
%r causes the spring rate to increase. At the optimum
point, the spring rate read 10.3 N/mm, thus a 27% reduction
of pneurnatic spring rate was obtained, in this case, by heat
sink. It was also found that dirty or matted fibers seemed to
be nearly as effective as new fibers in reducing the dynamic
pneumatic spring rate.

For springs with pressure higher than 700 kPa, it becomes
increasingly ditficult to pack the necessary amount of heat
sink material without substantially affecting the working gas
volume and the effective heat exchange area.

Another item which cannot be overemphasized is that any
heat transfer requires time. A heat sink designed to be effec-

tive for normal ride frequency wiil not be equally effective

at high velocity wheel impacts,
4. Pneumatic Damping

The subject of pnevmatic damping has enticed suspension
engineers since the dawn of pneumatic spring development.
Many were obsessed by the thought of partitioning the pneu-
matic spring chamber, and forcing the air through proper
orifices 1o obtain the necessary damping. Unfortunately,
some of their acclaimed advantages were due to increasing
spring rate rather than damping. It was indeed, for some

es, quite a high price to pay for the amount of damping

“eotained.

A damper is usually characterized as a linear damper with
the damping force expressed as a function of veiocity u and
damping coefficient c:

F=—cu

Most pneumatic dampers are by no means linear
dampers.* A convenienl way to approximate the effect of

nonlinear damper is by defining an equivalent linear damp-

ing coefficient ¢, which will dissipate the same amount of
energy per cycle as the nonlinear damper. For a linear
damper, the work done per cycle is:

W, = —7 cwxd

where: w = circular frequency
%o = amplitude of the forced osciliation

The effective damping coefficient ¢, of pneumatic damp-
ing is equal to: .

_ § Fdxs

*  maxd

\_~re: F, = Spring force
X, = Spring deflection
o = Circular frequency

4.27

An experiment was run with a reversible diaphragm type
preumatic spring designed for a passenger-car front suspen-
sion. The effective area of the pneumatic spring was 16 130
mm? and the normal pressure was 689 kPa. The normal
volume was 4.883 L, and it was partitioned into two equal
volumes. During the compression stroke, the air was forced
from the lower chamber into the upper chamber through a
small flapper valve. During the rebound stroke, the air was
to flow through the 3.2 mm orifice only. The load was
measured through a load cell link connected to the wheel
spindle which had approximately 2:1 linkage ratio. It can be
noted from Table 5.1 that the pneumatic damper has consid-
erable hysteresis by paying the price of slightly higher com-
pression spring rate and much higher expansion spring rate.
If the frequency of the pneumatic spring is increased signif-
icantly, very little air will pass through the orifice and only
the air in the inner chamber will be compressed and ex-
panded. This will result in very high spring rate and very
little damping.

TABLE 5.1—EXPERIMENTAL RESULTS OF AIR ORIFICE DAMP-

ING
. Hysterosis at
Rate in Rate in Static Design
Compression Extension Position
Frequency,
Hz N/mm - N/mm N
With pneumatic damper
1 11.716 19.702 2,002
0.83 11.926 13,159 1,895
0.67 11.173 18.598 1,824
0.50 11.488 17.513 1,690
0.14 10.945 $.299 667
0.03 9.842 8.756 ) 576
With hydrautic shock absorber
1 10.945 10.070 8680
0.83 10.945 10,945 827
0.57 11.488 11.488 756
0.50 11.488 11.488 667
0.09 9.842 7671 - 623

*For the derivation of equivalent linear damping, refer to:

1. 8. Timoshenko, D. H. Young, W. Weaver
“VIBRATION PROBLEMS IN ENGINEERING"
John Wiley & Sans, 1974

2. B. W. Anderson
“THE ANALYSIS AND DESIGN OF PNEUMATIC SYSTEMS™

John Wiley & Sons, 1967




This chapter describes some of the functions which are
performed by auxiliary equipment. The topics covered in-
clude pneumatic control systems, jounce control devices,
rebound control devices, roll control systems, and air supply
systems. A resourceful designer will find a vast range of
auxiliary equipment available which can be combined to
perform specific unigue functions required by a particular
application.

i 1. Pneumatic Control Systems

Y The discussion in this section is limited to commonly used
b pneumatic control systems. Many other functions can be
 performed by pneumatic control devices. The scope of this
| section is also limited to the application of these systems to
vehicles.

A. Height Control Systems

Height control systems are commonly used to automati-
€. Ny control the dimension between the axle and the frame

\‘of a vehicle.

E: There are two types of valves generally used: one which
incorporates a mechanical time delay and another which
does not. The unit which incorporates a time delay of
3.20 seconds has proved to be considerably more durable.
With the time delay type valve, the suspension system oper-
ates effectively as a closed system—except during an event
causing height variations which lasts longer than the time
delay period. Such events may include long curves, adding
or removing load, or stopping on uneven terrain. The use of
height control valves with mechanical time delay decreases
the number of times the mechanism in the valve is actuated
and thus the wear on the valve and the amount of gas
expended from the vehicle supply.

There are two common ways of piping vehicle height
control systems. One method is to mount one height control
valve on each side of the vehicle. Here, all the pneumatic
springs on each side of the vehicle are connected together
and are controlled by the valve on that side of the vehicle.
However, the height control valve must be located so that it
can effectively control the vehicle height at all axles in the
system. Otherwise, more height contro} vaives will be re-

uses only one valve and all the pneumatic springs on the
. vehicle are connected together. The single-valve system
F \_dlows gas to be transferred from the pneumatic spring on
one side of the vehicle to the pneurnatic springs on the other
side of the vehicle with roll. This air transfer may be a

quired for separate systems. Another method of connection -
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disadvantage. With the single-valve system, the roll rate of
the vehicle is very dependent upon components of the sus-
pension other than the pneumatic springs. With the two-
valve system, side-to-side pressure differences help provide

roll stability.

One of the important benefits of pneumatic suspensions is
realized by connecting all of the pneumatic springs on a
given side of a multiaxle vehicle together. Such intercon-
necting provides excellent equalization of load from axle to
axle under static conditions when all axles use the same
configuration suspensions. If the suspensions are of differ-
ent design, or they are on a tractor and semitrailer combina-
tion more than two valves are probably required. The accu-
racy of equalization obtained with pneumatic spring type
units is very difficult to obtain with other types of suspen-
sions. With this type of plumbing,-another benefit of pneu-
matic suspensions is realized under dynamic conditions.
Under dynamic conditions, each axle is in effect independ-
ently suspended. The axles act independently because the
inter-connecting gas lines are generally small and the time
duration of the dynamic input is short, which does not allow
gas transfer and equalization to occur as in the static condi-
tion,

When a vehicle is completely pneumatically suspended,
one of the axies—usually the steering axle—must have a
single height control valve system. If four valves are used,
terrain or structural variations will cause three of the pneu-
matic springs to support the vehicle. Such a condition will
resuit in one of the pneumatic springs being deflated much
of the time. Four valve systems are not recommended.
There are, however, exceptions for some uriusual cases.

Another system which,is not recommended, but which is
often tried, uses a height control valve connected to a me-
chanical suspension to control the load on an added nondriv-
ing axle on a truck or tractor. Because of the manner in
which corrosion, temperature, and overloading affect me-
chanical spring suspensions, this system is seldom, if ever,
successful.

Automatic height control systems are the most commonly
applied types. These systems are reliable and, if a clean, dry
gas supply is used, troublefree.

B. Manual Pressure Control Systems

With manual pressure controf systems, the load on a
particular axle is controlled. The effective area of the pneu-
matic spring, multiplied by the gas pressure applied to that
spring, is proportional to the load on the axle. Pressure
control systems are used where the pneumatic suspensions



are used in conjunction with other types of suspensions. The
load on an added non-driving axle on tractors or trucks is
usually controlled by a pressure-type control system.
Specificaily, the most common system used to control the
load on the nondriving added axle of a tractor is an operator-
controlled, cab-mounted pressure regulator. The driver sets
the pressure regulator to a pressure as indicated on a gauge
in the cab of the vehicie to obtain the desired axle loading.
This controi system accommodates frame height variations
caused by deflection of the associated mechanical spring
suspension unit. In plumbing this sysiem, both pneumatic
springs are connected together and their pressure is con-
trolied by the same regulator. This interconnection of pncu-
matic springs is not a major disadvantage in this type of
application, since the roll stability requirement for the vehi-
cle is substantially determined by the mechanical suspen-
sions used in conjunction with the preumatic suspension.

Another system incorporates two or more preset regula-
tors which are selected by a multiposition switch. This sys-
tem is very useful when the loads carried are predetermined
and repeated. A variation of this circuit incorporates a regu-
lator which proportions load from one side of the vehicle to
the other. This system is used, for example, on cement
mixers. One side of the vehicle is more heavily loaded than
the other when the barrel is rotating.

C. Pueumatic Switch (On/Off) Type Control Systems

Pneumatic on/off switches have many uses with pneu-
matic suspensions. The most common application is in the
lifting of one axie of a vehicle. The switch is used to control
the axle lift—that is, adding gas to the pneumatic lift spring
and exhausting gas from the suspension pneumatic springs.
Another use is raising and lowering the vehicle to provide a
desired height. One switch on each side of the vehicle can
be used to roll the vehicle from side to side, Switches con-
trolling the gas pressure in the front and rear pneumatic
springs of a vehicle will permit tipping the vehicle toward
the front or rear. On/off switches can be operated by other
than mechanical means. Pneumatically or electrically actu-
ated switches are used in many of the systems described.

D. Load Measurement Systems

Load measurement is easily accomplished with pneu-
matic suspension systems. Some of the considerations in
their use will be described here. Rolling sleeve springs pro-
vide a more constant effective arca over a greater range of
design heights than do convolution springs. Scaling systems
are, therefore, usually more accurate when used with rolling
sleeve springs. The unsprung mass of a suspension and axle
must be considered in load-measuring systems, This is usu-
ally-done by calibrating the load-measuring system on a
legal weight scale after installation. Other variables, which
may affect the accuracy of the scaling device, are suspen-
sion geometry and pinion angle variations,
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There are three basic types of load-measuring systems.
One system incorporates simply a pressure gauge attached
to the pneumatic spring on each side of the vehicle, To reagd
this system the operator must read each of the gauges, mul-
tiply by the appropriate factor for the suspension involved,
and add that reading to a similar measurement from the
opposite side of the vehicle. Through these calculations, the
operator can obtain the load on the unit.

A refined system incorporates a valve with two reser-
voirs. This system samples the gas pressure from each side
of the vehicle, averages the two pressures together, and
displays the results on a gauge calibrated to read load. Once
calibeated, this type of system is operated merely by pushing
a button which actuates the valve,

A third system which has been used, but which is not
recommended, incorporates valves which when actuated
connect ali of the pneumatic springs on the vehicle together.
When the pressure equalizes, it is read and multipled by the
appropriate factor for the suspensions involved. This system
is not recommended because of the amount of gas wasted
and the amount of time necessary to atlow the spring pres-
sures to equalize. = |

The use of scaling devices with pneumatic suspensions
aliows the operator to load the maximum amount of cargo
without incurring the risk of overload during a drive from
the loading site to a scale.

E. Modulated Brake Systems

Valves are available which allow proportioning of brak-
ing effort to load on pneumatically suspended axles. The
proportioning is accomplished by modulating the gas pres-
sure available to the braking system. The modulation is
controlled by the pressure in the pneumatic suspension sys-
tem which is proportional to the load on that system. Such
systems are not in common use.

F. Automated Multifunction Control Systems

Automatic pneumatic controls can be incorporated to pre-
vent the sudden rise of the rear of a tractor when it is being
disconnected from a loaded trailer, These same systems
usually prevent the pneumatic spring from folding in by
maintaining equal pressure in all of the pneumatic springs
when the vehicle is operated in a light condition. Actuation
of the axle lift on trailer units or on the nondriving axle of
a pneumatically suspended dead axle drive axle tandem can
be accomplished automatically, as can load propottioning
from axle to axle {which is desirable on certain vehicle
combinations). The dumping of gas from the system auto-
matically under certain conditions of vehicle usage is an-
other system which can be incorporated. Many of these
systems are triggered by a signal received when the trailer
gas supply hose is disconnected or when the fifth-wheel
latch is actuated.




Preventing the sudden rise of the rear of the tractor when
it is being disconnected from a loaded trailer is accom-
. ied by discharging the gas pressure in the system re-
ﬁ‘ﬁfred to support the loaded trailer through a quick release
type valve. After the high pressure-required to support the
loaded trailer is discharged, a regulated low-pressure circuit
is actuated. This circuit provides a regulated pressure
through the height control valves only high enough to allow
suspension of the vehicle by the pneumatic springs once the
unit is disconnected from the loaded trailer. This low-
pressure circuit prevents resupply of the pneumatic springs
with the high pressure required to support the loaded trailer
and, thus, the jumping which occurs without such a system.

On units with a height contro! valve on each side of the
vehicle, it is often extremely difficult to maintain proper
pneumatic spring inflation when the vehicle is not loaded.
By switching automatically to a single valve system when
the vehicle is unloaded, the problems associated with unin-
flated pneumatic springs are avoided.

One of the most sophisticated automatic systems cur-
rently available is used on a tractor having a pneumatically
suspended nondriving added axle and a drive axle on pneu-
matic suspensions. The nondriving axle remains in a re-
tracted position until the load on the drive axle reaches a
predetermined load level. The nondriving axle is automati-
cally lowered at the preset load level and any additional load
above the preset levei is applied to the non-powered axle.
¥ 2 the load on both axles reaches a second preset level,
oy additional load.is applied equally to each axle of the
tandern. As load is removed from the vehicle, the load on
ihe nondriving axie decreases first. When the load on the
combiration of the nondriving and driving axle decreases to
a predetermined amount which can be supported on the
driving axle, the nondriving axle is automatically lifted.
This system is completely automatic and requires no opera-
tor control.

A manualty operated overriding system is often provided
on units with automatic pneumatic control systems to allow
a Joad to be transferred from a nondriving to a driving axle.
Load transfer can be used to provide increased tractive effort
when needed. Most traction contro} systems automatically
revert to the original loading proportions when the operator
releases the actuating control.

2. Compression Control Devices

The low spring rates obtained with pnevmatic springs
may permit very large amounts of axle travel without the
buildup of sufficient force to prevent the axle from reaching

. its limit of travel, To avoid the abrupt “bottoming out” at the

- end of jounce travel, pneumatic springs often contain com-

pression bumpers. Separate external stops are also some-

. times used. Internal stops are usually made of rubber with
ored compression rate featuring a soft entry and rapid

 bitildup in load capacity. These compression bumpers are

customarily sized to carry a load exceeding the pneumatic

spring capacity without damage to the bumper. More rigid

external stops are often positioned so that their effect is
utilized only after some compression of the internal stop has
occurred, External stops contacting the axle directly are
used 1o prevent excessive loads on the suspension systems.
The internal stops, in the event of loss of pressure in this
suspension system, allow the vehicle to be driven to a serv-
ice area without damage to the pneumatic springs or other
components.

3. Extension Control Devices

A pneumatic spring is usually intended to carry a load in
only a compressive direction and may be damaged by ex-
tending it beyond its normal fully extended position. Be-
cause of this characteristic, some means of controlling the
motion of the axle in the rebound mode is required. The
amount of axle travel in the rebound mode must be con-
trolled by some component of the suspension other than the
pneurnatic spring. This function is most often accomplished
by the use of hydraulic shock absorbers. Other mechanical
linkages such as chains, cables, or links are also used.

4. Roll Control Systems_ -

The low spring rates inherent with pneumatic springs,
combined with a narrow spring base of trucks and buses
with dual tires, impose the requirement for control of vehi-
cle rolt on corners and crowned roadways on some auxiliary

~ device or system. Three types of systems can be used.

4.3

A. Roll control can be provided by mechanical, antirol!

stabilizing linkages which are independent or which are
integral parts of the major suspension system. In automotive
systems, this is usually accomplished by an auxiliary bar
loaded iorsionaily. On large highway truck, tractor, and
trailer applications, this function is performed as an integral
part of the mechanical characteristics of the suspension sys-
tem.
B. A hydraulic system incorporating two double-acting
cylinders with interconnecting lines between the top of a
cylinder on one side and the bottom of a cylinder on the
opposite side, with their stems connected to the suspension
or axle, can be used to prevent or control roll.

C. A third method would be to control the gas pressure
in each of the springs with a pneumatic control system with
response fast enough to react to roll mode inputs. This, in
effect, would be a very fast-acting height control valve
system. It would have to be much faster than currently used
systems.

5. Gas Supply Systems
Engine-operated piston-type compressors are the princi-

pal method of obtaining compressed gas for use in vehicle
poeumatic suspension systems. For vehicles which do not




have engine driven gas compressors available, electrically
operated 12V gas compressors are available. Reliable units
providing pressures of 620 kPa (or greater) similar to that
provided by engine-driven compressor units are available.

These units will supply sufficient gas to accommodate most.

preumatic suspension systems. Vacuum-powered units are
also available. These units generally supply gas only at very
low pressures and in small quantities.

432

Vehicle pneumatic suspension systems, like all auxiliary
pneumatic systems, are required by law to be isolated from
the brake system. The isolation is usually accomplished by
a valve called a brake protection valve which maintains a
preset gaunge pressure, usually 450 kPa, in the brake system.
The brake protection valve is installed at the connection of
the suspension system to the main supply system.
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Chapter 7
Physical Application Considerations

Inasmuch as the inherently versatile use of preumatic
springs in suspension leads the designer o try new and
different approaches in his designs, it is felt that tips as to
what is known to work best with regard to the pneumatic
springs themselves shouid be made available. Some of the
things which are kinown to affect the life of the pneumatic
springs adversely are also presented.

The basic .concept in all the desirable mounting ge-
ometries is to minimize the peak cord or bond stresses.
Also, pinching and rubbing reduce spring life and should be
avoided.

1. Desirable Pneumatic Spring Mounting Ge-
ometries

Suspension basic style and geometry are not considered
here.

A. Reversible Sleeve and Reversible Diaphifagm Types

Figs. 7.1 and 7.2 show that the piston in a fully com-
pressed position has the same centerline as the upper mount-
ing plate. Lo

A line drawa ihrough the pivot point and perpendicular to
the piston centerline cuts the piston between one quarter and
one half the way down from the top of the piston. The range
of positions is shown in Fig. 7.3.

A workable relationship between the spring top mounting
plate and the piston should be such that when the spring is
in the fully compressed position the top of the piston is at
approximately 25% of the maximum horizontal displace-
ment, ag shown in Fig.-7.3.: Also, the maximum horizontal
displacement away from the arm pivot should be less than
the maximum displacement toward the arm pivot.

B. Convoluted Types

For maximum compression stroke have mounting plates

parallel in fully compressed position, as shown in Fig. 7.4.
" Be sure that a line drawn through the pivot point and perpen-

dicular to the pneumatic spring assembly centerline also
divides the pneumatic spring in half.

The mounting plates may be parallel in the design posi-
tion if adequate compression stroke can be obtained. But the
previous statement always applies.

The centerline of the bottom mounting plate and the top
mounting plate should coincide in the fully compressed po-
sition. :

C. Parallelogram Suspension Linkage

The centerline of the piston should move equal distances
fore and aft of the lop plate centerline when the piston is
moved through its full travel. The normal design position is
shown in Fig. 7.5,

D. Multi-Axie Pneumatic System

With a multi-axle arrangement, it is possible to connect
alt the springs on each side of the vehicle or trailer to a
common gas supply after it has been through the height
control valve (see Fig. 7.6). It is best to have at least 25.4
mm and preferably 32.0 mm diameter tubing connecting all
springs in such a system. The advantages are that as an
individual spring flexes all the other springs act as reser-
voirs, thus reducing the pressure change and the dynamic
spring rate of that spring. The somewhat increased pressure
in the other springs has only a mild effect on their spring rate
and the shock to the vehicle is damped, reduced, and dis-
tributed over a greater area. This arrangement does not
affect vehicle rotl stability. '

2. Undesirable Pneumatic Spring Mounting
Geomeiries

The examples mentioned in this section are extreme
cases. .
Pneumatic springs are capable of long operation with
much abuse, but poor operating geometries will result in
earlier failures than springs used with good geometries.
Rather small changes in operating geometries on long stroke
life tests can show 4-10 times life improvement with im- |
proved geometries. Field operations will probably not show
as dramatic life improvements because of fewer long strokes
in service, but certainly the trend toward improvement will
be there.

Avoid centerlines offset as is itlustrated in Fig. 7.7. The
rolling sleeve type is less sensitive to misalignment than the
conveluted type.

Fig. 7.8 shows piston centerlines improperly refated to
arm pivot. There will be increased wear at the upper mount-
ing plate and on the sleeve where it rolls on the piston, plus
the possibility of intermal rubbing.

The lower mounting designs shown in Fig. 7.9 are un-
stable and unnecessary if other proper design criteria are
employed.

Fig. 7.10 shows a pneumatic spring under low pressure
conditions which may cause it to buckle and fold when
compressed and may be damaged in the fully compressed
position. It will wear internally, causing reduced life.



Fig. 7.1—Raversible sleeve fully compressed

Fig. 7.2——Reversible sleeve relationship between pivot and spring
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Fig. 7.7—Pneumatic springs with offset centerlines

Fig. 7.9—Unstable mounting
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Fig. 7.10—Low pressure and internal chafing

Flg. 7.8—Incormect piston mounting angle
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Absolute Pressure
Absolute Temperature
Adiabatic Exponent

Amplitude of Forced Oscillation

-Arm Ratio

! Atmospheric Pressure

.\./

N

Auxiliary Volume

Axle Travel

Bumper Volume
Centerline

Circular Frequency
Damping Coefficient
Dynamic Spring Force
Effective Area

Effective Static l.)eﬂo;ction
Effective Viscous Damping Coefficient
Force

Gauge Pressure

Length

Polytropic Exponent
Spring Deflection

Spring Force

Spring Arm
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SI UNIT

kPa

K

mm

rad/s

N/m/s

mm

N/mv/s

Z

mm

SI Units and Symbols for Terms Used

SYMBOL
Pa

T



Spring Rate

Spring Volume

Natural Frequency of Sprung Mass
Total Volume

Velocity

Volume

Wheel Axle Arm

Wheel Force

Wheel Rate
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Appendix B
Glossary of Unique Terms Used in This Manual

Actual Sprung Mass Natural Frequency: The freely oscil-
lating frequency of the sprung mass with the selected sus-
pension design. The end result of the frequency calculations
after the suspension arm ratio is applied to the direct acting
sprung mass natural frequency.

Actual Wheel Rate: The end result of the spring rate calcu-
lations after the suspension arm ratio is applied to the spring
rate.

Amplitude of Forced Oscillation: The distance from the
spring static design length to either extremity of an oscilla-

tion.

Arm Ratio: The spring arm distance from the attachment to
the frame divided by the wheel axle arm distance from the
attachment to the frame. (aja,)

Auxiliary Volume: All volume added to the spring system

beyond that included in the basic spring at the selected .

spring static design Jength as shown on the static force-
length graph for that spring.

p

Axle Design Position: The location of the axle in its normal
static design location relative to the supported structure,

Axle Gross Mass Rating: The axle’s share of the vehicle’s
design rated capacity at the base of the tires.

Axle Sprung Mass: Axle gross mass less the axle unsprung
mass. :

Axle Travel: The distance the axle can mové away from the

static design position. It can be in the extension or compres-
sion direction, but must be labeled properly.

Axle Unsprung Mass: The mass of all the suspension and
running gear components not supported by the pheumatic

springs.

Bumper Volume: The space taken up inside the pneumatic
spring assembly by the selected bumper which reduces the
volume of the spring system by that amount.

Decay Trace: A line drawn on chart paper of amplitude
versus time for a test run on a laboratory setup equivalent to
the suspension design with suitable suspended mass. The
system is force cycled to a large amplitude and then uncou-
pled so that the oscillations die out naturally creating a
record of the nature of the decay.

Deflection: The amount of the increase or decrease in the
spring length from the spring static design lengih. 1t must be
properly labeled as extension or compression.

Design Conditions: The motionless {static), position or
condition, of the vehicle and all its components as stipulated
in the design,

Direct Acting Sprung Mass Natural Frequency: The re-
sult of the rate and frequency calculations incorporating data
recorded on the data record form (Appendix C) and values
selected from the spring force-length graph (Fig. 4.4). Itis
valid for the suspension design only if the arm ratio is 1.0.
It is a necessary step in obtaining the suspension rate and
frequency.

Effective Area: The effective area can be calculated for any
spring length by dividing the spring output force by the
gauge pressure al that length.

Effective Static Deflection: Obtained by extending a line
tangent to the dynamic load deflection curve at the selected
spring static design position (Figs. 2.1 and 4.2) down to the
zero force linz, and measuring the horizontal distance along
this line separating this intersection and the vertical line
defining the spring static design position.

Effective Viscous Damping Coefficient: A value found by
evaluating decay traces from laboratory tests run at the nat-
ural frequency of the spring mass system with a specified
volume configuration and a selected orifice size and loca-
tion. |

Flexible Member: '1'he° rﬁbber fabric member between the
top and bottom attachment points to other spring assembly
components.

Force-Length Curve: A line generated by plotting the force
generated throughout the full stroke of the spring while
maintaining a constant pressure.

Height: A vertical distance between two points.

Height Control Valve: A unit which controls the distance
between a selected location on the sprung mass and the axle
or other unsprung suspension component.
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Internal Bumper: A rubber unit normally used as an emer-
gency spring, but may also be designed for use as a cushion-
ing stop for extreme input forces to the pneumatic spring. It
can also be designed for use as a maximum spring compres-
sion displacement stop for springs used with an axle pickup
feature. '

Load: The vertical downward force of gravity imposed by
the mass above at the location being studied.

Maximum Spring Gas Pressure: The supply line pressure
supplied to the spring which is anticipated in the normal
operation of the vehicle. It is used to establish the Toad
supporting capability of the spring and suspension system.

Normal Design Position: The location and configuration
selected by the suspension designer for the suspension com-
ponents relationships to the sprung mass and the ground
with the vehicle at rest.

Normal Design Position Length: The spring length be-
tween the top and bottom mounting surfaces measured along
the spring centerline with the spring located in its normal
design position.

Orifice Area: The cross sectional area of an orifice opening
separating the basic spring volume from the remaining
spring system volume.

Pneumatic Spring Assembly: Any flexible member, nor-
maliy combined with rigid components, which when pres-
surized with a suitable gas will support a mass with re-
siliency when the unit is subjected to vibration and shock
inputs.

Radial Clearance: The minimum distance from the spring
wall to nearby vehicle components. This must allow for all
extreme pneumatic spring dynamic conditions.

Spring Arm: The perpendicular distance from the spring
centerline, or an extension of it, to the arm attachment to the
frame. (a,)

Spring Deflection: The compression or extension distance
occurring measured from the selected spring static design
length.

Spring Design Force: The spring force required to support
that location’s share of the vehicle gross axle mass rated
load.

Spring Design Length: The distance between top and bot-
tom mounting surfaces measured along the longitudinal cen-
terline when the spring is in its normal design position. This
length is selected after consideration of the spring operating
characteristics and the suspension design requirements.
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Spring Design Length Range: A spring length range desig-
nated on the force-length graph which produces the spring’s
best overall operating characteristics in normal operation,

Spring Desigir Length Volume: The volume indicated at
the intersection of the volume-length curve and the spring
static design length vertical line as shown on the spring
force-iength graph.

Spring Force: The force generated by the prewmatic spring
in the appropriate direction and which passes through the
center of the effective area so as to oppose the applied force
of the sprung mass. '

Spring Force-Length Graph: A graph which provides
static force at selected pressures and volume values. The
data generally covers any usable spring length. The infor-
mation is used in calculating vehicle rate and frequency
characteristics.

Spring Length: The distance between the top and bottom
mounting surfaces measured along the axial centerline of the

spring.

Spring Minimum Length: A spring length limit which if
shortened could seriously reduce the working life of the
unit. This is the shortest length shown on the force-length
chart and applies to any portion of the top and bottom
mounting surfaces of the unit. It is not necessarily the length
measured at the longitudinal center line of the spring.

Spring Rate: The difference in dynamic force resulting
from a spring + and — amplitude of 10 mm divided by 20 so
as to obtain an average rate in N/mm for this range.

Spring Rate Calculation Amplitude (usuvally + and —
10 mm): Used in the caiculation of the suspension system
characteristics and is instrumental in producing a typical
oscillating frequency'for the suspension design. * -

Spring Volume: The volume inside the flexible member
and connecting inside spaces in the top and bottom attached
components.

Spring Wall: The rubber fabric member between the upper
and lower attachment points to other components.

Sprung Mass: All the vehicle mass which is supported by
the suspension system.

Stroke: The total distance the spring length changes starting
at one extremity of an oscillation to the opposite extremity
of the oscillation.

Volume-Length Curve: A line generated by plotting the
spring volume (without reservoir or bumper) generated
throughout the full stroke of the spring.
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Wheel Force: The force acting at the wheel contact point
and the ground resulting from the suspended mass acting
through the various suspension system components.

. Wheel-Axle Arm: The horizontal distance from a vertical
¢ line drawn through the axle centerline to the arm attachment
~— -} 1o the frame. (a,}
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Appendix C

_ Data Record Form for Pneumatic Spring
Applications

1. Gross axle mass rating (GAMR) . ... it - kg
2. AXIE UNSPIUNG IMASS . .+ o vvvenrntnanenenaanansuae s conatranitesereaeter ety S
3. Axle sprung mass (both sides) ........o.eoiioiaenns U - kg
4. Axle sprung mass (at either side) ... ... ..ottt —_ kg
5. Axle static support force per vehicle side {(mass (Kg) X 9.806650) ...............covennnn -— N
6. Desired natural frequency Of SPIURE MIASS ... vvvvvecevnansesrasararoraseorsoenens -  Hz
7. Maximum SPrig S PRESSUTE ... ...\ oureenuneeunstnns e st kPa
8. SPTING AN {A) « ..« vvneennaes e e aanar et ettt ‘_.___.____.,_ mm
0. Wheel aX1e AFM () .+ o v evvvevrorreaansoneronenrarinsse s tisosinas e mimn
10. Arm ratio (a/a,) ....... .I .......................................................
Y/ Spring design length selected from a suitable ‘
i force-length graph ......... oo J R mm
' 12. Maximuin axle compression travel required .. ... ... i mm
13. Resulting change in spring length from spring compression
deflection = axle compression travel X (ag/a,) ........ U - mm
14. Minimum spring length along centerling Tesulting . . .....c.vvnieneirinr i R 1)1}
IS Maximum axle extension travel required ......... PUU EERRES e - mm
: 16. Resulting change in spring length from spring extension .
deflection = axle extension travel X €2/, - vt eie i ——  mm
. 17. Maximum spring length along centerline resulting ...........coooioiiiiieniiinien —_ e mm
§  18. Total change in spring length from full axle compression ‘
£ and eXtEnSION (EAVEL . o ..oty trren e ten e e —— . mm
19. Smallest radial clearance limitation from spring centerline ............covvniininn - mm
20. Spring design force required = (axle static support force
per vehicle Side) / (B8} .. veene e i i — |

\_n internal compression bumper is required and its operation is vital to the suspension performance, fill in the blanks in Items
21—23 and consuit a pneumatic spring manufacturer for their information so that a suitable bumper can be provided. A
bumper which can endure two times the spring design force may be recommended for satisfactory service.
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21.

22,

23,

Axle compression travel before bumper contact ........................ . ... . ... - mm

Spring compression deflection to bumper contact =
axle compression travel before bumper contact X (aya,,)

............................... mr
Minimum force bumper should provide . ..................... ... ... .. ... N
at a bumper compression distance of ................ ... ... ... .. min
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Appendix D

_ Rate and Frequency Calculation Form for
Pneumatic Spring Applications

Pacumatic Spring Selected: Spring Design Length ___ mm
Sprung Mass to Be Supported at Either Side kg
Spring Force at Design Position required F (for a/a,, = ) N
Spring
Spring Data and Calculations . +10 mm Design — 10 mm
- Length
Spring Length: mm mm mm
Volume Data:
Spring Volume v, L L L
Auxiliary Volume +V, L L L
Bumper Volume -V, L L L
Total Volume =V, L L L
Effective Area Data:
o F, (N) x 10° ) .
Effective Area A, = —5—5—— mm mm? mm?
P, (kPa) _— — —_—
Spring Dynamic Pressure Data:
Gauge Pressure . P, = Spring Force (N) X 10° kPa
. A, (mm)? E—
at Design Length €
\__ 1 Atmospheric Pressure ‘ Pi kPa
= Absolute Pressure P, __kPa
Dynamic Press. = v, 1.38
Absolute Press. P [m] kPa _ kPa
@ +/— 10 mm -
— Atmospheric Pressure = Pym kPa kPa
Dynamic Gauge Pressure , = Py kPa kPa
@ +/— 10 mm |
Spring Dynamic Force Data:
Dynamic Force = A, X 1073 X P, = 10mm N N
@ +/— 10 mm
Spring Dynamic Rate:
) (F3 — 10mm) - (Fy4 + 10mm)
Dynamic Rate R, = 20 N/mm
Direct Acting System Frequency: *
_ Spring Rate
Frequency 1) 15.76088 \f Spring Force __He
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Calculated Dynamic Data for Suspension with

Arm Ratio = aJa,,
Wheel Force F. =F, (a/a,} N
Wheel Rate R, =R, (a/a,)? N/mm
Actual Spring Mass _ . | ——
Natural Frequency  Viada.) Hz
1 \/ g (m/s)
* ——
from 2m X Force (NYRate (N/mm)
2 3
= 0.15915494 x 9.806650 (m/5%) X 10° X Rate (N/m)
. Force (N) . .
= Rate g
= 0.15915494 x 99.02853] x (H,)
_ Force
- Rate !
= 15.76088 x Force (H) _ .
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Chapter 1
- Introduction

Coned disk springs, also known as Belleville Springs,
have a long history. In 1835, one Timothy Hackworth, in
England, received acknowledgment for an application in a
safety valve. A Frenchman, Julian F. Belleville, secured a
British patent in the 1860"s for a particular application. At
that time, these springs were mainly used in the buffer parts
of railway rolling stock and for recoil mechanisms of guns,
eic. .

Whenever space is limited, particularly in the presence of
high forces, the use of coned disk springs will be of advan-
tage. Linear, regressive, and even progressive load-
deflection characteristics can be obtained by varying the
basic dimensions or by stacking. A large number of standard
off-the-shelf sizes is available, so that custom sizes may not
be required.

For these reasons, coned disk springs are used today in
virtually all branches of engineering with new applications
surfacing al} the time.

AN

5.1



Chapter 2
Definition and Representation

1. Definition

Disk springs have the shape of conical washers (shells of
truncated cones), with normally rectangular cross sections.
Their geometry is defined by the outside diameter De, the
inside diameter Di, the thickness t, and the overall height L,
usually written in the form De X Di X T, L =... mm. A
disk spring with De = 50 mm, Di = 25.4 mm, T = 3 mm,
and L = 3.6 mm for example can, therefore, be designated
as Disk Spring 50 X 25.4 X 3, L = 3.6 mm. For further
description, material, surface finish, etc., have to be added.
The overall height L is taken as T + H, that is, thick-
ness + dish height. A mathematically more correct relation-
ship is L=H+ T cos o. In almost all cases it can be
approximated cos a = 1, because the cone angle e is rather
small, therefore, L = H + T is of sufficient accuracy.

2. Representation
Fig. 2.1 shows a single disk spring with standard dimen-

sio:;fng. Fig. 2.2 shows a stack and the corresponding load-
deflection diagram {characteristic).

§ :
i i
S S
F H F L
1
Fig. 2.1—Disk spring cross section
e L
L, -
Force F L

F|
F2

S S 8, deflection

Fig. 2.2—Load-deflection diagram {characteristic) of a disk spring stack
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Chapter 3
Nomenclature, Units

C = Spring Rate, N/mm (Newton/millimeter)
p = Diameter; mm
(Indices indicate different locations)
E = Modulus of Elasticity: MPa(=N/mm?)
F = Load, Force; N (Newton)
(Indices indicate specific applications).
H = Dish (Free) Height; mm
HRC = Hardness, Rockwell C-scale
i = Number of Disk Springs in Series
: K = Constant
(Indices indicate specific variations)
L = Qverall Height of Disk Spring; mm
(Indices indicate specific cases)
] = Number of Load Cycles
n = Number of Disk Springs in Parallel
R = Diameter Ratio (D/Dy)
s = Deflections; mm
(Indices indicate specific applications)
T = Material Thickness; mm
W, W,= Wi(ith of Tongues
(Indices indicate locations)
W = Energy Storage Capacity; N-min
YA = Number of Tongues
o = Cone Angle of Unloaded Disk Spring
o = Stress; MPa (N/mm?)
(Indices indicate locations or applications)
. = Poisson’s Number (u. = 0.3 for most spring ma-
terials)
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1. Theory and Limitations

Several metkods of calculaling forces and stresses for
given dimensions exist, some extremely complicated, others
of lirited accuracy, .

‘The theory almost universally used today is the “Elastic
Coned Disk”—method based on Almen and Laszlo (Ref. 2,
3.

Major assumptions of this theory are:

() Small initial cone angle (Fig. 4.1), so that the usual
mathematical simplifications for small angles apply.

thaor.
Fig. 4.1=Theoretical cross section of a disk spring

(b) Rectangular cross-section without radii, over the
whole range of deflection.

(¢) No stresses in radial direction.

(d) Load application “inside” edges (Fig. 4.1).

(e) Fully elastic behaviour of the material during deflec-
tion.

These assumptions resuit in a “center of rotation,” point
Q' in Fig. 4.1. Its location is defined as:

De'—Di

~ n(D/D) M

D,

The theory gives good results for disk springs with com-
mon proportions (D/D; = 1.3 to 2.5, /T up to 1.5), com-

- pare Chapter 7, Section 3. The most noticeable deviations

are;

(1) Measured loads at the beginning of the stroke are
usually smaller than calculated. This may be due to some
minor distortions from heat-treatment etc. Calculated loads
in the first half of the deflection should be taken as a guide

’ ~_only and not toleranced closely. Loads at deflections of

more than 80 to 85% of full deflection will be higher than

Chépter 4
Calculation and Formulae, Single Disk

calculated due to a bottom-out effect, see Fig. 4.2.

8000
Force F /

57

N {b}
LY

/ -

i

4000 y

7
/
/7
2000 —
‘/‘/l
Y/
(a} | 25% 50% 75% 100%
¢ 02 04 06 98 10 12 1.4mm
Deflection $,mm

Fig. 4.2—Calcuiated (¢} and measured charactenistic of a disk spring
50 x 25.4 X 2 mm. )

(@) ‘Flat' position at beginning of deflection

{b) ‘Bottom-out’ effect

(2) Most disk springs have to be preset in order to avoid
setting under working loads. A complicated state of residual
stresses results from this presetting. These residual stresses
are generalty of the opposite direction when compared to the
calculated stresses under deflection. The stress equations in
Section 4B, therefore, result in stress differentials only, the
“true” stress is the calculated stress minus the residual stress
at a given point. Because the magnitude of the residual
stresses is generally not known, a correction for the “true”
stréss is not possible. The presence of residual stresses ex-
plains the seemingly very high allowable stresses (Chapter
.

Springs made from pre-hardened strip do not always con-
form closely to the theory for reasons not yet satisfactority
explained,

2. Single Disk, Usual Force Application

The equations in this chapter are valid for forces (loads)
applied at points A and C, Fig. 4.1.



TABLE 4.1—VALUES FOR CONSTANTS Ky, Ko, Ks.

{These are rounded figures and should not be used for very accurate calculatlons}

R 1.4 1.6 1.8 2.0 2.2 2.4 26 28 3.0 32 34 36 3.8 4.0
Ky 0.46 0.57 0.65 0.69 0.73 0.75 0.77 0.78 0.79 0.79 0.80 0.80 0.80 0.80
Kz 107 | 112 { 197 | 122 | 126 | 131 | 135 [ 139 | 143 | 146 | 150 | 154 | 1.57 | 160
Ks 1.14 1.22 1.30 1.38 1.45 1.53 1.60 1.67 1.74 1.81 1.87 1.94 2.00 2.0
A. Force—Deflection D. Energy Storage Capacity
. 3 § 2E TS S\ H_ S\?
p=4E ST, [1 ﬂ—i)] (a) w=f F-ds = —(—) [1+(———)] @)
| —p? K, D,? T 2T 1—u? KgD2 \T T 2T

K, is a constant based on the diameter ratio R = D/D;,
see Section E.

The above equation simplifies for S = H, that is, spring
at flat position to,
H-T

AE HT

F=F
1-p? KyD?

H= (2b)

B. Stress—Deflection

Stresses are calcolated in circumferential {(tangential) di-
rection. Each *point’ of the cross-section is under a different
stress. Of practical importance are only the stresses at points
0, A, B, C (Fig. 4.1).

3 4E TS
= i s —- 3
7w 1-u? K;D2 4
__4 TS H_S

el i A )| B

4E TS H_ S

BT 14;,-[:@-[}(3_'](2 (T 2T)] ©
.o E
C l_l-lz
TS H S
TS g K, - K(———-)]s
K|°R-D,2[ 3t QK —K) (T3] ©

K,, K;, K3 are corstants based on the diameter ratio
R = D/D;, see Section E.

Negative results indicate compressive stresses; positive
results indicate tensile stresses.
C. Spring Rate

The spring rate at any deflection S is given by:

., dF 4B T [/M\?* _H S 3/S\*
=St T -3=-2+(z} +
€% 1-p? K,Df[(T) T'T 2(T) l] @

Due to the non-linear nature of the spring characteristic,
. the rate C is not constant over the deflection range.

If the energy storage capacity between two deflections S,
and S, is wanted, use equation (8) for S, and S, individu-
ally. The difference W, — W, is the desired resuit.

E. Constants K], Kz, K3

With R = D/D,, these constants are:

f_ 6 TR-1?

'_'rr-InR[ R2 } ©a)
or
R—1)?
K, =1 -

' “w R+1_ 2 %)

R—-1 InR
Either K,’ or K,” can be used, that is, K, = K,’ = K,".

The results are the same for all practical purposes (Ref. 2).

Further,
__6 (R-1_
Kz_'n-'lnR(lnR ') (10
and
e —_06 . Rl .
Ki=7mR 2 lnR (R=1) an

For some values, see Table 4:1

F. Load Acting Inside Edges

If disk springs are loaded inside the edges (Fig. 4.3),
equation (2a) and (2b} can still be used. With the force F and
deflection S from the usual loading at the edges, (Section 2),
F_ and S; can be calculated as:

(D, - D)

D - D (122)

FL-_-F.

and

(D, — Dyy)

@~ D) (120

SL=S'
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H. Initially Flat Disk Spring

The initially flat disk spring of constant thickness (Fig.
4.5) is of little practical interest, mainly because of the need

it for special loading supports. :
Equations (2a), {3) to (6) with H =0 can be used for

calculations.

Fig. 4.3—Disk spring loaded inside the edges 77

It is apparent that such an arrangement will provide higher X
forces and smaller deflections when compared to a standard
loading condition.

Similar reasoning can be applied when springs have very 1
large radii or contact bearing flats (Section G). |

G. Contact Bearing Flats

Frequently, larger size disk springs are provided with
bearing flats. Often such springs are made interchangeable
with springs of regular, rectangular cross-sections. In this
case, the free height L has to remain unchanged. In order to
match the loads as closely as possible, the thickness has to
: be reduced to T’, Fig. 4.4. As a result, the cone angles will
\__~- Change shghtly, with a; > oy, Fig. 4.4, N

D P |

Fig. 4.5—Cross section of an initially flat disk spring

‘ D, —»

L=
| TF T
I

Al

—1

DLO
.- F . . FL
‘g, 4.4—Disk spring cross section, regular (left), with bearing fats (right) a )

B. Widih of flats

* A spring with flats can be calculated by using equations

(2a), (3) to (6), substituting T' for T and H’ for H. H' is the
disk height before the flats are machined. A common flat
width of B = D150, H’ can be calculated as:

H=L-09T (13)

In addition, loads and deflections should be cormrected
with equations (12a) and (12b), Section F, because the loads
will be acting inside the edges by the size of the flat width
B. R

The results of such calculations, particularly the stresses,
should be taken as a guide only.

E For standardized sizes with flats, see manufacturers’ cat-
alogs (Ref. 4, 5, 6).

59




Chapter 5
Single Disk, Load-Deflection Diagrams

Disk springs are non-linear. The ratio H/T determines the
actual shape of the load-deflection diagram (Fig. 5.1). As
can be seen, disk springs with H/T - ratios smaller than 0.6
are practically linear over a wide deflection range. The
diameter ratio R = D./D; has no influence on the shape of
the curves.

Fig. 5.1 shows, in a non-dimensional representation,
these curves up to 100% deflection (S/H = 1), that is, up to
the flat, bottomed out state. Loading beyond flat is possible
with specifically shaped supports. The characteristics for
these large deflections wiil be point-symmetrical with re-
spect to the flat-load point, as long as the spring works
within an acceptable stress range.

[ Force FIF,
1.6
1.4 S
'\\_/ .
1.2 -
' L
/
/ R \Y
/ P il .
- e
'/ //;/ -4
{14
1.8 /l: z/,/%/
/ //’1.0’7/ G
//(/.B//‘
N5
%
/]

0.4 0.6 0.8 10 1.2
Delflection S/H

Fig. 5.1—Calculated characteristics (nondimensional) for disk springs
with different ratios H/T. (Compare also Fig. 4.2)
(Fy: load at flat position)
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Chapter 6

Design Considerations

":.'\._/
1. Combination of Single Disks (Stacking) ) oL | L,
H
Disk springs can be stacked in different configurations. #@tz E& g
This may increase the load, the deflection, or both: | single disk 2inseries 4 in seties
F
parallel Stacking: This will increase the load proportional " /__,_-—-*—
to the number of springs in parallel, Fig. Force /
6.1. The deflection will remain un- /
changed. o :
(Friction between disks in parallel is H 2H DefiHction 4H
treated in Section 6.5.) i . . )
R . Fig. 6.2—Series stacking of disk springs.
Fiota = 0°F (n: number of springs in par- 9 {Fy: load at flat, single ;pnsk)
altel)
Sml =8
=L+ (n = 1) T unloaded height of
;;Ia"el Sl;Ck ) g . qu] =nF total Force
Parallel-Series g, = i-§ total deflection
oF Combination: '~ i [L + (n — 1) T) unloaded height
H 2F, -
b
Force E Force V
{© —b P
3F, < ! F, a
4 in parallel (c) /
£ L° -
; oF b H 2H 3H 4H
H 2 in parallel (b) Deflection _
{b} ‘ L, Fig. 6.3—ParalleVseries stacking of disk springs
(Fu: Load at fat, single disk)
VZzLi—-% (ﬂ} Slngle disk (I'l =1} .
Fu *f srgedsk@ | &) T e pavsel (122
@) ' Another combination is shown in Fig. 6.4, resulting in a
progressive characteristic. Fig. 6.5 shows a preassembled
. . H . . stack with n =3, i =25.
Deflection . '
4F,
Force d
Fig. 6.1—Paralle! stacking of disk springs.
(Fy; load at fiat, single disk) 3F,
Series Stacking: ' Disk springs in series will result in in- / % / 1 L, i
creased deflection, proportional to the 2y o 1 d
number of disks, Fig. 6.2. // b ! L
Fm =F FH 2z
Sioea = i°S (i: number of disks in series) a
L, = i-L unloaded height of stack in se-
ries H  2H 3H 4H

Deilection
Fig. 6.4—Stacking for progressive characteristic

{Fy: Toad at fiat, single disk)
(a) Single diskn=1
b n=2
{cy n=3
{d n=4
(e} combination
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Fig. 6.5—Preassembled disk spring stack
n=31i=25

For more examples of stacking, see Ref, 4,
 Springs with ratios H/T > {.4 show a force maximum
before flat, If such springs are combined in stacks, individ-
ual disks may snap through’, even before the nominal force
maximum is reached, due to tolerance variations of individ-
ual disks, For this reason, practically all standard sizes are
limited to H/T < 1.3.

Not all disk springs can be flattened out without set be-
cause of stress limitations.

2. Stack Length

Long stacks may show uneven deflection of the individ-
ual disks under load. This effect is more noticeable when
‘disks with a relatively large vatio H/T are used. Typically,
the disks close to the moving end will show higher than
proportional deflection (with fatigue life consequences,
Chapter 7, Section 2), and disks at the non-moving end may
appear to undergo very little or no deflection, see Section 4.
This is caused mainly by friction between the disks and the
guide element (see also Sectiens 3 and 4). As a rule, the total
length of a stack should not exceed 2 to 3 times its outside
diameter.

Long stacks also tend to “buckle” under load. Guides
prevent large sideways movements, but resulting forces per-
pendicular to the direction of the load may cause additional
frictional hysteresis (Section 6). Flat washers can be used to
break up a long stack. Such washers should operate with
very low guide clearance and have to be thick enough to
prevent cocking.

3. Guiding and Clearances, Lubrication

Disk spring stacks require guides, either on the inside or
on the outside.

The diametrical clearance between springs and guides
should be about 1% of the respective diameter, possibly as
low as 0.5% for springs with very low H/T - raios. Springs
with standard rectangular cross-sections (Fig. 1.1) and small
radii will not change their diameters perceptibly when
loaded. The inside diametér may even get larger and the
outside diameter smaller uader load, unless spririgs with
very high H/T ratios are considered.

Very smali clearances are desirable when springs are as-
sembled on rotating shafts in order to minimize imbalances.
Smali clearances will also facilitate alignment (Section 4).

The guides and the end thrust faces should be smooth and
harder than the springs, for example, 55 HRC or more. This
is particularly important for repetitive loading. For static or
quasistatic loading (Chapter 7, Section 1), hardening of
guides may not be necessary.

Practical considerations also determine if the outside or
the inside diameter of the first and last spring in a stack
should contact the supporting face.

Lubrication should be provided for repetitively loaded
stacks, both between individual springs in parallel and be-
tween springs and guides. Extreme pressure, anti-seize lu-
bricants are used for this purpose,

4. Alignment

The alignment of springs or spring stacks with respect to
the guide should be as perfect as possible. Insufficient align-
ment may be the cause of uneven deflection (Section 2) or
increased frictional hysteresis {Section 6). If assembled and
preloaded stacks are accessible, alignment may be possible
with a straight edge or by the use of a rubber mallet. If a
stack is not accessible, onetime loading to flat will improve
alignment: o o

5. Loading Beyond Flat

Sometimes it is desirable to load springs beyond flat, in
order to increase the travel per disk or to utilize the near
zero-spring rate in this deflection range for springs with
larger ratios H/T (see Fig. 5.1 and Chapter 5).

Fig. 6.6 shows a possible arrangement, using guide rings.
Advantages are the larger deflection range, possibly with a
near zero spring rate and the inherent self-centering feature.
Disadvantages are the increase in unloaded height and the
higher costs of such an arrangement.

Depending on the actual dimensions of the guide rings,
the springs will be supported inside the edges as they be-
come “flat”, For load comections, necessary beyond this
point, the method described in Chapter 4, Section F can be
used.
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Fig. 6.6—Disk spring stack for loading beyond flat

Most standard stock sizes can safely be taken to flat
position, but may be overstressed when taken beyond flat,
resulting in a more or less pronounced set.

6. Frictional Hysteresis

Friction results when disk springs slide along the guide
under load. In long stacks this may lead to uneven deflection
{Section 2), so that the last disks, that is, the non-moving
end of the stack, may see little or no deflection at ail.

If a single spring is loaded between {lat plates (Fig. 6.7),
the upper inside edge of the spring will move towards the
inside, the lower outer edge towards the outside, resulting in
frictional forces Fp opposite to the direction of the move-
ment. Single disks in series will, at the contacting edges,
also move slightly with respect to one another, if they are

not perfectly aligned. This motion will also cause some
friction. Disk springs in parallel stacking will move opposite

to one another over the whole contact area, when under a
toad, also resulting in friction.

DANDNDNNFANNNNF

|

Fig. 6.7—Singte disk spring, loaded between flat plates

All these mechanisms will cause frictional hysteresis,
Fig. 6.8. The more springs in parallel stacking are used, the
more pronounced is the frictional hysteresis.

/A
A1
~ £ /4 1 4in parallel
Force P f //
e . .
S i e s 3 in parallel
/ /’/// /(j
104 X1/ .
p v ///,’/ — 2 in parallel
,/5/7/ ~ e //, H H
A single disk
A P rs el
/(.--‘
Deftection fRat

Fig. 6.8—Hysleresis of disk spring stacks.
{Also shown: typical botiom-out effect)

Table 6.1 shows typical figures for the frictional hys-
teresis. The higher numbers usually apply for dry, the lower
ones for lubricated surfaces. “The additional influence of
stack length, alignment and clearance on frictional hys-
teresis should be determined experimentally for specific ap-
plications.

TABLE 6.1—TYPICAL PERCENTAGES OF
FRICTIONAL HYSTERESIS IN DISK SPRINGS

single disk 210 3%

2 in paraliel *4 to 6%

3 in parallel x6 10 9%

4 in parallel *8io 12%
5 in parallel =10 10 15%

7. Presetting, Recovery, Creep and Relaxation

Most disk springs are designed to a high stress level when
loaded flat (Chapter 7, Section 1). Such springs are preset
after heat treatment. The ensuing loss of height should bring
the spring to the design height. This procedure resulis in a
complicated state of residual stresses in the cross-section.

If preset springs are left unloaded for some time, such as
in inventory, the height will increase slighlly. This phe-
npomenon is called recovery. The increased height may
cause noticeable force increases when loaded, but one or a
few loadings to flat should restore the initial height.

Steady loads at high stress levels may cause creep or
relaxation, particularly at efevated temperatures. Creep is
the term used when the springs are held under constant load
and the loaded spring height gets smaller. Relaxation is a
reduction of the spring force if the springs are held in a
constant length arrangement. If such springs are unloaded,
the change of the unloaded height will be a measure for both
creep and relaxation.
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1. Static and Quasi-Static Loading

Such a loading exists in disk springs

a) under constant load

b) under occasional load changes with longer intervals.
The total number of such load changes can be up to 1000,
according te some sources even up to 10 000.

Disk springs for static loads are normally designed that
they may be pressed flat, at room temperature, so that the
free height L (after unloading) stays within the normal toler-
ance range (see Chapter 10, Section C).

The critical stress for designing statically loaded springs
is o4 (equation (4), Chapter 4, Section B).

The values given in Table 7.1 should be taken as a guide
only. There are several variables, such as the actual hard-
ness, the material thickness and the diameter ratio R = D/
D, which have some influence on the safe stress level.

TABLE 7.1--MAXIMUM PERMISSIBLE STRESS ¢, FOR DISK
SPRINGS IN STATIC APPLICATIONS

Petcent of Tensile Strength
Material - Not Preset Preset Springs
Carbon or Alloy Steel 120 250
Stainless Steels, 95 160

A much simpler method of stress calculation is based on
stress o, (equation (3), Chapter 4, Section B). As long as 0
does not exceed the tensile strength of the chosen material,
the spring can be manufactured without taking an undue set
. under static or quasi-static loading. These springs are usu-
ally preset by the manufacturer, and so the conditions as
discussed in Chapter 6, Section 7 will apply.

2. Repetitive Loading (Fatigue)

Repetitive or cyclic loading is defined as repeated loading
between a pretoad deflection S, and a maximum deflection
S,, with corresponding stresses o) and . Tensile stresses
are the cause of fatigue failures, and the critical stress in disk
springs is the larger of op (equation (5)) or o¢ (equation (6),
Chapter 4, Section B). Fig. 7.1 will help to decide which of
the two stresses should be calculated. For springs falling
into the shaded area of Fig. 7.1, calculations should be done

- for both ¢ and o; the lower figure for the fatigue life N
applies.

Chapter 7
Design Stresses

1.2
% /:Q

S
P> o
A>T .

15 20 25 3.0 3.5 40 45 50

Fig. 7.1—Criticat stress for calculating fatigue failures of disk springs

The modified Goodman diagrams (Figs. 7.1a, b, ¢) show
the fatigue strength for various material thicknesses. Groups.
1, 2 and 3 are further defined in Chapter 10, Section 1.
These Goodman diagrams allow, if o} and o, are known, an
estimate of the number of cycles until failure with a statisti-
cal survival rate of 99%. These diagrams are valid for stacks
that are evenly deflected (up to 6 springs/stack). Long stacks
(comp. Chapter 6, Section 2), substandard materials, sur-
face imperfections such as scratches, nicks, corrosion and
die breaks, will result in lower fatigue lives. The dashed
lines imply some uncertainty, and readings in that range
should be taken as a guide only.
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Fig. 7.1a—Modified Goodman diagram for disk springs
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Fig. 7. ib—Modified Goodman diagram for disk springs
(For example, see Chapter 9, Section 2)
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Fig. 7.1c—Modified Goc'»dman diagram for disk springs°

Improved results may be achieved with ground and pol-
ished surfaces, a very expensive process, or with shot-
peening (see Chapter 8, Section D).

If the fatigue life of a given disk spring arrangement has
to be known more accurately, an actual fatigue test is recom-
mended, which is particularly important for applications
with changing amplitudes.

3. “Ideal” Shape of Disk Springs

Many applications require the unique load-deflection re-
lationship typicat of a specific H/T—ratio. In other cases,
the diameters are fixed due to a particular envelope into
which the spring has to fit.

If none of these conditions exist, the springs can be de-
signed for best utilization of the design volume, that is,
lowest weight per storable encrgy. Such springs have ratios
DJ/D; = 1.7 to 2.2 and H/'T = 0.4 to 0.8. Similar reasoning
will lead to preferable prefoad deflections of 20% to 50% of
H for disk springs under repetitive loading (Ref. 8).

4. Minimum Preload

Most disk springs are preset and, therefore, are under
high residual tensile stresses in the vicinity of the upper
inner edge (Fig. 4.1, point A). If such springs are subject to
cyclic loading without being preloaded, radial cracks may
appear in this location. Normally, such cracks will not ex-
tend beyond a certain size and, therefore, do not constitute
a fatigue failure as defined in Section 2. Nevertheless, such
cracks should be avoided, which can be done by a preload
deflection of at least 13% to 20% of H.
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Chapter 8

Materials and Finishes

1. Spring Materials

Table 8.1 summarizes the most frequently used materials

for disk springs.

TABLE 8.1—SPRING MATERIALS

519

E-Modulus Tensile Hardness Thickness Temp.
MPa-10° Strenght, MPa | Range, HRC | Range, mm Range
Material 1} 2) 3) 4} Reomarks
SAE 1050 to 1095 207 1400 to 1700 46-50 01105 Standard
SAE 6150 207 1400 to 1700 40-49 0.3 to 60 Standard
SAE 30301, 30302 190 1200 to 1400 uplo 2 —-200° to —250° | Corrosion Resistant
SAE 51400 - series 207 1200 to 1400 38-46 03106 Corrosion & Temp. Resistent
17-7 PH 195 1200 to 1400 up to 4 . Corrosion Resistant
Ph-Bz 115 600 to 700 01105 100° Corrosion Resistant, Non Magn.
Be-Cu 130 12706 to 1450 upto 2 —200° to +200° | Corrosion Resistant
IHCONEL 750 210 1000 to 1100 unto5 600° Corrosion Resistant, Non Magn.
. 1) At room temperature, average values. " ness and a reduced tendency to re-
“—’2) At room temperature, exact value dependent on hard- laxation when compared (o the
ness and other variables standard carbon spring steels..
3) Typical range: Higher values for the thinner materials
and vice versa. SAE 30301
4) Larger thicknesses available (special mill orders). 30302 These austenitic Cr-Ni-Steels are not
Other materials are used for special purposes, consult hardenable by heat treatment.
with manufacturers. Spring properties, that is, high ten-
sile strength, etc., are obtained by
SAE 1050 t0 1095: This is a family of high carbon cold working only. This restricts the
steels, mostly used in cold rolled useful thickness to approximately 3
form for relatively thin disk springs, mm maximum; the strength decreds-
sometimes processed in prehardened ing with increasing thickness.
form, but see Chapter 4, Section 1.
Usually SAE 1060 to 1075 materials These materials have excellent cor-
are preferred due to their balance of ‘rosion resisting properties. It should
strength and durability. The final se- be noted that they will be somewhat
lection is often dictated by availabil- magnetic due to the necessary cold
ity and should be left to the manu- working. '
facturer. : _
SAE 51400-series:  This group consists of Cr-Alloys,
SAE 6150: This material is used in cold rolled, which are ferritic at room tempera-
hot rolled and forged form, for tare but become austenitic at ele-
springs with medium and large vated temperatures and can be
thicknesses (1 and over), due to its rapidly cooled to produce a hard,
even hardenability across the thick- martensitic structure.
R



These materials have a good corro-
sion resistance and can be used at
temperatures up to 400°C. Both
moduins of elasticity and tensile
strength will be reduced as the tem-
perature increases, Ref. 4.
There is some danger of delayed
brittle fractures, that is, stress corro-
sion, under certain circumstances.
17-7 PH: This precipitation hardening mate-
nal has an austenitic/ferritic struc-
ture. In order to achieve spring prop-
erties, the hardness has to be rather
high, again with some danger of
stress-corrosion.

2. Surfaces

The selection of the surface is very important and is
dictated by the ultimate use of the spring. Initially, it is
given by the material selection. Cold-rolied surfaces are
associated with thin materials (up to 1 mm thickness). Hot-
rolled surfaces are typical for thicknesses over 1 mm, where
the last roiling operation is frequently done cold. Forged
surfaces appear in very heavy cross-sections. Both hot-
rolled and forged surfaces are frequently machired to size to
minimize stress concentration effects. The diameters may be
machined to remove die breaks in a)l springs with thick-
nesses over 1 mm.

A. Blank, Oiled

After the manufacturing of the disk springs, the surface
may show discoloration typical to heat treatment. Such a
surface, even if cleaned mechanicaily, will rust quickly (C-,
Cr-V-steels). A slight oil film will prevent such rusting for
a limited time. This surface condition should only be speci-
fied,"if additional surface protection is considered upon re-
ceipt.

B. Zinc Phosphate, Black Oxide

Black oxide is a uniform black coating for ferrous steels.
It is mostly decorative affording limited corrosion protec-
tion. ' ‘

Zinc phosphate is gray to black in color and usuatiy in-°

cludes 2 supplementary oil treatment. It is widely used in
disk springs for mild corrosion protection and indefinite
shelf life in normal industrial surroundings. Typical coat
thickness is 0.01 mm,

C. Plating for Corrosion Protection

The effect of a corrosive environment is difficult to pre-
dict with certainty,

Use of corrosion resistant (CRES) materials afford the
most reliable protection; however, this is often costly and
sometimes impractical. Protective coatings provide, in
many cases, alternatives with sufficient protection. Either
galvanic or mechanical methods of plating are used (Ref. 9,
10):

Galvanic Plating (Electroplating) should be avoided for
hardened spring steels because these are inherently suscepti-
ble to hydrogen embrittiement. A subsequent baking opera-
tion is essential. The danger of hydrogen embrittiement
exists also, if parts are acid-cleaned before plating.

Mechanical Plating (Ref. 10) provides an effective pro-
tection with practically no danger of hydrogen embrittle-
ment. (Caution: acid cleaning (pickling) before plating may
increase susceptibility to hydrogen embrittlement). This
method is recommended for disk springs, which typically
have a high hardness and high residual stresses, and do not
tangle in the process, so that all surfaces are fully accessible.
The existing plating equipment usually restricts the size of
the springs to be plated to a maximum of 100 to 150 mm
outside diameter,

These coatings are of a sacrificial nature and include zinc
and, to a lesser degree, tin and aluminum. They act as a
barrier between base material and environment, but they
continue their protective role even after they are scratched,
cracked or nicked,

Cadmium should only be specified where absolutely nec-
essary, due to its toxicity,

D. Shot Peening

Shot-peening is a cold-working process used primarily to
increase the fatigue life and prevent stress corrosion crack-
ing. The surface of the finished part is bombarded with
round steel shot in special machines under fully-controiled
conditions (Ref, 11).

Disk springs are frequently shot-peened. As a rule of
thumb, the cycle life is increased by at least a factor of two,
at a rather moderate cost. The process should be specified
for repetitively loaded disk springs, if there is any doubt that
the regular execution will meet the fatigue requirements.

Loading shot-peened disk springs to flat should be

" avoided, because some additional set may result.

E. Teflon Coating

Disk springs are sometimes Teflon coated. This reduces
friction for disks stacked in parallel (Chapter 6, Sections 1
and 5). It is also used for color coding.

F. Other Coatings
Electroless Nickel: This is a relatively expensive method
to protect disk springs. There is no danger of hydrogen

embrittlement. The coatings have to be rather heavy in order
to avoid pores. These nickel coats may come off when the
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spring is loaded.

Hot Dip Galvanizing: This is a non-electrolytic dipping
process, typically in a zinc bath. The possible thickness of
the final coat depends on the thickness of the base material
(see ASTM 153). Relatively thick, pore free coatings can be
obtained. Due to the elevated temperatures of this process,
annealing takes place in the hardened spring with a subse-
quent loss of hardness.
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A typical design problem consists of selecting a disk
spring for a given load or loads, deflection or deflection
range, fatigue life, environment, etc., within dimensional
limitations. The first choice should always be, for reasons of
ready availability and cost, a standard size from a manufac-
wrer's catalog (Ref. 4, 5, 6, 7). If no standard size is
available, or cannot be modified to fit the application, a
cusiom size has to be designed.

The following steps will lead to a solution:

1. Outside and/or inside diameters can be obtained from
dimensional restrictions. If one of the two is given, the ratio
D,/D; should be chosen to be approximately 2, (sce Chapter
7, Section 3).

2. Select material (Table 8.1).

3. Select the general shape of the characteristic (Fig.
5.1), that is, the preferable ratio H/T.

4, Select working load as a percentage of load at flat.
Determine approximate load at flat Fy; again with the help of
Fig. 5.1.

5. Calculate the thickness T, using Equation (2b) in the
form:

__Fu K
T=VD, - (1-1_) —_ag (12)
T/ (1 ~ph

Adjust T to a standard thickness, according to the ones
listed in manufacturers’ catalogs or Table 10.1, Chapter 10,
Section A; this will ensure avatlability.

6. Calculate stresses oo or &, from Equations (3) and
{4), for full deflection S = H, and compare to the permissi-
ble stresses listed in Chapter 7, Section 1.

7. If stresses are too high, change assumptions and recal-
culate. For instance, half the load Fy, means two springs in
parallel to satisfy the load requirements.

1. Static Loading
Problem: Design a disk spring to be used for preloading a
seal. The spring diameters are dictated by the
seal dimensions. D, max =173 mm, D,
min = 150 mm. The seal is to be preloaded with
F= 1050 N £ 15%; the load should not fall

below 800 N after the spring moves 0.7 mm due
1o the relaxation of the seal.

Chapter 9
Design Examples

Use D, = 173, D; = 150 mm, that is, D, /D; =
R = 1.153. This ratio is very low, but the
diameters are dictated by the available space.
Choose H/T = 1.4 (see Fig. 5.1), to keep load
as constant as possible over a wide range of
deflection. (Note: Snapping will not be a prob-
lem because single disk is used and no external
forces will be applied).

Assume load at flat, F; = 1050 N. Choose ma-
terial SAE 6150 with E = 207 000 MPa (Table
8.1), and tensile strength 1400 MPa.

Solution:

The use of Equation (12} with K; = 0.24 (Equations (9a)
or (9b), Chapter 4, Section E), results in T = 1.56 mm, and
H=14-T=2.18 mm

Choose next standard thickness T=1.5mmand H = 2.2
mm.

Check with Equation (2a): Fy = 954 N (load at flat with
T=1.5 H=22mm).
- Stresses (Equations (3) and (4)): 0o = 405 MPa,
o, = 147 MPa

Both stresses are so low that this spring will not have to
be preset, see Chapter 7, Section 1.

Assume that the maximum deflection S, of the spring is
80% of H, that is, 1.75 mm, which leads to:

$,=1,75mm and F,=960N .

A change of 0.70 mm will reduce the deflection to
$,,=1.75-0.7 = 1.05mm, with F, = 845 N.

Disk Spring 173x150x 1.5, L=H+
T = 3.7 mm. The loads will be in the desired
range. Due to the small D./D; ratio of 1.153, the
theoretical load application point is noticeably
different from the theoretical point, compare
Chapter 4, Section 1(d). This will result in a
higher load than calculated, but possibly still
within the desired limits. If the load is measured
too high, one may consider to shift the deflec-
tion range lower or reduce the dish height H.

Result:
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2. Repetitive Loading

Problem:;

Solution:

A standard disk spring with the dimensions
D, = 50.8 mm, D; = 25.4 mm, T = 2.46 mm,
H=122mm(L=H+T= 3.68 mm) has a
nominal load of F, = 3043 N at §; = 0.35 mm,
and F; = 5036 N at §, = 0.61 mm. How many
load cycles between S, and S, can be expected
until fatigue failure occurs?

a)

b)

c)

d)

Find critical stress locations with R = D,/
D;=50.8 / 254=2 and HIT=1.22 /
2.46 = 0.5. I follows from Fig. 7.1, Chap-
ter 7, Section 2, that stress oy or g is criti-
cal for fatigue fatlures.

From Equations (5) and (6), Chapter 4, Sec-
tion B, we calculate:

at §, =035 mm, g5 =379 MPa,
T = 447 MPa

at 5,=061 mm, eag =710 MPa,
Fer = ?48 MPa -

The applicable Goodman diagram, Fig,
17.1b, Chapter 7, Section 2, checked for
both o and o, will give N = 2 X 108, that
is, infinite cycle life,

If the same spring is loaded from deflection
5, =035 mm to a higher deflection
5, =09 mm, we calciate F,= 7081 N
{Equation (2a), Chapter 4, Section A},
op; = 1129 MPa, and a fatigue life of
N = 10°, see Fig. 7.1b.
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Chapter 10

1. Manufacturing Methods

For standardized disk springs, 3 different manufaciuring
groups are defined.

Springs with smail material thicknesses (up
to 1 mm). These are made from cold-rolled
carbon steel strip, stamped and formed in
one toot. Tumbling, heat-treatment and pre-
setting (if necessary) are further major
steps.

Group I:

Material thickness between 1 and 6 mm.
Either carbon or Cr-V-steels are used.
These springs can be stamped to size, or
have machined diameters which eliminate
die breaks and, therefore, improve the fa-
tigue life. Cr-V-steels (SAE 6150, Chapter
8) are preferred for these higher thicknesses
because a more even grain structure results
after heat treatment.

Group 2:

Material thickness over 6 mm. Made from
hot-rolled plate or from forged blanks. Ma-
chined all over to remove all scale, etc.
Only Cr-V steels, but no plain carbon steels
should be used.

Group 3:

Special Grade: Custom designed disk springs often require
* different manufacturing approaches. If, for
instance, the surface has to be ground for
thickness tolerances below standard mill
tolerances, flat rounds are stamped or flame
cut etc., ground to thickness and then
formed. It is frequently more advantageous
to modify standard stock sizes, than to make
a custom size spring, particularly when the
production quantities are small.

2. Tolerances

A. Thickness Tolerances

TABLE 10.1—THICKNESS TOLERANCES OF DISK SPRINGS

Group Norninal Thickness, mm Tolerances, mm

1 0.2, 0.25, 0.3, 0.35, 0.4 +0.02
05,06,07.08 +0.03

09,10 +0.04

2 1.0,1.1 +0.04
1.25, 1.5, 1.75 +0,05

N 2.0, 225 25 +0.06
27,3035 =0.07

4.0,4.3,55 +0.08

3 over 6 +0.08

Manufacturing and Tolerances

For thicknesses in Group 1 and 2 of Table 10.1, the given
tolerances are the standard mill tolerances for rolled steel.
The tolerances for Group 3 springs result from machining.

Frequently the actual mean thickness is different from the
mean nominal thickness, for instance 0.77 mm instead of
0.8 mm. The nominal thickness is used in the calculations,
the actual thickness is used for manufacturing in order to get
a good match between calculated and manufacttred spring.
This small thickness reduction is necessary because disk
springs typically show small radii at the edges, either from
tumbling (Group 1), or machining {(Group 2). These radii
will cause an increase in measured force; therefore, the
thickness is reduced. In such cases, the iolerances of Table
10.1 apply to the actual mean thickness and not to the
nominal thickness.

B. Diameter Tolerances

TABLE 10.2—DIAMETER TOLERANCES OF DISK SPRINGS

Dimensions, mm Tolerances, mm
Quiside Dia inside Dia
Owver fo De O

s minus only * plus only

3 6 -0.12 +0.12

& 10 -0.15 +0.15

10 18 -0.18 +(.18

18 30 ~0.21 4021

30 50 ~0.256 +0.25

50 80 -0.30 +0.30

80 120 -0.35 +0.35

120 180 -0.40 +0.40

180 & over ~0.46 +0.46

C. Overall Height Tolerances

TABLE 10.3--TOLERANCES FOR THE FREE HEIGHT, L, OF DISK
SPRINGS

Group Matgrial Thickness, mm Tolerances of L, mm
1 up to 1 +0.075, -0.025
2 tto 225 +0.10, —0.05
225106 +0.15, —0.05
3 6 and over +0.2

D. Force Tolerances

It is not possible to make a disk spring to conform to the
theorctical characteristic over the whole deflection range,
Chapter 4, Section 1. For this reason, it is customary to
tolerance only the load at 8 = 0.75 H {75% deflection). It is
better to measure the loaded height, as opposed to the actual
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deflection. The loaded height at 75% deflection is
L,=L-075H.

TABLE 10.4—LOAD TOLERANCES FOR SINGLE DISK
SPRINGS (75% DEFLECTION)
{For definition of Group 1, 2, 3, see Section )

Load Tolerances
Group atly=L-075H
1 +25%
- 7.5%
2 +15%
- 7.5%
3 +* 5%

Loads at deflections other than 75% deflections can also
have tolerances. In such a case, the tolerance ranges given
in Table 10.4 may not be applicable, see also Chapter 4,
Section 1. Narrow load tolerances for more than one loaded
height have to be avoided.

Tabie 10.4 applies to single disks during the loading
stroke. Spring stacks usually show somewhat lower forces
for given loaded heights when compared to single disks.
Actual measurements have to be compensated for deflec-
tions in the testing equipment, a fact which is nften over-
looked and could lead to unjustified rejections.

E. Reference Dimensions

In order to allow the manufacturer to meet functional
requirements, it is necessary to designate some dimensions
as reference dimensions only. In Section A, it has been
shown that the thickness T is often reduced. Table 10.5
shows the general relationship between functional require-
ments and reference dimensjons.

TABLE 10.5--FUNCTIONAL FIEQUIHEMENTS AND
REFERENCE DIMENSIONS

Functional Refarence
Requirements Dimension
Ona Spring Force LorLand T
al a Specific Loatled
Stack Length .
Two Spring Forces Land T
at Specific Loaded :
Stack Lengths
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Chapter 11
Standardization

There are several standardized disk spring series on the
market today, listed in manufacturers’ catalogs (Ref. 4, 5,
6. 7) and generally available from stock. Ref. 12 shows a
MIL-Standard which contains a selection of standard stock
sizes from the above mentioned catalogs.

Under the heading CONICAL SPRING WASHERS or
SAFETY SPRING WASHERS (Ref. 4, 6, 14) one car find
“disk springs” adapted for the use in bolied connections,
such as bus bars. Such washers are usually not preset and
will, therefore, take a substantial set when loaded for the
first time.

An effort should be made to use standard sizes in new
designs, in order to avoid high tooling and set-up costs and
long lead times. If no standard size can be found for a
particular application, standard sizes can sometimes be
modified by enlarging the inside diameter and reducing the
outside diameter or the thickness. This may be helpful at
least in the prototype stage. In any case, custom sizes should
be designed around standard material thicknesses or custom-
ary inside and outside diameters.
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Chapter 12
Modified Disk Spring Shapes

In this chapter, several types of spring washers different -
from standard disk springs are discussed. Not all these
shapes are directly related to the disk spring, but may com-
pete for some applications.

1. The “Open” Disk Spring

Disk springs with a radial gap are called “open” disk
springs, Fig. 12.1. They have a linear characteristic, Fig.
12.2. The load Fy, at flat position is the same as if there were
no gap. The shaded area in Fig. 12.2 indicates the influence
of the closed shape versus the open shape.

Force

flat

AL

Deflection

Fig. 12.2—(a) Characteristic of open disk spring
(b) Regular disk spting of same dimensions

The load-deflection characteristic of the open disk spring
can be calculated from Equation (2a), Chapter 4, Section 2,
with the expression in the bracket equal to 1, that is:

1- Paz KIDGZ

For values of K,, see Chapter 4, Section E.

The open disk spring is equivalent to a curved beam,
which is bent under a load.

Fig. 12.1 shows the Jocations A, B of the critical bending
stresses, calculated as:

— 277

; .2EST R?
f= - . 14
! 94T T u-pE R-D (142
Fig. 12.1-—Th en disk spr
9 e op spring
2
, 2EST R (14b)

o' =t a-wp2 B-D

a,’ is a compressive stress and is smaller than o, from
Equation (4), Chapter 4, Section B, og’ is 2 tensile stress
which is Jarger than oy from Equation (5), Chapter 4, Sec-
. tion B. Fatigue calculations can be made using Equation
N (14b) and the Goodman diagrams in Chapter 7, Section 2.

There are a few deliberate applications of the open disk
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spring. Regular disk springs with a radial crack, such as
caused by fatigning, will keep operating with a characteris-
tic according to Equation (13). Because the critical stress
ap’ is now larger than oy as initially calculated, a second
fatigue failure will develop very quickly, splitting the disk
in two pieces and, therefore, render it completely broken
and unusable. This is of particular interest in a stack. It is
more likely that the already cracked spring will develop a
second crack before other disks in the stack will show first
cracks.

2. Radially Tapered Disk Spring

Radially tapered disk springs may be defined as disk
springs having a non-constant thickness. Such springs are
sometimes used in order to achieve a more uniform stress-
distribution. They are much more expensive to manufacture
and to use and are, therefore, rarely used. It does not fall
within the scope of this manual to treat the theoretical ap-
proaches. For the initially “flat” version, Fig. 12.3(a), see
Ref. 3, for the initially ‘coned’ version, Fig. 12.3(b), see
Ref. 4. :

Fig. 12.3-—Radially tapered disk spring
{a} Initially flat
{b) Initially coned

3. Slotted Disk Spring

Some disk springs are slotted, typically from the inside,
Fig. 12.4. The actual disk spring portion is the closed ring
section, defined with D,, D,, T and H, see Fig. 12.4(a). The
“fingers” can be considered as levers (parallel to each
other). This type spring will show a significantly larger

deflection than the regular disk spring in a single disk. The

closed ring section can be designed with a ratio H/'T = 1.4,
which gives a nearly zero-rate portion of the characteristic,

1

Fig. 12.4(b}, see also Chapter 5, if Joaded to the flat or near
flat position. Often supported at the edges only, these
springs can be loaded beyond flat and will, therefore, have
an even larger deflection range with very small load varia-
tion, making them ideally suited for many clutch applica-
tions.

flat'

8

Fig. 12.4—(a} Slotted disk spring (no radii shown at
the battom of fongue)
{b) Typical lpad-deflection diagram

Theoretically, this spring can be treated as a standard disk
spring with the load acting “outside” the inner diameter,
compare Chapter 4, Section F. Such an approach would
neglect the effect of the bending of the fingers or tongues.
The following design equations (Ref. 13) apply when the
bending of the tongues is taken into account and the load is
applied at the edges.

Load F as a function of material, dimensions, deflection
S, at the inside of the ciosed ring section:
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B [ )

K, is again a factor (Chapter 4, Section E) depending on
the diameter ratio, in this case R = D/D,.
Deflection S, of the tongues only:

(D= Dy(1 — )
2ET? - W,2

S,=C ‘F (16)

Here, C is a constant depending on the ratio W/W, (Fig.
12.4(a)} see Table 12.1. Z is the number of tongues.

TABLE 12.1—CONSTANT C FOR VARIOUS RATIOS Wy/W,

W,/wW,/02 |03 (04 (05 |06 [07 |08 09 |10

c 1.31 (1.25 {1.20 [1.96 {112 | 1.08 [1.05 }1.03 [ 1.0

Total deflection:

§ = Sl[(] - [%) A (1 - %)] +5, a7
p——

Stress calculations: For quasi-static and static loading,
and for a check if a set can be expected, the compressive
stress at the upper inner edge of the closed ring section is
decisive. It corresponds closely to the stress at the same
location of the regular disk spring, Equation (4).

4E TS H_ S
= - : K, +K (———)] 18
AT a-wy K,D}[ stKe{Tor)| OB

The constants K|, K,, K are functions of R = P,/D,, see
Chapter 4, Section E. As long as the value of @, is safely
below the yield stress of the chosen material, there will be
no set. The deflection S, is larger than H, if the spring is

loaded beyond its flat position. At the bottom of the cut-

ouls, stress concentration factors may apply.
For repetitive loading, the critical stress is the stress oc at
the lower outer edge:

pomdE_ _TS
¢ (- KRD?

s
x [K3 + (2K, — Kg(% - ﬁ)] (19

\_/‘nis stress is the maximum tensile stress, and can be used
to determine the fatigue life the same way as described in
Chapter 7, Section 2.

4. Serrated Spring Washers

Serrated spring washers, also known as Serrated Safety
Washers, Fig. 12.5, are fastening elements used under the
head of a bolt or under a nut. They are dimensionally de-
signed to be useful for socket head screws. Due to their
basic conical disk spring shape, they add to the elasticity of
a bolted joint. This wiil reduce the possibility of a loss in
clamping force, an effect that can also be achieved with
unserrated disk springs, see Chapter I1 and Ref. 14. The
serrations will bite into the surface of the clamped and
clamping parts, thus impending back-off. This feature has
been found particularly-useful when vibrations are present.
For a list of standardized stock sizes, see Ref. 4,

Fig. 12.5—Serrated spring washer (safety spring washer)
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Chapter 13
Spring Washers

Disk springs as well as special spring washers exert thrust The critical stress is calculated as:
loads in axial directions. Whereas disk springs are distin- ’
guished by their conical shape, the washers discussed here _L5F
. . . T = K4 (21)
are not conical, but bent in a specific way so that tie state T2

of stress is primarily bending. These spring washers are
usually less predictable and associated with higher load tol-
erances when compared to the disk spring. They also do not
show the degressive load-deflection behaviour of the disk
spring, but rather have a linear or even progressive charac-
tenistic.

1. Curved Washer

Curved washers (Fig. 13.1) exert a relatively light thrust
Joad and are often used to absorb axial end play. The spring
rate is approximately linear up to 75% deflection, then the
rate increases and gets considerably larger than calculated;
see also Ref. 7.

Correction Factor K,

S~

Al

1.5 2.0 25 3.0 35 40
Ratio D/ D, at flat

Fig. 13.2—Empirical cofvection factor K, for curved spring washers

2. Wave Washer

Wave spring washers, Fig. 13.3, are used to exert moder-
ate thrust loads when space is limited, similar to thin disk
springs with relatively large inside diameters. The rate is
linear between 20% and 80% of the deflection. Washers that

" “,..l . . . T .
7
J N{ L are round in the free position go out-of-round when loaded
— ‘ / | S ‘! D .

ra

Fig. 13.1—Typical curved spring washer

Design equations for curved washers are based on the H=L-T
equations for simple bending beams, but with an empirical
correction factor K, Fig. 13.2.

The equation for the load is: - D, —t
o 4ETSS o D, -
T D2K, Fig. 13.3—Typical wave spring washer

T: material thickness
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and vice versa. Generally, a ratio of D,/b = § gives a well-
balanced design. When this ratio is substantially lower than
8, a disk spring is preferabie.

The number N of the waves can be 3 or more and can be
selected on the basis of the desired spring properties.

The load equation (for approximate results) is:

o EOTND, ”
=2.40D.5D, (22)

Critical stress is given by:

_3FDyw 23)
7T TN

D, is the outside diameter in the free position. It will
change slightly under load.

For more details and a list of stock sizes, see Ref. 7.

3. Finger Washers

Finger washers, Fig. 13.4, combine the flexibility of the
curved washers and the distributed load points of the wave
washers. Load, deflection and stress are approximated by
assuming that the fingers are cantilever beams. Finger
washers are made and tested to prove the design. They are
used in static applications such as applying an axia! load to
ball bearings to reduce noise and vibration, and are compet-

\ ing in this field with special disk spring designs. For more

details and stock sizes, see Ref. 7.

T

ql L

Fig. 13.4—Typical finger spring washer
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APPENDIX
CONVERSION TABLE

N

To Convert from SI Unit to U.S. Customary Unit, Divide by the Factor
To Convert from U.S. Customary Unit to SI Unit, Multiply by the Factor

Quantity SI Unit Factor {* = Exact) U.S. Customary Unit i
Lengih kilometer km 1.609 344° mile
meler m 0.304 8° foot fi
millimeter mm 25.4° inch in
Area square millimeter mm? 645.16° syuare inch in?
Volume cubic millimeter mm? 16 387.064° cubic inch in?
cubic millimeter mm? 3 785 412, gallon gal (U.8)
liter (= 10°mm?) L 3785412 gallon gal {U.8.)
Area Moment millimeter 10 the
of Inentia fourth power mm* 416 231.425 6° inch to the fourth power int
Mass kilogram kg 0.453 592 4 pound-mass 1B,
Force (or Load) Newton N 4.448 21222 pound-force tby
Elastic Energy, Work Joule J (= N-m = kN-mm) 0.112984 § paund inch ibp.in
Bending Moment, Torque Newton millimeter N-mm (= kN-m) 112.984 8 pound inch Ib.in
Linear Spring Rale Newton per mm Nimm (= kN/m} 0.175 126 & pound per inch Ibyfin
Torsional Spring Rate Newton millimeter . 112.984 8 pound inch per
per radian " N'mmvrad radian Ib¢.insrad
* Plane Angle degree deg 57.295 7800 radian rad
Stress, Modulus { pascal Pa (N/m?) 6 894.757¢ pound per
of Elasticity Lilopascal kPa 6.894 757 square inch Ibgin? (= psi)
megapascal MPa 0.006 894 757
Density of Material kilogram per cubic meter kg/m3 27 679.90¢ pound per cubic inch Ib,/in?
for examgle, for Steel 7850 kg/m? ~0.2836 Ib,,fin?
Acceleration of Gravily 9.806 650 nvs? 0.3048° 32,174 05 fivs?
~g"—adopted 1901 by 9.806 650 m/s? 0.0254° 386.089 in/s?
Intemnatl. Committee
on Weights Measures . “
Natural Frequency “{™ cycles per second Hz
f=e /B f = VO.2484/S (m) e ra—
S f =248 4/8 (mm) f = V9.760/5 (in)
where S
= static deflection
24,448 222 = 0.453 592 37 - 9.806 650
b57.295 780 = LBO/Mm
4.448 221 5
6894757 =—————
0894.75 0.000 645 16
0.453 592 37
427 679. e ——
679.90 0.000 016 387 064
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Adjusting mechanisms
torsion bars 3.21-3.22
Alignment
stacked disk springs 5.14
Alloy steels
hot coiled springs
mechanical properties 2.28
spring wires 2.22-2.23
springs 2.13
modulus of elasticity 2.20
Anchors
torsion bar springs
hexagonal 3.16
serrated 3.16
Annealed wires 2.22
Assembled spring width
leaf springs 1.9
Assembly stresses
effect on leaf stresses 1.45-1.46, 1.49
Axles
loads
control systems 4.30-4.31

Backing leaves 1.46
Base line
leaf springs 1.5
% -aring flats
isk springs 5.9
arings
leaf spring eye 1.17-1.20
Bedding centerline
leaf springs 1.45, 1.50
Belleville springs 2.1, 5.1-5.36
Bellow type pneumatic springs 4.9
Bending moment
leaf springs 1.47
Bending stresses
spiral springs 2.1-2.2
Berlin eye
leaf springs 1.27-1.28
Bladder type pneumatic springs 4.11
Boat trailers
torsion bar springs 3.37-3.38
Boits
center
leaf spring 1.20-1.23
Brake systemns
modulated 4.30
Brass spring wire
hardness 2.23
tensile strength 2.24-2.25
Bronze
phosphor 2.24
hardness 2.25-2.26
tensile strength 2.25-2.26
silicon 2.26
Buckling
. clical compression springs 2.78-2.80
“—seaf springs 1.77
Buffer springs 2.6
Bumpers 4.15

Index

Bushings
leaf spring eye 1.12, 1.17-1.19

Cabs
truck
torsion bar springs 3.38-3.41
Camber
leaf springs 1.11, 1.50, 1.61,1.72
single leaf springs 1.114
Cantilever rate ratio
semi-elliptic springs 1.42
Cantilever springs 1.27-1.28, 1.37-1.40, 1.42, 1.10t
rate 1.101, 1.104-1.108
stresses 1.108-1.109, 1.113
Cantilever stress 1.43, 1.49
Carbon boron steels
hot coiled springs
mechanical properties 2.28
Carbon steel spring wire 2.19
Carbon steels )
hot coiled springs
mechanical properties 2.28
springs 2.13
modulus of elasticity 2.20
Castings
leaf springs
effect on fatigue 1.99
Center link extension method 1.28-1.31
Center of rotation
disk springs 5.7
Change of curvaturc
leaf springs 1.37
Chromium alloys
disk springs 5.19
Clamped rate
single leaf springs [.14
Clamps
center
leaf springs 1.20, 1.39-1.40
seat .
leaf springs 1.49, 1.113
Clearance
leaf springs 1.3, 1.11
nested springs 2.4
pneumatic springs 4.14-4.15
Clips
leaf springs 1.22-1.24
Coatings
disk springs 5.20
leaf springs
effect on fatigue 1.99
springs 2.14-2.17
Coil diameter tolérances
helical springs 2.38-2.40, 2.47, 2.53
Coil springs
hot 2.27-2.28
residual stresses
effect of shot peening 2.9
stresses 3.49-3.50
Cold setting
leaf springs
effect on curvature 1.51




Cold wound helical springs 2.31-2.50
Cold wound spiral springs 2.31-2.50
Cold wound spring material 2.19
Commercial vehicles
pneumatic springs 4.13-4.23
Common curvature
leaf springs 1.47
Compression control devices 4.31
Compression shackle
leaf springs 1.61-1.64, 1.63
Compression springs  See Helical compression springs
Compressors
gas 4.31-4.32
Coned disk springs 5.1-5.36 See also Disk springs
Conical helical compression springs 2.80
Constant mass pneumatic springs 4.3
Constant volume pneumatic springs 4.3-4.5
Control systems
compression 4.31
height 4.29
pneumatic 4.29-4.31
pressure 4.29-4.31
roll 4.31
Copper alloys
beryllium
hardness 2.26
tensile strength 2.26
springs
mechanical properties 2.24-2.27
modulus of elasticity 2.20
Corrosion .
springs 2.28-2.29
effect on failure 2.14
Corrosion protection
disk springs 5.20
springs 2.14-2.16
torsion bar springs 3.26
Counterbalance springs 3.13
Creep
disk springs 5.15
Curvature
leaf springs 1.11, 1.47, 1.50
effect of '
cold setting 1.51
prestressing 1,99
shot peening 1.51, 1.99

Damping
preumatic 4.27
Data record form
preurnatic springs 4.43-4.44
Datum line
leaf springs 1.5-1.7
Decarburization
leaf springs
effect on fatigue 1.97-1.98
springs
effect on failure 2.14
Deflection See also Geometric deflection; Load-deflection
diagram; Static deflection
disk springs 2.1, 5.7-5.9
helical springs 2.6-2.7
leaf springs 1.27, 1.31, 1.34, 1.37-1.38, 1.42, 1.47,
1.75-1.77
effect of
installation 1.61-1.79
shackles 1.61-1.73
semi-elliptic 1.42

pneumatic springs 4.18
slotted disk springs 5.31
springs 2.1
stabilizer bar 3.49, 3.51
stacked disk springs 5.13-5.14
torsion bar springs 3.6-3.9
boat trailer 3.37
with integral torque arm 3.42
volute springs 2.1
Disk springs 5.1-5.36
bearing flats 5.9
coatings 5.20
deflection 5.7-3.9
energy storage capacity 5.8
forces 5.7-5.8
Goodman diagram 5.17-5.18
history 5.1
load-deflection diagram 5.11
loads 5.7-5.9, 5.17-5.18, 5.23-5.24
manufacturing 5.25-5.26
materials 5.19-5.20
nomenclature 5.5
open 5.29-5.39
presetting 5.15
radially tapered 5.30
shot peening 5.20
slotted 5.30-5.31
spring rate 5.8
stacking loads 5.13-5.15
standards 5.27
stresses 5.7-5.8, 5.17-5.18, 5.23-5.24
surfaces 5.20
tolerances 5.25-5.26
washers 5.31, 5.33-5.34
Dynamic loading
helical compression springs 2.6-2.8

Effective area

pneumatic springs 4.5, 4.18-4.19
Effective static deflection

preurnatic springs 4.4-4.5, 4.15-4.16
Elastic recovery strain

torsion bar springs 3.29-3.30
Electroplating

springs 2.15

" Energy absorption 2.1

Energy capacity
helical springs 2.1-2.2
spiral springs 2.1-2.2
Energy storage
disk springs 5.8
leaf springs, steel 1.1-1.3
springs 2.1
Engines
valve springs
corrosion
effect on failure 2.14
failure 2.13-3.14
fatigue 2.13
natural frequency 2.8
space efficiency 2.2
Extension springs  See Helical extension springs
Eye thickness
leaf springs 1.116-1.118
single leaf springs 1.115




Eyes

. leaf springs 1.12, 1.14, 1.16-1.17, 1.27-1.28, 1.50,

1.59-1.60, 1.114
“~—single leaf springs 1.114

Failure
springs 2.13-2.14
effect of
decarburization 2.14
heat treatment 2.14
surface imperfections 2.13-2.14
Fastenings
torsion bar springs
anchors 3.16-3.17
hexagonal end connection 3.15-3.16
serrated end connection 3.15
transition section 3.17-3.19
Fatigue
disk springs
effect of stresses 5.17-5.18
helical springs 2.12-2.13
effect of
loading 2.7
shot peening 2.9-2.10
stresses 2.12-2.13
hot coiled helical springs 2.65-2.66
statistical analysis 2.66-2.67
leaf springs
effect of
coatings 1.99
© presetting 1.99
prestressing 1.98-1.99
shot peening 1.99
~_~ = stress peening 1.99
statistical analysis 1.83-1.95
springs 2.3
effect of shoi peening 2.9-2.10
torsion bar springs 3.31-3.36
statistical analysis 3.31-3.36
testing 3.27
valve springs 2.12
Finished width
leaf springs 1.5
Finishes
springs 2.14-2.17
Forces See also Load-deflection diagram
disk springs 5.7-5.8
stacked 5.13-5.14
effect on leaf springs 1.76-1.77
preumatic springs 4.14, 4.18, 4.21
Free radii
leaf springs 1.45-1.46, 1.50-1.51
Frequencies
compression springs 2.8-2.9
pneumatic springs 4.17, 4.19, 4.22-4.23
calenlation form 4.45
Fretting corrosion
single leaf springs 1.113
Friction
interleaf 1.81
Friction factor
leaf springs t.81
Frictional hysteresis
stacked disk springs 5.14
uel injector springs
fatigue 2.12

Gas compressors 4.31-4,32
Gas law processes.
pneumatic springs 4.5-4.7
Gas supply systems
pneumatic springs 4.31-4.32
Gases
low gamma 4.25
Geometric deflection
leaf springs 1.61-1.73
Geometric free camber
leaf springs 1.61, 1.72
Geometry
leaf springs 1.27-1.35
cantilever 1.27
center link extension method 1.28-1.31
semi-elliptic 1.28, 1.31
two-point deflection method 1.31, 1.34
Glossary
pneumatic springs 4.39-4.41
Goodman diagram
disk springs 5.17-5.18
helical springs 2.12-2.13
Grinding
centerless
torsion bar springs 3.23
Gun springs 2.7

Hard drawn carbon spring wire 2.19-2.20
Hard drawn stainless steel wire
tensile strength 2.24
Hard drawn valve spring materials 2.22
tensile strength 2.23
Hardness
beryllium copper 2.26
brass spring sheet and strip 2.25
carbon steej spring wire 2.22
carbon steel valve spring wire 2.23
phosphor bronze sheet and strip 2.25
stainless steel 2.24
steel spring wire
chromium silicon 2.23
chromium vanadium 2.23
steel valve spring wire 2.23
torgion bar anchors 3.16
Hardenability
torsion bar materials 3.23
Heat setting
helical compression springs 2.10,
Heat sink 4.25-4.27
Heat treatment
hot coiled springs 2.51
springs
effect on failure 2.14
torsion bar springs 3.24-3.25
Height control system 3.21-3.22, 4.29
Helical compression springs 2.31-2.33
See also Helical springs
buckling 2.78-2.80
conical 2.80
dynamic loading 2.7-2.8
fatigue
effect of stresses 2.59-2.64
natural frequency 2.8-2.9
rectangular wire 2.77
round wire 2.57
space efficiency 2.2-2.3
static loading 2.7




stresses 2.59-2.64

- effect of presetting 2.10-2.12
. surge time 2.8
~— surge velocity 2.8

tolerances 2.38-2.43
Helical extension springs 2.33-2.43
See also Helical springs;
Hot coiled springs
hooks 2.35
rectangular wire 2.77
round wire 2.59
space efficiency 2.2-2.3
stresses 2.35
tension 2.36-2.37
tolerances 2.38-2.43
Helical springs 2.1-2.81
See also Helical compression springs;
Helical expansion springs; and
Helical totsion springs;
Hot coiled springs
cold wound 2.31-2.50
dynamic loading 2.6-2.7
energy storage 1.1
fatigue
effect of stresses 2.12-2.13
hot coiled 2.27-2.28, 2.51-2.58, 2.64-2.65
load loss 2.80-2.81
rectangular wire 2.77
relaxation 2.80-2.81
square wire 2,77
static loading 2.6-2.7 '
stresses 2.1-2.2, 2.6-2.7, 2.59-2.60, 349 3.50
suspension systems 2.6
S tolerances 2.38-2.43
torsional stresses 2,1-2.2
Helical torsion springs  See also Helical springs
residual stresses 2.11-2.12
tolerances 2.46-2.48
Hexagonal end connections 3.15-3.16
Hot coiled helical springs
fatigue 2.65-2.66
statistical analysis 2.66-2.76
heat treatment 2.51-2.58
stresses 2.64-2.65
Hot coiled springs
alloy steels 2.27-2.28
Hot pressing
helical compression springs 2.10
Hotchkiss drive suspension 1.73-1.74, 1.77
Hydrogen embrittlement
springs 2.15-2.16
Hydro-pneumatic springs 4.10-4.11
Hysteresis
frictional
stacked disk springs 5.15

Inactive length

leaf springs 1.5
Inconel

mechanical properties 2.20
Inspection

magnetic particle

torsion bar springs 3.23

Isothermal instability

pneumatic springs 4.13
Laminae length 3.6
Laminae thickness 3.6

Laminated bar, straight
stresses 3.5-3.6
torsion 3.16-3.17
windup angle 3.5
Leaf ends 1.16, 1.39
Leaflength 1.2, 1.5, 1.49-1.50, 1.55
Leaf numbers 1.9
Leaf overhang 1.45-1.47
Leafradii 1.45-1.46
Leaf sections 1.15
Leaf springs 1.1-1.122
cantilever 1.27-1.28, 1.37-1.40, 1.42, 1.101
effect on ride 1.2
energy storage 1.1-1.3
fatigue 1.83-1.85
effect of
presetting 1.98
prestressing 1.98-1.99
statistical analysis 1.83-1.95
helical
energy L.1
load-deflection diagram 1.2-1.3, 1.53-1.54
toad rate 1.11-1.12, 1.77-1.78
toad stress 1.48
foads 1.1-1.2, 1.11-1.13, 1.37-1.38, 1 45-1.46, 1.48, 1.54,
1.56, 1.58, 1.73-1.77
nomenclature 1.5-1.14
progressive rate 1.53-1.58
rebound 1.24
semi-elliptic 1.5-1.14, 1.28, 1.31, 1.38-1.40, 1.42-1.43,
1.74-1.75, 1.101, 1.106-1.107
single 1.1, 1.101-1.122
specifications 1.5-1.14
static deflections 1.2-1.3, 1.47, 1.77
steel 1.97-1.99
sieppzd 1.1
stresses 1.1-1.2, 1.37-1.38, 1.40-1.41, 1.45-1.50, 179
1.83-1.85
vzriable rate 1.24-1.25,1.53-1.58
Leaf thickness 1.1, 1.40-1.41, 1.43, 1.45, 1 48 1.118

‘Leaf width 1.41-1.42

Liners
single leaf springs 1.113-1.114
Load-deflection diagram
disk springs 5.1, 5.11
open 5:20 -
stacked 5.13-5.14
helical compression springs
presetting 2.10
leaf springs 1.2-1.3,1.53-1.54
torsion bar springs 3.6-3.7, 3.26-3.27
Load loss
helical springs 2.80-2.81
Load rate
leaf springs 1.11-1.12,1.77-1.78
single leaf springs 1.101, 1.104, 1.113
torsion bar springs 3.6-3.7
Load stress
leaf springs 1.48
Loaded fixed end length
leaf springs 1.5, 1.8-1.11
Loaded length
leaf springs 1.5
Loads See also Dynamic loading; Static loading
axles
control systems 4.30-4.41
disk springs 5.7-5.9, 5.17-5.18, 5.23-5.24




slotted 5.30-5.31
stacked 5.14-5.15
helical springs 2.39, 2.45

~— leaf springs 1.1-1.2, 1.11, 1.13, 1.37-1.38, 1.45-1.46, 1.48,

1.73-1.77
measurement 1.12
variable rate 1.54, 1.56, 1.58
preumatic springs 4.5, 4.14
measurement 4.30
round bar
in torsion 3.3
springs 2.1
torsion bar springs 3.3, 3.6-3.7, 3.26-3.27
with integral torque arm 3.44
Low gamma gas 4.25
Lubrication
stacked disk springs 5.14

Machining
torsion bar springs 3.24
Magnetic particle inspection
torsion bar springs 3.23
Manufacturing
disk springs 5.25
Mass

leaf springs 1.2-1.3, 1.50, 1.52, 1.121-1.122

semi-elliptic 1.43-1.44
single leaf springs 1.115, 1.117
Mechanical properties
wires
alloy steels 2.20, 2.22,2.28
beryilium copper 2.20, 2.26
brass 2.24-2.25
carbon boron steel 2.28
carbon steels 2.20,2.22,2.28
chromium silicon steel 2.20
chromium vanadium steel 2.20
copper alloys 2.20
hot coiled spring materials 2.28
music wire 2.21
nickei alloys 2.20
phosphor bronze 2.20, 2.25-2.26
stainless steel 2.20, 2.24
steel 2.21
steel valve spring 2.23
Meiric conversion 1.121
Metric symbols 4.37-4.38
Modulus of elasticity
alloy steels 2.20
carbon steels 2.20
copper alloys 2.20
effect on energy capacity 2.2
nickel alloys 2.20
stainless steel 2.20
Moment of inertia
leaf spring 1.39-1.41, 1.48-1.49, 1.122
semi-elliptic 1.43
variable rate 1.55
Monel
mechanical properties 2.20
Mountings
pneumaiic springs 4.33-4.35
Music spring wire 2.19-2.20, 2,33
tensile strength 2.21

Natural frequency
compression springs 2.8-2.9

valve springs 2.8
Nested springs 2.3-2.5
Nickel alloys
springs 2.26
modulus of elasticity 2.20
Nomenclature *
disk springs 5.5
semi-elliptic springs 1.5-1.14, 1.28-1.30
Off-road vehicles
leaf springs 1.47
Oil tempered carbon spring wire 2.20-2.21
tensile strength 2.22
Oil tempered carbon valve spring wire 2.21
tensile strength 2.23
Oleo strut suspension 4.11
Opening and overall height
ieaf springs 1.9
Overhang
leaf 1.45-1.47, 1.49-1.50
Overslung spring 1.6, 1.11,1.21

Phosphor bronze springs 2.24

hardness 2.25-2.26

tensile strength 2.25-2.26
Piston type pneumatic springs 4. 9 4.10
Pistons

pneumatic springs

effect on dynamic spring force 4 5

Pitch

coils 2.36
Plating

disk springs 5. 20

springs 2.15
Pneumatic damping 4.27
Paevmatic springs 4.1-4.46

bellow type 4.9

bladder type 4.11

clearance 4.14-4.13

constant mass 4.3

constant volume 4.3-4.3

damping 4.27

deflection 4.18

effect of temperature 4.14

effective area 4.5, 4.18-4.19

effective static deflection 4.4-4.5, 4.15-4.16

forces 4.5,4.14,4.18, 4.21
frequencies 4.17, 4.19, 4,22-4.23
gas law processes 4.5-4.7
glossary 4.39-4.41
heat sink 4.25-4.27
history 4.1
hydro- 4.10-4.11
isothermal instability 4.15 -~
length 4.17,4.19-4.22
loads 4.5, 4.14

measurement 4.30
mounting 4.33-4.35
piston type 4.9-4.10
reinforced flexible member 4.4
reversible diaphragm 4.9-4,10
reversible sleeve 4,10

spring rate 4.14, 4,17, 4.22-4.23, 4.25-4.26, 4.45

static deflection 4.4-4.5, 4.15-4.16
straight sleeve 4.10
volume 4.12-4.18

Pneumatic switches 4.30

Point pressure




- leaf springs 1.47
Presetting
disk springs 5.15
helical compression springs
effect on stresses 2.10-2.12
hot coiled helical springs 2.51
leaf spring material
effect on fatigue 1.98
torsion bar spring materials 3.25-3.30
effect on fatigue 3.11-3.13
Pressure
pneumatic springs 4.18
Pressure control systems 4.29-4.31
Prestressing
leaf spring material
effect on
curvature 1.99
fatigue 1.98-1.99
Progressive rate springs 1.53-1.58

Quench radii

leaf springs 1.43
Quenching

torsion bars 3.25

Radii
free 1.45-1.46, 1.50-1.51
leaf 1.45
quench 1.45
Rate See also Clamped rate
helical springs 2.30-2.40, 2.44, 2.54-2.55
leaf springs 1.2, 1.11-1.12
unsymmetrical 1.77-1.78
pneumatic springs 4.14, 4.17,4.22-4.23, 4.25-4.26, 445
single leaf springs 1.i01, 1.104-1.107, 1.116-1.117
torsion bar springs 3.7
Rate-deflection diagram 1.53-1.54
Rate factor
single leaf springs 1.107-1.108, 1.110-1 112, 1.114-1.1 I5
torsion bar springs 3.8
Rebound leaves 1.24
Recovery
disk springs 5.15
Rectangular bar
stresses 3.5
torsion 3.5
Rectangular wire helical springs 2.77
Reinforced flexible member springs 4.4
Relaxation
disk springs 5.15
helical springs 2.80-2.81
Residual stresses  See also Stresses
disk springs 5.7
helical compression springs
effect of shot peening 2.9-2.10
helical torsion springs '
cold wound 2.11-2.12
Reversible diaphragm pneumatic springs 4.9-4.10
Reversible sleeve pneumatic springs 4.10
Ride
effect of variable rate springs 1.53
Ride clearance
effect of leaf springs 1.2-1.3
. Ride frequency
effect of leaf springs 1.2
Roll control systems 4.31
Roll rate
stabilizer bars 3.47-3.49, 3.51

Roll stiffness
leaf springs 1.77
Round wire helical springs 2.59
S-n curve
helical springs 2.12
Saint Venant's coefficient
rectangular bar in torsion 3.4
Seat angle
leaf springs 1.5, 1.7
Seat angle baseline
leaf springs 1.5-1.7
Seat clamp
leaf springs 1.49
Seat length
leaf springs 1.5
Semi-elliptic springs F:28, 1.31, 1.38-1.40, 1 .42, 1.74-1.75,
1101, 1.114-1.417 )
deflection 1.42
moment of inertia 1.43
nomenclature 1.5-1.14
rate 1.106-1.107, 1.114-1.115
specifications 1.5-1.14
stresses 1.42-1.43, 1.114-1.118
volume efficiency 1.115-1.117
Serrated end connection 3.15
Shackies 1.19-1.20, 1.34
effect on deflection 1.61-1.73 ~
Shear modulus
torsion bar springs 3.24
Shear stresses
leaf springs 1.79
torsion bar springs 3.12
Shock absorbers
hydraulic 4.31
Shot peening
disk springs 5.20
helical compression springs
etfect on
fatigue 2.9-2.10, 2.61-2.62
residual stresses 2.9-2,10
hot coiled helical springs 2.5t
leaf springs
effect on
curvature 1.51, 1.99
fatigue 1.98
torsion bar springs 3.11-3.13,3.25 .
Single angle baseline
feaf springs 1.5 .
Single leaf springs 1.1, 1.101-1.122
camber 1.114 .
load rate 1.101, 1.104, 1.113-1.115
mass 1.115,1.117
specific volume efficiency 1.116-1.118
stresses 1.108-1.109, 1.113-1.118
volume efficiency 1.115-1.118
Space efficiency factor
compression springs 2.2-2.3
extension springs 2.2-2.3
nested springs 2.4-2.5
valve springs 2.4-2.3
Specific energy capacity
springs 2.2
Specific volume efficiencies
single leaf springs 1.101, 1.116-1.118
Specifications
semi-elliptic springs 1.5-1.14
Spiral springs




bending stresses 2.1-2.2
_ . cold wound 2.31-2.50
Jat 2.27, 2.49
ring ends
helical compression springs 2.31-2,32
helical extension springs 2.34-2.35
helical torsion springs 2.45-2.46
hot coiled helical springs 2.55-2.56
leaf springs 1.16
Spring eyes
teaf springs 1.12, 1.14, 1.16-1.17, 1 27-1.28, 1.50,
1.59-1.60
bearings 1.17
cantilever 1.17, 1.27-1.28
tolerance 1.12, 1.14
single leaf 1.114
Spring force
pneumatic springs
effect on pistons 4.5
Spring index 2.2
helical extension springs 2.37
nested springs 2.3-2.5
Spring length
helical springs 2.54
tolerances 2.40-2.42
leaf springs 1.113-1.114
effect on
stresses 1.2
windup 1.74
pneumatic springs 4.17, 4.19-4.22
Spring loading block
leaf springs 1.8
” ~ring materials
\_Alloy steel spring wire 2. 20 2, 2?
annealed wire 2.22
orass 2.20
carbon steel 2.19-2.20,2.27
carbon valve spring wite 2.21
copper alloys 2.20,2.24,2.26
beryllium 2,20
phosphor bronze 2.20
silicon bronze 2.20
corrosion resistance 2.28-2.29
hot coiled springs 2.27-2.28

mechanical properties  See Mechanical properties

musi¢ spring wire 2.19-2.20 - .
nickel alloys 2.20, 2.26
Inconel 2,20
Monel 2.20
phospher brenze 2.20, 2.25-2.26
stainless steel spring wire 2.20, 2.23-2.24
steel 2.19, 2.27
chromium silicon 2.20, 2.23
chromium vanadium 2.20, 2.23
valve spring wire 2.22
Spring rates
disk springs 5.8
helical springs 2.39-2.40, 2.44, 2.54-2.55
leaf springs 1.2, 1.11-1.12, 1.77-1.78
pneumatic springs 4,14, 4.17, 4.22-4.23, 4.25-4,26
single leaf springs 1.101, 1.104-1.108, 1.116-1.117
torsion bar springs 3.7
Spring steel
nass 1.40-1.41
“epfing washers
serrated 5.31, 5.33-5.34

Springs See also specific spring
Belleville 2.1, 5.1-5.36
cantilever 1.27-1.28, 1.37-1.40, 1.42, 1.101
coatings 2.14-2.17
corrosion
effect on failure 2.14
corrosion protection 2.14-2.16
decarburization
effect on failure 2.14
disk 5.1-5.36
effect of temperature 2.12
electroplating 2.15
failure 2.13-2.14
gun 2.7
heat treatment
effect on failure 2,147
helical 1.1, 2.2-2.81, 3.49-3.50
helical compression 2.10-2. 12,2.31-2.33, 2.38-2.43,
2.59-2.61
helical extension 2.33-2.43
helical torsion 2.11-2.12, 2.44-2.49
hot coiled 2.27-2.28
hydrogen embrittlement 2.15-2.16
leaf 1.1-1.122
nested 2.3-2.4
overslung £.6,1.11, 1.21
preumatic 4.1-4.46 -
progressive rate 1.53-1.58
rebound leaf 1.24
semi-elliptic 1.5-1.14, 1.28, 1.31, 1.38-1.40, 1.42-1.43,
1.74-1.75, 1.101, 1.106-1.107
single leaf springs 1.101-1.122
spiral 2.2-2.81
torsion bar 1.1, 3.1-3.52
variable rate 1.24-1.25, 1.53-1.38
Square wire springs 2.77
Stabilizer bars 3.13, 3.47-3.52
Stack length
disk springs 5.4
Stack thickness
leaf springs 1.9
Stacking
disk springs 5.13-5.14
alignment 5.14
frictional hysteresis 5.5
Inbrication 5.14
Stainless steel springs
modulus of elasticity 2.20
Standards
disk springs 5.27
Static deflection
leaf springs 1.2-1.3, 1.47, 1.77
pneumatic springs 4.4-4.5, 4,13-4.16
" torsion bar springs 3.8-3.10
Static loading
helical springs 2.6-2.7
nested springs 2.4-2.5
valve springs 2.2-2.3
Statistical analysis
hot coiled helical spring fatigue 2.66-2.76
leaf spring fatigoe 1.83-1.95
torsion bar spring fatigue 3.33-3.36
Steam boilers
valve springs
space efficiency 2.2
Steels See also Stainless steels
chromium silicon




tensile strength 2.23
chromium vanadium
tensile strength 2.23
disk springs 5.19-5.20
leaf springs 1.97-1.99
mass 1.50, 1.52
single leaf springs
mass 1.115
spiral springs 2.27
Steel strip 2.27
Stepping .
leaf springs 1.45-1.47, 1.49,1.55
Stiffening factor
leaf springs 1.38-1.40
Straight laminated bar
stresses 3.53-3.6
torsion 3.5-3.6
windup angle 3.5
Straight length
leaf springs 1.5
Straight sleeve pneumatic springs 4.10
Straightening
torsion bars 3.25
Strain energy method 1.47
Strains
leaf springs 1.37-1.38
torsion bar springs 3.27-3.30
Stress peening
leaf springs
effect on fatigue 1.99
Stress-strain diagram
torsion bar springs 3.27-3.28
Stresses  See also Bending stresses; Residual stresses;
Torsional stresses
bending
spiral 2.1-2.2
coil springs 3.49-3.50
disk springs 5.7-5.8,5.11-5.18,5.23-5.24
open 5.29-5.30
effect on energy capacity 2.2
helical compression springs 2.9-2.12
effect on fatigue 2.59-2.64
helical extension spring end hooks 2.35
helical springs 2.1-2.2, 2.6-2.7, 2.59-2.60, 3.49-3.50
helical torsion spring ends 2,45-2.46
hot coiled helical springs 2.64-2.65

leaf springs 1.1-1.2, 1.37-1.38, 1.40-141, 1.45-1.50, 1.79,

1.83-1.85
effect of windup 1.75
semi-elliptic 1.42-1.43, 1.107
variable rate 1.55-1.58
residual
disk springs 3.7
helical compression springs 2.12
effect of shot peening 2.9-2.10
helical torsion springs 2.45
cold wound 2.11-2.12
single leaf springs 1.108-1.109, 1.113-1.118
spiral springs
flat 2.49
stabilizer bars 3.49-3.51
torsion bar springs 3.11-3,13, 3.27-3.28
anchors 3.16-3.17
effect on fatigue 3.31-3.32
hexagonal end connection 3.15
truck tilt-cab 3.38
rectangular torsion bar 3.5

serrated end connection 3.15
square
boat trailer 3.37
straight laminated torsion bar 3.6-3.7
with integral torque arm 3.42-3.45
torsional
helical springs 2.1-2.2
Surface decarburization
leaf springs
effect on fatigue 1.97-1.98
Surface finish
leaf springs
effect on fatigue 1.99
Surface hardness .
torsion bar springs 3.23
Surface imperfections
springs
effect on failure 2.13-2.14
Surge time
compression springs 2.8
Surge velocity
compression springs 2.8
Suspension systems
commercial vehicles 4.13-4.23
helical springs 2.6
hydro-pneumatic springs’
Oleo strut 4.11
leaf springs 1.2
effect on stiffness §.2
Hotchkiss drive £.73-1.74, 1.77
pheumatic springs 4.1-4.46
torsion bar springs 3.9-3.13, 3.40-3.45
Temperature e
effect on
pneumatic springs 4.14
springs 2.12
Tensile strength
beryllium copper 2.26
brass
sheet and strip 2.25
spring wire 2.24
music wite 2.21
phosphor bronze
sheet and strip 2.25
wire and rod 2.26
stainless steel wire
hard drawn 2.24
_steel spring wire 2.23
chromium silicon 2.23
chromium vanadium 2.23
hard drawn carbon 2,20-2.21
oil tempered carbon 2.22-2.23
steel valve spring wire
hard drawn carbon 2.23
oil tempered carbon 2.23
Tension
helical extension springs 2.36-2.37
Tension shackle
leaf springs 1.61-1.63, 1.66, 1.70
Tension surface
single leaf springs at seat clamp 1.113
Tolerances
disk springs 5.25-5.26
helical compression springs 2.38-2.43
helical extension springs 2.38-2.43
helical torsion springs 2.46-2.48
hot coiled helical springs 2.57
round bars 2.52-2.57




Torque
leaf springs 1.73-1.77, 1.79
torsion bar springs 3.27
- boat trailers 3.37
truck tilt- cab 3.38-3.39
Torsion
rectangular bar 3.5
round bar 3.4
straight laminated bar 3.5-3.6
Torston bar anchors
hexagonal 3.16-3.17
serrated 3.16
Torsion bar length
boat trailer 3.37
truck tilt-cab 3.40
Torsion bar lever 3.6-3.10
round bar 3.10
Torsion bar springs 3.1-3.52
adjusting mechanisms 3.21-3.22
anchors 3.16
corrosion protection 3.26
counterbalance springs 3.13
deflection 3.6-3.9
end fastenings 3.15-3.19
energy storage 1.1
fatigue life 3.31-3.36
fatigue testing 3.27
grinding 3.23
heat treatment 3.24-3.25
hexagonal
truck tilt-cab 3.3%-340 .
Iaminated
truck tilt-cab 3.40-3. 41

load deflection diagrams 3.6-3.7, 3.26-3.27 .

N~ load rate 3.7
machining 3.24
magnetic particle inspection 3.23
material hardenability 3.23-3.24
presetting 3.25-3.30
rate factor 3.3
shear modulus 3.24
shot peening 3.11-3.13, 3.25
square
boat trailers 3.37-3.38
static deflection 3.8-3.9
straightening 3.235,

stresses 3.5-3.7, 3.11-3.17, 3.27-3.28, 3.31-3,32,3.37-3.38,

3.42-3.45,3.49-351
surface hardness 3.23
transition section 3.17-3.19
upsetting 3.24
with integral torque arm 3 40-3.45
Torsion bars
length 3.6, 3.17
rectangular 3.4-3.5
stresses 3.5
torsion 3.4-3.5
windup angle 3.5
round 3.3-3.4
diameter 3.9-3.10
hexagonal end connection 3.15-3.16
laminated 3.11
length 3.9-3.10
straight laminated
\_.~ stabilizers 3.47-3.52
stresses 3.5
torsion 3.5-3.6
windup angle 3.5

Torsion springs  See Helical torsion springs; Torsion bar

Springs
Torsional stresses
helical springs 2.1-2.2
Tractors
axles
load control systems 4.30
Trailers
boat
torsion bar springs 3.37-3.38
Transition sectien
torsion bar springs 3.17-3.19
Trucks
axles
load control systems 4.30
tilt-cab
torsion bar springs 3.38-3.41
Twisting
leaf springs 1.77-1.78
Two-point deflection method
leaf springs 1.31, 1.34

Underslung springs 1.6, 1.8, 1.10, 1.22
Upsetting
torsion bar springs 3.24

Valve springs -
engine
corrosion
effect on failure 2.14
failure 2.14
fatigue 2,12
materials
carbon steel 2.21-2.22
natural frequency 2.8
space efficiency 2.2
steam boilers
space efficiency 2.2
Variable rate springs 1.24-1.25, 1.53-1.58
Vehicies
height control 3.21-3.22,4.29
pressure control 4.29-4.30
toll control 4.31
Volume
pneumatic springs 4.17-4.18
spring materials 2.2

" Volume efficiency

single leaf springs 1.101, 1, 115 1.118
cantilever 1.104
Volume factor
single leaf springs 1.108-1.109
Volute springs 2.1

Wahl factor 2.59-2.60, 3.49-3.51
Warm setting
hot coiled helical springs 2.51, 2.53
Washers
spring 5.31, 5.33-5.34
Weibull plot
helical springs 2.68-2.70
leaf springs 1.87-1.95
torsion bar springs 3.34
Windup
leaf springs 1.73-1.77
torsion bar springs 3.21
Windup angle
rectangular torsion bar 3.5
straight laminated torsion bar 3.5-3.6




PR

torsior: bar spring 3.27
with integral torque arm 3.42

Windup stiffness

leaf springs 1.2, 1.39, 1.73-1.77

Wire

alloy steed spring 2.22-2.23
annealed 2,22
carbon steel spring
hard drawn 2.20-2.21
oil tempered 2.22
carbon steel valve spring
oil tempered 2.23
copper alloys 2.24
silicon bronze 2.26
ferrous 2.19-2.23

flat 2.27
hard drawn carbon steel 2.19-2.20
music string 2.19-2.20
nickel alloys 2.26-2.27
oil tempered carbon spring 2.20-2.22
rectangular 2.77
square 2.77
stainless steel 2.23-2.24
steel spring
chromium silicon 2.23
chromium vanadium 2.23
vaive spring 2.23
hard drawn 2.22
oil tempered carbon 2.21
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