Journal of Machine Engineering, Vol. 8, No. 4, 2008

coiled springs, fatigue failure,
safety factor, alternate stress,
endurance limit stress

Gennady ARYASSOV
Andres PETRITSHENK®

ADVANCED DETERMINATION OF SAFETY FACTOR OF FATIQUE
STRENGTH OF COILED SPRINGS

Coiled compression springs are widely used in susipa systems of vehicles, light weight trailergjrs etc
and their task is to minimize dynamic loading effecvehicles body or frame in different road cdiadi over
many years. In these systems, springs are expasémrge number of cycles of loading and determamati
of their durability and reliability quantities isnportant. Consequently, to increase the reliabitifythese
systems, a more accurate determination of the salfithe endurance limits of springs is necesdasyally, in
many strength problems, the major components esstare static, with less accurately alternatingssées
superposed. Most failures of springs are originatétl stress of alternating type. The solution oblgem is
accomplished due to acting shear and axial strésgdane of cross-section of spring wire.

By existing theory, when springs are loaded by steady loading, then to consider of unlimited numbe
of combinations of amplitude and mean stresses,litiee of failure of the material must be used. 8inc
experimental data for the line of failure of maaérare usually not at hand, it is customary to make
a conservative approximation, that it is a straighe. However, use this straight line may give sidarable
mistakes on determination of the limit range swessTo avoid fore aft mentioned mistakes, the mktho
of approximation of the failure curve line by thed with the properly chosen parameters for thdedoi
compression and tension springs is proposed inpdgier. Theory to use proper parameters in apmaton

of failure curve and calculation example with résig given as well.

1. INTRODUCTION

Extensive research over the last century has qaveartial understanding of the basic
mechanism associated with fatigue failures. To detaly understand the mechanism
of fatigue failures, a derivation of complete theaf plasticity is necessary. As far as
developed mathematical theory of plasticity is tmmplicated for use in practice, the data
collected from experimental tests is an only taoldngineering purposes.

Many references for example [1], [2], [3] contaislanmary of current knowledge and
applicable theory, as far as it applies to engingepractice. By theory, to calculate
a safety factor of fatigue strength of coiled sgsimt arbitrary values of mean and amplitude
stresses, the whole diagram of endurance limitssé® must be available. Available
experimental data for springs are very limited aften it is impossible to find the values
of limited stresses for different springs. In ca$édimited data, an approximation of real
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endurance limit stress curve is necessary.

As it is known, there exist many methods of appr@tion of curve of endurance limit
stresses. The curve of endurance limit stressesplaced by straight line or lines, which
passes some characteristic points specific for w@ggmoximation method. More widely
used methods of approximation are known as Seresarsoshvili method [3], which is
represented in Fig.1 and method of Rabinovichyiich is represented in Fig.2. Diagrams
of limited stresses are represented by curved lines,, -7, coordinates and they are

known as Haigh’'s diagrams.
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Fig. 1. Approximation by method of Serensen-Kinasils

Stresses indicated in diagram of Fig. 1 are:
I, — ultimate shearing stress,

r, —Yield shearing stress,

r, —amplitude of cycled shearing stress,

r_, —endurance limit shearing stress of symmetricelegy
T, — endurance limit shearing stress of pulsatingeycl
I, — mean shear stress.

Serensen and Kinasoshvili proposed for approximatd real curve of limited
stresses, to replace it by straight line, whichnemts points A and C in Fig.1. As it is
known, for determination of these values of shepstresses, it is necessary to carry out
two series of experiments on fatigue. One of tlsesees of experiments must be carried out
with symmetrical cycle of stress, which correspomalspoints A and another one with
pulsating cycle of stress, which corresponds tapBiL Determined lines between points
AK and KD represent then approximated values of eadurance limit stress curve. As it
Is seen from the diagram represented in Fig.1déweation of approximated lines compared
to real curve of limit stresses, gives higher valoé safety factor between points A and B
and lower values of safety factor between poingn8 K.

Rabinovich [2] has shown in his studies, that iaigests provided for steels with
axial or shearing stresses, give stress value®iotA and B, when straight line, which
passes them intersect reference line of mean styesg point L. The value of point L is
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approximately 1200 MPa. The method of Rabinovichrapresented in Fig.2. Method
of Rabinovich allows determining approximated eiaghge limit stress curve by points A
and L. For determination of values of stress ohp#\, fatigue tests with symmetrical cycle
of stresses are necessary only.
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Fig. 2. Approximation by method of Rabinovich
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As it is seen from diagram of Fig. 2, a calculatioh safety factors by method
of Rabinovich leads to higher values of them inadbetween points A and K and lower
values between points D and K, as it was by meti&@erensen-Kinasoshvili.

Method of Rabinovich is widely used for practicalgeeering purposes as it allows
approximating an endurance limit stress diagramhb wse of short time and limited tests.
Method of Serensen-Kinasoshvili is used more fardbgh analysis and in case of new
materials, when the value of mean stress at poistinknown.

In this paper, a method of approximation of endoeaimit stress curve by curve with
properly chosen parameters is proposed. For appaiiin of endurance limit stress curve

it is assumed that helix angle of compression-tensoiled springs ig <12°.

2. APPROXIMATION OF DIAGRAMM OF LIMITED SHEAR STRES

Let the diagram of limited shear stresses in coretds 7,,— 7, iS approximated by
equation

Ta:T_l _arm__rm! (1)

From Fig.1 it is seen, that endurance limit st@sse is naturally at poik, when the
pulsation cycle of loading takes place. For detaation of factorsr andf , it is assumed,
that the endurance limit stress curve passes tim Bdzy/2, 7o/2) andC (z,, 0) for pulsating
cycle of loading and constant load, accordinglybs$ituting these coordinates in Eq.1 gives
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Solving these equations, we can obtain factosnd S as follows

2
4f-1_2To_(Toj T 2(%4,7—1@_2T—1J
oo W) Tu 5= T, T, T, T,

u u ’ (3)
To[z_foj To[z_foj
TU TU TU z-U

From Fig.3, the equation of yield lif@K can be expressed as

a =

m="Ty (4)

After exception ofr, from Eq.1 and Eq.4, following equation can be aigéli

,_(-a)r, (n-ra)n

Im~ L™
B B

=0, (5)

and from Eq.5, the abscissa of pointrBm Fig.3 can be found as
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Fig. 3. Approximation curve of endurance limit sses
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Line OKis determined by anglg*

=Y

L -1 (7)

1-a_|(1-aY 1(7, 1,
2 2 gty T,

tang =

The line OK separates the area of the cycles of loading laitg yielding @<¢")
from area of cycles of loading limited by fatigumit (¢=¢").

3. DETERMINATION OF SAFETY FACTOR ON FATIQUE

When ¢<¢", then usually safety factor is calculated usingldyilimit stress values.
However, if = ¢", for calculation of safety factor, Eq.1 is to b&ed Let us suppose, that
we have cycled loading, where the pdiltrepresented in Fig.4 with coordinates, (7 ,)

corresponds to the working stresses. The limitesyas the cycle of point M will be marked
by pointL.

From the diagram represented in Fig.4, the sabatipofFS can be determined as

oL_ol

P = om "o (8)
The equation of the straight lilg@L is
Ta=TniQ@ 9)
13
L
< W «

‘\v(ﬂ 45 Tm

A

|

Fig. 4. Diagram for determination of safety factor
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Substituting EQ.9 into Eq.1 and following procedurem Eq.1-5, the equation
of approximated curve line of limit stresses carekgressed as

+
2 artang, . _Lilg_g (10)

m ﬂ u-m ﬂ

Then the abscissa of the poinhas the value

2
Ol = —"”a”(ﬂ\/(“”a“”j + 2, (11)
2p 28 B 1,

and the equation for safety factor gives

2
FS; = —a+ta”<”+\/(“”a“”j v |y (12)
2p 2p BTy |Tn

4. SAMPLE OF PROBLEM

The equations for stress and deformation of a tlassled helical spring are derived
from the corresponding equations for the torsioa abund bar. However, it is assumed that
the helix angle of spring i& <10°...12. When a helix angler >12°, then it is necessary to
take into account bending stresses.

Let the coiled spring is made of chromium-vanadisteel having the following
properties:

* shear strength,z, = 1200 MPa

« yield strength in shear;, = 950 Mpa

» endurance limit stress for pulsating shearings 550 Mpa

» endurance limit stress for symmetrically cycledaing, 7., =0.6,= 330 Mpa

« shear modulus of elasticity = 0.8-:10 Mpa.

The spring is made of the wire having round cresgign. The wire diameter d = 7
mm, the external diameteb, = 60 mm, the number of spring colls 6, the initial spring
deflection f; = 3,8 mm, the working spring deflectioh = 28 mm. It is necessary to
determine the safety factbfs,

Solution
The mean spring diameter
D =D¢—d=60-7=53mm (13)
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Coefficient of A.M. Wahl [4] taking into consideration the curvature of theirgpr
coil

K= 4D/d—1+0.615: 4153/ F ]_.|_ 0.61 _ 1 105, (14)
4D/d-4 DI/d 4(63/7- 4 53/7

Rigidity of the spring (it is equal to the force &pring deformation on one unit).

_Gd* _osac

c= = =26.88 N /mn 15
8D3i 8mBFb (15)

The force for initial deflection of the spring
Fmn=C-fi =26.88-3.8 =1020 (16)
The maximal deflection of the spring
f,=f,+h=3.8 +28 = 31.81m (17)
The maximal force on the spring
Frmax=C f,= 26.88 - 31.8 = 854N (18)

The minimal and maximal stresses

8F_ D 8[102.1153
7. zk=2imin~ —9 1950 —<"—"< 48 0MPa 19
min Td3 3.1407 49

8F D 8[854.753

7 =kImax— -9 195° —2 T2 402.0MPa 20
max Td3 3.1407 29
Then T = fmax ; Lmin  402.0+ 48.0 _ 505 omPa (21)
r, = [max ; Tmin - 402.0- 480 _ 127 ompa (22)

The coiled springs usually have no stress condamisg and then characteristic of the
loading cycle is given as

tang="a = 177:0_ 4 7g; (23)
I, 225.0

The value oftarg must be compared with the value ting* by Eq.4. For
comparison it is necessary to determine the factorand S by Eq. 2
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2 2
aT1_o%0 (To| Fu ,330 _, 550 ( 5501 330
r, 1200 1200 | 1200 ~ 1200

= =0.176, (24)
To[,_To 550 5_ 550
T r 1200~ 1200
r r_lj 2[ 550 , 330 550_, 330

1200 1200 1200 120&
=0.097  (25)

Tof,_To ) 550 (,, _ 550
T, T, 1200 1200
When the valuesr and £ are substituted into Eq. (4) thiang * is equal to
tang = 12 gt-1=
1-a _\/(l—a} _1(TT_T_1J Ty
2 2 r, T
B B B 1 u Ty - (26)
= > E -1=0,1€
1-0,176 |( + 0,178° 1 9( 950 33E 1200
20,097 270,09 0,097 1200 1200
Asitis seen,¢ >¢* and the safety factor is to be determined by Eq.12
2
Fs, = _a+tanqa+\/(a+ tarwj L
2p 2[5 BT, Ty
(27)

_| _0176+ 0,79, | 0,176 0.79 , 1 33 1zo:o1
2(D,097 710,097 0,097 1200 222,2°

Such a value of safety factor is satisfactory; evtan close to limit value.

5. DEPENDENCE OF SAFETY FACTOR FROM MECHANICAL
PROPERTIES AND CYCLE CHARACTERISTICS

Let us consider the influence of mechanical properdf material and coefficient of
cycle asymmetry of variable loading on safety faciofatigue. For comparison are used the
different methods of approximation of real diagrafmimit stresses. In the first case, the
calculation is carried out by method provided iegant work. Another two calculations are
carried out by methods of Serensen-Kinosashvilaf] Rabinovich [2].

In the case of approximation by method of Seref§ansashvili, it is necessary to
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use three points from real diagram of limit stresSehese points are indicated in Fig. 1 as
points A, B and Dof real curve. Safety factor is expressed by [3] as

T
FS, =— = 28
S [+ BT, (28)
where
=1 20 29
A== 0a, (29)

In case of approximation by method of Rabinovich Esimpler diagram with two
points only is used. These points are indicateéign 1 as points A and C. Safety factor will
be found by Eq. 13, but factg® is expressed as

_04
Oy,

B (30)

The calculation results are given in Fig. 5 and. g The error of calculation by
Serensen leads to increases) as compared with present method. Calculation tedy
method of Rabinovich leads to decreased values,of

DEFPEMDENCE OF SAFETY FACTOR ON ERNDURANCE LIMIT
15 T T T T T

Safety factor, F5

: : : — Preset calculation
e e H
| | | — by Serensen
—— by Rahinovich
T

1 | I I T
500 700 800 300 1000 1100 1200
Endurance limit of sheating stress

Fig. 5. Influence of endurance limit shear stressi@s on safety factor

From Fig. 5 and Fig. 6, it is seen, that with iragieg of ultimate shear stress
values,, the difference in calculation results decreasacegordingly. When an ultimate

shear stress value of spring is equatje-1200MPa or has higher values, then difference
between calculation results is infinitesimal.
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RELATIWE DIFFEREMNCE OF RESULTS
5 T T T T T

Increased F5, per cent

%
3
&
2
E .
D 0 1 . .
§ 1| — "With results by Serensen
H] : V| —  With results by Rabinovich
a 20 1 1 1 I I
2] 70a g0a a0a 1000 1100 1200

Endurance limit of shearing stress

Fig. 6. Relative difference of calculated safetstda values depending on endurance limits sheasstralues

Calculation results by method of [2] and [3] arerenimfluenced by asymmetry factor

min (31)

max

When a value of asymmetry factor r is increasing sign of stresses is a constant,
then difference between calculation results isaasmng considerably. Difference between
calculation results in case of various asymmetcyoiaare presented in Fig. 7 and Fig. 8.

DEPENDENCE OF SAFETY FACTOR ON ASYMWETRY CYCLE
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Fig. 7. Influence of factar on calculation of safety factor
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Fig. 8. Relative difference of cdited safety factor values depending on differantdrsr

6. CONCLUSION

In this paper an advanced method for determinatfaafety factor of fatigue strength
of coiled springs under axial forces on tension emehpression has been proposed. Theory
to use this method and calculation examples has imetuded as well. Calculation results
were compared with existing methods and it has h@ened that proposed method is
suitable to use for approximation of real curveenflurance limit shear stress curve and on
basis of it to calculate a safety factor of fatigtieength.

Even, the theory provided fore aft has been deeslofor springs with helix

anglea <10...12; it can be extended to coiled springs with heligla ofa =12°. In this
case, for determination of a safety factor, bendingsses in wire of coiled springs must be
included in calculation. Procedure to calculatesafiety factor of bending stresses is same
as was provided in previous theory; only shearsstkaluesr must be replaced by values
of bending stresses. Total safety factors is expressed then as

1 1 N 1
FS* FS FS
Theory provided in this paper will be proved by exments in future

(32)
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