14 . . . . ISSN 2076-2429 (print)
[Mpani Opecbkoro nojitexHiuHoro yHiBepeutery, 2019. Bum. 1(57) ISSN 2223-3814 (online)

UDC 621.82

L. Berezin, PhD, Assoc. Prof.
Kyiv National University of Technologies and Design, 2 Nemyrovycha-Danchenka, Str., Kyiv, Ukraine, 01011; e-mail: Lnb07@ukr.net

CALCULATION OF SMALL-SIZED CYLINDRICAL COIL
SPRINGS ON FATIGUE STRENGTH IN PROBABILISTIC
FORMULATION

JI.M. Bepesin. Po3paxyHOK MajaoraGapuTHHX IHIIHAPUYHHX IBUHTOBHX HPY:KHH 32 BTOMHOI0 MillHiCTIO B iiMOBipHicHii
nocranoBui. IlpanesgaTHicTs 0araThbOX MAIIMH JIMITYEThCS PECYpcOM INIHAPUYHUX TBHHTOBHUX NPYXKHH, SKUH 3aJIeKHTh Bim ix
HaJIMHOCTI 332 MILHICTIO i CTAaOLIBHOCTI CHMJIOBHX XapaKTEPUCTHK. Po3paxyHKH Ha MILHICTh NMpPYXHH PETJIAaMEHTOBaHI i, SIK HPaBHIIO,
00MEXKYIOThCSL TPAAULIIHOIO IIEPEBIPKOIO 3a KoedilieHTOM 3aracy BTOMHOI MilTHOCTi. OCKUIBKY IIPYXKUHU BITHOCATH IO AETaleH, sSKi MalOTh
BUIIA/IKOBICTh HABAHTAXEHb 1 XapaKTEPUCTHK MILIHOCTI, OYEBHAHA IOLINTBHICTH MEPEBIPKH NMPYXKUH Ha HAAIMHICTH 1 JOBrOBIYHICTH 3a
KpuTepieM BTOMHOI MinHocTi. JlogatkoBa BHMoOra mofo 3a0e3neyeHHs OOMEXKEHMX, ajie JOCTAaTHIX, 3amaciB MIIHOCTI CTOCOBHO
MaJiora0apuTHUX MPYXKUH TaKOX CIIPUSE MPOBEACHHIO PO3PaxyHKIB B IMOBIpHICHIN mocTaHOBLi. MeTol poboTH € po3poOka METOmO0IOTii
YHIBEpPCAJIBHOTO PO3PaxXyHKY MaJlOrabapUTHUX IMIIHAPUYHUX 'BUHTOBHX NPYKMH Ha HAJIMHICTH i JOBrOBIYHICTh 3a KPUTEPiEM BTOMHOL
MIIIHOCTI Ha OCHOBI y3arajbHEHHS MaTepiajiB HOPMAaTHBHO-KEPIBHHX JOKYMEHTIB, JIOBIAKOBOI €MHIpHMYHOI Ta aHANITU4HOI iH(opmalil.
3ampoNOHOBAHO AJITOPUTM Ui BH3HAYEHHS CTATUCTUYHUX MAapaMeTpiB OMOPY BTOMM MPYKHH 33 TOTHYHHMH HANpPYXCHHSIMH IPH
BificyTHOCTI ab0 oOMexeHiii 6a3i BuXimHMX naHuX. OOrpyHTOBaHO BHOIp Koe(illieHTIB JUIS MEepexoiy BiJ TPaHMII BTOMH MaTepiany 10
BIJITIOBITHOTO MapaMeTpy NPYKUHH 3 ypaxyBaHHSIM OILIIHKHM HOT0 po3citoBaHHS. PO3IIISHYTO MUTAaHHS CXEMAaTH3allii i CTaTUCTUYHOI 00pOOKH
CHEKTPiB HaBaHTa)KEHb CTYMIHYACTOTO i Oe3MepepBHOroO BULY Ul OOUMCICHHS XapaKTePUCTUK HABAHTAXEHOCTI NMpyKHH. KOHKpeTH30BaHo
BUOIp 3HaueHHs KoeQillieHTa Bapialii HABaHTA)XCHHS CTOCOBHO NpYyXHH. CTaTHCTHYHI XapaKTEPHCTHKH HABAaHTAXCHB 1 OIOPY BTOMH
MPY>KHUH BUKOPUCTOBYBAJIM AJIs OLIHKK WMOBIPHOCTI X 0€3BiIMOBHOI pOOOTH 1 JOBrOBIYHOCTI B iIMOBIpHICHOMY acriekTi. HaBeneno npukiazn
pPO3paxyHKy Ha MIIHICTb BiJJl YTOMH B HMOBIPHICHI MOCTaHOBLI IMIIHAPUYHOI TBHUHTOBOI MPYXHUHH PO3TACY i CTUCKY mosuuii 366 3
ypaxyBaHHSAIM BUMOTH MiHiMi3awii po3MipiB.
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L. Berezin. Calculation of small-sized cylindrical coil springs on fatigue strength in probabilistic formulation. The efficiency of
many machines is limited by the resource of cylindrical coil springs, which depends on their strength reliability and stability of power
characteristics. Strength calculations of springs are regulated and, as a rule, are limited to traditional testing by the margin factor of fatigue
strength. Since springs are related to parts that have random loading and strength characteristics, the expediency of testing springs for reliability
and longevity is obvious. The additional requirement for the provision of limited, but sufficient, strength margin with respect to small-sized
springs also contributes to the calculations in a probabilistic formulation. The purpose of the work is to develop a methodology for the universal
calculation of small-sized cylindrical helical springs for reliability and durability by the criterion of fatigue strength based on the generalization of
materials of regulatory guidance documents, empirical and analytical information. An algorithm for determining the statistical parameters of
spring fatigue resistance by tangential stresses in the absence or limited base of initial data is presented. The choice of coefficients for the
transition from the material fatigue limit to the corresponding spring parameter is justified, taking into account the estimate of its variations. The
problems of schematization and statistical processing of loading spectrum of a stepwise and continuous type to calculate the characteristics of the
loading of springs are considered. Selection of the coefficient of variation of the load with reference to the springs is substantiated. Statistical
characteristics of the loads and fatigue resistance of the springs were used to estimate their probability of failsafe operation and longevity in the
probabilistic aspect. An example is given of the fatigue strength calculation in a probabilistic formulation of a cylindrical helical spring for
stretching and compressing position 366, taking into account the requirement of minimizing sizes.

Keywords: cylindrical coil springs; checking calculation; fatigue strength; reliability; longevity

Introduction. The efficiency of many machines is limited by the resource springs, which de-
pends on their strength reliability and stability of power characteristics. Cylindrical coil springs (here-
inafter referred to as springs), working in tension and (or) compression, made of round cross-section
bars, have received the greatest use. The design calculation of the springs is reduced to the determina-
tion of their geometrical parameters based on specified loads, working conditions and, if necessary,
weight and overall dimensions. The issues of calculating and designing tension and compression
springs are widely represented in the reference literature and open access sources.

Analysis of basic research and publications. Spring strength calculations based on the fatigue
criterion in the traditional (deterministic) formulation have been developed sufficiently and are widely
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used in the packages ANSYS10.0, MATHCAD, SolidWorks, Pro-E, CATIA, Autodesk Inventor, in
the environment of the Compass-3D V6 system (the Compass application spring) and others. Use tra-
ditional strength test for permissible stresses or normalized safety factor [1]. However, given that the
springs have random loading and material strength characteristics, along with the requirement to en-
sure small but sufficient safety margins, it is obvious that the springs should be tested according to the
fatigue strength criterion in a probabilistic formulation. In [2], a simplified approach is presented for
estimating the probability of spring failure-free operation. Assumptions in the calculations are reduced
to an arbitrary choice of the law of the distribution of the spring resource and the overall coefficient of
variation, which takes into account the deviations of the material fatigue boundary and the amplitudes
of the stresses in the spring section.

Thus, without the availability of relevant source information in the calculations rely on the expe-
rience of the designer. Spring modeling by the finite element method and multi-axis fatigue analysis
are presented in [3]. However, it is difficult for the user to get a general idea of the change in the cor-
responding parameter. In addition, as for engineering calculation, it should be noted that calculations
that are too cumbersome for manual counting, and in the case of the use of computer technology, the
need to develop special programs. At the same time, discretization errors and approximations of the
method as applied to springs impair convergence to the exact solution.

Evaluation of the fatigue longevity of large springs with the number of loading cycles 10" and
more, is presented in [4 — 6]. Special cases based on numerical and experimental analysis narrow the
use of the results as a general calculation methodology.On the issue of the influence of the choice of
materials on the longevity of the springs, first of all, we should highlight studies of composite
springs made of E-glass, epoxy resin, carbon [7 — 8]. Features of strength spring calculations, which
are of a private nature depending on the purpose and special loading conditions, are presented for a
number of following vehicles: cars [9], motorcycles, railway transport [10].

Taking into account the narrow focus of the articles on the topic, it is advisable to develop a
methodological complex of engineering solutions for applied problems of assessing and ensuring fa-
tigue longevity and spring reliability at the design stage.

Purpose of the study. In calculations for fatigue strength in probabilistic formulation (read relia-
bility), the random values are the loads and the mechanical characteristics of the strength of the part.
The aim of the work is to develop a methodology for the universal calculation of small-sized cylindri-
cal helical springs for reliability and longevity by the criterion of fatigue strength based on the general-
ization of materials of regulatory guidance documents, empirical and analytical information.

The following tasks were considered:

— determination of statistical parameters (mathematical expectation and coefficient of variation)
of fatigue resistance of the material and the spring, information about which is mostly absent or con-
tradictory;

— determination of the loading of the springs to failure by the loading spectrum;

— assessment of the probability of failure-free operation and prediction of the spring resource.

Presentation of the main material. We consider springs of class I (no-failure operation of at
least 10’ loading cycles), discharge 1, in appearance — single-core, tension and compression. Use
spring material to choose alloyed resource-spring steels with high requirements for fatigue strength.

Information on the statistical parameters of fatigue resistance of alloyed steels at tangential
stresses is ambiguous. In the absence of reliable experimental data on the mathematical expectation of
the material fatigue limit during torsion, T_; is recommended to determine directly from the normal

stresses G_, [11] using the relation t_; =0.6_;. Pre-applying the empirical formula of the form:
0.1 =(0.55-0.00010y oy , 1)

where oy — strength limit of the material (in the absence of information about o, we use dependence
ov =067/0.88, where o7 is the limit of yield strength of the material).
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In the spring calculations for fatigue, the transition according to the characteristics of fatigue
from the material 7, to the part T_;p is performed according to the standard procedure [12]:

T1

Tip = & (2)
where K — the total coefficient of influence, determined by the formula:
K:Un+1_j1. ®)
kdr kF‘c kva

The coefficients K., kq:, Ke:, K, and ka in characterize the effect of tangential stress concentra-
tion, scale factor, surface treatment quality, surface hardening and material anisotropy, respectively.

Concentration factors are usually established experimentally by the ratio of the fatigue limits of
smooth samples t_; and samples with a stress concentration t_ip like k. =11 /710. When they are
unavailable in the calculations, the use of the formula [11] is allowed:

kr :1+qr(ar _1)’ (4)
where . — coefficient of sensitivity of the metal to the concentration of tangential stresses (for al-
loyed steels varies in the range g.=0.7...0.9) g5 ;

a. — theoretical concentration ratio (the choice o is carried out according to the recommenda-
tions [12]).
The values of the sensitivity coefficients of the metal to the concentration of normal stress can al-
so be calculated by the conditions:
g, =0.211-0.0001430y at oy <1300 MPa,

0o =0.025 at oy >1300 MPa.

With torsion we have approximately g. =1.5q; .
The coefficient for alloyed steels is determined by the formula [12]:

®)

d
kiy: =1-0.2lg— at d <150 mm,
‘ 94 (6)

k- =1 at d <150 mm,
where d, = 7.5 mm - diameter of a smooth laboratory specimen.
Empirical dependence of the form is also allowed:
3 1
© 0.8127 +0.0676d —0.0042d* '

()

kdr

where d — bar diameter in sm.

On the surface of the material bar for the springs, an oxide film and individual drawing risks are
allowed, the depth of which is governed by the technical conditions of rolled alloyed structural steel.
Quantitatively, the influence of surface quality on the fatigue limit is measured by the formulas:

Gv
ke =1-0.22IgRz | lg—-1] at Rz >1um,
- gz(gzo j 22oH ®)

k|:<j =1 at R, >1Hm,
and ke, =0.575ke, +0.425, 9)
where R, — bar surface roughness.
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The coefficient k, is equal to the ratio of the fatigue limit of the part with surface hardening
o_1pyer and without hardening o_1p . According to the recommendations [13], the following values k,
are set: 1.0 — without hardening the spring bar hardening; 1.15 — in the presence of work hardening.

Detailed information on the choice of the coefficient k, for different types of processing depend-
ing on the sample diameter and the presence of stress concentration is given in [11]. In accordance
with the technology of manufacturing springs should be taken k, = 1.15.

The anisotropy coefficient ka in the calculations of small springs due to the small diameter of the
rod can be neglected.

Evaluation of the fatigue limits of the parts indicates their significant scattering. The reasons for
this are the structural heterogeneity of the material of one heat, the scattering of mechanical character-
istics in different heats, random changes in the modes of mechanical and heat treatment, size disper-
sion, random deviations from the design forms. In the absence of data from fatigue tests, the total coef-
ficient of variation of the fatigue limit of a part can be calculated using the formula [11]:

2 2 2
Voo = \/\/Tmax +Vi, Vo, (10)

where v...., vs1 and v, — coefficients taking into account variations in the maximum stresses in the
zone of concentration, average (in one heat) values of the fatigue limits of smooth laboratory samples
and the theoretical coefficient of stress concentration o .

Given the experience of calculations and strength tests, it is recommended to assign in the first
approximation v, = 0.06...0.1. Given the linear relationship between the fatigue limits and the
strength of the material, it is assumed that v-; =v,, , where v., is the coefficient of variation of the
tensile strength of the metal over the set of all heats.

For alloyed steels, voy is on average within 0.04...0.10. The springs of category A are made of
rolled products with a special surface finish of the wire according to the roughness parameter and
permissible surface defects not worse than the processing group I' with maximum diameter deviations
from the nominal size not exceeding the quality level 11 (for d <3 mm deviations are 60 microns).
Since the tolerance on the diameter with the adopted manufacturing technology is insignificant, the
influence of v,. can be neglected.

Statistical characteristics of loading parts in operation are determined mainly by the results of
strain gauging on the existing loading spectra. The load realizations presented are statistically pro-
cessed by schematization of the obtained operating load curves, i.e., they replace the actual non-
stationary loading mode with an equivalent steady-state load, which is called equivalent in fatigue ef-
fect. Analytically, the value of the equivalent load is calculated by the formula:

I:ekv = KD Fmax ) (11)

where Kp — reduction coefficient.
For the step loading graph in the form of a cyclogram with n steps, we have:

o F V' N
Kp=n —,
° Z(Faxj N,

Np m
KD=mijf( i dei ,
NO No Fmax

where Frnx and F — maximum load, and load at the current i-th level (step) of loading;
Ni and N, — the number of loading cycles corresponding to the load F and to the specified re-
source;

for continuous loading schedule —
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m and N, — the exponent of the fatigue curve equation and the number of loading cycles corre-
sponding to the inflection point of the fatigue curve;

f —load change law F over time.

Experience shows that the histograms of the distribution of current values of loads allow a priori to
assume the assumption of a normal law, and according to information in [14], the numerical value of the
coefficient of load variation ve for individual branches of mechanical engineering is within 0.1...0.15.

The equivalent shear stresses in the spring section are determined by the formula of the form:
8Fu D

nd®
where k - the coefficient of curvature of the coils of the spring, taking into account the additional
stress from the action of transverse force and stress concentration. For springs from a rod of circular
cross section with index C =(D/d) >4, the following formula is used:

k=2dc-1,00615 (13)
4C +1 C
Given the linear relationship Fu and te in (12), it is allowed in the calculations to equate the
coefficients of variation of amplitudes of the stresses of the v, and the equivalent load of the vg .
Statistical characteristics of loads and spring fatigue resistance are used in assessing its reliability by
the probability of trouble-free operation p(t) . The quantile of the normal distribution is calculated [14]:

1-n
Jnivio +v2
where n=(T.ip/T) — Safety factor based on average fatigue limit and spring load amplitude. The
value u, calculated from (14) makes it possible to determine the probability of spring failure-free op-

eration p(t) using the tables [14].

According to the above calculation, the reliability of the springs is established without the charac-
teristic of their fatigue longevity, which makes it impossible to pre-set their resource. By fatigue cyclic
longevity, we understand the resource N, , as the total number of loading cycles in case of failure-free
operation of the spring to fatigue failure. To estimate the spring resource, the Weller equation is used,
which, as applied to shear stresses, takes the form:

Tekv =K

, (12)

Up =— (14)

'ankv N p = ‘CT]_D No . (15)
Then the calculated cyclic longevity of the spring is calculated as:
Np = NO(T_le . (16)
Tekv

When choosing N, and m for alloyed steels, the information in [13] is used.
To estimate the spring resource in the clock, the following formula is used:
_ Ny
=son’
where n —the number of spring loading cycles per minute, depending on the working conditions.
The value 7' calculated from (17) corresponds to a probability of 50 %. When determining Te with
a given probability P, in the assumption of a normal distribution law, the following dependence is used:
lgTe =IgT +UpSigT , (18)

where s, — the standard deviation of the logarithm of the longevity (resource) of the spring in hours.

(17)
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Let us consider an example of a test calculation for the fatigue strength of a compact cylindrical
helical spring of tension and compression, whose geometric, elastic, and force parameters are calculat-
ed and selected based on the results of the design calculation.

Baseline: Class | spring; single core; stretching and compression; position 366 (bar diameter
d = 2 mm; outer spring diameter D = 14 mm); Bar material — alloyed steel 50X®A. The calculation is
performed on the tangential stress in the probabilistic aspect.

For the selected calibrated bar of long products Wire S0X®A-K-1A-I1-/1-2 according to the condi-
tion of delivery and heat treatment, we have the following limit values: strength o, = 1270 MPa; fluidity
or = 1080 MPa; bending fatigue with symmetric load cycle o_;= 676; 686 and 725 MPa (depending on
heat treatment). Since the information on the limits of material fatigue is contradictory, the value 7., was
determined analytically. By the formula (1) with oy = 1270 MPa, we have o_;= 537 MPa, and then
1.1 =0.60_4 =0.6-537 =322 MPa.

The spring fatigue limit T ;5 was calculated by the formula (2), having previously determined
the coefficient of multifactor influence. For a cylindrical spring bar it is recommended to take o. = 1.
The coefficient kg, is determined using the formula (7) for alloyed steels: when d = 0.2 sm, we have
Kg. = 1.21.

According to the table. [11] when d = 2 mm, we get kq. = 1.209, which confirms the correctness
of the previous calculation of the indicator. In accordance with the supply of wire group A have a class
9 roughness (R; =2.6...0.8 um). With the substitution in (7) and (8) R; <2.6 um, kg, = 0.927 were
obtained and ke, =0.958. According to the technology of manufacturing springs and recommenda-
tions [11], we assume k,= 1.15. The anisotropy coefficient ka is neglected.

After substituting the calculated and accepted values of the coefficients into (3), we have

K =0.757. Usually in calculations K = 1.5...3.
The discrepancy is because the diameter of the wire d less than the diameter of the laboratory

sample d, for which determine the tensile strength, unlike most real-world parts.

Decrease K also contributes to the technology of making wire for springs.

To determine the overall coefficient of variation of the spring fatigue limit, we calculated the
components that are included in formula (9). From the limits v, = 0.06...0.1, according to recom-
mendations [12], it was chosen v.,, = 0.08. Since it is assumed that v+, =v.y, and for alloy steels
Vev , it is in the range of 0.04...0.10, vz, = 0.07 was used in the calculations. It was previously proved
that v, = 0. Finally, by (9), we determined v.,, = 0.106.

According to the results of processing a statistical series of random values of loads determined
experimentally, the following parameters were obtained: the mathematical expectation of an equiva-

lent load of Fu = 75.47 N and the coefficient of variation of the load was ve = 0.121, which is with-
in the allowable limits of 0.1...0.15.

The equivalent tangential stresses in the spring section were calculated by the formula (12): with the
spring index C =(D/d)>4 and the spring curvature coefficient k = 1.02, we obtained Tt = 343.2 MPa.
The coefficient of variation of the voltage amplitudes equated to the coefficient of variation of the
equivalent load ve, i.e., v, = 0.121.

The safety factor was calculated n = (T.ip /7 ) =1.238 and when substituting the previously cal-
culated values in (14), we obtained u, = —1.333. According to the table, found the probability of trou-
ble-free springs: p(u, =—1.333)=0.908.

When calculating the cyclic longevity of the spring made of alloyed steel 50X®A, it is recom-
mended to take N,= 2.16-10° cycles and m = 12.8 [13]. Using formula (18), the spring cycle life will be
N, = 3.32-10' loading cycles. Resource T, in hours depends on the mode of operation of the spring.
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Conclusions. A methodological complex for assessing and ensuring fatigue longevity and relia-
bility of compact cylindrical helical springs according to the fatigue strength criterion in a high-cycle
loading area using materials of regulatory guidance documents, empirical and analytical information
is proposed.

Depending on the resource at the design stage and finishing the node, the results of problem solv-
ing make it possible to identify the optimal design and technical options that provide the greatest lon-
gevity and reliability with the smallest spring dimensions.
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