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Abstract

Ceramic springs are commercially available andtailéel reliability analysis of these components ldou
be useful for their introduction in new applicatsomn this paper an analytical and a numericalyeasl of

the failure probability for coil springs under corapsion is presented. Based on analytically derived
relationships and numerically calculated resultsing functions for volume and surface flaws wilé
introduced which provide the prediction of the dadl probability of ceramic coil springs with diféart
spring- and material parameters. As an examplésaypechanical properties fors8i, are chosen. It is

shown that surface flaws control the strength efittvestigated springs.

Keywords:B. Failure analysis, C. Fracture, C. Strength, C. Medatal Properties, Ceramic springs

I I ntroduction

Springs are fundamental mechanical components wiuioh the basis of many mechanical systems.
Unlike other components, they undergo significapfodmation when loaded and their compliance
enables them to store readily recoverable mechiaeigargy. Thus springs must possess high strength
against the applied force. For that reason, higdngth materials such as high carbon steels hase be
and are still major materials for springs.

However, in recent years the increase of efficientymany mechanical systems has become more
important and this has introduced a new demandHerconservation of more energy in springs. In
addition there is need of springs in different wogkconditions for example at high temperaturehhhig
wear rate or high corrosion rate. One way to satlsfse demands is the introduction of new matefal

springs. Ceramics have this potential with exceltesistivity to heat, low density, high strengthhagh
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temperatures and better corrosion and wear resessasompared to other materials and therefore there
a growing interest in the fabrication of ceramicirsgs.

The loss coefficient is an important dimensionlessterial parameter in cyclic loading and plays an
important role in the material selection for spahdt is the fraction of mechanical energy loss str@ss-
strain cycle. If a material is linear loaded elesty to a stresg with corresponding straig, it stores
elastic strain energy per unit volume,= % E? whereE is the Young’s Modulus. If the material is

unloaded (after loading), it dissipates energy. The loss coefficienyy per radian can be defined

A high loss coefficient is desirable for dampingnations while a low loss coefficient transmits rEgye
more efficiently. On the other hand, since the mimin energy loss is desired, the material whicrsedu
for springs should have a low loss coefficient. Atemial property chart of the loss coefficignat 30 °C
plotted against the Young’s modulBss supplied for almost all kinds of material byhhs?. Elastomers
have the highest loss coefficient € 1) and advanced ceramics have the lowest with edaler-of-
magnitude reduction compared to elastomers (0“). High-carbon steels have just slightly higheislos
coefficients than the ceramics.

As stated before, one of the new demands placespiamgs arises from the working conditions whege th
springs are used. At this point, the materials rdaya used for springs have some limitations with
respect to temperature, corrosion and wear. Witanies such aé\l,0;, SkN4 or SIC, it is possible to
work at high temperature up to approximately 100@f@ch is not possible with most other materials.
Sato et af. made some experiments and brokgN$teramic springs at different temperatures. They
observed no decrease in fracture stress until ID@®Y reported that the mean fracture stress d@°C20
was only slightly less than the values obtainetbaer temperatures. Furthermore, Rubesa & Ddnzer
mentioned the importance of ejection velocity ofimgs in the technical applications and reported
advanced ceramics as interesting alternative naddetd high carbon steels for the spring production
according to the analytically calculated ejecti@oeity.

There are few references on ceramic springs inlitbeature. Helical ceramic springs produced from
sintered vitreous-bonded alumina were reported Whyro@is. Hamilton et af investigated the
mechanical properties of helical ceramic springswnfectured from MgO partially stabilized zirconia.
They measured the spring deflection versus appléedl at room temperature and also at high

temperatures and observed that the material suotgssheys Hooke’s law also at elevated tempersur
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Wright et al’ investigated the effect on the surface qualita @olymer-ceramic suspension used for the
fabrication AbO; springs and windings by extrusion. The strengthSaN, coil springs at high
temperatures up to 1000 °C and the influence & eiz the strength of the springs by derivation rof a
equation to calculate the effective volumes of spilings were examined by Sato et llwas reported
that the mean strength of coil springs decreastsinéreasing effective volume which can be appired
design calculation.

Ceramic springs are mostly manufactured by extrusiba polymer-ceramic suspensich The main
steps of this method are preparation of the sugpenextrusion, debinding and finally sintering.€rh
composition of the suspension, the working tempeest and the way of removal of diluents are
important parameters in order to avoid surface alefend to obtain a valuable surface quality.
Furthermore, there is also a study in the litemtwhere the springs were produced by machining the
zirconia tube%

Despite the advantageous properties of ceramiese #fre not too many examples of ceramic springs in
the industrial applications. Firstly, manufacturiofysprings from ceramics is more expensive contpare
to other materials. Secondly and the major reasdhd brittle failure of ceramics under tensiomcsi
even a very small defect can cause the failurb@ftbmponent and there is a scatter of strengtresal
ceramics are less reliable in construction from pleént of view of strength compared with metals.
However, we are not aware of any study in theditme which gives hints to the reliability of ceiam
springs. Nevertheless we think that there is a rfeedsuch a reliability analysis to provide useful
information to the user about the failure probdiei of springs with different spring- and material
parameters under different loading conditions.

The main aim of this paper is an analytical andumerical failure probability analyses of ceramidl co
springs under compression. The mechanical progedieSgN, ceramics will be used as an example.
Firstly, the coil springs will be shortly introduttelt will be explained how to get series of spanghich
meet the user specifications with a wide rangeadfies for spring constakf maximum displacement
Jdmax O maximum allowable forc& ., Afterwards, the scaling of failure probability tvispring- and
material parameters will be established analytichif solving the Weibull distribution function witime
theoretical stress distribution in the spring. Hadter, a numerical analysis will be performed vilib
finite element software ABAQUS and the post prooeSTAU which takes into account the effect of
boundary conditions, contact stresses and multido@ing. Finally fitting functions for volume fles

and surface flaws will be introduced which corrabes analytical results based on the numericatiswis.
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This makes it possible to predict the failure ptuliy of ceramic springs with different spring gaetry

and material parameters.

[ Coil springs
There are several types of springs used for diffeagplications. In this paper, the reliability adramic
coil springs under compression load is studiedesteramics are much stronger and more reliablerunde
compression than under tension. Their turns ardquathing in the unloaded position and they need no
attachment points. If these springs are not comnsprebeyond their elastic limit, they obey Hookew,|
which states that the foréeby which the spring is compressed is linearly prtipnal to the distance
from its equilibrium length:

F =-kx 1)
wherek is the spring constant of the spring.
There are four types of commonly used springs, haplain, plain-ground, squared and squared-ground
springs. They differ from each other by their énd4ere the investigated spring type is a plainrgpri
which is shown in Fig. 1. This type of spring isedsbecause it is the easiest to be treated for the

analytical failure probability calculation.

A

1
D
Fig. 1. Schematic representation of plain type spilng with used spring parameters

The spring parameters shown in Fig. 1 are

d : wire diameter [mm]

D : spring diameter [mm]

p : pitch, which is the distance between the aesftéwo coils [mm]
F : applied force [N]
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The spring indexC gives the ratio of the spring diameter to wirentider and takes typically values

between 3 and 12.
C=—, XC<l12 ()

N, gives the number of active coils which is equathe total number of coils for plain type of coll
springs. In this study, each spring will be specifby using the parameteils C andN,. For example,
d1C6N5 means a spring with wire diametercbf 1 mm, spring diameter & = C - d =6 mm and\, =

5 active coils.

In order to get a series of springs which suppby tiser a selection of different sizes and paramseter
some initial spring parameters should be identifigidst of all, initial values are given @) C and N,.
Then it is possible to calculate the spring cortdtaand the solid length which is defined as the length
of the spring when under sufficient load to bridigcails into contact with adjacent coils and adfigl

load causes not further deflection, as reportedHiaynrock et at.

Gd Gd

<= 05) 8CN ®)
8C3Na(1+ '2] a
C
ls=d(N, +1) (4)

whereG is the shear modulus of elasticity.

The next step is the assignation of pitch vaugjhich is defined according to the desired dispieeet
of the spring. After the pitch is assigned, it @sgible to calculate the free lendghvhich is defined as the
overall length of a spring in the unloaded positioraximum displacement of the sprini., and the

maximum applied forc€.cas given in Eq. (5), (6), and (7).

l f = pNa +d (5)
5max=|f _ls (6)
Frax = Jmax k (7

[l Analytical scaling of failure probability
Failure of ceramic materials is caused by unstpbd@agation of natural flaws existing in the matkeri
Since there is a scatter in location, size anchtateon of these flaws, the strength of ceramic ponents

also scatters. In order to use ceramics as enggerraterials, the strength has to be characteriebd
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most widely used expression for characterizatiothés cumulative distribution function proposed by
Weibull* in 1939. Since that time, this theory has becdmeone most widely used for application to the
fracture of ceramic materials. The function depeodsthe“weakest-link-hypothesisivhere the most
dangerous flaw controls the strength. The most elan flaw is the flaw for which the most unfavdeab
combination of size, location and orientation ie stress field is obtainEd As a detailed derivation of
the failure probability using Weibull statisticsttvimultiaxial failure criteria is not the focus thiis article,

the reader is referred to the literafidré.

In order to calculate the failure probability anaslly, the theoretical stress distribution ocaugrin the
spring is to be used. Here the helical spring fean be assumed as a straight wire which has the sam
stress distribution on cross-section and the saoheme as the spring. When the spring is compressed
with a forceF (see Fig. 1), torsional shear stress is producedatorque on the cross-section (Fig. 2a).
Additionally, a transverse(direct) shear stress appears (Fig. 2b) due tdéneling of the wire because

the spring is not a straight wire but is coiledhaat pitch.
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Fig. 2. Shear stresses acting on the cross-seaftiwire (a) torsional shear stress; (b) transvédgect) shear stress. The z-direction
is defined by the clockwise turning of x-y system

The maximum torsional shear stress on the crogmeeof the wire illustrated in Fig. 2a can be
calculated by Eq. (8),

8FD
Tt max :? (8)

The transverse shear stress shown in Fig. 2b istaainover the cross-section of the wire and can be
expressed for a circular cross section

4F _ 1
=E=Eﬁ max 9

The change in the torsional shear stress can berilded as follows using the cylindrical coordinate

system given in Fig. 3a,
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n()=r, m[ﬁj (10)
A y A y
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Fig. 3. (a) Cylindrical coordinate system usedtfar introduction of the stress tensor on the csession of the wire (b) Rotation of
the coordinate system by 45° around y-axis

The stress tensor in the volume of the springdénx y, z- coordinate system (see Fig.2) can ligewr

as follows;
0 0 =7, (r)sin(y)
a(r ,y)= 0 0 r,(r)cos() +14 (1)
=7, (r)sin(y) r,(r)cos()+r1y 0

Here the normal stresses in the z-direction arenasg to be zero (plane stress approximation) simee
appeared longitudinal stresses due to the puritoase very small for materials like steels anchogcs
which have high shear moduli compared to rubberifaterials and hence can be negléctéd

In this part for the sake of simplicity, only theacks which are lying in one plane will be inveatigd.
Lets us assume a crack lying on #ieyplane whose normal is in the directionxf(see Fig. 3b). The
normal stress acting on the crack which is founddigting the stress tensor given in Eq. (11) by 45

around the y-axis is equal to

| rt’max(ﬁjsin(y) for Osys<m
an(r,y) =1, ()sin(y) = (12)

s ,max(ﬁ\] sin(y) for m<y<2m

The failure probabilityPg of a ceramic component containing volume flaws lobarcalculated according

to the normal stress criterion as follows

PF,V(Un)zl—ex;{—vij-[—an(r’y)j dV] ! (13)

g
Oy 0
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wherem is the Weibull modulusg, is the cumulative mean stress afyds the unit volume containing an
average number of flaws. The normal stigds, y) can be written as

a,(r,)=0g(r.y) (14)
wheres is the reference stress (e.g. maximum principakstin the componeng)(r, y) is the geometry
function. It is practical to introduce an effectivelume V4 which can be described as the volume of
tensile-test rods which show the same distributibstrength as the original component and is degend

on the size of component, its stress distributiah the properties of the assumed crack population.

Vo4 = j g™dV (15)
\%

When we put Eq. (14) and (15) into Eq. (13) we get:

Prv (U*)=1—ex _ Ve (U—*Jm (16)

Vo (09

Because only very small failure probabilitieB:(; << 1) are of practical significanc&y can be

approximated using a Taylor expansion

*\M *\M

. v V,

Pey (0" )=1-exg - o (J—] = o (U—J for Pry <<1 17)
' o (%0 o (%0 '

When we decompose the stress field given in EQ.4&3jiven in Eq. (14), we get

g =Tt max

' jsm(y) for Osy<sm

d/2 (18)

g(r,y) =

r
sin(y) for m<sy<2m
r /2) ») ys

The determination of the effective voluidg; by Eq. (15) leads

m DN, 77 d/2
Vet = J-Kd/ Jsm(y)} dv= ZJ- .[ J- ( j (siny)™r drdydL

L=0 y=0r=0 (19)

:md CN, J-(smy)mdy—ﬂvﬂ’j .[(smy)mdy

y=0

where we introduced the volume of the spring :

772

vV =7d3CNa (20)

spring

Inserting the derived” andV; into Eq. (16) results in

8
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4 (m)Vs rin T tmaxym
PF,V(Ttmax)z 1-ex;{— ¥ 77'2V0p g( ;r_r; ) ] (21)

whereS, (m)is a factor for the volume flaws which is depertdemWeibull modulusn and equal to
T m
m)=——— | (siny)™d 22
S/ ()= [ sy (22)
y=0

The solution of the integral given in Eq. (22) ilwes the gamma function( and is not given here
explicitly. When the facto,(m) is known, the failure probability of the ceramjwriags due to volume
flaws with different spring- and material paramstender desired loading can be calculated. Inghis
for simplicity the cracks in one specific plane émnvestigated. Actually, in the material there enscks
oriented in all directions. Therefore, in the npart S, (m) will be calculated numerically by using the

normal stress as failure criterion.

v Procedure of numerical failure probability calculation

The calculation of failure probability of multiaXia loaded ceramic springs is done in two stepgsst
analysis using the finite element software ABAQUIR astatistical analysis using a finite element
postprocessor STAU (STatistische AUswertung) whias developed by the Probabilistic Group at the
IZSM at Karlsruhe University in cooperation withveeal partners Mechanical properties which are
typical for SiN4 materials are chosen. During the stress anal$gld, ceramic material is assumed to be
isotropic elastic with Young’'s Modulus = 300 GPa, and Poisson’s ratic= 0.25. In the calculation of

the failure probability, the normal stress critefi¢Mode-I failure criterion) is applied.

Vv Results

The failure probability of a spring due to voluntaws with given spring- and material parametersennd
desired loading can be calculate&ji{m) is known. In this part, the failure probability gfhrings will be
computed with ABAQUS and STAU and from these resutie factoiS, (m) will be obtained through Eq.

(21). The numerically calculate®) (m) values for differenin andC values are given in Table 1.

C m 8 10 12 14 16
6 2.48 x 10° 136x10° | 7.17x10* | 454x10* | 2.73x10"
7 2.92x 10° 1.61x10° | 857x10° | 539x10*| 3.26x10"
8 3.31x 10° 1.85x 10° 1.00x10° | 6.24x10* | 3.76x10"
9 4.04x10° | 2.33x10° 126x10° | 876x10* | 5.71x10"
10 4.66x10° | 2.76x 10° 1.55 x 10° 1.08x10° |  7.19x 10"
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Tablel: Numerical calculates) (m, C)for different Weibull modulusn and spring index values

During the calculations, it was observed that #etdr S, (m) also depends on the spring indexThis
dependence arises from the effect of the trans\arsar stress on the combined shear stress oggomin
the cross-section of wire. Furthermore, the in@da<C increases the contact area between the coils in
the FEM analysis. The analytical solution doestake into account these effects. By fitting theutess
given in Table 1S,(m, C)is obtained as a function nfandC as given below:

S, (M,C) =exp(0.17036C - 0.27476m - 4.87303 (23)

The final form of the failure probability of the itspring is

4 exp(0.17036C - 0.27476m - 487303 Vgoing T
Pey\T =1l-exp - P ()T 24
F,V( tmax) [{ 7T2V0 ( Oy ) ( )

for6<C<10, 8<m<16,1sd<4and4< N, <8. Eq. (24) is valid for all materials. The Weibull

parametersn anda, of the material can be directly put into the etpratThe elastic propertidsandv of
the material affeci, in a load-controlled scheme afd.«in a displacement-controlled scheme.

In order to get a feeling for the reliability ofypical coil spring, we compare the effective voksrof the
bend bars and tensile specimens with that of thaegaving the same volume. For a prescribed riailu
probability, the strengths of two components witfeaive volumesVes 1 andVegs, have a relationship as

given below.

Ym
01 - (Veff 2 J (25)

g, Veri 1

Here a 4-point-bending test (4PB), 3-point-bendesg (3PB), tensile test (TT) and a spring tesf) (&€
modeled. For the 4PB, 3PB and TT, according tatireT”’, specimens with a length of 25 mm, height of
1.5 mm and width of 2 mm are used, correspondiraolume of 75 mrh For the 4-point-bending test
the support distance of loading member is 10 mmadrslipport member is 20 mm. For the spring test,
the springd1C6N5 with a volume of 74 mrhis selected because it has approximately the safnene

as the bend bar and tensile specimens. All fots 88 modeled under loading conditions which gee
prescribed failure probability taken herefs, = 10* due to volume flaws with, = 750 MPa andn =12.

The maximum principal stress occurring in all tésteecorded as the reference stressAfterwards, the
effective volumes are calculated with STAU. In Fy.the reference stresses versus effective volume

values for all 4 tests are represented.

10
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Fig. 4. Calculated reference stressyersus effective voluma/es values for 4-point-bending test, 3-point-bendiest ttensile test
and spring test for a prescribed failure probabiitPry= 10* due to volume flaws

The slope of the curve given in Fig.4 is 0.0847ahtis less than 2 % close to the analytical vatwenf=
12. The amazingly small effective volume for thasiée test specimen is due to the isotropic orgénte
crack planes.

The effective volume of the investigated coil sgris very small of the order of £amn?. Therefore, it is
very probable that the failure of springs is duahe surface flaws. All calculations performed tbe
volume flaws will be now repeated for the surfaleavk. In Table 25(m, C)values which are used in

order to estimate the failure probability due toface flaws are given for different andC values.

C m 8 10 12 14 16
6 1.17x10" | 931x10° | 6.46x10° | 523x10? | 3.56x10”
7 1.29 x 10" 1.06 x 10" 794x10° | 623x10° | 4.30x10?
8 1.37 x 10" 1.14 x 10" 9.15x 107 | 7.12x10° | 5.04x10?
9 1.47 x 10" 1.29 x 10" 1.11 x 10" 9.29x10° | 7.45x10?
10 1.51 x 10" 1.41 x 10" 1.34 x 10" 1.13 x 10" 9.41x 10?

After fitting the values in Table 2, ti&(m, C)function can be formulated as

Ss(M,C) = exp(0.31872C - 0.18989m - 2.35129

Table2: Numerical calculateg(m, C)for different Weibull modulusn and spring indexC values

The failure probability of the ceramic coil springjse to the surface flaws can be written as

SS ( m, C) Sspring Ttmax m
Peo (7 yrae) = 1-ex;{— (tmaxy 27)
tmax 7T2 SO 0_0
where$, is the unit surface area afig,ing is the total surface area of the spring and etgual
Sspring =”2d 2C Na (28)

For the same specimens and same spring used bsfeneference stress and the effective surfac®

values for a prescribed failure probabilityRf s= 10* due to surface defects are given in Fig. 5. When

11
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the surface flaws are taken into account, the tffesurface of the ceramic coil spring is highwart the

three-point bending specimen. Comparing Fig. 4Rigd5, it can be concluded that the ceramic sgring

fail due to surface flaws.

1000
—, 800
g
600
2,
“o 400PPB
- 4PB
% ST | —— TT
B 1
7]
o 200
(0]
(a7
100

1 10 100
. 2
Effective Surface, S, [mm’]
Fig. 5. Calculated reference stressyersus effective surfacgy;values for 4-point-bending test, 3-point-bendiest ttensile test

and spring test for a prescribed failure probabiitPr, s= 10* due to surface flaws

Proof — Test

A proof test assesses whether a given ceramic coempacan survive under conditions similar to or
worse than what would be expected in service. Thefgest is applied before placing the part inviser

in order to improve reliability and increase tHeelihood that it will survive over its intended giee life.
During the proof test with ceramic springs, theirggs will be loaded with a stress which is lardeart

the desired stress in service and those springs law strength and containing large defects can be
eliminated. In addition, the proof test should Hesbort duration to avoid or reduce damage due to

subcritical crack growth. Therefore, the loadingd ainloading rate in proof test should be high.

Applying a proof test with a stresé which is larger than maximum stresé occurring in service, all
the springs with strengiic <op will fail. The new failure probabilitgs(o¢) of a spring which is

loaded in the service with a stress higher thawill be calculated 8

G(oc) =1-ex \ijﬁ —(J—Ej +(U—*P] (29)

0 Oo Op

Putting the Eq. (21) into Eq. (29) gives

12
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* v 1. _4s\/(m)vspring _ i " 0'_; "
G(o¢ F 1-ex —n2V0 (UoJ +(0_0 (31)

Replacing theaé and 0’; by the corresponding forcés andFr according to Eq. (8) and Eq. (18) gives:

S\/(m) VS rin 8mCm m m
G(Fc )= 1—ex;{— o d;in \g/oaén (—(Fc) +(Fp) )} (32)

The same procedure can be applied for the surfaas by using Eq. (27)

VI Conclusion

The principal scaling of the failure probability iegard to the volume of the spring and the refegen
stress was derived by calculating the effectiveunsd analytically for one selected crack plane
orientation. The generalization to arbitrarily aied crack planes was performed numerically bygusin
ABAQUS and STAU and is expressed by the introductbfitting functionsS,(m, C)and S(m, C)for
volume and surface flaws, respectively. Comparigbthe failure probability of the spring with 4-mbj
3-point and tensile test bars shows that the éffeslume of spring is extremely small <4fhn?. The
corresponding calculation for surface flaws cleatpws that surface flaws are strength controfforg

ceramic coil springs.
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