A SIMPLE METHOD TO EVALUATE STATISTICAL
CYCLIC FATIGUE STRENGTH IN CERAMICS

Takeshi Ogawa

Department of Mechanical Engineering, Aoyama Gakuin University,
6-16-1 Chitosedai, Setagaya, Tokyo 157-8572, Japan

ABSTRACT

A simple and convenient method to evaluate cyclic fatigue strength in ceramics was proposed using load rai
AP-increasing procedure and applied for silicon nitride. The proposed method enabled to obtain statistis
property of cyclic fatigue strength, i2-:S-Ncurve, by much less time and number of specimens compared with
those required in the conventional procedure of statistical fatigueReStblcurves could be estimated by two
Weibull distributions under differef¥P-increasing conditions based on the assumptions of crack growth law
and of linear cumulative damage law. The estimB&iNcurve agreed with the experimental data obtained
underAP-constant condition at the high stress levels, while it was conservative under low stress levels. It wol
be summarized that the estimation gives a reasonable evaluation for the wide range of fatigue life.

INTRODUCTION

Figure 1(a) represents the typical loading sequence in the quasi-static experiment measuring tensile proper
fracture toughness of structural materials including metals and ceramics,Pvuedé are applied load and
time, respectively. In this case, the fracture resistance is evalug®edbhye at which fracture occurs where the
fracture resistance is regarded to be equal to the fracture driving force, i.e. applied load. Unlike this experime
cyclic fatigue experiments are performed under constant value of load A#h@e, shown in Fig. 1(b), because
the cyclic fatigue is a time dependent behavior. The fatigue tiiis evaluated using a threshold valué&Bf
below which the specimens do not fail until a certain number of cycles, typicaltyd8s, and thus th®, is

an endurance limit for this number of cycles. BaBlcurve is determined by a number of cycles to failbife,

and the applied stress amplitudg, in theAP-constant tests.
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Figure 1: Loading sequences in the conventional (a) quasi-static and (b) cyclic fatigue tests.

Ceramics exhibit a time dependent fracture behavior under static loading condition, which is denoted by st:
fatigue. Usually, the static fatigue properties are evaluated under constant fracture driving fercenséant



condition, similar to Fig. 1(b). However, it can be predicted by results obtained under quaBHstaBasing
condition, namely dynamic fatigue experiment, based on a hypothesis of a unique crack growth property,
a relationship between crack growth rat@/dil, and stress intensity factor rangddS, under these loading
conditions [1]. It has been reported in literature that the static fatigue strength prediBt@ttlBsasing tests
agrees with that obtained und&constant tests [2, 3]. On the other hand, cyclic fatigue strength of ceramics
is expressed b$-Ncurves obtained b&P-constant tests, as shown in Fig. 1(b). Since fatigue strength has ¢
large scatter among the specimens in ceramics, it is preferable to be evaludt€dNmurves, which can
express statistical properties of cyclic fatigue strength. However, the evaluafied-Nicurve requires many
specimens and is a time consuming task [4]. Depending on the test condiigrsome specimens are broken
during the first cycle of the cyclic loading, while some other specimens are unbroken until the limiting numb
of cycles selected in the tests. These specimens are regarded as a waste for the evaluation of cyclic fa
strength [5]. These problems can be solved iffRéncreasing test is available in evaluating valid data of cyclic
fatigue strength.

For metallic materials, it has been reported that the coaxing effect takes placeanebthe evaluated biP-
increasing tests becomes higher than that determin&B-bgnstant tests [6]. Thus, the value gives an inconser-
vative evaluation and is regarded as an invalid data. It has been reported that the coaxing effect occurs dt
cyclic strain hardening [6] and oxide induced crack closure [7], which do not occur in ceramics. Therefore,
can be expected that cyclic fatigue strength is evaluated correctly Ap-ihereasing procedure.

In the present study, a simple and convenient method to evaluate cyclic fatigue strength in ceramics is prope
based om\P-increasing procedure and applied for silicon nitride. The proposed method enables to obta
statistical property of cyclic fatigue strength, ReS-Ncurve, by much less time and number of specimens
compared with those required in the conventional procedure of statistical fatigue tests. The eBtisbated
curves are compared with the experimental data obtained fRdswnstant condition. The importance and
applicability of this test method were discussed in detail.

MATERIAL AND EXPERIMENTAL PROCEDURES

Material used is a silicon nitride produced by Japan Fine Ceramics Center (JFCC), which is a standard
material, REFERCERAM (SN1). Chemical compositions and material properties from its catalogue are pi
sented in Tables 1 and 2, respectively. Specimens are rectangular bending bar with width of 4 mm, thickn
of 3 mm and length of 40 mm machining finished by #800 diamond grinder. Fatigue experiments were carri
out at room temperature in air under 4 point bending with the upper span of 10 mm and the lower span of 30
using oil hydraulic testing machine with the capacity of 4.9 kN.

TABLE 1
CHEMICAL COMPOSITIONS OF MATERIALS (MASS%)
SizN4 Mg Ce Sr Al Fe Y T-O

>88.5 <2.2 <3.8 <0.8 <0.02 <0.05 <0.05 <5.0

Table 2
MATERIAL PROPERTIES

Size 50x80x5 mm
Density Archimedes 3.21 g/cm
Bending strength 4-point bending 900 MPa

JIS R1601
Fracture toughness  SEPB, JIS16077.0 MPa/m
Hardness Vickers, 980N 14000 MPa

Figure 2 illustrates loading history &P-increasing test. Stress rati®),of the cyclic loading is 0.1 and the cyclic



loading frequencyf, is 20 Hz. Testing parameters of thE-increasing test are the initial valugyax; Of
maximum stresSymax, and increasing rate of,ax, domad/dN. Provided that the value of,.y i is sufficiently
lower thanoax at failure,omax s, all the specimens tested are broken by cyclic loading, ar@thevalue is
evaluated for the individual specimens.

AP-increasing tests were performed undgg,; of 100 MPa with the @l,a/dN varied between 1x4.0* and
1.7x10% MPa/cycle. In order to determine the statistic propertaf;, 10 specimens were selected randomly
and tested both forogha,/dN=2.8x10* and 1.%10? MPa/cycle. Similar test procedures were carried out for the
condition of Oax; =600 MPa with Oma/dN=1.4x10* MPal/cycle to investigate the influence @fax ;. P-
increasing tests were performed for the conditions of initial value /=100 MPa and-increasing rate,
do/dt=20 MPa/hour using 10 specimens.

In order to compare the results&i-increasing testéP-constant tests were performed &,,=600, 700 and
800 MPa using 5, 10 and 10 specimens, respectiveRs(all and=20 Hz.

RESULTS

Figure 3 shows the dependenceogfx: on doma/dN obtained byAP-increasing test obmaxi = 100 MPa.
Although the results have large scati®fax s decreases with decreasing.@/dN, which indicates time-
dependent characteristics of cyclic fatigue strength.
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Figure 2: Loading sequence in the propoge®tincreasing test, in which
the initial value of maximum stress,ax;, and the increasing rate of
maximum stress,aha/dN, are the test parameters.
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Figure 3: Values of maximum stress at failutg,ax ;, evaluated
in theAP-increasing tests under various,@d,/dN conditions.
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Ten specimens randomly selected are tested under the same cyclic loading contiRtorca#asing test, and

the results 0bax s are plotted on the Weibull statistic diagram shown in Fig. 4F(H@-0.5)h) is a cumulative
probability, where is an order 0bax ;andn is a number of specimens tested under the same loading condition
Figure 4 also shows flexural strength of the same material measured under monotonic loading at the cross|
speed of 0.5 mm/min for comparison [8]. This strength distribution agrees with thak pfalues for dma/dN

1.7%10% MPa/cycle, in whichAP-increasing rate is maximum. However, for the conditions of

doma/dN=2.8«10* and 1.410* MPa/cycle, the strength distributionsa., : degrade because of cyclic fatigue
behavior. For these conditions, the effeabgfx;on the fatigue strength is remarkable for the statistically lower
strength specimens, but not for the higher strength specimens.

o values obtained under quasi-st&increasing tests, i.e. dynamic fatigue test, are plotted on the Weibull
statistic diagram, as shown in Fig. 5, where the cyclic fatigue data ByPtivereasing tests ofagha/dN =
2.8x10* MPa/cycle are plotted again for comparison. The increasing ratg,dfor a unit time of the cyclic
fatigue test, dna/dt = 20 MPa/hour, is the same with the increasing rateaffthe dynamic fatigue testoftit.
Flexural strength [8] is also presented in the figure. Gihef the dynamic fatigue test is lower than that of
flexural strength. The difference between them indicates the degradation in strength due to static fatigue bel
ior. Theomax s Of the cyclic fatigue test is lower than theof the dynamic fatigue test. The difference between
them indicates the degradation in strength due to cyclic fatigue behavior. It is interesting to note that the ex
of the cyclic fatigue degradation in strength is more pronounced in the lower strength specimens.
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Figure 4: Weibull plots ofonax s evaluated in thAP-increasing tests.
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Ten specimens tested for the individual test conditions, which is not enough for detailed investigation of Weib
distribution. However, two parameter Weibull distributions are assumed to approximate the test results.

E (Gmax) =1 expg— E‘%%ﬂ g, (1)

wherem anda are shape and scale parameters, respectively. Table 3 shows the valaeslofdetermined
by least squire method of the results.

TABLE 3
WEIBULL PARAMETERS
Cyclic fatigue QP-inc.) m a
Omax,i (MPa) M max /AN (MPa/cycle) (MPa)
100 2.&10* 8.02 760
100 1.%10° 19.3 960
600 1.410* 30.7 805
Dynamic fatigue p-inc.)
o; (MPa) d/dt (MPa/hour)
100 20 23.3 865

Omax f Values for- = 10, 50 and 90% are determined by the Weibull distributionsgf.aiN = 2.810* and
1.7x10% MPa/cycle foromaxi = 100 MPa, and the results for e&chalues are drawn by straight lines in Fig.

3. The data in Fig. 3 show large scatter, but the straight lines may approximate the tendency of the test res
Therefore omax ¢ for eachF values is expressed by the following equation in termeg§f,aIN,

n+l

__mt -, 2
do,./oN @)

wheren andC values are empirical constants, @g. 14.6 andC = 2.0« 10" for F = 50%.

Figure 6 shows the results &P-constant tests. For the caseopfx = 600 MPa, all five specimens ran out at
the number of cycle$y = 10. Numbers of the run out specimens were presented in the figure. Four specimer
ran out and six specimens were brokea,ak =700 MPa. All the specimens were brokewaf, = 800 MPa.
TheN; values evaluated exhibits large scatter over three decades.

DISCUSSION

Estimation of S-N Curves

For the dynamic fatigue tests, if the expression,

n'+l
oL -=C’ )
do/dt

is prevailed, static fatigue lifé, is predicted by the following equation, assuming double logarithmic linear
relationship between crack growth rate/di, and stress intensity factd€, [1], wheren' andC' values are
empirical constants.



o' =—— (4)

When a similar method is applied for cyclic fatigue teltszan be obtained from Eqn. 2 by the following
equation.

N, =—— (5)

P-S-Ncurve can be estimated by Eqn. 5 usiragdC values of Eqgn. 2 for the speciftcvalues obtained in the
AP-increasing tests .

P-S-Ncurve can be estimated also by the assumption of linear cumulative damage rule, i.e. Miner rule. Cumt
tive damageD, is expressed by the following equation assumingstiNcurves are linear relationship on the
double logarithmic plot.

N inc 1 Neinc (n + 1)0'”

D=;Nf’k=g‘ Cma”, (6)

whereN; ¢ is @ number of cycles to failure in th&-increasing test&imaxx andNs x areomax andN; at thekth
cycle.omaxk IS given by the following equation.

O max H:K (7)

(6) _Omax-+
"'OdN O

maxk

P-S-Ncurve is estimated by the relationship betwegy andN; of Egn. 5. The values ofandC are deter-
mined for specifid= values so that the value in Eqn. 6 becomes unity for the conditiondBincreasing tests.

Comparison of Experimental Results and Estimation
P-S-Ncurve is expressed by Eqn. 5 using the datagf,fiN=2.8x10* and 1.Xx10% MPa/cycle foroma, =100

MPa shown in Fig. 4, whereandC values are determined based on both Eqn. 2 and Egn. 6. Although thes
equations are based on the different hypothesis, but the predjatallies well agree within 1%.
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Figure 6: Fatigue life undeAP-constant tests compared with
the predictedP-S-Ncurve byAP-increasing tests.

The predicted-Ncurves forF=10, 50 and 90% are presented in Fig. 7 together with the loading histagyof
with N of the AP-increasing tests. Because of larger scatter,ig ; of doma/dN=2.8<10* MPa/cycle, the
predictedP-S-Ncurves exhibit larger scatter in the long life region. The valuesacé 9.33, 14.6 and 22.8 for



F=10, 50 and 90%, respectively.

The estimate®-S-Ncurves are compared with those obtainedPyconstant tests presented in Fig. 6. Figure

8 shows relationships betweErandN; for theonax tested undefP-constant tests. For the caseogf,=800

MPa, although the estimation exhibits a little longer fatigue life than that of experimental data, the fatigue li
was estimated fairly well. For the casemf,=700 MPa, the estimation stands whem0%, however, it
becomes conservative whEr40%. Five specimens ran outmat,=600 MPa, which indicated that the estima-
tion is conservative for the experimental data. It would be summarized that the estimation gives a reason:
evaluation for the wide range of fatigue life.
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Figure 7: Loading sequence &fP-increasing tests and
the estimate®-S-Ncurve by these tests.
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Figure 8: Fatigue life distribution undexP-constant tests
compared with the prediction yP-increasing tests.

CONCLUSIONS

A simple and convenient method to evaluate cyclic fatigue strength in ceramics was proposed using load ra
AP-increasing procedure and applied for silicon nitride.

1. The proposed method enabled to obtain statistical property of cyclic fatigue stren§#g-iNcurve, by
much less number of specimens compared with that required in the conventional procedure of statistical
tigue tests.

2. P-S-Ncurves could be estimated by two Weibull distributions under diffAfimicreasing conditions based
on the assumptions of crack growth law and of linear cumulative damage law. The esth8atirves



were independent of the above assumptions.
3. The estimate®-S-Ncurves agreed with the experimental data obtained ikdeonstant condition at the
high stress levels, while it was conservative under low stress levels.
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