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ABSTRACT

Fatigue crack growth tests were carried out under various programmed and
pseudo-random loadings on a carbon steel, a high tensile strength steel and
an alminum alloy, over a wide range of growth rate regime and crack closure
behavior was investigated. Crack length and closure were measured by a mini-
computer aided unloading elastic compliance method. The crack opening point
was unchanged during one block of programmed load sequence and also during a
period of pseudo-random loading. The crack opening stress intensity Kop was
found to be controlled by the maximum stress intensity range-pair and its
stress ratio, and furthermore, could be predicted from constant amplitude
crack opening data. Cyclic counting methods were compared and the effective
stress intensity range-pair counting was found pertinent to assessment of
crack growth under irregular load histories. A prediction procedure was
proposed for fatigue crack growth rates under stationary variable loadings.
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INTRODUCTION

It is well known that there exists the load interaction effect on fatigue
crack growth under complicated loadings, and fairly large number of experi-
mental work has shown the crack growth acceleration by low-high load sequence
and the retardation due to tensile overload or high-low load sequence(for
example, Schijve, 1965; ASTM STP 595, 1976). Some models have also been
proposed to estimate the crack growth retardation on the basis of the compres—
sive residual stresses developed ahead of the crack tip(Wheeler, 1972). 1In
recent years the crack closure concept proposed by Elber (1971) to explain the
load history effect as well as the stress ratio effect,has been widely adopt—
ed to predict crack growth rates under varying loading conditions (for example,
von Euw and others, 1972; ASTM STP 748, 1981), although the crack opening
points have been estimated mostly by empirical formulae.
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In earlier investigations(Kikukawa and others, 1976, 1977, 1981) a refined
technique named as the unloading elastic compliance method was developed for
measuring crack closure and crack length simultaneously,and performing
repeated two- and three-step loading fatigue tests, some significant conclu-
sions regarding crack closure and growth behavior were obtained: under vari-
able amplitude loadings fatigue crack grows at low stress intensities below
the threshold level, owing to the existence of high level load, and the
growth rates can be predicted from constant amplitude test results by extra-
polating the relation of crack growth rate dl/dn versus effective stress
intensity range AKeff far below the threshold level, as the modified-Miner
rule in fatigue damage accumulation. In addition, the crack opening point
is constant during one block of step loadings and the opening stress intensity
Kop is governed by the high-level loading, being coincident with constant
amplitude crack opening data for corresponding loading condition with the
high-level load step.

However, since these conclusions were obtained from simple, stepwisely vari-
able amplitude loading tests at a fixed stress ratio of R=0, it is necessary
to solve the following two problems before utilizing the conclusions for the
prediction of crack growth under more complicated variable load histories;
one is to identify the cycle counting method most appropriate for fatigue
crack growth rate estimation and the other is to evaluate effects of cycle-
to-cycle variation of stress ratio on crack growth behavior.

In this study, first the repeated two-step loading tests with variable stress
ratio were carried out to investigate effects of variation of stress ratio
and subsequently cycle counting methods were compared on the test results of
program loading with sinusoidal variation of mean stress. Further, pseudo-
random loading tests having differnt power spectra were performed to derive
a prediction procedure applicable to stationary variable loadings.

EXPERIMENTAL PROCEDURE

The materials used are a normalized 0.38% carbon steel S35C, a high tensile
strength steel HT80 and a commercial aluminum alloy ZK141-T7. Their chemical
composition and mechanical properties are shown in Tables 1 and 2.

Tests of the carbon steel S35C were performed using small, side-grooved SEN
(Single Edge Notched) specimens on an electromagnetic type in-plane bending
fatigue machine at 40 Hz and the steel HT80 and the alminum alloy ZK141-T7
were tested using side-grooved CCT(Center Cracked Tension) specimens on a
closed loop servo-hydraulic testing system at 10 Hz. To avoid preloading
effects on subsequent crack growth, K-increasing procedure was employed.
Crack length and closure were measured cycle by cycle by a mini-computer
aided unloading elastic compliance method (Kikukawa, 1980). Programmed and
pseudo-random load histories were generated by a mini-computer.

TABLE 1 Chemical composition (%) TABLE 2 Mechanical properties

Steels | C | Si [Mn| P S [ Ni |Cr|MofCu]| V . Yield [Tensile |Elongation|Reduction Fracture
535C [0.38]0 25 [0.72[0.01 |0.015 [0.02]0.13] - J0.04] - | |Material | point strength of area dud't'ty
0.04 Oy (MPa) [Os(MPa) | & (%) @ (") | €t ()

HT80 |0.12 [0.33]0.83]0.011 [0.009]0.81]0.44|0.40]0.25
Al.alloy | Si | Fe | Cu | Mn Mg |Cr | Zn | Ti |Zr | V S35C 373 612 23.7 58.5 88.0
ZK141-77 [0.08]/0.19]0.18[0.35 | 1.8 |0.14] 4.7 [0.05]0.17]0.01 HT 80 766 814 24.0 67.8 1133
ZK141-T7 294 370 18.3 47.2 63.9

* 0.2%proof stress, £ =In ‘_“T
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CRACK GROWTH BEHAVIOR UNDER REPEATED TWO-STEP LOADING
TESTS WITH VARIABLE STRESS RATIO

In order to investigate effects of stress ratio, three series of two-step
loading tests were carried out on the carbon steel S35C.

Experiment I As shown in the insert of Fig. 1, here the amplitude of the low-
level load step AKy, was varied, keeping its maximum stress intensity Kpmax
same as that of the high-level load Kymax, where the amplitude and stress
ratio of the high-level load were kept constant at AKH =15.5 MPavm and Rg=0.
Examples of load-differential displacement hysteresis loops sampled through
one block of two-step loading specified above are illustrated in Fig. 1. The
crack opening points indicated by the small bars on the hysteresis loops are
found constant and below Kypmin so that crack opens completely over AKp. Sim-
ilar trend was observed for all of AKL values tested. The crack opening
stress intensity Kop at the high-level load cycles was plotted against KHmax
in Fig. 2 where the small solid marks denote constant amplitude crack opening
data for R=0. Kop is hardly affected by AKy,, being almost coincident with
constant amplitude data. This indicates that the crack closure behavior dur-
ing repeated two-step loading of this kind is controlled by the high-levelload.

In Fig. 3, against AKp, and effective owi nu
stress intensity range for low-level
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of low-level load cycle (d1/dn)f calcu- i U
lated by the following equation assuming z 8 ;

- (d1/dn) pkyge £ Nul /Ny, (1) ! }
where (d1/dn)HL is observed average &\\
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stant amplitude growth rate data, and one block of repeated two-
step loading
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case was plotted the crack growth rate Kl & al0 KHAKu {W— KLmin

linear accumulation of crack growth,

(dl/dn)L [(d1/dn)yp, * (Ng+Np)

growth rate during two-step loading,

(d1/dn) ARyeff is the growth rate corre- e - =
Fig. 1 Crack opening points during
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when Rp, was varied

(Kikukawa and others, 1981). The growth rate (d1/dn)f in terms of AK is

faster compared with constant amplitude data denoted by small solid circles,
whereas the (dl/dn)f versus AKjeff plots agree well with the constant ampli-
tude relation of dl/dn versus AKeff extrapolated far below the threshold level

Experiment I In this experiment the stress ratio of low-level load Ry, was
varied, keeping low-level amplitude AKj, constant at 4.2 MPaym. The high-level
loading conditions were identical with the previous case. Kpp in this case
is plotted against Kpmax in Fig. 4. Except for extremly low Kimax approaching
the threshold level, the Kop values are coincident with constant amplitude
crack opening for the high level load step. (dl/dn)fwas estimated via Eq. (1)
and plotted against AKpeff in Fig. 5. Similar to the previous case, the data
fall on the extrapolated constant amplitude relation.

Experiment I The stress ratio of high-level load step RH was fixed at other
value than zero. As in Experiment II, the stress ratio of low-level load step
Ry, was varied, keeping AK], constant. Figure 6 shows an example of crack open—
ing behavior during one block of two-step loading for RH=0.3. The opening

point is found unchanged throughout one block load cycles. Crack opening
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stress intensity and growth rate data S35C Rw=0.30 T —
are shown in Figs. 7 and 8. Similar e ‘::mdox/KNm::= 1:.5/4.7

$ 2 b adin ern

behaviors described in the above cases (duun:":wm Kimas Ko
can be observed. Tests were also carried g 1o S 241000 152/10.8
out for RH=-1.1 and there could not be E g 13,17 8.5
found any different behavior to be . g 10.8/ ?'.3
pointed out. 1071 % 1407128

* ] 1/30000 12.2/ 7.1

2 gl © 17100 107/ 6.0
It can be concluded from the experimental § 'O " Loading pattern A
results hitherto described that evenif 3 OT ”"f° AL
variation of stress ratio is involvedin ¢ 10'°[— T
step loadings, the crack opening point is % s
almost constant throughout all load cycles 1M T _ﬁ’ =1 ——
in one block and further, since the * |
opening stress intensit is control- 12
P & : v Kop 1003 0507 1 2 3 s 7 10 20
led by the high-level load step, Kop can

AKetf MPayY

be predicted from constant amplitude
crack opening result corresponding to
the high-level load cycle. In addition,
the crack growth rate in terms of
effective stress intensity range AKeff is not affected by variation of stress
ratio and the growth rate can be estimated by utilizing the linear accumula-
tion law based on constant amplitude growth rate data extrapolated to low
growth rate regime.

Fig. 8 (d1/dn)f¥ - AKpeff relation
for Rg=0.3

CYCLE COUNTING METHOD

There have been proposed so far many cycle counting methods, particularly

associated with fatigue damage accumulation(Schijve, 1965). However, which of
counting methods is most appropriate for the prediction of fatigue crack growth
under irregular load. histories has not been established yet. As found in the
previous section, since the effect of mean stress or stress ratio does not

appear in the dl/dn versus AKeff relation, here was made a comparison between
effective stress intensity range and range-pair countings. Comparative crack
growth tests were conducted on three materials for the load sequence as shown
in Fig. 9 which was expected to bring significant differences between the two
counting methods. The test results were expressed in the growth increment

prediction ratio A defined by AZ/Al* where Al was observed increment and AL*
was the predicted increment from constant amplitude growth rate data in terms
of AKeff, and listed in Table 3. The prediction ratio according to effective

Range-pair counting Range counting TABLE 3 Comparison of counting methods
ArpHx 1 cycle [KR\ x(2NL/2 +1) reversals = .
AmpKL*(NL-1) cycles Kr2 (2NL/2 -1) reversals Material A‘SKN5 Al’.(s N,Lo );'088 )\ru1.]-5mr
NL:number of low-level load cycles S35C |55 43| 24[1.78 8;3

superposed on high-level triangular load 416| 35 12]7.64 .99
KHmax = = A "9 416| 34| 26|8.39 0.90
VA 46| 35| 48/6.75| 093

AVANS HT80 |41.6] 35/130|4.10( 0.87

/ '_’F 416[107| 10|2.58| 1.07

ArpK : 416| 98| 2212.58| 1.09
e niY J i 416/105] 45| 1.99] 1.12
ARu ; ) 41.6[10.1]110/1.45| 1.04
. Lo s 13.0] 13| 24]2.47 0.96

/) 189| 3.7 24]1.94| 1.29

ZK141 |189| 25| 24|1.90 0.95

KHmin -T7(189| 1.9| 24|2.93 1.08
Fig. 9 Load sequence used for comparison 18.9| 1.2| 2413.31 1.07
of cycle counting methods 18.9] 1.9]100] 1.47 0.88
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stress intensity range Xrange varies

from 1.45 to 8.39 depending on loading A

conditions, showing that the range
counting method underestimates fatigue
crack growth to lead to unconservative
predictions, whereas the ratio based on
the effective stress intensity range-
pair Arange-pair is almost unity forall
materials and loading conditions inves-
tigated, indicating that the effective
stress intensity range—pair counting
should be employed for the prediction
of crack growth under complicated

load histories.

CRACK GROWTH BEHAVIOR UNDER
RANDOM SPECTRUM LOADING TESTS

Three kinds of pseudo-random sequences
having different power spectrum as shown
in Fig. 10 were generated up to 1000
peaks by a mini-computer and tests were
performed by repeatedly applying each
random load sequence. The stress ratio
of the maximum range-pair involved among
the random sequence R(ArpK)max was kept
zero for S35C and HT80. ZK141-T7 was
tested for R(ArpK)max of 0 and 0.3.
Fig. 11 shows a series of load-
differential displacement hysteresis
loops measured on ZK141- T7 through one
block of random sequence C. The crack
opening point is found unchanged during
one block random load cycles, as in the
repeated two-step loading tests on S35C
The crack opening stress intensity Kop
was plotted against the maximum stress
intensity (K)pax included in the random
load sequence, in Figs. 12(a), (b) and
(c). The crack opening stress inten-
sities under random loadings agree well
with constant amplitude test results
for all materials, irrespective of
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— Constant amplitude
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Fig. 10 Random load sequence
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random loading
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Fig. 12 Kop under pseudo-random loadings
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power spectrum. This indicates that

= 'UI'S35C R(BpKImax=0 |
the crack opening point under random 35 Pseudo random A
loadings is controlled by the maximum g
stress intensity range-pair and its <10 0V1g°5b*”1r°°v1m°‘06644
stress ratio. The crack growth results 05 =
were evaluated in the growth increment
prediction ratio in terms of effective 015 0 5 20
stress intensity range-pair Arange-pair (Kdmax  MPamz
and shown in Figs. 13(a), (b) and (c). (a) S35C
Arange-pair is found nearly unity over iG
the wide range of (K)pax investigated, ; s|HT80  R(srpK)max=0
for all spectra and materials. ¢ P5°“°°|'°"°°"‘ ‘A
o
§ 1 oWmRERypoooonma e —
505 1 QLo [o] 500@1? o
PREDICTION PROCEDURE FOR | J 1 }
CRACK GROWTH RATE UNDER o1 ) 30 %6 =5 6 20
STATIONARY VARIABLE LOAD- (K) max MPa-m"*
INGS INCLUDING RANDOM LOADS (b) HT80
From the programmed and pseudo-random ¥‘2ZK¥;¥ rlimes
loading test results hitherto discribed, 3§ H §
the crack growth behavior under station- 310 7m%% ..
ary variable loadings can be character- §os _4,*§£Ehmswa$5nw“°aunn 4 P “oo0®
ized as follows; under variable loadings <
of periodicity, the crack opening point 01 L 1
is unchanged during the period unless 10 20 30

(K) max MPa-m"
(c) ZK141-T7

so long, and the crack opening stress
intensity Kop is determined by the
maximum stress intensity range-pair and
its stress ratio, being coincident with
the constant amplitude crack opening
result for identical stress intensity
range and stress ratio. On the other hand, the crack growth rate is control-
led by the effective stress intensity range-pair Aereff rather than range
and the relation of dl/dn versus Aereff for variable loadings agrees well
with the constant amplitude relation of dl/dn versus AKeff extrapolated below
the threshold level as so-called modified-Miner rule in fatigue damage accu-
mulation. Utilizing these characteristics, crack growth rates under station—
ary variable loadings may be predicted in the following manner:

Fig. 13 Arange-pair for pseudo-
random loadings

1. Construct a frequency distribution diagram in terms of stress intensity
range-pair AypK and mean Kpean as shown in Fig. 14 from a K-history of moderate
size, e.g., consisting of several thousand peaks.

2. Find the maximum stress intensity range-pair (ArpK)pax and its stress
ratio R(ArpK)max in the diagram.

3. Assess the crack opening stress intensity Kop for the K-history concerned
from constant amplitude crack opening result at identical values of AK and R
with (ArpK)pax and R(ArpK)max: respectively.

4. Locate the assessed Kop value on the ordinate of distribution diagram and
draw two lines with the slopes of 1/2 and (-1/2) respectively originating
from the location to delineate three regions I, Il and Tl on the diagram as
shown in Fig. 14 : In region I, Kop<Kmin and therefore AReff = ArpK. 1In the
region I where Kpin < Kop < Kmax holds, effective stress intensity range can be
calculated by the equation AKeff = Kpeart ArpK/2 —Kop. Cycles included in the
region II where Kmax <Kop, does not contribute to crack growth.

5. Utilizing AKeff calculated above, crack growth increment or average
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growth rate for the K-history Voo DISTHIBITION OF ' RANGE PAIR - MEAN a8 ArpK MPa/m
concerned can be estimated from
the constant amplitude relation

of d1/dn versus AKeff extrapo- . ; P HIEE A
. w (1) AKett= ArpK

e 1 2 3. 4 s & 7 8 sy e m iz 13 a4 s
v i 5 <

lated below the threshold level. [E ] Kmin = Kop
If constant amplitude growth rate ¢ = i T S R
data can be expressed over awide = ; chg T
range of growth rates by the
equation §
d1/dn = C(AKef£)™ (2) =<

where C and m are material con-
stants, crack growth increment
Al will be calculated as follows,

s : : ;.%A"K_K"P
Z(mAKe"=o,,. ...... POEEAE R I
Fig. 14 Stress intensity range-pair -

mean distribution diagram

k
AL =L C(ArpKeff)7 * f(brpKeff); (3)

where k is the number of levels of
ArpKeff and f(ArpKeff) is the frequency distribution of ArpKeff.

CONCLUDING REMARKS

Through detailed studies on crack growth and closure under various programmed

and pseudo-random loadings, characteristics of crack behavior under variable

loadings were clarified and a simple prediction procedure of crack growth was

proposed and proved to provide conservative estimation for stationary variable
loadings of periodicity. However, to what extent of block or period size of

stationary variable loading the characteristics of crack behavior observed in

this study will be preserved or whether the prediction procedure proposed is

applicable to non-stationary variable loadings is left to be solved. The two

topics are now under investigation to be reported elsewhere.

REFERENCES

ASTM STP 595 (1976). Fatigue Crack Growth under Spectrum Loads.

ASTM STP 748 (1981). Method and Models for Predicting Fatigue Crack Growth
under Random Loading.

Elber, W. (1971). In Damage Tolerance in Aircraft Structure, ASTM STP 486,
pp. 230-242.

Kikukawa, M., M. Jono and K. Tanaka (1976). Proc. ICM-II, Boston, special
volume, 254-277.

Kikukawa, M., M. Jono, K. Tanaka and Y. Kondo (1977). Proc. 4th ICF, 2, 1109
-1116.

Kikukawa, M., M. Jono, K. Tanaka, Y. Kondo, F. Tabata and Y. Murata (1980) .
J. of Mat. Sci. Japan, 29, 1240-1246.

Kikukawa, M., M. Jono and Y. Kondo (1981). In D. Francois (Ed.), Advances in
Fracture Research, Vol.4, Pergamon Press, Oxford. pp. 1799-1806.

Schijve, J. (1966). In W. Barrois and E. Ripley (Ed.), Fatigue of Aircraft
Structures, Pergamon Press, Oxford. pp. 115-149.

Schijve, J. (1965). In J. Schijve, J. R. Henth-Smith and E. R. Welbourne (Ed.)
Current Aeronautical Fatigue Problems, Pergamon Press. pp. 403-427.

von Eue, E. F. J., R. W. Hertzberg and R. Roberts (1972). In Stress Analysis
and Growth of Crack, ASTM STP 513, pp. 230-259.

Wheeler, O. E. (1972). Tras ASME, J. of Basic Engng., 94, 182-186.



User
Rettangolo


