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ABSTRACT

The effect of variation of stress frequency on fatigue crack propagation in 99.5 % pure titanium,
which has remarkable strain rate dependence in the plastic region, was studied. Fatigue crack
propagation tests were carried out under four stress frequencies : two constant stress frequencies
(20Hz, 0.02Hz) and two stress frequencies changed step-wise (20>0.02Hz, 0.02 - 20Hz). An
clasto/visco-plastic analysis of fatigue crack propagation was performed by the finite element
method (FEM), and the comparison between the change of crack propagation rate due to vari-
ation of stress frequencies and the visco-plastic strain behavior at the crack tip calculated by the
analysis was made. The results obtained in this study are summerized as follows :

(1) ~ It was found from the experiments that the crack propagation rate was characteristically
changed depending on the variation of stress frequency.

(2) A parameter closely related to the fatigue crack growth rate is the visco-plastic strain range
at the crack tip.

(3) The effect of variation of stress frequency on the fatigue crack propagation rate may be ex-
plained by variation of the visco-plastic strain range at the crack tip based on the strain rate de-
pendence of the material.
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INTRODUCTION

As for studies on fatigue crack propagation, the cffect of stress frequency on the crack propa-
gation rate has been almost all ignored except for the case of consideration of atmospheric or
environmental effect and the results of the crack propagation test under a constant stress fre-
quency have been applied to practical structures in spite of the fact that various loading rates
act on them. There is a trend toward the disregard of stress frequency effects, considering them
in general to be small in the usual testing rate range. Some materials. however, have remarkable
strain rate dependence even at room temperature, and it is very important to make clear the effct
of frequency on the crack propagation rate for such materials from not only a scientific view-
point but also a practical standpoint.

In the previous paper (Takezono and Satoh, 1982), the authors gave attention to the viscosity
of the material in plastic region as a cause of an observed frequency effect on the fatigue crack
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propagation rate, in 99.5 percent pure titanium, a material which has remarkable strain rate de-
pendence in plastic region. In addition a FEM elasto/visco-plastic analysis of fatigue crack pro-
pagation was performed. As a result it was found that the crack propagation rate, depended on
loading frequency and was approximately in inverse proportion to £ (n>0), where is f is
the frequency. It was also found that if the experimental fatigue crack propagation rate is
plotted against visco-plastic strain range obtained by elasto/visco-plastic analysis, the relation can
be expressed by a straight line in logarithmic coordinates for any loading frequency and stress

amplitude.

k propagation rate for step-like variation in stress fre-
quencies was observed in 99.5 percent pure titanium, and FEM elasto/visco-plastic analysis of
fatigue crack propagation was performed. In this analysis, the elasto/visco-plastic overlay model
(Takezono, Tao and Kanezaki, 1980) was used, which is able to express the Bauschinger effect
and the strain rate dependence in plastic region.

In the present paper, the change of crac

FATIGUE CRACK PROPAGATION TESTS

Material and Specimen. The material used in this investigation was 99.5 percent pure titanium
in plate form. The chemical composition is given in Table 1. Uni-axial tension test specimens
and crack growth specimens were cut out from the titanium plate in such a manner that the
loading direction coincided with the direction transverse to the rolling direction. Uni-axial
tension tests under various strain rates ( € =1.14X10"7 5.1.56 X107 '1/s) were performed. The
strains were measured by strain gauges pasted on the surface of the specimens. The stress-strain
relations obtained are shown in Fig.1. It is found that the stress level increased with higher
strain rate in the plastic region. (The broken lires in Fig.1 will be explained later.)
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Fig. 1. Tensile stress-strain curves.

The geometry and dimensions of the crack-growth specimen are shown in Fig.2. All specimens
were annealed under argon atmosphere at 540°C for one hour after machining. A circular hole
of 2 mm in diameter was made at the center of the specimen to serve as a crack starter. The
surfaces of the specimens were polished with No. 1500 Emery paper and alumina polishing

suspension for microscopic observation.

Experimental Method.  Fatigue tests were performed in an electro-hydraulic servo-type fatigue
testing machine. In this study, pulsating loads in tension with four loading frequencies, which
were two constant loading frequencies (20Hz, 0.02Hz) and two loading frequencies changed step-
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wise (20— 0.02Hz, 0.02 ->20Hz),were chosen to observe the effect of variation of frequency on
fatigue crack propagation. The tests were conducted with the stress amplitude, Ao = AOpmax
= constant ( A0pmgye @ Maximum nominal stress of specimens without a crack). The crack was ob-
served and its length on a surface of the specimen was measured with a travelling microscope. In
the case of 20Hz, crack length was measured by synchronizing stroboscope.

Experimental Results. Figures 3 (a), (b) show the relations between the crack propagation rate,
d1/dn obtained from crack propagation curves (1 - N curves) and crack length. Figures 4 (aj,
(b) plot the relations between dl/dN and the stress intensity factor range, AKX . The value of
AKX was calculated from the following equation for the case of a specimen with a center crack

(Tada, 1971).
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AK=AovATT(1-0.0250240. 061" ) [sec(mr/2)1¥2 |, A=21/W o

where W is the width of the specimen. For each value of Ao , it was observed that the crack
propagation rate depended on the frequency, i.e., for a low value of £, a high crack propagation
rate was obtained for the same AK value.

In the case when the stress frequency was changed step-wise from 20Hz to 0.02Hz, it was seen
that the propagation rate became higher than natural one of 0.02Hz immediately after changing
and approached it with increase in AK or 7 . Inversely, changed from 0.02Hz to 20Hz, it was
seen that the propagation rate became lower than natural one of 20Hz and approached it with
increase in AK or 7.

ELASTO/VISCO-PLASTIC ANALYSIS FOR FATIGUE
CRACK PROPAGATION

In order to introduce strain rate dependence and the Bauschinger effect in plastic region, we em-
ploy the elasto/visco-plastic overlay model (Takezono, Tao and Kanezaki, 1980), which applies
the Perzyna equation (Perzyna, 1966) for the constitutive relation of each layer of the overlay
model proposed by Zienkiewicz, Nayak and Owen (1972) as shown in Fig.5. In the plane stress
state assumed in this analysis the constitutive relations of each layer may be expressed as follows:
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where E is Young’s modulus, Vv is Poisson’s ratio. The dot denotes partial differentiation with
respect to time, Ot is time increment and the index % means the kth layer component of
overlay model. The symbol <®(Fk)> is defined as follows :

<d (F%)>=0; when Fr<0, <P (Fr)>=b(Fi); when F3>0 (5)

where function Fk is:

Fle=(Cr-Y3) /Yy, ,  Ok= (O‘%lcmjj‘k'gmkgyk+31';yk) /2 (6)
and Fk = 0 denotes the von Mises yield surface, Gy is the equivalent stress and Y% is the
statical yield stress. Multiplying the stress {ozk, Oyk, T:cyk} by the thickness *% of the kth
layer and summing up these values in each layer, the stresses are obtained as follows :

n

[0k, Oyk, Tayk Itk | £ tr=1 (N

[0x,0y, Txy 1= b R

k=1

Suppose that the visco-plastic strain rate, {€YF}  is constant in the time increment At | then
the increment of visco-plastic strain,{AE%’f}. is calculated from the next equation

{aefPY={EFP}AE (8)
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where A¢ should be selected by taking into consideration the stability of the sqlutiqn. 'In this
analysis, At was selected by referring to the next calculation stability limit by Zienkiewicz and
Cormeau (1974) :

4 (1+V) Yk
At £ @ /dF) )

The model which consists of 6 layers was employed in this analysis. First, the quasi-static. stress
o* was expressed in consideration of experimental data for the case of the smallest strain rate
( & =1.14X10"°1/s) shown in Fig.1 as follows :

0*=554(1.24x10" 3+ gvp)0-tho (10)
Next , the yield stress Yk and the thickness %y of each layer was calculated from this equation

and viscosity constant Yk and the function Eb(Fk) in equation (3) were determined as follows
on the basis of the experimental data :
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Fig. 6. Stress wave in
Fig. 5. Elasto/visco-plastic overlay model. experiment and calculation.

The stress-strain curves calculated from the overlay model are shown by broken lines in Fig.1. It
is seen from Fig.1 that the strain rate dependence of the material is well approximately by equa-
tions (11).

In the case of an incremental analysis for elasto/visco-plastic calculation by the finite cllcmcnt
method. the relation between the apparent nodal force increment, {Af*} and nodal displace-
ment increment, {A8} is obtained by the use of {Ae?PP} in equation (8) as follows :

{arx}=[K1{AS}, {'Af*}={Af‘}+Ah[B][Pe](AsUFW a2
where {Af} is the increment of actual nodal force, [X] is the stiffness matrix of an element,
A is the area of triangular element, h is the thickness of element, [B] is the strain-
displacement matrix, and [D€] is the elastic stress-strain matrix.
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Although the stress wave in the fatigue crack propagation tests was sinusoidal as shown in Fig.6, a
rectangular stress wave as shown by the broken line was employed for simplification of the calcu-
lation. In this figure, point A is the start of calculation and 1 cycle is closed at point B. In this
analysis it was assumed that a crack was extended in each loading cycle by a prescribed length
equal to the side length of a crack tip element. The assumption is similar to that of other studies
not taking account the viscoplasticity (Ogura and Ohji, 1977).

ANALYTICAL RESULTS AND DISCUSSION

Figure 7 shows stress-strain hysteresis loops under cyclic strain obtained by experiment and
calculated from isotropic hardening model and overlay model. The experimental loops are stable
ones after dozens cycles. It is seen from Fig.7 that overlay model used in this analysis is more
actual than isotropic hardening model. Although there is a little difference between experimental
loops and loops from the overlay model in the vicinity of reloading point, because of lowering of
yield point of the material due to cyclic loading, it seems that the parameters of the overlay
model obtained by uni-axial tension test (Fig.1) are appropritiate in general also in the cyclic
loading.
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subdivision.

Since it is difficult in terms of computing time to calculate the crack propagation continuously
from the start, the calculations for the case of several initial crack lengths, 1o . have been
carried out. As an example , the finite element subdivision in the case of Zo =3.6 mm is shown
in Fig.8. The size of the elements around the crack tip is 0.1 mm in side length.

Figuers 9 (a), (b) show relation between crack length, 7 and the crack tip visco-plastic range,
AE_UP obtained by the elasto/visco-plastic analysis. When the loading frequency is changed
step-wise from 20Hz to 0.02Hz, Aagp is higher than natural one of 0.02Hz immediately after
changing and approach natural one with increase in 7 . Inversely, changed from 0.02Hz to
20Hz, Aegp is lower than natural one of 20Hz and also approaches it with increase in E
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These relations correspond well with the trend of the dil/dN curves in Figs.4 (a), (b). The facts
mentioned above suggest that there is a probability of expressing methodically the fatigue crack
propagation rate in terms of Aegp .

Figures 10 (a), (b) show the relation between di/dn  and AeVP in the case of constant stress
frequencies and stress frequencies changed step-wise, respectively. The solid lines in Figs. 10 (a),
(b) coincide. If di/dn is plotted against Ac;jp , the relation follows a straight line in loga-
rithmic coordinates and the data fall in narrow range regardless of loading frequency, its variation
and stress amplitude.

From Figs. 10 (a), (b) we conclude that the experimental fatigue crack propagation rate is closely
related to the crack tip visco-plastic strain range, AEEP . Consequently the dependence of the
fatigue crack propagation rate on variations of loading frequency, where there is no emviron-
mental effect, is well explained by variations of Aegp at the crack tip based on visco-plasticity
of the material.

CONCLUSIONS

Fatigue crack propagation tests in 99 .5 percent pure titanium, a material having a strong strain
rate dependence, were carried out for four loading frequencies (20Hz, 0.02Hz, 20->0.02Hz, 0.02
—-20Hz). In addition, FEM elasto/visco-plastic analysis of fatigue crack propagation was per-
formed and the effect of variations of loading frequency on the fatigue crack propagation rate
was investigated. Some of the conclusions drawa from the present study are as follows :

(1) As a result of fatigue crack propagation tests in 99.5 percent pure titanium plate, it was
found that the crack propagation rate was charzcteristically changed depending on the variation
of loading frequency.

(2) The experimental fatigue crack propagation rate, Al/dR , is closely related to Agyp ob-
tained by elasto/visco-plastic analysis. If di/dv is plotted against Aelgp , the relation’can be
expressed by a straight line in logarithmic coordinates for any loading frequency, its variation and
stress amplitude. )

(3) The effect of step-wise variation of stress frequencies on fatigue crack propagation rate, may
be explained by variation of the visco-plastic strain range, Asﬂép at the crack tip based on
material viscoplasticity.
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