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Summary

The behaviour of fatigue cracks has been observed in order to clarify the process
of low-cycle fatigue fracture. However, a large number of cracks, are initiated

on a smooth specimen, a concept of ‘crack density’ is proposed to represent quan-
titatively the behaviour of fatigue cracks.

Fatigue tests on stainless steel push-pull specimens showed that under the same
plastic strain range, an identical state of cracks is obtained in spite of the differ-
ent conditions of temperature, provided that the cycle ratio is constant.

It is concluded that the process of low cycle fatigue fracture is influenced pri-
marily by the plastic strain range, and that the rate of fatigue process depends on
temperature, strain rate, and plastic strain energy per cycle.

Introduction

Phenomena of low cycle fatigue at elevated temperature are important from
both industrial and theoretical points of view [1]. In the study of low cycle
fatigue, many investigators have dealt with experimental relations between
the number of strain cycles to failure and the test conditions [2], but few
have dealt with the behaviour of low cycle fatigue cracks [31.

Because a large number of cracks are initiated on the surface of a smooth
specimen subjected to high strain fatigue it is difficult to represent quanti-
tatively their behaviour.

In this paper a concept of ‘crack density’ is proposed through which the
processes of fatigue fracture are discussed. In addition, the factors govern-
ing the rate of fatigue processes are specified by the relations between
the number of strain cycles to failure and the test conditions. Finally, the
propagation of a crack in a notched specimen is discussed.

Definition of ‘crack density’ and experimental procedure

Many cracks initiate and propagate on the surface of a smooth specimen,

so that it is impossible to predict which crack will lead to fracture of the

specimen. On a cylindrical surface of unit length the number of cracks

existing in a strip of the width ds is expressed as n, see Fig. 1.,nis
57/1


User
Rettangolo
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the number of cracks intersecting the meridian line at the distance s, as
ds-0. The mean value of n at s i.e. n the crack density, is given by:

27y
_ 1 d
n=—
27rt'ft7S
o

where r is the radius of the cylindrical surface.

It should be noticed that a1 is not the number of cracks itself but a value
which increases with the initiation of new cracks and propagation of existi
cracks; the initiation and propagation of cracks are not distinguished in the
concept of crack density. The following facts, however, have been clarified
preliminary microphotographic observations [4]. The value of 5 depends
Primarily on the number of cracks, and large cracks on the surface of the
Specimen propagate into the interior of the specimen, while small cracks on
surface of the specimen do not propagate deeply. Accordingly, it is possible
find the constitution of cracks existing on the specimen by investigating the
distribution of 7 from the surface to the interior of the specimen,

Fatigue tests were carried out in a push-pull testing machine on an
austenitic stainless steel (AISI 321); its chemical composition is given in
Table 1. The material was pre-heated for one hour at 600°C heated for
another hour at 1150 °C, and then water-quenched. After heat treatment,
the specimen was machined and polished with No. 800 emery paper. Fig. 2
shows the specimen dimensions. The cracks were magnified 100 times for
observation under a microscope.

(1)

Behaviour of fatigue cracks
Fig. 3 shows the relations between the plastic strain range and the num-
ber of strain cycles to failure N, For the test conditions indicated by the
solid marks in Fig. 3, specimens were partially fatigued to a predeter-
mined fraction of Ny, designated by N/Ny, where N is the number of repeat-
ed strain cycles, and were then removed from the testing machine. The
surface of a specimen was electropolished uniformly in order to examine
the interior of the specimen.

Fig. 4 shows the distribution of 7 from the surface to the interior of
the specimen. It should be noted that the distribution of A depends primar-
ily upon the plastic strain range. Under the condition of a large plastic
Strain, i.e. 1:2%, 7 on the original surface is large in the early stage of
N/Ny, but decreases rapidly with increasing of depth. No cracks could be
observed beyond a certain depth. These results imply that cracks initiate
only at the surface. For a small plastic strain range, n at the surface is
not so large as in the case of a large plastic strain range, but in the in-
terior of the sSpecimen, cracks are observed up to the same depth as in

both cases.
57/2

Behaviour of low-cycle fatigue at elevated temperatures

To study the behaviour of fatigue cracks with endurance, the authors
considered 71 at the outer surface and the depth below the surface at which
n becomes 0:3/cm (designated by d,.,). The depth at which 7 becomes
0:3/cm is used as the depth of the deepest crack.

Fig. 5 shows the relation between n at the outer surface and N. In this
figure, nn at the original surface varies with the test conditions, even if
the same number of strain cycles to failure are obtained under different
test conditions. Fig. 6 shows the relations between 71 at the outer surface
and N/Ny. It should be noted that under the same plastic strain range, the
same value of crack density is obtained in spite of the different condition
of temperature, provided that N/N¢ is kept fixed. For a large plastic strain
range, n at the outer surface is larger than that for the small plastic strain
range at every stage. In the latter half of Ny, the increasing rate of 7 at
the outer surface becomes smaller with N/Ny.

The depth d,., is plotted against N/Nron Fig, 7. These depths increase
rapidly in the latter half of Ny. There is no considerable difference in the
test conditions, but for a small plastic strain range this depth becomes
slightly larger than that for the large plastic strain range in the latter half
of Ny.

The relationship between 7 at the outer surface and the depth d,,,are
given in Fig. 8. For the large plastic strain range (e.g. 1-2%), i at the
outer surface becomes large in the first half of Ny, but the increase of d,.,
is not so large. In the latter half of Ny the depth increases rapidly, in spite
of the small increase of 7 at the outer surface. The slope of the curve de-
scribing the relation between 77 and the depth d,, for the small plastic
strain range is almost the same as that of the latter half of Ny for the large
plastic strain range.

These results, show that the behaviour of fatigue cracks depends pri-
marily upon the conditions of the plastic strain range. In the large plastic
Strain range, many cracks initiate on the surface of the specimen and the
crack density 7 at the outer surface becomes large, in the early stage of
the fatigue process. The size of cracks on the surface is small, and the
depth is small, too. In the latter half of Ny, all cracks do not propagate in
the same way, some propagate on the surface and, simultaneoulsy, into
the interior of the specimen. On the other hand, for the small plastic strain
range, only a few cracks initiate and the value of 71 at the surface does not
become so large as the value for the large plastic strain range in the first
half of Ny. Therefore the increase of i at the surface depends mainly opon
the propagation of cracks on the surface and into the interior of the speci-
men.,

There are two possible ways of cracks’ development. One is the inde-
pendent propagation of Separate cracks, and the other is the connection
of one crack with another. When n at the outer surface of the specimen is
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large, cracks are apt to grow by connecting with others. When n remains
small, a crack usually grows independently.

Factors which govern the rate of fatigue process

In order to interpret the phenomena of fatigue, the term ‘fatigue damage’
is often used [5]. The exact meaning of fatigue damage, however, has not
been clarified; in the propagation of a single crack, the depth of the crack
is regarded as fatigue damage [6].

In the previous section, the state of cracks was represented by the dis-
tribution of 7 from the outer surface to the interior of the specimen. Ac-
cordingly, the state of cracks may be regarded as fatigue damage.

The experimental result that for the same plastic strain range an identi-
cal state of cracks is always observed in spite of a different condition of
temperature, provided that the cycle ratio N/N; is kept fixed, implies that
for the same plastic strain range (e.g. Aep = Aep,), the state of cracks,
designated by D, changes with repeated strain cycles N (Fig. 9). If the
relation between D and N could be assumed to be D = f(k, . N) under a cer-
tain condition C — a (e.g. temperature T = T,, strain rate é = ¢,, etc.), the
relation between D and N can be written as D = f(k, . N) under another test
condition C—b (e.g. T = T,, é = ¢, etc.). Here the change of D depends
on the plastic strain range and k depends on other test conditions. For
the same state of cracks (e.g. D = D)), Fig. 9, the change in state of
cracks per cycle is dD/dN = k, . {1k, . N,) for the condition C — a and
dD/dN =k, . fUky - Ny) = ky o {71k« N,) for the condition C — b, where N,
and N, are the number of strain cycles to the state of cracks D = D,
under the conditions C—a and C —b, respectively. The relationships in-
dicate that the rate of change of the same state of cracks is proportional
to k, thus k must be a factor governing the rate of fatigue damage.

To clarify which test conditions determine the character of k, the
above relations were applied to the state of cracks at ‘fracture’. The
same state of cracks at fracture (i.e. N/Ny = 1) is obtained if the plastic
strain range is kept the same, while different temperatures and frequencies
of straining are imposed [7). In Fig. 9, if the state of cracks at fracture is
designated by D, for Agp = Aep,, the relationships D, = Kk, . N;,) and
D, = Kk, . Ny2) where N, and N,, are the number of strain cycles to failure
under the conditions C — a and C — b, respectively, are obtained. These
relationships imply that k . Iy is a constant for the same plastic strain

range. Thus the factors governing k can be determined if the dependence
of Ny on the test conditions is known.

Fatigue tests were carried out under systematically selected test con-
ditions; the relation between the plastic strain range and Ny is shown in
Fig. 10. Under the same plastic strain range, it is clear that Ny depends
on the temperature and frequency of straining, and on the plastic strain
energy per cycle, U. The dependence of Ny on U is discussed in the Ap-
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pendix, from which k is given by k = C(T, 7) . U, where T is temperature in
K, and r is the reciprocal of the mean strain rate. To show the dependence
of C(T, 7) on temperature, U . Ny is plotted against temperature for the same
plastic strain range in Fig. 11; because U . N, is independent of frequency
at room temperature C(T, r) is normalized by the value of the room tem-
perature. The dependence of C(T, 7) on temperature and frequency of strain-
ing is shown in Fig. 12. For the same plastic strain range and frequency

of straining, it is assumed that the strain rate is approximately constant

in spite of the variation of temperature. From Fig. 12, the relation between
C(T,7) and T is given by:

C(T, )=aexp(~C,/T)+b (@)

Putting C, = 7600 and b = 1 gives close agreement with the experimental
data. The value a depends on strain rate; its relation to 7 is given by:

a=2:1x10* 7% (€))
Accordingly, C(T, 7) is given by:

C(T, 7) = 2°1 x 10° 7 °*7 exp (- 7600/T) + 1 4
Thus the factor k which governs the rate of fatigue damage is given by:

k =121 x 10° 7% exp (=7600/T) + 1} U )

The value of k . Ny which depends on the plastic strain range shown in
Fig. 13, and is given by:

k. Ny =42x10°/(Ae,)** ©6)

The rate of crack propagation

If k is the factor governing the rate of propagation of the crack, it is pre-
dictable that the rate of crack propagation will be proportional to k for
the same state of cracks.

To verify this, notched specimens (Fig. 2) were used to restrict the
state of cracks and to allow the rate of crack propagation to be measured.
Fig. 14 shows the relation between the plastic strain range and Ny. Two
types of the fracture surface were observed as shown in Fig. 15. One is
at the final broken region near the root of notch (A type) and the other is
at the final broken region at the center of the specimen (B type). To indi-
cate the position of the crack tip, the depth A from the surface is intro-
duced as shown in Fig. 15.

Striations were observed on the fracture surface under all test conditions
and it is assumed that the striation spacing gives the rate of crack propa-

gation at that point.
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Fig. 16 shows the relation between A and the Striation spacing,.

The rate of crack propagation at the same depth from the surface is indi-
cated in Fig. 17 with the value of & obtained from equation 5. There are
two groups according to the type of fracture surface, i.e., type A and type
B. Each group is represented by a straight line of slope 1. They show
that the rate of crack Propagation at the same depth from the surface is
Proportional to k, thus, the value of (dA/dN)/k is a constant at a given A,
provided that the type of fracture is the same, (Fig, 18).

Conclusions
Push-pull fatigue tests were carried out on AISI 321 stainless steel, and
the following conclusions obtained.

1. Behaviour of low cycle fatigue cracks which initiate and propagate
On a smooth specimen, depends primarily on the condition of the plastic
Strain range.

2. When fatigue tests are carried out at the same plastic strain range
under different conditions of temperature, an identical state of cracks is
always observed, provided that the cycle ratio N/Ny is kept fixed.

3. For the same conditions of the plastic strain range, the state of
cracks D changes with the number of repeated cycles N as given by
D = Kk . N), the factor & which governs the rate of fatigue damage, depends
on temperature, strain rate, and plastic strain energy per cycle.

4. For the same state of cracks, the rate of crack propagation obtained
IS proportional to k.
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Appendix

In order to clarify how mechanical test conditions influence low cycle
fatigue fracture, fatigue tests were carried out using aged materials under
the same conditions of temperature and frequency of straining. The mate-
rials were aged for 24 hours at 900°C after the heat treatment described
in the paper.

Fig. 19 shows the relation between the plastic strain range and Nj.

For the same plastic strain range, Ny for the aged material is larger than
Ny for the quenched material at both 490°C and 700°C. A reason for this
is, that for the same plastic strain range the resulting stress range for an
aged material is smaller than that for a quenched material (Fig. 20).

The plastic strain energy per cycle U which is related to the plastic
strain range and the stress range, and indicated approximately by Ae, . Ao,
is an important factor in determining fracture. Fig. 21 shows the relation
between the plastic strain range and the product of U and Ny. There is
no difference between the aged and quenched specimens at the same
temperature.
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