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The construction of Yamanashi test line for super conducting magnetic levitation vehicle system
(Maglev) is advancing, and Maglev is planned to be adopted for Chuo-Shinkansen. Austenitic high
manganese steels are intended to be used for the structures. In this study, the fatigue crack propagation
rate of this type of steel and the influence of stress ratio and residual stress on this rate are
experimentally investigated, and the results are compared with those of carbon or low alloy structural
steels. On the basis of the above examinations, the expression representing the rate is proposed.
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1. INTRODUCTION

The construction of Yamanashi test line for super
conducting magnetic levitation vehicle system (Mag-
lev) is advancing, and Maglev will be the system to
operate Chuo-Shinkansen. If ferrite-pearlite steels or
martensite steels are used as structural materials for
the facilities of Maglev, the problem will be caused
that levitation and propulsion of the vehicle are
disturbed by strong magnetism. It is effective for
solving this problem to use low magnetism steelsD.

Austenitic high manganese steels and austenitic
stainless steels are typical as low magnetism steels.
The former have advantages in high strength, stable
low magnetism and low price as compared with the
latter. However, there are no records of the austenitic
high manganese steels being used for the structures
such as bridges though they were used for rail,
caterpillar and so on as abrasion resistant steels. In
order to use the austenitic high manganese steels as
structural materials, it is necessary to clarify their
mechanical properties, workability, properties of
welded joints, various fracture properties and so on.
In this study, fatigue crack propagation rate of an
austenitic high manganese steel is examined
particularly.

Numerous studies have been reported on the
fatigue crack propagation rates (da/dN) of general

structural steels, and much information has been
gained. For instance, da/dN can be given as a
function of stress intensity factor range (AK)?), the
da/dN is affected by mean stress and residual stress,
this phenomenon is related to crack opening and
closing®, and the da/dN-AK relationships of the
general structural steels are almost identical regard-
less of their static strength. Based on these results,
the da/dN-AK relationships of general structural
steels used for fatigue assessments are shown in
some fatigue design codes¥7).

The austenitic high manganese steels, compared
with the general structural steels, have properties
such as high ductility, low yield ratio, remarkable
work-hardening and so on. Considering such a differ-
ence in the deformation properties, the possibility is
high that the fatigue crack propagation rate depen-
ding on the deformation and fracture properties in the
crack tip will differ between the austenitic high
manganese steels and the general structural steels.

In this paper, the influence of mean stress and
residual stress on the fatigue crack propagation rate
of the austenitic high manganese steel is clarified
experimentally, and an equation of fatigue crack
propagation rate is compared with general structural
steels. On the basis of the results of above examina-
tions, the equation of da/dN-AK relationship is pro-
posed for fatigue assessment of the manganese steel.
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Table 1 Chemical compositions and mechanical properties of

the steel

Table 2 TIG dressing condition

%) current 240 A
voltage 17V
0.60 | 0.30 {0.025]0.001 ] 2.00 | 2.00 |0.019]14.14 shield gas 100% Ar
. flow rate of gas 25 Umin
yield point _ [tensile strength| elongation electrode size 2.4 mm
358MPa 926MPa 73% projecting length of 2.5 mm
electrode
Table 3 Fatigue test condition
specimen load range stress ratio a range of AK remarks
B-1 constant 0.02 22~50MPa
B-2 constant 0.50 14~38MPa
B-3 decreasing and 0.02~0.03 13~29MPa constant min. load (1kN)
increasing
B-4 decreasing 0.31~0.91 3.5~18MPa | constant max. load (80kN)
T-1 constant 0.02 15~47MPa
T2 constant 0.50 13~37MPa
T-3 decreasing 0.02~0.11 4.3~]17MPa__| constant mini. load (1kN)
T4 decreasing 0.32~0.93 3.3~18MPa | constant max. load (80kN)
A the center of each rectangular plate, and notches of

80
l Tig-dressing
f 320 |
| 'y
Fig.1 Configution and dimensions of specimen
2. SPECIMEN

The steel used was an austenitic high manganese
steel KNM295 with a plate thickness of 5.8 mm. The
chemical compositions and mechanical properties of
this steel by mill sheet are given in Table 1. This
steel is about 1.5 times as high in tensile strength and
about 2 times as large in elongation as a welding
structural steel JIS SM490 which has a nearly equal
yield point to this steel.

The specimens were cut out from the plate of this
steel to a rectangle of 80mm in width and 380mm in
length. The specimens were in two types. One was
TIG dressed, and the other was base metal. TIG-
dressing was done under the conditions indicated in
Table 2 on both faces of specimen along the middle
of the plate width. This was done so that a tensile
residual stress might be developed in the middle of
the plate width. The base metal specimens were as-
cut. A circular hole of 5mm in diameter was bored in

about Imm in width were cut from the wall of the
hole with a diamond twist saw. These specimens
were then submitted to fatigue crack propagation
tests. The configuration and dimensions of these
specimens are shown in Fig.1.

Before the fatigue crack propagation tests, the
residual stress was measured in the longitudinal
direction of the specimen on the section where the
fatigue crack would propagate. The measurement
was performed, mounting strain gages of lmm long
on both faces of a specimen at intervals of 12mm,
cutting peripheries of the gages, and measuring the
difference in strains before and after the cutting. This
measurement was done before boring the circular
hole in the specimen. The measured results of
residual stresses are shown i Fig.2. The value
shown in the figure is average one for both faces of
specimen. While a high tensile residual stress of
about 250MPa is developed in the middle of the TIG
dressed specimen, that of the base metal specimen is
less than about one tenth of the former.

3. PROCEDURE OF FATIGUE CRACK
PROPAGATION TESTING

Fatigue crack propagation tests were carried out
using an electro-hydraulic servo fatigue testing
machine with a dynamic capacity of 100kN. The
load wave forms were sine with repetition rates from
4 t0'15Hz. A traveling microscope of 50 magnifica-
tions with an accuracy of 0.01mm was used for the
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Fig.2 Measured residual stress distribution

measurement of crack length.

Four base metal specimens (B-1~B-4) and four
TIG dressed specimens (T-1~T-4) were used for the
fatigue crack propagation tests. The test conditions
of each specimen are shown in Table 3. B-1, T-1, B-
2 and T-2 specimens were submitted to the fatigue
propagation tests under constant amplitude loading.
Stress ratio was nearly O for each specimen of B-1
and T-1 [minimum load : 1kN, load range : 54kN (B-
1), 48kN (T-1)]. As for B-2 and T-2 specimens,
stress ratio was 0.5 [load range : 40kN]. Fatigue
crack propagation rates can be measured in the range
of stress intensity factor range (AK) roughly from 15
to 50MPa+/m under such conditions. As for B-3, B-
4, T-3 and T-4 specimens, the load range was
reduced stepwise together with crack length in order
to examine low propagation rates at smaller AK and
those close to fatigue crack propagation threshold
value (AKth). In that case, the load ranges of B-3 and
T-3 specimens were reduced stepwise under the
constant minimum load of 1kN, and those of B-4 and
T-4 specimens were also reduced stepwise under the
constant maximum load of 80 kN. The minimum
load and maximum load were kept constant respec-
tively. The reduction of load range was less than 5
percent in one step, and the interval was set at about
every 0.25mm of crack propagation. As for the B-3
specimen, the load range was also increased stepwise
by 5 percent after AKth was measured.

The influence of stress ratio on the fatigue crack
propagation rate is examined by comparing the test
results of B-1°B-3 specimens with those of B-2:B-4
specimens, or those of T-1T-3 specimens with those
of T-2°T-4 specimens. The influence of residual
stress is examined by comparing the test results of B-
1-B-3 specimens with those of T-1¢T-3 specimens,
or those of B-2+B-4 specimens with those of T-2¢T-4
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Fig.3 An example of da/dN-AK relationship

specimens,

The behaviors of crack opening and closing were
observed by examining the relationship between
strain and load®). The strain was measured by strain
gage (gage length : 6mm, gage width : Imm) moun-
ted on the surface near the crack tip. The gauge
center was set at 2mm from the crack tip toward the
crack side and cellophane tape of 3mm in width was
inserted between the gage and the specimen.

4. TEST RESULTS

(1) Method of processing test results

Fig.3 shows the relationships between fatigue crack
propagation rate (da/dN) and stress intensity factor
range (AK), which are obtained from fatigue crack
propagation tests of B-1B-3 specimens and T-2+T-4
specimens. The value of AK was calculated by using
Tada's equation®. It is well known that the da/dN-
AK relationship of the general structural steels is
given by the Eq.(1).

da/dN=C(AK™ — AKy™) (1)
C and m : constants
AKy, : threshold stress intensity factor range

The da/dN-AK relationship of the austenitic high
manganese steel obtained in this study has a similar
shape to that given by the Eq.(1) as shown in Fig.3.
The constants C, m, and AKy, in the Eq.(l) are
obtained according to the following procedures.

@ The values of C and m are calculated by regre-
ssion analysis, in which the independent variable is
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Fig.4 Influence of stress ratio on da/dN-AK relationship

da/dN, a least squares method is used and the data
are utilized in a range where the da/dN-AK relation-
ship indicates linearity in terms of logarithms. In this
calculation, AKy, is assumed to be 0. It is judged that
the da/dN-AK relationship of B-1¢B-3 specimens
indicates linearity in terms of logarithms in a region
of da/dN = 10®*m/cycle and that of T-2-T-4 speci-

mens does so in a region of da/dN = 10”m/cycles.

The da/dN-AK relationship of B-2¢B-4 specimens
and that of T-1T-3 specimens are also treated as
linear in terms of logarithms in a region of da/dN =
10®°m/cycles.

@ The values of C and m obtained from @ are
applied to the Eq.(1). And the value of AKgy is
obtained, changing the value of AKy, by minimizing
the square sum of differences between the calculated
values of AK obtained from the Eq.(1) for a certain
da/dN value and the experimental values.

The da/dN-AK relationships of B-1¢B-3 specimens
and those of T-2¢T-4 specimens, which are obtained
by the above-mentioned method, are shown with a
solid line and a broken line in Fig.3 respectively. As
for the B-3 specimen, after the crack propagation
rate of about 10" 'm/cycle was measured in the load
range decreasing test, the propagation rate was
measured in the load range increasing test. Both the
propagation rates almost agree each other, so it is
considered that the condition of load range decrea-
sing tests here is appropriate.

(2) Influence of mean stress and residual stress
The relationships between fatigue crack propaga-
tion rate (da/dN) and stress intensity factor range

(AK) obtained from the fatigue crack propagation
tests, in which the stress ratio is varied, are shown in
Figs.4(a) and (b). As for the base metal specimens
shown in Fig.(a), the crack propagation rate at high
stress ratio in a range where AK is comparatively
large is about four times as large as that at low stress
ratio. The difference in them becomes still larger as
AK becomes smaller. The threshold stress intensity
factor range (AKg,) is 14.0MPavm at low stress
ratio and 3.2MPa+/m at high stress ratio. The latter
decreases to one fourth or less of the former. On the
other hand, as for the TIG dressed specimens shown
in Fig.(b), the crack propagation rate at high stress
ratio is higher than that at low stress ratio, but the
difference is very small compared with those of the
base metal specimens.

Figs.5 (a) and (b) show the da/dN-AK relationships
of the base metal specimens and the TIG dressed
specimens at almost the same stress ratio. At low
stress ratio shown in Fig.(a), the crack propagation
rate of the TIG dressed specimens with high tensile
residual stress is higher than that of base metal
specimens with little residual stress. The difference is
especially remarkable in a range where AK is small.
AKg, of the TIG dressed specimens is one fourth of
that of the base metal specimens. On the other hand,
at high stress ratio shown in Fig.(b), the difference of
da/dN-AK relationships between the base metal
specimens and the TIG dressed specimens is not
remarkable. The influence of mean stress and
residual stress on the fatigue crack propagation rate,
mentioned above, is similar to the resuits on the
general structural steels®)10-12),

An example of the relationship between the output
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Fig.5 Influence of residual stress on da/dN-AK relationship

Load P

TIG dressed specimen
R=0.5

Strain €

Fig.6 Load-strain curve

of strain gage and the load is shown in Fig.6. This
relationship is utilized to measure the crack opening
and closing point. Pmax in the figure indicates a
maximum load and Pmin is a minimum load. In the
TIG dressed specimen shown here, crack closure did
not occur even though the testing load was 0. In other
TIG dressed specimens, the crack remained open
under a load of 0 or more. On the other hand, in the
base metal specimens the fatigue crack closure
occurred under a load of 0 or more. However, in the
B-2 specimen with stress ratio of 0.5 and in the B-4
specimen with high stress ratio and constant maxi-
mum load, the fatigue crack closure was not
observed in a range of testing load. That is, only in
the base metal specimens B-1 and B-3 at a stress
ratio nearly equal to 0, the fatigue crack closure was
observed within the range of testing load. The results
of measurements for the fatigue crack opening and
closing points are shown in Fig.7.
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Fig.7 Crack opening stress intensity factor
of base metal specimen

Effective stress intensity factor range (AKefr) was
calculated based on the measured results of crack
opening and closing behavior, and the relationships
between fatigue crack propagation rate (da/dN) and
AKegr is shown in Fig.8. In a range where the fatigue
crack propagation rate is comparatively high, the
relationship between da/dN and AKe¢r with the B-1
and B-3 specimens in which crack closure occurred
is similar to the relationship with other specimens in
which crack closure did not occur. However, the
threshold stress intensity factor range is considerably
variable. As for the general structural steels, it is
known that the cracks become easy to close in areas
close to the threshold stress intensity factor range,
because crack surfaces become rough and formation
of oxide is induced by friction between the rough
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surfaces!®). However, crack opening ratios of the
austenitic high manganese steel in the region close to
the threshold stress intensity factor range becomes
approximately constant as shown in Fig.7. Thus the
crack opening ratios are almost the same in all AK
ranges, and the values of threshold stress intensity
factor range arranged in terms of AKefr are consider-
ably different because of the presence of fatigue
crack closure. This is thought to be the characteristic
of the austenitic high manganese steels, but the
details should be examined hereafter.

5. da/dN-AK RELATIONSHIP USED FOR
FATIGUE ASSESMENT

Fig.9 shows the result of comparing da/dN-AK
relationship of the austenitic high manganese steel
with that of the general structural steels under the
condition that fatigue crack propagation rate rises to
the limit, that is, the fatigue crack closure does not
occur. The solid line in Fig.9 shows the da/dN-AK
relationship of general structural steels given by
Tanaka et al.14) after processing a lot of fatigue test
data, and the broken line shows that given by Ohta et
al.15). The da/dN-AK relationship by Tanaka et al. is
based on the result of processing da/dN data on the
base metal specimens in terms of AKegr. The
relationship by Ohta et al. is obtained in a high
tensile residual stress field, that is, it is based on the
test data under the condition that fatigue crack
closure does not occur just as in this study. The
da/dN-AK relationship of the austenitic high man-
ganese steel obtained in this study agrees well with
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Fig.9 Comparison to da/dN-AK relationship
of general structnal steel

that of the general structural steels in a range where
AK is comparatively large. However, the threshold
stress intensity factor range (AKy,) which is the limit
value of the fatigue crack propagation is slightly
large compared with that of the general structural
steels.

It would be reasonable to think that the equation of
da/dN-AK relationship of the austenitic high man-
ganese steel used for the fatigue assessment should
be determined on the basis of the results obtained
under the condition that crack closure does not occur,
that is, the fatigue crack propagation rate is the
highest. It is because in actual structures crack
closures sometimes do not occur due to welding
tensile residual stress or restraint stress and so on.
Therefore, a regression analysis of the data obtained
from B-2, B-4, T-1, T-2, T-3 and T-4 specimens in
which the crack closure did not occur was performed,
and considering the result, the equation for the
fatigue crack propagation rate of the austenitic high
manganese steel is proposed as shown in Fig.10. The
procedure of the regression analysis is the same as
that in Chapter 4. The Eq.(2) is the expression for
the fatigue crack propagation rate of the austenitic
high manganese steel, which is proposed in this study.

da/dN=93x10"12 ( AK3? — AKth?9) @)
where,
da/dN : m/cycle, AK : MPa+/m
AKth : 3.4MPav/m

The equation of the fatigue crack propagation rate
shown in "Fatigue Design Recommendations for
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Fig.10 Proposed da/dN-AK relationship

Steel Structures"? by Japanese Society of Steel
Construction (hereafter, it is referred to as the JSSC
recommendations), which is given on the basis of
abundant up-to-date data on the general structural

steels, is considered the most reliable one at present.

Fig.11 shows the result of comparing the fatigue test
data of the austenitic high manganese steel obtained
in this study with the equation of the fatigue crack
propagation rate (average design curve and conser-
vative design curve) proposed in the JSSC recom-
mendations. The average design curve is the
expression of fatigue crack propagation rate used
when average fatigue strength or fatigue life is
required, and the conservative design curve is the
expression used when the similar degree of safety
[(mean)-2x(standard deviation)] for the fatigue
assessment is taken into consideration. The value of
AKy, is estimated somewhat larger in the average
design curve. However, the curve is located almost at
the center of the data in other regions. The value of
AKyy is also estimated somewhat larger in the
conservative design curve. However, the curve is
located almost in the upper bound of the data in other
regions. Therefore, even though the design curve
shown in the JSSC recommendations is used for the
fatigue assessment of the austenitic high manganese
steel, the estimate may be considered to lean not so
far on the unsafe side.

6. CONCLUSIONS

(1) The influence of stress ratio and residual stress
on the fatigue crack propagation rate of the austenitic
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Fig.11 Comparison to da/dN-AK relationship defined
by JSSC recommendations

high manganese steel is the same as that of the
general structural steels.

(2) The da/dN-AK relationship of the austenitic
high manganese steel agrees with that of the general
structural steels in a range where AK is compara-
tively large, but the threshold stress mtens1ty factor
range AKy, is slightly large.

(3) An equation of the fatigue crack propagation
rate which should be used for the fatigue assessment
of the austenitic high manganese steel is proposed.

da/dN=9.3x10"12 ( AK3-0 - AK130)
where,

da/dN : m/cycle, AK : MPav/m

AKy, : 3.4MPavm

(4) Even though the equation of the fatigue crack
propagation rate proposed by Japanese Society of
Steel Construction is applicable to the fatigue assess-
ment for the austenitic high manganese steel, the
estimate does not lean so far on the unsafe side.
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