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In this study fatigue experiments are conducted for ductile cast iron (DCI) to compare with the fatigue
strength of cruciform welded joints. Here, several DCI specimens are prepared to have nearly the same
fatigue strength in smooth specimens before welding and to have similar cruciform shapes in the welded
joints. It is found that the fatigue strength of DCI specimen is about three times larger than that of the
welded joint specimens. The fatigue strength improvement can be explained in terms of the small stress
concentration factor, notch insensitivity and compressive residual stress generated by shot blasting for DCI

joints.
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1. Introduction

Welded structures include a lot of geometrical disconti-
nuities and material dissimilarities caused by welding with
rapid heating/quenching processes. Such stress concentra-
tion portions sometimes cause fatigue crack initiation,
propagation and final fracture accelerated by the residual
stress and welding defects. Countermeasures have been
requested especially from civil engineering fields to design
bridges, road facilities and so on.'?

In contrast, ductile cast iron DCI** has excellent form-
ability to mold complex geometries by casting. DCI enables
us to avoid sudden cross-sectional change and design desir-
able geometries to reduce stress concentration. Also DCI
has high strength and toughness comparable to steel mate-
rials.>” Furthermore, in the sand mold casting, DCI may
reduce the residual stress by cooling gradually. Therefore,
the DCI fatigue strength can be improved higher than the
fatigue strength of welded structures. In recent years, atten-
tion has been paid to the fatigue strength superiority of DCI.
Several DCI products are also being developed by replacing
welded structures.®”

However, ductile cast iron has not been commonly used
as a structural member. This is because DCI has lower
fatigue strength,'®'" lower Charpy impact value,'*'> and
more casting defects compared to steel. No experimental
data is available directly comparing the fatigue strengths of
the welded joint and the ductile cast iron. Because of those
reasons, ductile cast iron is not currently used as a fatigue
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durable member.

Based on the above background, in this research, the
fatigue strength will be verified experimentally when replac-
ing the welded joint with DCI. Then, the fatigue strengths
will be compared experimentally and theoretically by con-
sidering several effects.

2. Fatigue Strength Characteristics of Non-load-
carrying Cruciform Welded Joints

The fatigue strength of the welded joint varies mainly
depending on type of joint and the toe treatment. For
example, types of joints include butt joints and cruciform
joints. The toe treatment includes as welded, grinding,
and the like. From the above, the fatigue strength of the
welded joint is prescribed by classified into several design
standard strength class depending on the joint type and the
toe treatment type, each of which experimentally obtained
for each type of joint and the toe treatment.'® In this paper,
as shown in Fig. 1, the cruciform welded joints'® will be
considered for non-load-carrying type, whose strength is
higher than load-carrying type. Hereinafter referred to as
the welded joint. Since this welded joint has a complicated
shape and many welding points, there is a great advantages
by replacing with DCI members. It should be noted that the
DCI member considered in this study is close to the shape
frequently used for reinforcing ribs and so on. Furthermore,
this welded joint has relatively larger fatigue strength among
similar cruciform joints and many experimental data are
available.

Figure 2 shows the fatigue experimental results'” for the
welded joint of JIS SM 50 B in comparison with the smooth
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specimen of the SM 50 B. Hereinafter referred to as steel
plate before welded or simply before welded. This data is
quoted from the fatigue data sheet of National Research
Institute for metals,!” which has been often used as the
design standard of welded joints in Japan. Figure 1 shows
the shape of the welded joint used in the experiment, and
Fig. 2 shows the shape of the steel plate before welded. In
Fig. 1, the weld toe radius p of the welded joint is p=0.485
mm, which is the average value of 29 specimens. It is
unknown whether the grinding treatment has been done at
the toe or not. Figure 3 shows the microstructure of the
welded joint, Table 1 shows the chemical composition
of the steel plate before welded, Table 2 summarizes the
mechanical properties of the steel plate before welded and
the fatigue test results in Fig. 2. As shown in Table 2, the
fatigue strength of the welded joint ogj "~ =80 MPa, which
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Fig. 1. Dimension of welded joint (¢,=20).
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Fig. 2. S-N diagram showing fatigue properties of before welded
and welded joint (#,=20).

is remarkably small, that is, only 30% of the fatigue strength
oSTEEL —240 MPa of the steel plate before welded. Thus,
it is found that the welded joint cannot show the original
strength of the steel material. It is known that the fatigue
strength decreases with increasing the main plate thickness
t;. It is also known that the effect of plate width w and rib
thickness #, on the fatigue strength is small.'®

The reason why the fatigue strength decreases is known
as the stress concentration at the weld toe included welding
structures and the residual stress generated at the welded
part.lg’m The stress concentration factor K, can be estimated
as K;=3.47 from the analysis described later. Although sev-
eral methods are available to reduce K; at the weld toe, in
reality, as-welded state often can be seen due to the balance
of costs and so on. In Table 2, the residual stresses measured
at the welded joints are not summarized. However, as an
example, the tensile residual stress about 300 to 400 MPa
was reported in the vicinity of the weld toe. This is close to
the yield strength of the base metal whose tensile strength
is about 500 MPa. It was told that this residual stress may
reduce the fatigue strength.??

3. Fatigue Experiment for DCI Joints

In this section, the fatigue experiment for DCI joint will
be explained with the dimensions of the test specimen to
replace the welded joint with the ductile cast iron.

10mm

Fig. 3. Macrostructure of welded portion (Etched by nital).

Table 1. Chemical composition of steel plate before welded

(Wt%).
C Si Mn P S Ceg*
0.166 0.33 1.45 0.021 0.011 0.42

*Carbon equivalent Ceq= C+Mn/6+Si/24 +Ni/40 + Cr/5+Mo/4 +V/14

Table 2. Mechanical and fatigue properties of steel plate before welded and welded joint.

JIS Z 2201(1968) No. 1A type tensile test specimen

Steel plate before welded

Welded joint

Upper yield stress ~ Tensile strength  Elongation  Vickers hardness ~ Fatigue limit A6~ Vickers hardness*  Fatigue limit Ac

(MPa) (MPa) (%)

(HV 98N)

(MPa) (HV 98N) (MPa)

397 534 31 154

240 225-250 80

*Maximum hardness of heat affected zone

© 2019 ISIJ
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3.1. DCI Joint Fatigue Test Specimen

Figure 4 shows the specimen dimensions. To clarify DCI
joint strength is larger than welded joint strength, we use
the main plate thickness of DCI #;=24 mm, which is larger
than the one of welded joint #,=20 mm. Since the plate
width, the rib thickness, and the rib height have little influ-
ence on the fatigue strength, they are set to the dimensions
as shown in Fig. 4 by considering the load capacity of the
testing machine and for convenience in manufacturing. The
intersection of the main plate and ribs is smoothly connected
with p = 6 mm (see Fig. 4). This value is smaller than the
leg length s = 10 mm of the welded joint shown in Fig. 1,
which is empirically set by consideration of casting defects.
The gripping portion is thickened by 9 mm against the main
plate thickness for reinforcement. Draft angle required for
casting production is set to 1 degree in the main plate thick-
ness direction. The change in plate width of the main plate
due to this draft angle is 0.5 mm or less. For the fatigue
experiment of smooth specimens, for the sake of conve-
nience, the test specimen having a cross shape similar to that
of a DCI joint and having a main plate thickness ;=12 mm
is used (See Fig. 4). Hereinafter, this test specimen will be
referred to as DCI plate. Since all of the fracture positions
of this specimen were situated at the smooth portions, it was
substituted as the smooth specimen.

Note that iron castings are not usually machined but
are often used in as-cast surface condition called casting
surface. Usually surface defects such as irregularities and
sand inclusions are included on the casting surface, and it
is known that the fatigue strength decreases compared to
the machined surface.*?¥ Therefore, in this study, in order
to obtain the results close to the practical fatigue strength,
the fatigue test is carried out with both DCI joint and DCI
plate as casting surface. In addition, steel shot blast for sand
removal is done because this is also commonly used.

Table 3 shows the chemical composition of DCI joint.
Since the fatigue strength is generally correlated with the
tensile strength of the specimen, the tensile strength of DCI
joint should be equal to that of the welded joint to be com-
pared. Therefore, referring to Table 2, the chemical compo-
sition of DCI joint was adjusted so that the tensile strength
was equivalent to 550 MPa. Table 4 shows the mechanical
properties of DCI joint. These mechanical properties were
obtained by cutting out JIS No. 14 B type tensile test speci-
men from DCI joint by machine processing and carrying
out a tensile test as shown in Fig. 5. From these results, it
is confirmed that the tensile strength of the cast iron joint
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Fig. 4. Dimension of DCI joint.
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is almost the same as the welded joint shown in Table 2.
Figure 6 shows the microstructure of DCI joint. From this,
this test specimen was a bull’s eye structure found in general
ductile cast iron. The chemical composition and mechanical
properties of DCI plate (#;=12 mm) were almost the same
as those of DCI joint.

3.2. Fatigue Test Condition
The fatigue load was set as the axial tensile load in the

Table 3. Chemical composition of DCI joint (wt%).

C Si Mn P S Cu Mg (o

3.67 2.45 0.41 0.024  0.004  0.31 0.042 384

*Carbon equivalent Ceq=C+Mn/6+8Si/24+Ni/40+ Cr/5+Mo/4 +V/14

Table 4. Mechanical properties of DCI joint.

JIS Z 2241(2017) No. 14 B type tensile test specimen

0.2% Proof stress  Tensile strength ~ Elongation  Brinell hardness
(MPa) (MPa) (%) (HB)

340 560 15.8 191

TIS 7, 2241(2017)

No.14B type tensile test specimen 33
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XA
%5
B S
[ 2
~
\
= . 7
1 (
~ 40
120

Fig. 5. Dimension and machining location of tensile test speci-
men.

Fig. 6. Microstructure of DCI joint (Etched by nital). (Online ver-
sion in color.)
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longitudinal direction of the test specimen according to the
experimental condition of the welded joint. The fatigue test
was carried out under load control at stress ratio R = 0.
Where, R is defined as the minimum stress/maximum stress.
An electro-hydraulic servo fatigue tester (manufactured by
MTS) having a load capacity of = 100 kN was used as a
fatigue testing machine. The repetitive waveform was a sine
wave, and the frequency was 30 Hz. Fatigue test was car-
ried out in the atmosphere at room temperature (23 + 3°C).
The maximum stress decreases gradually from 350 MPa by
considering the specimen under 0.2% proof stress. Then,
the fatigue experiment was performed up to the maximum
number of cycle N; = 10’.

4. Fatigue Experimental Results

4.1. Fatigue Experimental Results of DCI Joint

Figure 7 shows the S—N diagram of DCI joint compared
to DCI plate. Figure 7 also shows the S—N diagram of the
welded joint compared to the steel plate before welded in
Fig. 2, which will be discussed in the next section. Table
5 shows the fracture position of DCI joint and the fracture
origin confirmed on the fracture surface. The test specimen
No. in the Table 5 corresponds to the number indicated in
Fig. 7. In Fig. 7 and Table 5, since No. 7 specimen was
not broken, No. 7* is another test result of No. 7 where the
maximum load stress was increased to 300 MPa and the
fatigue test was carried out again to confirm the fracture
surface of No. 7. Here, this new test data of No. 7* shown
in Fig. 7 is not far away from the S—N diagram of DCI joint.
This is because the increased maximum stress is sufficiently
large and the coaxing effect does not appear. Therefore, it
can be judged that No. 7* data is valid and shown in Fig. 7.

As shown in Fig. 7, the fatigue strength of DCI joint
ol = 220 MPa, which was about 90% of the fatigue
strength of DCI plate o B¢ = 240 MPa.

As shown in Table 5, except the specimen No. 5, the
fracture position was fillet portion of the rib cross-section
or the gripping portion where stress concentration exists.
Also, relatively small inclusion defects were confirmed near
the casting surface of the fracture surface. These defects are

found to be the fracture origin from the aspect of the fracture
surface. These defects are judged to be defects called sand
inclusions or dross inclusions by mapping analysis. The
defect size was about 1 to 2 mm in diameter when the defect
shape is converted into a sphere.

Specimens No. 5 was fractured originating from the
large defect like the internal cavity. This is probably the
internal shrinkage cavity that often appears due to solidi-
fication shrinkage during casting. The fracture position of
this specimen was a smooth portion slightly away from the
stress concentration portion.

Regarding such relatively large defects, the casting plan
should be modified during the trial production period and
drastic measures should be taken to fit the defect size
within acceptable regions. Moreover, sampling inspection
by ultrasonic testing etc. should be carried out according to
the number of lots. Regarding structurally important parts,
quality control should be carried out so that the defect size
becomes ¢ 2 mm or less. In this study, radiographic test-
ing was carried out for all of the test specimens, and the
fatigue test was carried out after recognizing the presence
of defects. Then, no internal shrinkage cavity was detected
except for specimen No. 5.

Instead, although the details of the fractured origin of DCI
plate with # = 12 mm are not described in this paper, all
fracture positions are in the smooth portion, and the defect
sizes were almost the same of the DCI joint with ¢, = 24
mm. We will continue to discuss The detail will be dis-
cussed in the future study.

4.2. Fatigue Strength Comparison of DCI Joint and

Welded Joint

The fatigue strength of the welded joint opi """ = 80
= 220

MPa, while the fatigue strength of DCI joint oy
MPa. It was confirmed that the fatigue strength of DCI
joint is 2.75 times larger than the one of the welded joint.
Also, from O STEEL | 5 STEEL = 30% and o2 /o2 = 90%,
it should be noted that the reduction rate of DCI joint is
remarkably small.

As shown in Fig. 7, the slope of the S—N diagram of DCI
joint is smaller than that of the welded joint. This is because
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Fig. 7. S—N diagram showing fatigue properties of DCI specimen and steel specimen.
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Table 5. Broken position and fracture origin of DCI joint in Fig. 7. (Online version in color.)

Number of specimen
Maximum load stress . Broken position <] Fracture origin

Number of cycles to falure Ny
50mm Dross inclusions 500um
—

No. 1 i s
Onax=350 MPa ~‘
N;=1.72x10* cycles

No. 2
Onax=320 MPa
N=5.77x10" cycles

No. 3
Onax=280 MPa
N=2.52x10° cycles

No. 4
Onax=260 MPa
N=4.14x10° cycles

Sand inclusions

No. 5
Onax=240 MPa
N;=1.99x10° cycles

This defact can be removed real
product.

Internal
shrinkage cavity

No. 6
Onax=240 MPa
N/=9.05%10° cycles

No. 7
Onax=220 MPa
Nz 1.00x107 cycles

No.7*
Onax=300 MPa
N;=2.28x10° cycles

© 2019 IS 1864
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the notch effect of DCI joint is smaller than that of the
welded joint. Generally, the fatigue strength is affected by
stress concentration, notch insensitivity, and residual stress.
Details will be discussed in the next section.

5. Discussion Why the Fatigue Strength of DCI Joint is
Superior to the One of Welded Joint?

In this section, several factors will be discussed to clarify
the reason why the fatigue strength of DCI joint is superior
to the one of the welded joint.

5.1. Fatigue Strength of Smooth Specimen

Before comparing the fatigue strength of the welded joint
and DCI joint, the fatigue strength of the smooth specimen
should be identified by clarifying the surface state in the first
place. They can be explained in the following way.

Table 6 shows the fatigue limit and surface condition
of the smooth specimens of steel plate before welded and
DCI plate. They have the same fatigue strength 240 MPa.
On the steel plate surface, mill scale is formed. And on the
DCI plate surface, shot blasting treatment is performed. The
surface condition of the welded joint and DCI joint is the
same as the one of the each smooth specimen.

5.2. Difference of Stress Concentration Factor

In order to compare the stress concentration, FEM analy-
sis is performed for the welded joint geometry with ¢, =
20 mm and also for DCI joint geometry with #; = 24 mm.
Then, the stress concentration factors at the fillet of the rib
are investigated. In this analysis, FEM software MSC Marc
2012 has been used.

As shown in Fig. 8, a quarter region is considered for the
analysis due to the symmetry. To analyze the welded joint,
the flank angle is set to 45° and the radius toe p=0.485 mm
is considered as an average value measured from actually
welded joints.'” To analyze DCI joint, the dimensions in
Fig. 4 are considered. As shown in Fig. 8, 0, = 1 MPa is
applied at the cross section to calculate the stress concentra-
tion as the boundary conditions.

Figure 9 shows the maximum stresses and principle
stress distributions of the welded joint and DCI joint. The
stress concentration factor K; shown in the figure is defined
as K,=0,,.,/0,. Here, 0,4, 1s the maximum stress concentra-
tion at the fillet portion and o, is the nominal stress at the
minimum cross section.”> > It should be noted that in the
definition of stress concentrating factor for the fillet the
position where O, occurs differs from the position where
0, is defined as shown in Fig. 10. This definition has been
used widely since 0, can be obtained at the minimum sec-
tion and the maximum stress can be obtained conveniently

Table 6. Fatigue limit and surface condition of steel plate before
welded and DCI plate.

Specimen type Fif?&gg)m Surface condition
Steel plate )

before welded 240 Mill scale
DCI plate 240 Casting surface with

shot blast

for strength design.

From Fig. 9, it is found that K; = 1.68 for DCI joint is
smaller than the welded joint K, = 3.47. This is because p of
DCI joint is larger than that of the welded joint. Since DCI

(a) FEM model welded joint (t;=20)

p =6mm

(b) FEM model DCI joint (t;=24)

Fig. 8. FEM model and boundary conditions. (Online version in

color.)
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(b) The maximum principal stress distribution of DCI joint (t;=24)

Fig. 9. Results of stress simulation by 2D FEM. (Online version
in color.)
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K. =0,,/0,
6,=P/t

Fig. 10. Stress concentration factor of a stepped flat bar with
shoulder fillets.

joint has smaller stress concentration, the fatigue strength
can be improved by replacing the welded joint with DCI
joint. Since DCI joint may have larger root radius p, the
strength can be improved more through casting design.

5.3. Difference of Notch Sensitivity

The fatigue experiment in Fig. 7 shows that ops' = 240
MPa and o2 = 220 MPa have very small difference. In
other words, the ductile cast iron is hardly affected by the
stress concentration because of the notch-insensitivity. Fig-
ure 11 shows the relationship between the stress gradient
x and the maximum stress G/ Owo = K;Gy1/0y0 at a notch
root. This figure shows the notch insensitivity of ferrous
materials by varying the notch root radius p.*'~*? Since
there is no experimental data for FCD550 of DCI whose
tensile strength 03=550 MPa, the curve of FCD550 in Fig.
11 is estimated from the curve of FCD700 whose o = 730
MPa by considering the results of S10C (o3 = 372 MPa)
and S30C (o = 537 MPa) and G;u./Owo. It is seen that
FCD550 and FCD700 have larger maximum stress Gq/ 0w
compared to SI0C and S30C under the same stress gradient
- Therefore, the ductile cast irons are very notch-insensitive
compared to mild steel.

In Fig. 11, G/ Owo = K 01/ 00 1s the relative maximum
stress repeated under the fatigue limit of notched specimen
based on the crack initiation o,,, K; is the stress concentra-
tion factor, and 0, is the fatigue limit of the smooth speci-
men. The broken line K,0,,1/0,,0=1 means the fatigue limit
oy 1s independent of y. Since fatigue notch factor can be
defined as K/=0,0/0w1, KiOwi/owp=1 is equivalent to K, =
K. Therefore, the broken line K;0,1/0,0=1 means extreme
notch-sensitive case where 0,,; is controlled by Gy = K/0y1
alone. Such extreme notch-sensitivity can be seen for spring
steel.?® Conversely, if Oya/0Ow0 = Ki/K; increases largely
with increasing stress gradient y and decreasing notch root
radius p, it can be said that the material is notch-insensitive.
As shown in Fig. 11, it is known that the notch insensitivity
of ferrous materials is strongly correlated with the tensile
strength unless the chemical composition and the matrix
structure are significantly different.’”

Based on the above, the fatigue limit of the welded joint
and DCI joint will be estimated. For the welded joint, we
have p=0.485 mm, y = 2/p = 2/0.485 (=4.12). Let’s con-
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LSTTT T T T I I TTT TTT T
*Estimated curve / NOtCh..
- | -1 insensitive

S~ - —

X" [ FCD550* / ]

Oy 141 (0,=560MPa)

DN f FCD700 -

\b§ B (0,~730MPa)”]

bg B 7

Y

/awo

13 S10C
/ (6,=372MPa)
/ \ /

/
/ S30C
e (0,=537MPa)

// (0,,~882MPa)

-1 Notch
sensitive

Spring steel (o, ,>882MPa)
O Iy o N R A

o]
h \
0 1 2 v_3 4
K[ _]<f

0.33°  Stress gradient y=2/p, mm?!  4.12

Fig. 11. Notch insensitivity (Relationship between the stress gra-
dient and the maximum elastic stress at a notch root).

sider S30C whose strength is close to the one of the base
material SM50B. Figure 11 shows K;0,,1/0,0 = 1.19 when
x = 2/p=4.12. According to the analysis result in the pre-
vious section, since K; = 3.47, 0,1/0,0 = 0.34 is obtained.
That is, the fatigue limit of this welded joint is 34% of the
fatigue limit of the smooth specimen. Therefore, since the
fatigue limit of the steel plate before welded is 240 MPa,
the welded joint strength can be estimated to be 82 MPa.
On the other hand, for DCI joint, we have y = 2/p = 2/6
(=0.33). Therefore, FCD550 in Fig. 11 shows K,0,,1/0y0 =
1.13. Since K, = 1.68, G,1/0,0 = 0.67. Since o§' = 240
MPa, o2 = 161 MPa can be obtained. This estimated value
is about twice as large as the welded joint. The fatigue limit
of DCI joint can be greatly improved over the welded joint.

5.4. Difference in Residual Stress

Table 7 shows the average residual stress of the DCI joint
measured experimentally in comparison with the welded
joint. Measurement points are also shown in Table 7 at the
fillets where the maximum stress appears under loading.
The value of the welded joint in Table 7 is the result in the
reference 34). This value is the average value of four points
A to D in Table 7. The value of DCI joint in Table 7 is the
average value obtained from three specimens manufactured
from the same lot used for the fatigue experiment. An X-ray
residual stress measuring device was used for the measure-
ment. Table 8 shows the measuring conditions. The residual
stresses are measured for both welded and DCI joints before
fatigue experiment.

Table 7 shows the residual stress of the welded joint is
100 MPa, which is smaller than the values about 200 MPa to
300 MPa reported previously. It should be noted that in this
study the residual stresses were measured at the points about
3 mm away from the weld toe and larger residual stresses
may exist at the welding toe. On the other hand, Table 7
shows compressive residual stress larger than 300 MPa
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Table 7. Residual stress and measuring point of welded joint and
DCI joint.

Residual stress
Oes (MPa)

=
A 7] B
Welded joint 100 _\/ N

Specimen type Measuring point

DCT joint

Table 8. Residual stress measurement condition of DCI joint.

X-ray CrKa
Diffraction plane Fe (211)
Filter \Y%
Stress constant (MPa/deg.) —323
Tube voltage (kV) 30
Tube current (mA) 10
Collimator (mm) 2
Incident angle @0 (deg.) 0
Measuring method Half height breadth

appears in DCI joint. This is due to the shot blasting treat-
ment and the result is close to the residual stress obtained
by the same treatment.*>*®

Let’s consider those residual stress effects on the fatigue
strength. Residual stress may decrease under repeated
stress.”>*% For the welded joint, the initial residual stress
may affect the fatigue strength when residual stress is not
large.'” Since the residual stress for the welded joint in
Table 7 is relatively small, the residual stress 100 MPa is
assumed to affect the fatigue strength without decreasing.

On the other hand, for DCI joint, the residual stress due
to shot blasting takes the maximum value at the surface
layer and decreases with increasing the depth. Then, it was
reported that the residual stress almost disappears around
the depth of 500 um to 1 000 um from the surface layer.>®
It can be estimated that the defect size in the vicinity of the
surface layer is about 1 000 um when the defect can be the
fracture origin. Since this 1 000 um defect is subjected to
—305 MPa at the surface and 0 MPa at the deepest point,
it can be assumed this defect is subjected to about the half
of —305 MPa, that is, —150 MPa. Therefore, the residual
stress — 150 MPa is assumed to affect the fatigue strength
of DCI joint.

Figure 12 shows the fatigue limit diagram of the welded
and DCI joints. Here, the fatigue limit under reversed load-
ing o, is estimated from tensile strength o3 as 6,,=0.48 05 as
shown in Eq. (1).*” The fatigue limit under pulsating tension
o1 in Fig. 12 can be expressed as shown in Eq. (2) :01 =
0,/(1+ 0,/03). The fatigue limit 0, when the residual stress
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s =, 0,70480,7254 .
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(a) Welded joint
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(b) DCI joint

Fig. 12. Fatigue limit diagram showing the effect of residual
stress.

Oyes acts as the mean stress can be expressed in Eq. (3) :0p =
0w{1—(01+ 0,s)/035}. The effect of the residual stress can be
expressed as the fatigue strength ratio C, = 0»/0 in Eq. (4).

As shown in Fig. 12, for the welded joint, the fatigue
strength ratio C, = 0.72. On the other hand, for the DCI
joint, C,. = 1.4. In other word, the fatigue strength of DCI
joint is improved significantly by the residual stress com-
pared to the fatigue strength of the welded joint.

O =0.4805 covveeeieeeiieeeiieesieennn )]
01=0, (1400 /OB) oo )
0, =0, {1—(61 +G,es)/63} ................... 3)
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5.5. The Effect of Various Factors on Fatigue Limit
Figure 13 schematically illustrates several effects on the
fatigue strength as a summary of this section. The welded
joint strength and DCI joint strength are discussed on the
basis of the fatigue strengths of the smooth specimens. The
following three factors are considered. (1) Stress concen-
tration factor denoted by K; effect, (2) Notch insensitivity
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Fig. 13. Effects of various factors on fatigue limit.
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denoted by y effect and (3) Residual stress denoted by G
effect, all of which were discussed in this section. Regarding
the welded joints, (1) K; effect reduces the fatigue strength
significantly as 240 MPa — 69 MPa. Although the fatigue
limit is somewhat improved by (2) y effect as 69 MPa — 82
MPa, this effect is comparatively smaller. Thirdly, (3) G
effect may reduce the fatigue strength more as §2 MPa —
59 MPa. Totally, the fatigue strength of the welded joint can
be estimated as 59 MPa, which is about 25% of the fatigue
strength of the steel plate before welded (o56""" =240 MPa).

On the other hand, regarding DCI joint, (1) K; effect
reduces the fatigue strength, but the effect is small as 240
MPa — 143 MPa. Secondly, due to (2) y effect, the strength
can be estimated as 143 MPa — 161 MPa. As a result, the
fatigue strength of DCI joint is approximately 67% of the
one of DCI plate. It should be noted that (3) o, effect is
not indicated in Fig. 13(b) because both DCI joint and DCI
plate are similarly affected by (3) 0. effect and therefore
the effect should be deleted in Fig. 13(b).

From the above discussion, the fatigue strength of DCI
joint can be estimated to be 2.7 times or more larger than
that of the welded joint. Therefore, it may be concluded
that DCI joint has better fatigue strength. The fatigue notch
factor of DCI joint K7 =ons’ /owi is about 1/3 of that
of the welded joint KfTEEL = o STEEL /GilTEEL, DCI joint is
notch-insensitive compared to the welded joint. These esti-
mated results in Fig. 13 agree with the experimental values
shown in Fig. 7 within 25% error.

6. Conclusion

In this study, the fatigue strength of DCI joints was
compared with the fatigue strength of welded joint under
the same main plate thickness. The conclusions can be sum-
marized as follows:

(1) The present experimental results show that the
fatigue strength of DCI joint o, =220 MPa is about
2.7 times larger than the fatigue strength of welded joint

STEEL — 80 MPa. The strength of welded structures can
be improved by using DCI joints.

(2) In this study the fatigue strength was also estimated
theoretically from the stress concentration and the notch
sensitivity. The estimated results from the smooth specimen
show that the DCI joint strength ol = 161 MPa is also
2.7 times larger than the estimated value of welded joint

wIFEL = 59 MPa. The fatigue strength improvement was
confirmed theoretically.

(3) Compared with welded joints, DCI joints have
smaller stress concentration factors, smaller notch sensitivi-
ties and compressive surface residual stresses due to shot
blasting. This is the reason why the DCI fatigue strength is
larger than the welded joint fatigue strength.

7. Future Work

DCI joints were fractured originating from the defects.
Also, the casting surface roughness for DCI joints is fairly
large. However, in this research, the effects of these on
fatigue strength have not been considered.

From the above, in the next research, the lowest fatigue
strength for DCI joints will be estimated considering the
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effects of the maximum defect size and casting surface
roughness, and compared with the fatigue strength for the
welded joints.
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