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FATIGUE PROPERTIES OF A CAST IRON FOR THE REACTOR FUEL
CARRIER CANDIDATE HEAVY THICKNESS TUBE
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ABSTRACT

The fatigue properties of a spherical graphite cast iron were investigated together with its microstructures and
some mechanical properties. The cast iron is a candidate material for the nuclear fuel carrying container. The static
and dynamic mechanical properties excepting the fatigue properties were well investigated in many laboratories to
proof the fracture strength. The fatigue properties, especially the fatigue crack propagation rates, seem also to be
important to secure safety. Specimens from a 400 mm thick spherical graphite cast iron tube were fatigue tested. The
properties of heavy thick cast iron depend heavily on the locations along the thickness. Mode 1 and Mode 3 S-N
curves and K-da/dN relation were obtained in the function of the locations along the thickness.Δ

heavy wall tube, spherical graphite cast iron, fatigue, fatigue crack growth, threshold K, reactorKEY WORDS: Δ
fuel carrier, microstructure, spherical graphite ratio, ferrite ratio, UTS, proof strength, CVN, stress intensity factor
range

INTRODUCTION

The cast iron is a candidate material for the reactor fuel carrying container. To secure safety, the mechanical
property of the material should be fully inspected. Predicting the falling or the collision incident, the fracture strength
was well investigated in many laboratories. On the other hand, fatigue and fatigue crack growth properties
remarkably take part in the fracture strength by the latent fatigue crack, but is rarely investigated. The thickness of
the cast iron reactor fuel container is required more than 300 mm for radiation shielding. Although material is
regarded as homogeneous in the case of the wrought alloys, in the case of the cast iron of the thick wall, it should
be taken account of the properties change along the thickness. The accurate knowledge of the property change in
the material is necessary to design the fuel carrier. Since spherical graphite ferrite cast iron is the most ductile, high
fracture strength, cast iron, a direct casting 400 mm thick spherical graphite cast iron tube was investigate in this
work.

Here authors have used a radial cracked ring specimen for fatigue crack growth test. This approach is not
entirely new. Underwood et al 1 suggested that stress intensity factor at the tip of inner cracked pressurized[ ]
cylinder was not depend on crack depth. A finite element analysis of this type flaw geometry was reported by Jones
2 in conjunction with study aim at developing a fracture toughness specimen which could be sliced from thick[ ]

wall cylinders. Grant introduced it as constant range K specimen for the fatigue crack growth test 3 . He had[ ]
indicated that K remains constant over a crack length range exceeding 40 percent of the specimen width and the
calculated K value fairly agree with those of common compact tension specimen based on the da/dN s obtained on( )
7075 T651 aluminum alloy. In this work the ring specimen was used due to its smaller dimensions. To obtain the-
detail information of the location along the thickness, the smaller volume of specimen was required. Only five
standard compact tension specimen, where most part of materials is for load holding, could be cutting out along the
400 mm thickness.
This article presents the fatigue and the fatigue crack growth rate tests result of spherical graphite cast iron cutting

out from heavy wall direct casting tube as function of the location along the thickness. Emphasis is put on the effect
of graphite morphology on fatigue properties. The graphite spherical ratio and graphite particle size were varied from
14% to 96% and from 60 m to 200 m along the thickness respectively.μ μ

EXPERIMENTAL PROCEDURE

A. Materials
Table 1 shows the chemical compositions of direct casting spherical graphite cast iron which is modified

JIS FCD370 alloy. To achieve the high ductility the compositions of phosphorus and sulphur had been controlled in
lower value. A few 400 x 400 x 40 mm plates were cut out from the tube as illustrated in Fig.1a and Fig.1b. For( )
metallurgical tests, 39 pieces of 10 x 20 x 40 mm specimens were also cut out along the thickness . The( )
specimens were polished and etched in alcoholic 5% nitric acid solution. Using optical microscope, grain size,-
ferrite ratio, spherical graphite ratio and spherical graphite size were inspected Fig.2 . The microstructure( )
parameters are shown in Table 2 as function of the locations along the thickness. Ferrite ratio and graphite spherical
ratio were as follows.

( )area of ferrite in the field of vision
( ) ( )ferrite ratio = x 100 % 1

( )area of the field of vision
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( )area of spherical graphite particles in the field of vision
( )spherical graphite ratio = x 100 %

( ) ( )area of graphite particles in the field of vision 2

B. Specimen preparation
Specimens were cut out from the 400 x 400 x 40 mm plate of Fig.1b according to specimen collection( )

maps Fig.3, Fig.4 . The map for mode 3 torsion fatigue test specimen was abbreviated. Fatigue crack growth tests( )
were carried out by the ring and CT specimen. The ring specimen Fig.6b is suitable for fatigue crack propagation( )
tests and other fracture mechanics test under Mode 1 and Mode 1 + Mode 2 condition 4 . The mode 1 stress[ ]
intensity factor of the ring specimen is given by equation 3 ,( )

( )3

where is the crack length, is the load, is the specimen thickness, i and o are inner and outer radii of thea P B R R
ring respectively. For Mode 1 fatigue crack propagation test, also the compact tension CT specimen was used in
accordance with the ASTM E647 5 . For the crack length measurement, the electric potential difference method was[ ]
used. Voltage versus crack size relationships were obtained using electric conductive sheet Fig.5 .( )

C. Torsion fatigue test
Mode 3 torsion fatigue tests were carried out at room temperature under condition of controlled cyclic axial

push and pull by using a Shimazu 50 kN closed loop electro-hydraulic fatigue testing machine, operating at the
cycling frequency of 1 Hz. The movement of axial direction of the machine is transformed to the torsion by crank
mechanism. The length of the crank arm is 100 mm and the maximum torque, is 5 kNm. A 10 mm 15 mm± ×
viewing field in where the crack initiation is expected is monitored by a CCD camera which output is recorded by a
time-laps video recorder with time marks. In this recorder pictures are recorded in an interval, then it is possible to
record for 40 days in a volume of tape without loss the quality of the picture. The crack length were measured
from the picture displayed on CRT or printed with the elapsed time.

Two other CCD cameras in positions of 120 and 240 respectively around the specimen axis shift from° °
the main camera watch all circumference of the test volume of the specimen because some cracks initiate outside of
the view field of the main camera. It is very difficult to light up the cylindrical surface homogeneously where
parallel ray of light reflects in a sharp line. A ring shape fluorescent light tube was used for the specimen lighting,
but still insufficient. Operating at the cycling frequency of 1 Hz, no temperature rise was observed even in the
stainless steel specimen which has lower thermal conductivity.

A solid type specimen was used in this work, although the specimen with a hollow core gave us the
fundamental information in the torsion loading due to homogeneous stress distribution. Using the hollow core
specimen the machining cost is fairly high compare with the solid type one, and it is also hard to keep the axial

Fig.1b
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400 x 400 x 40
plate for collecting

Table 1. Chemical compositions of the tested spherical graphite
( )cast iron and JIS FCD370 mass %

Fe C Si Mn P S

Tested Balance 3.42 1.96 0.11 0.014 0.001

FCD370 2.5 2.5 0.40 0.08 0.020Balance > < < < <
Fig.1a Heavy wall casting tube
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a Inner side d 3/4( ) ( )

b 1/4 e Outer side( ) ( )

f 1 mm scale( )

c Middle( )
Fig.2 Spherical graphite microstructures

Table 2 Metallurgical Parameters of the spherical graphite cast iron

location grain size ferrite ratio graphite spherical ratio graphite size

a Inner side 68 m 87 % 96 % 60 m( ) μ μ

b 1/4 92 m 82 % 83 % 100 m( ) μ μ

c Middle 100 m 73 % 57 % 180 m( ) μ μ

d 3/4 100 m 78 % 14 % 200 m( ) μ μ

e Outer side 52 m 55 % 30 % 100 m( ) μ μ
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Fig.3 Specimen collection map of the ring and CT Fig.4 Specimen collection map of tensile test and
specimen for the fatigue crack growth test and fracture mode 1 fatigue test T , Charpy impact bending test( )

( ) ( )toughness test. C and metallurgical test M

arraignment during the test. Another reason that adopted the
solid type was to limit the crack initiate location by eccentricity.
It is necessary to watch the crack initiation and propagation in
the torsion fatigue test. If the location of the crack initiation
does not limited, overall length surrounding the test volumes
must be monitored by high resolution system for 24 hours and it
is impossible. Stress concentration such as a pin hole was often
used to limit the crack initiate location in the torsion fatigue
test, but the crack had propagated in Mode 1 from the initiation.
That test method then, does not characterize the torsion fatigue
behavior in the structure without sharp stress concentration. Test
specimens used were processed to a gradual sandglass form in
axial direction and eccentric Fig.6 a . The neck of the( ( ))
sandglass was polished in axial direction by #600 emery paper.

Maximum shear stress in the eccentric torsion specimen is

Fig.5 Voltage versus crack size calibration
( )4

where is torque, is diameter 15 mm , is distance from torsion axis 8 mm and is eccentricity 0.5 mm .T d r t( ) ( ) ( )

D. Three dimensions crack expression
Some torsion fatigue test specimens were interrupted the test after confirming the crack growth and were

investigated the morphology of the inside cracks. After cutting out the test volume from the specimen in a proper
length, 2 slits of the depth of 0.2 mm were inscribed along the specimen axis on the no crack observed surface for
the coordinate marking. This piece was grinding down by a plane grinder perpendicular to the torsion axis of the

( ) ( )a b

Fig.6 a Eccentric torsion fatigue specimen for the mode 3 S N test, b Ring specimen for the crack growth test( ) - ( )
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specimen and observed the cross section every 0.1 0.4 mm to determine the 3 dimensions coordinates of the crack～
front.

RESULT

A. Mechanical tests
Tensile test results were listed in Table 3. It can be considered that there is no effect of graphite morphology

on the UTS and 0.2% proof stress. The morphology of the graphite seems to effect on the elongation and the Charpy
value at -40 . The ductility of the outer side exceeds that of middle layer while graphite spherical ratios of outer℃
side and middle layer are 30% and 57% respectively. In contrast, the graphite size of outer side and middle layer are
100 m and 180 m respectively.μ μ

B. Torsion fatigue tests
To improve the accuracy of the residual life estimation for engineering structures the behavior of mode 3

fatigues has recently attracted interest 6 . In this work the S N curve research was made for mode 3 in the main,[ ] -
because number of specimen was limited and no mode 3 data of this material had been reported. In the plain
metallic specimen the fatigue damage initiates in the slip band of the surface under both cyclic axial and torsional
loading. Under axial loading the S N curves could be regard to represent the damage initiation characteristic-
although most of curves were plotted as function of the repeated number to failure. Therefore, both S N curves-
under axial and torsional loading should agree each other when the ordinates have been converted as = 0.5 , ifτ σ
the curve under torsional loading has been plotted as function of the repeated number of damage initiation. But some
literature denied this relation in the case of cast iron.

Fig.7 shows the mode 3 S N curves, where open marks indicate the crack initiation and solid marks indicate-
number to failure. Fatigue crack initiation life, also the endurance of the structure depends on the surface condition,
then its S N relation has small meaning. Fatigue strength, strength at 10 , is regarded as fraction of UTS, but UTS of- 7

the outer side and inner side are roughly the same. Therefore, the advantage would be gained grain size or pearlite
ratio. To conform the The fatigue strength of theτ σ ( )= 0.5 rule, a few mode 1 specimens were tested Fig.8 .
outer side was greater than that of middle layer as well as mode the 3 fatigue strength.

Table 3 Mechanical Parameters of spherical graphite cast iron

location UTS 0.2% Proof stress Elongation 40 CVN- ℃

2
( )a Inner side 351.6 MPa 205.9 MPa 28.2 % 130 kJ/m

2
( )b 1/4 342.1 MPa 213.3 MPa 25.6 % 123 kJ/m

2( )c Middle 336.7 MPa 207.6 MPa 20.4 % 95 kJ/m
2( )d 3/4 338.5 MPa 213.3 MPa 17.4 % 96 kJ/m
2

( )e Outer side 353.4 MPa 217.2 MPa 27.0 % 134 kJ/m

Fig.7

Mode 3 fatigue test
results. R= 1, 1 Hz-

Open marks indicate
the repeat number at
crack initiation, solid
marks indicate the
number to failure
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Fig.8

Comparison of mode 1
fatigue strength with
mode 3 fatigue strength

Tensile stress amplitude
in mode 1 test was(σ)
converted to shearing

(τ)stress amplitude
by following

= /2τ σ

( ) ( )a b

Fig. 9 The rate of fatigue crack growth in spherical graphite cast iron as a function of stress intensity range. R=0.2
and 10 Hz. a outer side, b middle layer and c inner side of heavy thickness tube.( ) ( ) ( )
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a Inner side( )

( ) ( )Fig.7 cont. c

Fig.8 Three dimensions expression( → )
mode 1 and mode 2 / 3 cracks.
The growth rates could be estimated based
on their morphology and surface crack
growth rate. They are consist of mode 1
and mode 2/3 cracks.

b Middle( )

Fig.9 Top view of well developed mode 1 crack
( )carbon steel

c Outer side( )
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C. Fatigue crack growth test
According to developed mathematical formulation of crack growth, the crack growth rate per cycle were plotted

versus K on log scale. A careful study shows that the data fit into a narrow band which can be approximated by aΔ
sigmoidal curve as Figs 8 a b c . The curves can be divided in to three distinct section that represent different( )( )( )
regions of crack growth: region 1, crack initiation; region 2, steady crack growth; and region 3, accelerate crack
growth and fracture. Being strictly steep in region 1, the value of K seems to be the lowest where the fatigueΔ
crack can growth and called as the threshold K K . It is contrastive that K of the outer side was 7Δ (Δ ) Δth th

MP m though of middle layer or inner side was 10 MP m . The graphite spherical ratio of the outer side is( √ ) ( √ )
unfavorable with those of the middle layer and the inner layer. In region 2, there is no clear difference.

D Three dimensions cracks
Mode 3 cracks grow to inside of materials and then they are invisible. To investigate the three dimensions

behaviour of the observed cracks a 3D crack model computer program was developed. Coordinates were selected
as y-axis to be on the torsion specimen axis, and x- and z- axes to be on the minimum section of the specimen
where the eccentricity were in x direction and the maximum shear stress expected to be at = =0 and =+ /2. They z x d
flow of the program is as follows :construction of the frame lines, input the crack data, arrangement of crack data to
the line elements, rotation around axis of all coordinate points, rotation around axis the points, shift to directiony x z
to keep out from the screen, projection coordinate points on the screen from a given view point, movement to the
center of CRT, scaling, and draw lines and paint crack areas on request.

Typical expressions of mode 3 cracks were illustrated in Figs. 8. Mode 3 fatigue crack growth rate in the
spherical graphite cast iron were not obtained yet due to shortage of the data. No well developed mode 1 crack was
observed in the cast iron Fig.9 . Mode 3 fatigue crack growth rates could be estimated based on their morphology( )
and surface crack growth rate. Assuming semi ellipse crack 8 which grows to inside in mode 3 and on the[ ]
specimen surface in mode 2 , the morphology of the observed crack is compared with computer similitude model to
obtain the growth rate formulation.

CONCLUSION

1. Mechanical properties of material cut out from a 400 mm thickness spherical graphite cast iron tube was
inspected. The cast iron is a candidate material for the reactor fuel carrier.

2. Metallurgical parameters were affected the location along the thickness.
3. Mode 3 fatigue life were investigated using eccentric torsion test specimen. The grain size and pearlite ratio

seems affect on it.
4. A few mode 1 specimens were fatigue tested to confirm the relation for wrought steel.
5. There was no clear difference in mode 1 fatigue crack steady growth rate on the location along the thickness. but

the threshold K of the outer side was lower than those of middle layer and inner side. The spherical graphiteΔ th

ratio seems to be effective on it.
6. Three dimensions crack expression system had been developed for mode 3 crack growth rate inspection.
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