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Fracture toughness and growth of short and long fatigue cracks
in ductile cast iron EN-GJS-400-18-LT
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A B S T R A C T Heavy components of ductile cast iron frequently exhibit metallurgical defects that behave
like cracks under cyclic loading. Thus, in order to decide whether a given defect is
permissible, it is important to establish the fatigue crack growth properties of the material.
In this paper, results from a comprehensive study of ductile cast iron EN-GJS-400-18-
LT have been reported. Growth rates of fatigue cracks ranging from a few tenths of a
millimetre (‘short’ cracks) to several millimetres (‘long’ cracks) have been measured for
load ratios R = −1, R = 0 and R = 0.5 using a highly sensitive potential-drop technique.
Short cracks were observed to grow faster than long cracks. The threshold stress intensity
range, �K th, as a function of the load ratio was fitted to a simple crack closure model.
Fatigue crack growth data were compared with data from other laboratories. Single plain
fatigue tests at R = −1 and R = 0 were also carried out. Fracture toughness was measured
at temperatures ranging from −40 ◦C to room temperature.

Keywords ductile cast iron; fatigue crack growth; fatigue limit; fracture toughness;
threshold stress intensity range.

N O M E N C L A T U R E A = elongation
a = crack depth
ai = initial crack depth
af = final crack depth
a0 = intrinsic crack depth
C = coefficient in crack growth law
D = mean graphite nodule diameter
d = notch depth

da/dN = fatigue crack growth rate
E = modulus of elasticity
F = crack geometry factor

JIc = fracture toughness expressed in terms of the J-integral
K JIC = (fictitious) fracture toughness expressed in terms of the stress intensity

factor obtained from JIc assuming linear elastic conditions
K Pmax = stress intensity factor at the maximum force (final fracture)

KQ = stress intensity factor determined at PQ

M = mean stress sensitivity
m = exponent in crack growth law
N = number of cycles
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PQ = force at deviation from linearity in force versus displacement as defined
by ASTM Standard E1820 for fracture toughness testing

ν = Poisson’s ratio
R = load ratio

Rop = load ratio, above which the fatigue crack remains fully open
Rm = tensile strength

Rp0.2 = 0.2% proof strength
T = temperature
u = relative potential drop increase

V = potential drop over cracked specimen
V 0 = potential drop over notched (crack free) specimen
W = specimen width

y = distance between potential probe and crack plane
Z = reduction of area

�a = crack increment
�K = stress intensity range

�K eff,th = threshold stress intensity range of fully open crack
�K eq = equivalent stress intensity range (short-crack corrected)
�K th = threshold stress intensity range
�N = number of cycles to propagate a fatigue crack an increment �a
�S = gross nominal stress range
�σ = stress range

�σ A = median plain fatigue limit (stress range)
�σ W = median plain fatigue limit under alternating stress, R = −1

ρ = notch root radius
σ m = mean stress

I N T R O D U C T I O N

The steady increase in the number and size of wind tur-
bines for the generation of electric power requires im-
proved knowledge of materials data for highly loaded
components. Ductile cast iron EN-GJS-400-18-LT1 is
widely used for wind-turbine hub, bearing housing and
base plate. Even in components cast under optimized con-
ditions, the designer must allow for the presence metal-
lurgical defects, e.g. shrinkage cavities, porosity, slag in-
clusions and degenerate graphite. Under cyclic loading
conditions, such defects tend to behave as cracks. Hence,
the endurance of cast components is mainly controlled by
the growth of fatigue cracks from casting defects.2–7 To
be able to determine the size of permissible defects for
a given endurance, the designer needs access to reliable
fatigue crack growth (FCG) data. For ductile cast iron
EN-GJS-400-18-LT, the availability in the open litera-
ture of such data is still very limited.8–10 Besides, avail-
able data typically refer to tests on several-millimetre-long
cracks. In many cases, however, fatigue life is dominated
by the growth of sub-millimetre cracks.2,7 Therefore, in
the present investigation, FCG tests have been carried

out on cracks ranging from a few tenths of a millimetre
(‘short’ cracks) to several millimetres (‘long’ cracks). Pre-
vious FCG tests have been limited to positive load ratios,
R > 0, whereas wind turbine load spectra contain a con-
siderable fraction of load cycles with R < 0. Thus, this
study includes tests at R = −1.

Although not of primary importance in fatigue life as-
sessment, it was decided to supplement the FCG tests
with fracture toughness measurements at a range of
temperatures.

M I C R O S T R U C T U R E A N D T E N S I L E
P R O P E R T I E S

In this research, test specimens taken out of a 40 mm ×
80 mm × 635 mm rectangular block of ductile cast
iron EN-GJS-400-18-LT, with a chemical composition
as given in Table 1, have been investigated. The mi-
crostructure of the material is characterized by spheroidal
graphite nodules embedded in a ferritic matrix as shown
in Fig. 1. The size distribution of the graphite nodules, de-
termined by measuring 790 nodules with diameters rang-
ing between 10 μm and 120 μm, is shown in Fig. 2. The
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Table 1 Chemical composition (wt.%) of ductile cast iron
EN-GJS-400-18-LT, balance Fe

C Si Mn P S Ni Mg

3.61 2.18 0.23 0.014 0.009 0.088 0.041

Fig. 1 Microstructure of ductile cast iron EN-GJS-400-18-LT.

arithmetic mean was found to be D = 32 μm, the standard
deviation 16 μm.

A cylindrical sample of this material with diameter
21 mm and gage length 100 mm was examined for de-
fects by means of X-ray computed tomography (XCT).11

No defects were found above the XCT resolution limit of
0.2 mm.

Hardness and tensile properties of the cast block were
measured at room temperature. In good agreement with
Ref. [1], the hardness was found to be 150 HB 2.5/187.5.

Table 2 Mean graphite nodule diameter (D) and tensile properties
of ductile cast irons similar to EN-GJS-400-18-LT

Material D (μm) Rm (MPa) Rp0.2 (MPa) Z (%) A (%) E (GPa)

WKN8 60 403 245 16 22 171
Tokaji9 54 400 274 10 7 142
WK28 37 382 256 23 18 170
Present 32 402 260 26 28 166

study
WK18 23 396 265 21 23 173
Berdin12 20 390 260 23 19 187
Clement13 17 450 270 8 – –

The tensile properties of the cast block, Rm = 402 (390)
MPa, Rp0.2 = 260 (230) MPa and Z = 28 (15)%, satisfy
the standard requirements (in brackets).1 Tensile prop-
erties and the mean graphite nodule diameter reported
for ductile cast irons of the same type have been listed in
Table 2. Figure 3 shows that Rm and Rp0.2 are virtually
independent of the nodule size.

F R A C T U R E T O U G H N E S S

The resistance of the ductile cast iron EN-GJS-400–18-
LT to brittle fracture was determined by means of two
different specimen geometries: single-edge bend SE(B)
and compact C(T) specimens as depicted in Fig. 4a and
b, both 10-mm thick. For these small specimens to yield
consistent results, it was necessary to use side grooves.
These constrain the deformation around the crack tip at
the surface of the specimen, thus creating a more homoge-
neous stress state through the thickness.14 Crack mouth
opening displacement was measured by means of a clip
gage across the notch as shown in Fig. 5a. This figure
also shows the cooling equipment required to measure

Fig. 2 Nodule size distribution for ductile
cast iron EN-GJS-400-18-LT.
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Fig. 3 Influence of the mean graphite nodule diameter on Rm and Rp0.2 for GJS-400-type ductile cast iron.

fracture toughness below room temperature. The crack
extension was monitored by means of the potential drop
method.

The fracture toughness expressed in terms of the J-
integral, JIc, was determined in accordance with the
ASTM Standard E1820.15 A (fictitious) fracture tough-
ness expressed in terms of the stress intensity factor ob-
tained from JIc assuming linear elastic conditions was de-
termined as K JIc =

√
JIc E/(1 − ν2). By-products from the

ASTM measurement procedure are the stress intensity
factor at the maximum force (final fracture), K Pmax , and
that at the force PQ as defined in Fig. 5b, KQ.

K Pmax , KQ and K JIc were determined for the material
under investigation at temperatures between −38 ◦C and
22 ◦C. The experimental results have been summarized
in Table 3 and Fig. 6. The room temperature values of
K Jk are in good agreement with K JIc = 71 MPa

√
m based

on unpublished data due to Hübner et al., cf.8. It should
be noted that fracture toughness remains nearly constant
over the investigated range of temperatures.

T H E P L A I N F A T I G U E L I M I T A N D I T S M E A N
S T R E S S D E P E N D E N C E

In order to determine the fatigue limit of axially loaded
plain specimens, a load-increasing procedure due to Denk
and Amhof16 was used. Plain specimens (d = 0) as shown
in Fig. 7a were tested at R = −1 and R = 0 by means of a
horizontal resonance testing machine with water-cooled
grips and a capacity of 20 kN. Each specimen was tested at
110 Hz at a stress amplitude initially below the expected
fatigue limit. As shown in Fig. 7b, the stress amplitude
was increased by 2% every 200 000 cycles. When a crack
had initiated and become sufficiently deep to markedly

decrease the resonance frequency of the testing system,
the test was terminated.

The plain fatigue limits obtained under axial loading are
�σ A(R = −1) = �σ W = 362 MPa (push–pull) and �σ A(R
= 0) = 292 MPa (zero-to-tension); see also Fig. 8 and
Table 5. The push–pull fatigue limit is in fair agreement
with the fatigue limit under rotating bending stated in
[Ref. 1], �σ W = 390 MPa. The observed difference may
be explained in terms of stress–gradient and weakest-link
arguments17,18.

Kaufmann and Wolters19 used the parameter

M = �σA(R = −1)
�σA(R = 0)

− 1, (1)

to quantify the mean stress sensitivity of GJS-400-type
ductile cast iron. For fatigue test specimens with regular
graphite nodules and (small) embedded shrinkage cavi-
ties, they found M to be in the range 0.23–0.29. The
mean stress sensitivity of the present material, M = 0.24,
is within this range, giving support to the tomographic
observation that no defects > 0.2 mm could be found in
a sample of the casting.

The effect of mean stress on the fatigue limit has tra-
ditionally been described by the (modified) Goodman
equation

�σ

�σW
+ σm

Rm
= 1. (2)

This equation yields a conservative prediction of the
fatigue limit at R = 0. A perfect fit to the experimental
value is obtained by replacing the linear mean-stress term
by a power term, i.e.

�σ

�σW
+

(
σm

Rm

)δ

= 1, (3)
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Fig. 4 (a) Single-edge bend SE(B) and
(b) compact C(T) specimen.

where δ = 1.62. It may be noted that Eq. (3) reproduces
the well-known Gerber parabola,18 when δ = 2. Clearly,
because data are only available for R = −1 and 0, Eq.
(3) can only be expected to be accurate for −1 ≤ R ≤ 0,
and extrapolation to R > 0 is fraught with uncertainty.
However, as �σ A for R = −1, 0 and 0.5 will be needed in
an attempt to model the growth of short fatigue cracks,
Eq. (3) has been used to estimate �σ A(R = 0.5) = 177
MPa.

F A T I G U E C R A C K G R O W T H T E S T I N G

FCG tests were carried out on specimens with a starter
notch as shown in Fig. 7a (ρ = 0.15 mm, d = 0.4 mm

and 0.8 mm) using the same resonance testing machine
as described in the preceding section. Crack growth was
monitored by means of the potential drop technique. The
starter notch and a pair of shallow grooves on each side of
the notch as shown in Fig. 9a were spark eroded into the
specimen. The grooves were used to position the potential
drop probes accurately. Five specimens were successfully
tested at stress ratios R = −1, R = 0 and R = 0.5 as
specified in Table 4. In order to avoid slack for R < 0,
specimens with threaded heads were used; see Fig. 7a.

After initiating a fatigue crack at the notch root and
propagating it to a depth of 0.2–0.3 mm, the notch was
removed by machining away a layer of thickness d from
the specimens as shown in Fig. 9b. Only specimen 3 was
tested until failure without intermediate removal of the
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Fig. 5 (a) Setup for measurement of fracture toughness. (b) PQ
established from the force versus crack opening displacement
diagram.15

Table 3 Fracture toughness data for ductile cast iron
EN-GJS-400-18-LT

Specimen T (◦C) K JIc (MPa
√

m) K Pmax (MPa
√

m) KQ(MPa
√

m)

SE(B) 22 81 33 23
SE(B) 22 72 30 24
C(T) 25 72 39 20
C(T) 2 68 39 22
C(T) −19 69 46 30
C(T) −38 79 47 26

notch. Table 4 summarizes the test conditions of the five
different specimens, where ‘i’ signifies the crack initiation
phase and ‘p’ the subsequent propagation phase.

Potential drop technique

The specimens were subjected to a direct current of 10
amperes, and the potential drop across the fatigue crack
was measured with probes located at a distance y = 2 mm

from the crack plane; see Figs 9 and 10. The specimen
temperature was continuously monitored (using a ther-
mocouple) to be able to compensate for its influence on
the electrical resistance of the specimen. A computer pro-
gram collected the elapsed number of cycles, the potential
drop signal, the load amplitude and the temperature. As it
was necessary to measure crack increments of the order of
micrometres, a highly sensitive potential drop equipment
was used. Potential drop was measured at the maximum
load of the cycle, to make sure that the crack was fully
open. A mean value was calculated every 660 cycles using
a total of 200 subsequent potential drop measurements.

A relationship between the electrical potential drop and
the crack depth may be obtained analytically, numerically
or experimentally. Johnson20 proposed a closed form an-
alytical solution for the potential drop V across a single
edge crack of depth a in a finite plate of width W normal-
ized with respect to the potential drop V 0 across a single
edge crack of depth a0, namely

V
V0

=

cosh−1

⎧⎪⎨
⎪⎩

cosh
π y
2W

cos
πa
2W

⎫⎪⎬
⎪⎭

cosh−1

⎧⎪⎨
⎪⎩

cosh
π y
2W

cos
πa0

2W

⎫⎪⎬
⎪⎭

. (4)

Here y denotes the distance between the probes and the
crack plane, cf. Fig. 10. Johnson’s equation is also a good
approximation of the potential drop across a sharp notch
with a root crack as shown in Fig. 10, provided that a is
replaced by d + a and a0 by d. Introducing the normalized
potential drop increase,

u = V − V0

V0
, (5)

and solving (the modified) Eq. (4) for the crack depth,
Mann et al.21 obtained

a = 2W
π

cos−1

×

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

cosh
π y
2W

cosh

⎡
⎢⎣(u + 1) cosh−1

⎛
⎜⎝

cosh
π y
2W

cos
πd
2W

⎞
⎟⎠

⎤
⎥⎦

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

− d .

(6)

This equation may be also used for the single edge crack
in Fig. 10, where the notch has been removed, provided
that d is replaced by the initial crack depth ai, a by �a and
W by W−d. An application of Eq. (6) to specimen 6p is
shown in Fig. 11, where u and a have been plotted against
the number of load cycles.
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Fig. 6 Fracture toughness versus
temperature for ductile cast iron
EN-GJS-400-18-LT.

Fig. 7 (a) Plain (d = 0) or notched (d > 0)
single-edge notch tensile specimen for
fatigue testing and (b) load-increasing
procedure for a plain specimen at R = −1.
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Fig. 8 Haigh diagram showing
experimental data and (modified) Goodman
and Gerber lines for ductile cast iron
EN-GJS-400-18-LT.

Fig. 9 (a) Crack initiated at root of starter
notch; end of stage ‘i’. (b) Cracked specimen
after machining away the starter notch;
beginning of stage ‘p’.

Pre-cracking and FCG testing

In order to initiate and propagate a fatigue crack from
the notch root at the least possible stress amplitude (=
notched fatigue limit), a low amplitude was applied at
the beginning of the test. The stress level was automat-
ically increased by 2% every 100 000 cycles, as long as
u < 0.005 within a block of load cycles; cf. Fig. 7b. After
u = 0.005 had been reached, pre-cracking was controlled
manually and stopped, when the crack at the notch root
had become 0.2–0.3 mm deep; cf. Table 4. The notch was
then removed as shown in Fig. 10.

The initiated cracks were marked by heat tinting at
250 ◦C for 4 h; see Fig. 12. After that, to deter-
mine again the minimum stress amplitude necessary to

propagate the 0.2–0.3 mm deep initial crack, the same
increasing–loading procedure as explained above was used
for testing the plain cracked specimens. After the crack
had become 0.5 mm deep, the stress amplitude was man-
ually reduced until the crack stopped growing. Thereafter,
the procedure was repeated to establish the threshold for
crack growth, and finally constant amplitude loading was
applied to propagate the crack, until this had grown to
about half the width of the specimen.

The initial and final crack depths were measured un-
der a microscope after breaking the specimen open, cf.
Fig. 12. Intermediate crack depths, between test phases
as specified in Table 4, have been measured on the lat-
eral surface of the specimen by means of a travelling
microscope.
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Table 4 Stress ratio, notch depth and initial and final crack depths
of subsequent crack initiation and propagation phases of the
different specimens

Specimen Reference R d (mm) ai (mm) af (mm)

2i D7894-9a −1 0.4 0 0.31
2p D7894-9b+c 0 0 0.31 7.98
3i D7894-10a −1 0.8 0 1.54
3p D7894-10b −1 0.8 1.54 1.64
3p D7894-10c −1 0.8 1.64 9.12
4i D7894-11a −1 0.8 0 0.26
4p D7894-11b 0 0 0.26 1.78
4p D7894-11c 0 0 1.78 8.65
6i D7894-13a 0 0.8 0 0.19
6p D7894-13b 0 0 0.19 1.94
6p D7894-13c 0 0 1.94 10.25
8i D7894-15a −1 0.8 0 0.30
8p D7894-15b 0.5 0 0.30 1.94
8p D7894-15c 0.5 0 1.94 10.34

F C G O F S H O R T A N D L O N G C R A C K S

Crack depth analysis

The relative potential drop increase, u, was converted into
crack depth, a, by means of Eq. (6). Figure 13 shows the
crack depths, calculated from successive potential drop
measurements, plotted against the number of cycles, N ,
for a short segment of the loading history of specimen 6p.
As can be seen from the figure, the crack depth exhibits
scatter, which is mainly due to (small) irregularities in the
potential drop signal. This scatter can be much reduced by
suitable averaging of crack depths. Thus, a straight line
was fitted to twelve successive calculated crack depths,
as presented in Fig. 13. The ‘representative’ (Nj, aj) was
taken at the middle of the line segment. This procedure

was repeated by successively moving one data point ahead
until all data had been covered. A line segment with a
negative slope was neglected. Figure 13 shows three fitted
line segments and three successive crack depths (aj, aj+1,
aj+2) computed in the middle of each line segment. After
reducing the scatter, the resolution of the crack depth was
better than 1 μm.

FCG rate against the stress intensity range

The crack growth rate was computed as da/dN = �a/�N ,
where �N = Nj+n − Nj and �a = aj+n − aj, respectively, as
shown in Fig. 14. As the ASTM standard22 recommends
using �a 10 times larger than the minimum resolution, n
was chosen so that �a ≥ 10 μm. The representative crack
depth was taken to be a = (aj + aj+n)/2, and the associated
stress intensity range was computed as
�K = F�S

√
πa, (7)

where F is the crack geometry factor and �S the gross
nominal stress range. For a single edge crack tension spec-
imen, Tada et al.23 proposed

F =
(

2W
πa

tan
πa
2W

)1/2

×

⎡
⎢⎣

0.752 + 2.02
( a

W

)
+ 0.37

(
1 − sin

πa
2W

)

cos
πa
2W

3⎤
⎥⎦ .

(8)

This is also a good approximation of the geometry factor
of a crack at the root of a notch as shown in Fig. 10,
provided that a is replaced by d + a.

FCG rates as functions of the stress intensity range for
load ratios R = −1, 0 and 0.5 are presented in Fig. 15a–c,

Fig. 10 Single-edge notch tension specimen instrumented for potential drop crack growth measurement.
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Fig. 11 Relative potential drop increase, u,
and crack depth, a, for specimen 6p as
functions of the number of load cycles.

Fig. 12 Heat tinted initial fatigue crack
after removal of the starter notch.

Fig. 13 Averaging of crack depths
calculated from potential drop
measurements.

where the crack depth range associated with a given set
of test data has also been specified. Whereas long cracks
have a well-defined threshold, this is not the case for short
cracks. Indeed, two of the specimens, namely, 2p and
4p, exhibit ‘fish-hook’ behaviour, where the crack growth
rate has a minimum below the long-crack threshold. Such
anomalous behaviour of sub-millimetre cracks in cast iron
EN-GJS-400-18-LT has not been reported before, al-

though the FCG properties of this material have been
investigated in several studies.2,8,13 According to Dowl-
ing18 and Suresh,24 sub-threshold fatigue-crack growth,
including ‘fish-hook’ behaviour, should be expected for
cracks smaller than (a multiple of) the micro-structural
length-scale for a variety of alloy systems with crack re-
tardation as the crack front approaches and traverses a
micro-structural barrier and subsequent acceleration. The

c© 2011 Blackwell Publishing Ltd. Fatigue Fract Engng Mater Struct 35, 374–388
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Fig. 14 Crack depths calculated from
potential drop measurements (◦) and
averaged crack depths (+).

characteristic length scales of ductile cast iron, cf. Fig. 1,
are given by the ferrite grain size and the graphite nodule
spacing, both in the range 50–100 μm. Therefore, regu-
lar ‘long-crack’ growth should only be expected for cracks
deeper than 0.5 mm, say.

In Fig. 15b and c have been included crack growth data
from an investigation by Hübner et al.,8 where a 10 mm ×
20 mm × 100 mm three-point bend specimen with an
edge crack deeper than 2 mm was used. At R = 0.5, there
is good agreement with the present investigation except
for �K > 10 MPa

√
m, where WK2 (cf. Table 2) ex-

hibits a marked increase in da/dN . At R = 0.1, WK2
has a slightly higher threshold value than specimens 2,
4 and 6 of the present investigation at R = 0. More-
over, WK2 has a marked increase in da/dN for �K >

15 MPa
√

m. The higher crack growth rates of WK2 for
Kmax > 15–20 MPa

√
m have been attributed to incipient

plastic failure of the net section of the three-point bend
specimen.

An equivalent stress intensity range,

�Keq = F�S
√

π (a + a0), (9)

has been used in an attempt to unify the description of
short and long FCG.5,21,24,25,26 Applying this equation,
with the ‘intrinsic’ crack depth

a0 = 1
π

[
�Kth

1.122�σA

]2

, (10)

to the present crack growth data yields the results shown
in Fig. 16a–c, where da/dN has been plotted against
�K eq. Although short-crack data points are now slightly
closer to long-crack data points, short cracks still exhibit
anomalous behaviour with growth rates in the range of
0.01–1 nm/cycle down to �K eq ≈ 0.6�K th. In particu-
lar, the ‘fish-hook’ remains. The ‘intrinsic’ crack model
is an empirical attempt to take sub-threshold short-crack

growth into account. However, its lack of microstruc-
tural data, as well as its simple mathematical struc-
ture, makes it unable to explain or predict the fish-hook
effect.

Long-crack data were used to determine the parameters
of the equation proposed by Klesnil and Lukáš27,

da
dN

= C
(
�K m

eq − �K m
th

)
, (11)

by means of a least-squares fit. The material parameters
C, m and �K th are given in Table 5 for the different
stress ratios used in the tests. At R = 0, C and m have been
determined for specimen 4p, which exhibits the highest
and thus most conservative growth rate data of the three
specimens investigated at this load ratio.

The threshold stress intensity range and its load
ratio dependence

A simple crack-closure model, used by Mann28 for mod-
elling FCG in aluminium alloys, assumes the stress in-
tensity range of the fully open crack, i.e. �K eff = Kmax-
Kop for R ≤ Rop and �K eff = Kmax-Kmin for R ≥ Rop,
to have a constant threshold, �K eff,th. Eliminating Kop,
the stress intensity factor above which the crack remains
open, yields

�Kth = �Keff,th(1 − R)/(1 − Rop) for R ≤ Rop, (12a)

�Kth = �Keff,th for R ≤ Rop. (12b)

In this study, �K eff,th has been assumed to be equal to
the threshold stress intensity range, �K th, at the highest
applied load ratio, R = 0.5. Rop = 0.15 is then obtained
by least-squares fitting of Eq. (12a) to the experimen-
tally determined �K th at R = −1 and R = 0 as given by
Table 5. More fatigue experiments are recommended
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Fig. 15 Fatigue crack growth rate for
ductile cast iron EN-GJS-400-18-LT as a
function of the stress intensity range at
(a) R = −1, (b) R = 0, and (c) R = 0.5.

to establish whether �K th remains constant for R > Rop.
Hübner et al.8 reported �K th = 7.8, 6.5 and 4.9 MPa

√
m

for WK2 at R = 0.1, 0.3 and 0.5, respectively. Fitting Eq.
(12a) to these data at R = 0.1 and R = 0.3 and (again)
assuming �K eff,th = �K th(R = 0.5) yields Rop = 0.45.
�K th versus R for the two investigations is shown in Fig.
17. Although there is some disagreement between data

in the range R = 0–0.5, the (bi-linear) fits show reason-
able overall agreement in the range R = −1–0.5. It should
be kept in mind that Hübner et al. used three-point bend
specimens, whereas edge-cracked tension specimens were
tested in this study. Continued testing is needed to ensure
a more complete and robust database for FCG in ductile
cast iron EN-GJS-400-18-LT.
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Fig. 16 Fatigue crack growth rate for
ductile cast iron EN-GJS-400-18-LT as a
function of the equivalent stress intensity
range at (a) R = −1, (b) R = 0, and (c) R =
0.5.

C O N C L U S I O N S

Tensile, fracture toughness and FCG data from compre-
hensive tests on ductile cast iron EN-GJS-400-18-LT
have been presented and critically assessed.

The tensile properties of the investigated casting fulfil
the requirements of the European Standard EN 1563.1

A comparison with tensile data for other GJS-400-type

castings showed that tensile and yield strengths are nearly
independent of mean graphite nodule diameters in the
range 15–60 μm.

The fracture toughness of the investigated material
was virtually constant from room temperature down to
−40 ◦C.

As should be expected, the plain push–pull fatigue limit
was found to be slightly below the plain fatigue limit under
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Table 5 Fatigue properties of ductile cast iron EN-GJS-400-18-LT

Specimen R �σ a
A (MPa) �K th (MPa

√
m) a0 (mm) Cb m max �K c (MPa

√
m)

3p −1 362 14.3 0.396 2.97×10−10 3.45 50
2p 0 292 6.55 0.127 – – –
4p 0 292 5.43 0.087 4.09×10−8 2.44 30
6p 0 292 6.41 0.122 – – –
8p 0.5 177 5.73 0.266 2.49×10−7 1.75 20

aDue to Fig. 8.
bUnits in Eq. (11) are mm/cycle and MPa

√
m.

cUpper limit for C and m to be valid.

Fig. 17. R-ratio effect on �K th for ductile
cast iron EN-GJS-400-18-LT.

rotating bending stated in EN 1563. The weak mean-
stress sensitivity of the fatigue limit was in agreement
with that found by Kaufmann and Wolters19 for ductile
cast iron free from ‘irregular’ defects. A modified Gerber
equation was used to model the mean-stress dependence
of the fatigue limit.

FCG has been studied at R = −1, 0 and 0.5. To the
knowledge of the authors, this is the first investigation of
EN-GJS-400-18-LT at R = −1. Crack growth rates at
R = 0.5 are in fair agreement with data from a previous
study by Hübner et al.8 for �K < 10 MPa

√
m, whereas

considerable deviation is observed at R ≈ 0.
The threshold stress intensity range of long cracks (>1

mm) was determined for R = −1, 0 and 0.5 and fitted to
a simple crack closure model. The load ratio dependence
in the interval R = 0–0.5 of the present investigation is
found to be weaker than that of Hübner et al.8

Short, sub-millimetre cracks were observed to grow at
stress intensity ranges well below the long-crack thresh-
old. An attempt to correct for short-crack behaviour
by means of the intrinsic crack depth, a0, slightly im-
proved the agreement between da/dN versus �K for short
and long cracks, but did not eliminate the short-crack
anomalies.

In view of the importance of ductile cast iron EN-GJS-
400-18-LT in wind turbine design, it is recommended
that experimental investigations of its FCG characteris-
tics be continued, in particular for R > 0.5 and R < 0.
Such experiments should be suitably instrumented for the
determination of crack closure.
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21 Mann, T., Härkegård, G. and Stärk, K. (2007) Short fatigue
crack growth in aluminium alloy 6082-T6. Int. J. Fatigue 29,
1820–1826.

22 ASTM E647-08. (2008) Standard test method for
measurement of fatigue crack growth. In: Annual book of
ASTM standards ASTM, West Conshohocken.

23 Tada, H., Paris, P. C. and Irwin, G. R. (2000) The Stress
Analysis of Cracks Handbook. 3rd edn. Professional Engineering
Publishing Limited, Bury St. Edmunds and London.

24 Suresh, S. (1998) Small fatigue cracks.Fatigue of Materials. 2nd
edn. Cambridge University Press, Cambridge, Ch. 15.

25 El Haddad, M. H., Topper, T. H. and Smith, K. N. (1979)
Prediction of non-propagating cracks. Engng. Fract. Mech. 11,
573–584.
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