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Fracture toughness and fatigue crack
growth of grey cast irons

ERHARD HORNBOGEN
Institut far Werkstoffe, Ruhr-Universitat Bochum, D-4630 Bochum, West Germany

The fracture behaviour of alloys with a pearlitic matrix and lamellar and spherulitic
graphite has been compared. Fatigue crack growth functions were measured and
various critical stress intensities obtained from load-displacement curves. An analy-
sis of microstructure in the uncracked and cracked state served as the base for a
discussion of quantitative models for the relation between microstructure and bulk
fracture mechanicai properties. In addition to volume fraction and shape of
graphite, crack branching (and eventually transformation of residual austenite) are
required to explain the resistance of grey cast irons against stable and unstable
crack growth. It is concluded that the standard methods for the evaluation of frac-
ture mechanical properties are not satisfactory especially for cast irons with lameliar

graphite.

1. Introduction

The fracture mechanical properties of grey cast
irons have attracted recent attention from two
points of view: (1) in the case of sufficient tough-
ness some cast irons will compete successfully
with steels. Reliable data on fracture mechanical
properties are requested from foundary- and
design-engineers: (2) grey cast irons may serve
as model materials because of their microstruc-
ture consisting of a metallic (steel-like) matrix
with graphite which provides quasi-holes of dif-
ferent size, shape, and volume fraction.

An attempt to make a quantitative correlation
between this level of microstructure and fracture
toughness has been made using the priniciple of
“effective stress intensity” [1, 2]. The model
implies the calculation of an average internal
stress caused by graphite particles with a volume
fraction, f,, length, , and radius of curvature, .
This additional stress raises that due to the exter-
nal load in the graphite-free matrix. As a conse-
quence the fracture toughness of the graphite-
free matrix, K, is lowered to K, < K,:
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This relation uses a rather rough approximation
for the description of the microstructure of the
matrix. Its volume fractionis f;, = 1 — f,. The
statistical factor C ~ 0.5 considers the distri-
bution of graphite particles. Details of the
matrix microstructure such as pro-eutectic den-
drites or ferrites seams are not considered.
Nevertheless, reasonable predictions can be
made for the effect of the shape of graphite on
fracture toughness (Fig. 1) [3].

Systematic work on fracture mechanics of cast
iron began after 1970 [4-7]. A summary of many
results can be found in [7]. In addition, studies
on the effect of wall thickness and solidification
conditions [8], and of heat treatments [9, 10]
have provided substantial information on
fracture properties of grey cast iron. The dif-
ference in morphology of graphite and of frac-
ture toughness between iron with lamellar and
spheroidal graphite explains other important
properties such as the superior resistance to
abrasive wear of globular irons [11].

It is not surprising that some discrepancies
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Figure I Schematic illustration of the effect of graphite in-
clusions on fracture toughness of tough (ferrite, pearlite,
bainite, austenite) or brittle (martensite) matrix.

exist in the fracture mechanical data from the
earlier work [6, 7]. This may be due to either
scatter in the composition or microstructure of
the cast alloys. On the other hand, there exists a
variety of methods for the evaluation of the
force—displacement curves and for the pro-
duction of precracks. It may be disputed
whether it is reasonable to adhere to the ASTM-
Standards for lamellar cast iron [12]. Some
authors applied, for example, first pop-in, 95%
secant, maximum force for evaluation of critical
K-values. The amplitudes, AK, used for the
production of the pre-crack seem to differ in
some of the older investigations. One author
evidently designates the maximum amplitude
AK, in the fatigue test as K| [6]*. The structure
of the lamellar cast iron provides additional
difficulties with non-linear elasticity, caused by
micro-cracks in and at graphite particles in
addition to plasticity at the crack tip and at the
edges of the graphite lamellae.

J-integral measurements [12b] and J-R curve
evaluations [12¢] may be considered. It should
be carefully distinguished between non-linear
elastic and plastic deformation. It is doubtful
whether this will provide much additional physi-
cal insight into the fracture mechanisms, or
more reliable data for dimensioning in design.
The careful evaluation of force—displacement
curves and their correlation with observed
micromechanisms was used in this investigation.

The investigation was conducted with stan-
dard grey cast irons with lamellar and spherulitic
graphite from different origin, with well docu-
mented microstructure and tensile properties.
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Figure 2 Dimensions of specimens which were used for
obtaining mechanical properties.

The purpose of the work was two-fold: to obtain
reliable data on fracture mechanical propertics
of the materials which are of great practical
importance, and to discuss different ways of
their evalution based on the microstructural
origin.

2. Materials and experimental
procedure

The materials were obtained in the form of
as-cast bars of 30 to 35 mm diameter. Chemical
composition and microstructure are given in
Table I. Two types of specimens were produced
for tensile tests, and measurements of fatigue
crack growth and fracture toughness (Fig. 2).
Special care was taken for the registration of the
force—displacement curves. The accuracy for the
measurement of the crack displacement was
107" mm. In some of the static tests the force
was reduced and cycled at high amplitudes
before final fracture, in order to disclose non-
linear elastic behaviour and changes in elastic
modulus. The production of the pre-crack was
done according to the ASTM Standard at dis-
placements of 10~° m per cycle. In addition, the
effect of higher amplitudes of stress intensity up
to the end of the da/dN curves was investigated
in respect to the consequent static crack
propagation.

*The original work presents the same measurements with correct designations (see Fig. 39 in [5]).
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TABLE I Chemical composition (wt %) of the alloys

Alloy C Mn Si P S Cu Ni
1 GG 30S 3.26 0.67 1.72 0.05 0.01 1.04 -
2 GG30T 3.27 0.81 1.59 0.07 0.04 0.35 -
3 GGG 70T 3.70 0.49 1.87 0.02 0.005 0.30 -
4 GGG 80 S 3.40 0.14 1.84 0.04 0.005 0.74 0.86

All fatigue crack growth curves were obtained
with 5 Hz. Special care was required in the
determination of the threshold AK,. It was
defined as the AK value at which a crack grew
less than 10> m per cycle. 10° cycles were
required for one measurement in this range of
AK (Fig. 3b). Additional difficulties arose from
branching and satellite formation near the crack
up.

Light microscopy (LM) and scanning electron
microscopy were applied in uncracked, partially
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Figure 3 (a) Evaluation of force—displacement curves
(pop-in, p; 5% secant, 5%; maximum load, m). (b) Fatigue
crack growth, da/d¥, and various critical stress intensities,
K., measured with precracks produced by different displace-
ment amplitudes, Ag;. Schematic drawing.

and completely cracked specimens. Special
attention was paid to direct investigations of the
reaction zone ahead of the crack. For such
observations a wedge was impressed into the
notch of a CT-specimen, while being inves-
tigated in a light microscope.

3. Experimental results

The microstructures of all materials show a
pearlitic matrix with differently shaped graphite
(Fig. 4). The data obtained by quantitative
metallography are given in Table TI. These
micrographs should be compared with Fig. 5 in
which the interaction with a moving crack can
be recognized. The cracks pass through the
graphite phase for all loading conditions. There
is a tendency for interlamellar crack propa-
gation in the pearlitic matrix for low amplitudes
of stress intensity. High amplitudes or unstable
growth and lamellar shape of graphite favour
the formation of satellite cracks parallel to the
moving main crack by expansion of graphite
particles.

The data from the tensile test are summarized
in Table III. The non-linearity of the elastic
moduli of lamellar cast iron has been confirmed
(Fig. 6). It is in accord with the observations of
the microstructure under stress (Fig. 5).

An essential part of the experimental inves-
tigation are the da/dN (AK) curves (Fig. 7).
Different critical K-values from static tests have
been added into these curves. in Fig. 7a two
different melts of the same type of standard cast
iron with lamellar graphite have been compared
in order to characterize the range of the results.
Fig. 7b provides an example for the effect of
R = K;,/K,.x on the da/dN (AK) curve. As
expected, a slight increase in crack growth rate is
found for the higher portion of static tension
(R = 0.2).

Measurements with additional spherulitic
graphite irons (Fig. 7¢) indicate, that higher ten-
sile strength is not paralleled by better fracture
mechanical properties as compared to the irons
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TABLE 11 Quantitative metallography of the alloys (Table I)

Alloy Vol. fraction (%) Morphology of graphite

B Graphite Pearlite Ferrite Diameter (m) Length (m)
1 13 Rest 0 <1 x 107¢ 1.2 x 107*
2 13 Rest 0 <1 x 107° 1.2 x 1074
3 13 Rest 2 0.3 x 1074 -
4 12 Rest 0 0.2 x 107* -

TABLE 111 Tensile test data of the alloys (see Fig. 2)

Designation Ry R, Og HB
of alloys (MPa) (MPa) (%)

1 GG 308 200 228 0.5 198
2 GG30T 162 188 0.5 177
3 GGGT0T 356 615 3 234
4 GGG 80 S 469 802 5 260

with lamellar graphite. Spherulitic materials
showed a decreasing fracture toughness with
increasing tensile strength as is known for many
high strength steels.

Examples of force—displacement curves have
been seiected for Fig. 8. The AK-axes of Fig. 7
were used to indicate some of the critical
K-values which have been measured in static
tension. Their meaning is explained in Table IV.
K, -values are in accord with the ASTM
Standards. They have been evaluated with the
5% secant-method (Fig. 3a) for all materials. It
is indicated which specimen dimension and the
conditions for pre-crack formation do not con-
form with the standard requirements. The large
range between the K, -values and the critical
value measured at the end of fatigue crack
growth AK, for the materials with lamellar
graphite is remarkable. Differently, all critical
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K-values of the materials with spherulitic
graphite are found in a narrow range.

The measurement of crack growth of very
small AK-values has been limited to
Aa = 107° m per cycle, which was defined as
AK,,. The values found are relatively high as
compared with some reported in the literature
[7]. The use of ultrasonic vibrations (US)
appears to be the appropriate method for a still
more sensitive measurement of the threshold
stress intensity at which fatigue cracks start to
move [13]. Preliminary US-measurements indi-
cate a reasonable compatibility with our
threshold values, considering that those
measurements have to be done with R = —1,
i.e. tension—compression [14].

4. Discussion

The aspects of the discussions are two-fold.
Firstly, the question must be raised as to which
critical fracture mechanical properties are the
most appropriate to use in design with cast iron.
Secondly, the microstructural origin of the frac-
ture behaviour deserves attention, with the aim
to derive quantitative relations between micro-
structural parameters and bulk fracture mech-
anical properties (Equation 1).
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Figure 4 Microstructures of the alloys, unetched. (a) GG 30 (alloy 1), lamellar graphite, (b) GGG 70 (alioy 3), spherulitic

graphite.
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TABLE IV Fracture mechanical data of the alloys (Figs. 2 and 3 for dimension of specimen and definiticn of critical

K-values)
Alloy R AK, AK, da/dN = 2.5 x 10 mmecycle”!  da/dN = 2.5 x 10" *mmcycle™!
KP KS% Km KP K5"/n Km

1 GG 30S 0.01 1.5 447 - 21.5 327 - 26.9 32.8

2 GG30T 0.01 12.7 35.3 - 19.2 27.1 - 25.3 28.4

3 GGG 70T 0.01 16.4 51.5 44.6 43.3 52.3 - - -
GGG 70T 0.2 16.0 41.3 44.6 43.3 52.2 - - -

4 GGG 80 S 0.01 11.0 32.6 316 354 37.5 32.8 33.7 38.0

The critical K-values permit that stresses can
be obtained easily which are useful for the
design-engineers. Therefore, K-values were used
for the evaluations of the measurements and not
crack extension energies (J-integral) [12]. The
non-linearity of elastic deformation and the
dependence of the elasticity on the amplitude of
pre-cycling makes their use problematic for
lamellar cast iron. As the stress intensity is raised
the following phenomena occur at the crack tip
and have effects on the force—displacement
curves (Fig. 8):

1. elastic deformation;

2. formation of holes in or at graphite par-
ticles;

3. microcrack growth at the edges of these
particles;

4. local plastic deformation of the matrix and
subsequent pop-in;

S. stable crack growth by microcrack coalesc-
ence;

6. instable crack growth through graphite and
matrix.

In order to define a reasonable criterion of a
critical K-value it should be known which of

. Ot ? .
\\\1‘}’ \

Figure 5 Microstructures at the environment of the crack tip, unetched. (a) GG 30 (alloy 1), crack branching and multiple
crack growth, (b) GGG 70 (alloy 3), propagation of an individual crack.

these crack tip mechanisms can be tolerated
(Fig. 3). The flexure of the force—displacement
curve may be due to microcracking in an alloy
with lamellar graphite, while mainly plastic
deformation is found for globular graphite with
some soft ferrite as part of the matrix (alloy 3,
Fig. 8). Rigid application of the ASTM criteria
will lead to results which could be misleading
and far underestimate the load carrying ability
of lamellar cast iron. Even application of the
R-curve concept is not advisable for the alloy
with lamellar graphite because of the non-plastic
origin of the curvature of the force—displace-
ment curve. To chose stage 4 for the spherulitic
and stage 5 for the lamellar cast iron to define an
upper level as critical values could provide some
comparability between the properties of the two
types of material.

Their different behaviour in respect to the
conditions under which the pre-crack was
produced deserves attention (Fig. 7, Table IV).
For iron with spherulitic graphite there exists
only a small range between the (ASTM Stan-
dard) conditions, K., and the value measured
when rupture occurred at the end of the da/
dN(AK) curve, AK,,. Cast iron with lamellar
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Figure 6 Force—displacement curves for different materials. (a) GG 30 (alloy 1), 5% secant is indicated. (b) GG 30 (alloy 1),
two cycles, showing an increased compliance and range of linear elastic behaviour with increasing number of cycles. (c)
GGG 70 (alloy 3), 5% secant, pop-in. (d) GGG 80 (alloy 4), 5% secant, coinciding with maximum load.

graphite shows a range with a factor of about 2,
between the two values. The high K. values
given in [6] evidently were AK,-values, i.e.
obtained after cycling the pre-crack to the maxi-
mum amplitude. With this interpretation these
values coincide rather well with the present
result. There seem to be no major discrepancies
left between different earlier measurements (as
claimed by Speidel [7] if the methods of obtain-
ing the critical K-values are taken into con-
sideration. For the practical use of critical
K-values in design this means that the K., -values
for lamellar iron underestimate the load
carrying ability much more than those of the
spherulitic alloy. This is especially true if a
critical crack develops by continuous fatigue
crack growth. The reason for this behaviour of
the lamellar cast iron must be due to fatigue-
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induced changes in the microstructure: forma-
tion and growth of a field of microcracks, cyclic
work-hardening of the matrix with increasing
amplitude of stress intensity (Fig. 9). Formation
and growth of microcracks in a reaction zone is
found in martensitic steels [15, 16], as well as in
many ceramic materials [17, 18]. It is likely that
the extent of crack branching is responsible for
the differences which were measured in AKy, [7]
and K.

Using the present observations a refinement
of Equation 2 can be proposed. This relation
was derived for one unique crack. If crack
branching can take place or if satellites accom-
pany the main crack or if the method of pre-
cracking has produced a field of microcracks at
the tip, additional energy is dissipated. Conse-
quently, a higher stress intensity K(1 + n)'? is
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required to propagate the crack. n > 1 is the
number of cracks that are found parallel to the
tip of main crack (Fig. 9):

_ K (1 + n)'?
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This equation explains the increased critical K-
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Figure 7 Fatigue crack growth functions and critical stress
intensities K, (see Fig. 3a, Table IV). (a) GG 30 (alloys | and
2), comparison of two melts of the same type of alloy. (b)
GGG 70 (alloy 3), effect of different components of static
load, R = AK_;,/AK,,.. (¢) GGG 80 (alloy 4).

values found after pre-cycling lamellar iron with
high amplitudes. Smaller values for AK, as com-
pared to those reported here could be expected if
fatigue crack growth proceeds truly by one
crack.

For all the alloys which are reported here a
constant pearlite matrix was acquired. There is a
way to increase the fracture toughness of the
matrix K, if it contains residual austenite.
Applying again the principle of “effective stress
intensity” a reduction of the external stress is to
be expected, if metastable austenite (y) trans-
forms into martensite (x,) with an increase in
specific volume (transformation toughening)
[17-19]. The supplementation of Equation 2 is
shown here in a qualitative manner. The increase
in fracture toughness K, depends on the volume
fraction of residual austenite, the fraction which
is actually transformed, and the volume change
associated with the transformation in a particu-
lar alloy [19].

(Kiem + Ke)(1 + ”)1/2

Ke = 770700 + 2007

O
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Figure 8 Mechanism of crack growth in cast iron with
lamellar graphite. ¢ = 0, undeformed structure; g,, separa-
tion in graphite; ¢,, plastic deformation in matrix (ferrite);
¢ = 0, crack progress after removal of load. Schematic
drawing.

(Kiem + K¢ is the effective fracture toughness
of a matrix containing a metastable phase which
is able to transform in the stress field of the
crack. It indicates relations between important
microstructural parameters and bulk fracture
mechanical properties, which may help in
designing cast irons with improved properties.

5. Conclusions

1. Cast irons with lamellar and spherulitic
graphite show a completely different origin of
their load—displacement curves in static fracture
mechanical testing.

2. Spherulitic iron behaves, in principle,
analogously to steels. Plastic deformation and
work-hardening of the metallic matrix takes
place during fatigue and precedes rupture.

3. The microstructure of lamellar iron is
changed in addition by formation and expansion
of microcracks under subcritical static and
dynamic loading conditions. Consequently a
mechanical pretreatment affects the elastic
modulus.

4. In such a structure the critical stress inten-
sity, as determined by a certain flexure of the

3904

Figure 9 The observed mechanism of crack growth in
GG 30: formation of parallel cracks and crack branching,
Schematic drawing.

load—displacement curve, leads to small critical
K-values.

5. As a consequence, there is a wide range
{factor of 2) between a critical stress intensity
determined by the ASTM Standard (5% secant)
and the maximum load bearing capacity (AK,,)
for lameliar iron.

6. Conventionally measured K -values of
lamellar cast iron therefore far underestimate
the resistance of this material to crack growth in
comparison to iron with spherulitic graphite and
steel.

7. Simple models have been proposed for the
relation between the microstructure of this
group of material and fracture toughness, i.e. the
stress intensity at which unstable crack exten-
sion starts.

8. Microstructural parameters are volume
fraction, shape and distribution of graphite, the
properties of the metallic matrix, and micro-
cracks (eventually produced by a mechanical
pretreatment).

9. Such models could be used for microstruc-
tural design. The present relations already
explain rather well the order of magnitude of the
measured data. A refinement is possible, for
example, by considering primary dendritic crys-
tallization, in the as-cast structure, or by the
application of new mechanisms such as trans-
formation toughening by residual austenite.

10. Some uncertainty is left about the amount



of the AK,,-value, i.e. the start of fatigue crack
growth. Crack branching and satellite formation
at graphite particles make measurements in this
range difficult and ambiguous.
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