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ABSTRACT

Fatigue tests have been carried out on a variety of flake graphite cast
irons using both smooth bar specimens and pre-cracked fracture mechanics
test pieces. The fatigue limit is found to be dominated by the graphite
eutectic cell size and is relatively insensitive to the microstructure of
the matrix. It is shown that the fatigue limit is defined by the threshold
stress intensity for propagation, the initiating defect being determined by
the eutectic cell size.
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INTRODUCTION

At first sight, the. fatigue behaviour of flake graphite cast iron would
appear to be similar to that of steel. For example, smooth bar tests on
cast iron reveal a pronounced "knee" in the load endurance curve leading to
a fatigue limit. Also, as with many metals, the ratio of fatigue limit to
tensile strength (i.e. the endurance ratio) is typically about 0.4 for a
pearlitic cast iron. In view of these similarities, design procedures for
flake graphite cast iron tend to follow those for initiation-dominated
fatigue in other metallic materials although safety factors tend to be
rather more generous. Closer inspection of the behaviour of flaks graphite
irons, however, reveals a number of important differences from conventional
metals. TFirst, there is a major difference in the nature of the tensile
strength; whereas in most metals this is a measure of the stress for post-
yield tensile instability, in flake graphite cast iron the tensile strength
is typically about 30% of the yield strength (measured in compression)
(Mitchell, 1977) and is in fact a brittle fracture stress which is
determined by the fracture toughness of the iron and the size of the
graphite flakes which act as cracklike defects (Venkatasubramanian and
Baker, 1978). Consequently, if the endurance ratio is considered in terms
of yield strength rather than tensile strength, it becomes apparent that
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flake graphite irons have anomalously low fatigue resistance. A second
major difference is that whereas in most metals the smooth-bar fatigue
strength can be increased by hardening the material by alloying or heat
treatment this is not so for flake grapaite cast iron. For example, whilst
large increases in the hardness of cas:t iron can be achieved by quenching
from the austenite followed by tempering, this is not accompanied by any
significant improvement in fatigue strength (Eagan, 1948; Mitchell, 1977).
By comparison, surface hardening treatments which result in the development
of residual surface compressive stresses are effective in increasing the
fatigue strength in bending. A third unusual feature of flake irons is that
when compared to steels of comparable hardness, they are remarkably
insensitive to the presence of small surface notches. For notches of large
geometry the notch sensitivity approaches that of steel (Angus, 1976). All
of the above observations can be reconciled if fatigue in cast iron is a

propagation-controlled process in which the graphite flakes act as pre-
existing crack-like flaws.

MATERIAL

To produce samples of cast iron having different graphite flake sizes and
hence different tensile strengths, a cupola-melted iron having a carbon
equivalent value of 4.1, was cast in a sand mould to produce stepped test
bars having section thicknesses of 12.5 mm and 50 mm. In both section
thicknesses, the graphite was present as randomly dispersed type "A"
graphite. The eutectic cell size was determined and, as shown in Table 1,

there was about a factor of 3 difference in the scale of the graphite in the
two section thicknesses.

TABLE 1. Fatigue Results From Flake Graphite Cast Iron

crack growth parameters

Matrix Eutectic Tensile Fatigue Fatigue C AKpy AK
micro- cell strength load limit x1012 m MNm—® /2 from
structure size MPa ratio (Omax) fatigue
mm R MPa limit
MNm—J/z
Pearlite 0.49 294 (o]98 112 4.1 6.6 9.2 3.6
Pearlite 1.51 253 0.1 78 0.7 740 10.9 4.4
Tempered 1:51 404 0.1 22, 6.7 6.4 7.4 4.1
martensite
Ferrite 1.51 160 0.1 60 4. 3.4
Pearlite 1.51 253 0.3 = 2. s 6.

In the as-cast condition, the matrix microstructure was wholly pearlitic.
For the 50 mm thick section, different matrix microstructures were produced
by heat treatment. A completely ferritic matrix was produced by slow
cooling from the austenite. A tempered martensitic matrix was produced by
0il quenching from the austenite follcwed by tempering at 500 °C.
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TESTING PROCEDURES

i . In both

Fatigue testing utilised both smooth and prz—cr;ck:§n3322 i;ch;ooth R

ion i mployed. esti : .
.ases, tension test geometries were =) 0 3 -
:dzciéens was carried out under conditions of constant ampl%tude 1Oéizgz with
”pconstant R-ratio of 0.1 Compact tension fracture mechant;s ipec1 s
p ) Fga imen ickness

i rements. The specime
g oyved for crack propagation measu ; ! S il
f:iisgied the requirements for plane strain condltlonz throug:ogzegbec£:Ckgu
" i ition stu v
i h microstructural condil
.rack propagation test. For eac ; 3 : Bosevir s
;iowthpdaiagwas obtained under conditions of both decreazlgg 2ng énchtentzal
i i h was monitore v .C.
alternating stress intensitv. Crack growt b 10_7 e rtd AT
drop technique. Growth rates r-ere measured down L . thls e e
value of the alternating stress intensity corresponding .ot .t? 2
is referred to here as the threshold alternating stress lg iziioyofxgﬂi
Most of the crack propagation tests were gerformed at an avio of, ;eries
However, for the 50 mm section thickness 1n the as-cast con i
! - .

of tests was also undertaken at an R-ratio of 0.3.

RESULTS

The results of the smooth-bar fatigue Fests a¥e sugm:rt;:dmzzrzib;icié—
considering first the two as-cast conditions 1n whtc e ot
structure was fully pearlitic, it will be seen tha r?_l Ll e .
raphite flake structure is accompanied by a substéntla i B e B
Ztrzngth. By comparison, when the flake geometry 1S heti ciniiaﬁe S
matrix is hardened by heat treatment, it is found tbit Stien:thg i
decreases despite a substantial improvgment in te§51 elimit ;nd.tenSile
ferritic matrix, there is a reduction 1in both'fatlgue e Ly il
strength. These observations are in accord with those

workers (Eagan, 1948).

Th i i i i 1 and 2
i tudies are illustrated in Figs
ts of the crack propagation s 2 3 ;
3 :i;iirised in Table 1. For all of the conditions examined, t£§ crack
n ) : i
:rowth pehaviour at higher values of AK obeys the Paris relationship

da/an = COK™.

A 5 < e
At low values of 4K, an apparent threshold condition 1s 3t;a1ne?i oghihzalu
i tion was about or a
xponent m in the growth rate equa
OEngziiinz tested This is much higher than the values usually ;biirved for
co . /
metallic materials which are between 3 and 4. The unusuat}z h;g R e
dependence suggests that the fatigue crack is not p?opaqa i gb z.on i
ductile striation mechanism but involves a substantlat c?gsg; u ;he iatter
i (Ritchie and Knott, .
ittle monotonic modes of fracture . 1 ) )
2212150 indicated by the strong load ratio dependence which is illustrated

in Fig. 1.

i i Fig. 1
i i i the microstructural variables,
sidering now the influence of 2 : J .
;zgicates 2hat for the as-cast condition a refinement 1in tge i?aphitetiéa e
= i d a reduction 1n
11 increase 1n growth rate an
geometry produces a sma > i e e e e
i h conditions, the thre :
fatigue threshold. For bot ° oo s B i
i i ormally observed in s :
substantially higher than those n $ S heen
i _values are encountered an
the case when unusually high m-va Eeg
attributed to an increased crack closure effect arising f;omfthetlnzreased
X
surface roughness associated with the presence of Qonotonlc. riz uthe
processes (Mayes and Baker, 1981). 1In f}ake graphite C§st 1r3enéional
fatigue fracture surfaces are much more irregular than in con
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metallic materials and usually it is not possible to distinguish between
fatiqgue and fast fracture. The Kgy value was lower for the cast iron having
the finer flake size and this was reflected in a visibly smoother fracture
surface.

The heat-treated irons having ferrite and tempered martensite matrix micro-
structures exhibit nearly identical crack propagation behaviour, Fig. 2.
Crack growth rates are higher than in the as-cast pearlitic condition but
the major difference is that the fatigue threshold values are much lower and
more- typical of values associated with steel. It is also of note that the
fatigue fracture surfaces for the heat-treated irons appeared much smoother
than those obtained from the as-cast structures.

FRACTOGRAPHY

Figure 3 shows a section through a fatigue crack in an as-cast pearlitic
iron. It can be seen that the crack has initiated at the smooth surface

from a favourably oriented graphite flake. The subsequent propagation of the
crack has then proceeded preferentially via suitably oriented flakes.

Further insight into the mechanism of crack propagation is provided by
examination of the fracture surfaces in the scanning electron microscope.

As shown in Fig. 4 the fracture surface is extremely rough with a substantial
proportion of the surface being occupied by graphite flakes. Eutectic cells
can be distinguished and it is of note that the graphite flakes are
continuous across the eutectic cell. This suggests that the relevant micro-
structural dimension of the graphite as far as fracture is concerned is the
eutectic cell diameter rather than the flake size as revealed on polished
sections. 1In the case of irons having pearlitic or martensitic micro-
structures it is extremely difficult to identify individual fatigue

FIG. 3. Fatigue crack developing from
smooth surface in flake graphite cast iron

striations as the crack traverses the matrix. In the ferritic iron,
striations could occasionally be distinguished and their geometry indicated
that they radiated from individual graphite flakes. This sugg?sts Fhat the
graphite facilitates fatigue crack propagation in two ways; first it
fractures in a brittle manner by interface decohesion or basal plane cleavage,
secondly the resultant internal crack can act as a secondary site for fatigue
crack development.

FIG. 4. Fatigue fracture surface from flake graphite cast iron
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DISCUSSION

The observed effects of microstructural variables on the smooth bar fatigue
behaviour and the fractographic evidence indicate that fatigue in nominally
smooth samples of flake graphite cast iron is a propagation-controlled
process in which the graphite flakes act as pre-existing crack-like defects.
Thus a change in the dimensions of the graphite flakes has a pronounced
effect on the fatigue strength whereas large changes in the microstructure
and properties of the steel-like matrix produce small changes in the fatigue
limit due to their relatively small influence on the crack propagation
behaviour. It follows that from a knowledge of the crack propagation
behaviour and the flake geometry it should be possible to predict the
fatigue behaviour of nominally smooth bar samples. Detailed analysis of
this problem is complicated by the fact that the graphite flakes are
numerous, randomly oriented and their separation is small in relation to
their length. Consequently there will inevitably be interactions between
the stress fields associated with adjacent flakes. Nevertheless, as a first
approximation one can consider a single surface-breaking graphite cell as a
pre—existing short crack. The stress intensity factor for a semi-circular
edge crack of depth a is given by

K = 0.7 o/na 115

If the smooth bar fatigue limit corresponds to the attainment of the
threshold alternating stress intensity AKpy at a graphite-nucleated short
crack

0K, = 0.7 omax(l—R)/na (2)

where Opay is the maximum stress at the fatigue limit for the specified R-
ratio. As discussed above, the relevant graphite flake size as far as
fracture processes in cast iron are concerned is the diameter of the
eutectic cell. The values quoted in Table 1 refer to mean cell diameters as
measured on metallographically prepared plane sections. To obtain the
corresponding volumetric diameters, these values have to be multiplied by a
factor of V2. Short crack AKqy values obtained by inserting the relevant
smooth bar data in equation 2 are shown in Table 1 together with the values
measured from the long crack fracture mechanics specimens. It is of note
that the short crack values are substantially smaller. The other
interesting observation is that the short crack AKqy values are very similar
for all of the microstructurzl conditions examined.

Similar differences between long and short crack AKpy values to those shown
here have been reported by others; for example, in a recent study of a
nickel-base superalloy, McCarver and Ritchie (1982) found that the short
crack threshold was approximately 60% of the long crack value. Such
differences in threshold values may be attributed to the crack closure
phenomenon. When thresholds are determined using fracture mechanics
specimens containing large preceeding fatigue cracks, the inherent roughness
of the fracture surfaces prevents the crack from closing completely during
the unloading part of the cycle. This wedging action at the crack tip
reduces the effective alternating stress intensity to which the material is
exposed. It follows that the apparent threshold value measured under such
conditions will be greater than the true value experienced by the crack tip.
In the case of the pre-existing short crack, there is no preceeding fracture
surface and hence nothing to prevent complete closure of the crack faces.
Under these conditions the measured AKpy is expected to be more
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rvpresentative of the true value for the paterial. The magnitude of the
~1osure effect and hence the difference between long and short crack
tﬁresholds depends on the roughness of the fatigue fra?ture surface. As
anoted above, fatigue fractures in flake graphite cast iron are ?xtremely
rough as compared to those in wrought steel and hence a large difference
setween short and long crack thresholds is to be expected.

In view of the preceeding observations regarding the effects of crack.
c¢losure, it is suggested that the AKqy values calculated from the fatlgu:
limit data are a more reliable indication of the true fatigue threshol. or
flake graphite cast iron than values obtained fr?m the fracture mechénlcih .
specimens. Support for this proposition is provided ?y.the ObSE?Vétlin a
when AKpp values for steels are determined under CO?dltl?n? of minima :
~losure, for example under conditions of high R-ratio, 51m11ar_values o .
petween 3 and 5 MNm->/2? are obtained (Fuchs, 1980) . Also, as in the case o
the cast iron samples, it is found that these true threshold values are
insensitive to the microstructure of the steel.

1t is concluded that the fatigue behaviour of nominally defect-free samples
of flake graphite cast iron can be adequately explained in terms of ? c?ack
propagation model in which the graphite eutectic cells act as pre-existing
short cracks.

CONCLUSIONS

1. The smooth bar fatigue strength of flake graphite cast i¥on is )
sensitive to the size of the graphite eutectic cell, finer cell size
giving higher fatigue strength.

2. Modification of the matrix microstructure by heat treatment has ll?tle
effect on the fatigue 1imit despite producing substantial changes 1in
tensile strength.

3. The exponent relating crack growth rate to AK is much higher than i§
most metallic materials due to the extensive participation of graphite
flakes in the fatigue crack propagation process.

4. OKpg values obtained from fracture mechén%cs specimens vary from 7 tg
11 MNm’°/Z for the microstructural conditions tested. It is propose
that crack closure effects arising from the very rough nature of the
fatigue fracture surface are responsible for the OKpy values being
higher than those usually observed in steel.

5. Short crack AKpy values calculated from the nominally smooth bar fatigue

tests are substantially lower than the long crack th?esholds and are.
relatively insensitive to the microstructural condition of the cast iron

matrix.

6 The reduced AKgpy values obtained from the graphite—nucleated smooth bar
tests are attributed to the absence of crack closure effects.

7. The fatigue limit is determined by a threshold stress inteﬁsity for
crack propagation, the initiating short crack being determined by the
eutectic cell size.
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