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Summary
Electron fractography of fatigue in aluminium alloys has shown that intermetallic
particles and inclusions have no significant effect on the crack growth when
stress levels crack propagation rates are low. In such cases crack growth
usually occurs along the interface between the particle and the matrix.

At higher stress levels intermetallic particles induce small amounts of
ductile tearing and therefore increase the crack growth rate. This explains
experimentally observed deviations from Paris’ crack propagation law.

Some other features of the fracture surfaces which are of use in service
failure analysis are briefly discussed and explained.

Introduction
Although Grosskreutz and Shaw [1] have shown that inclusions and inter-
metallic constituents play a role in the initiation of fatigue cracks,
information about the effect of intermetallic particles on the propagation
of the cracks is still very limited. There is some evidence that inclusions
have an influence on static fracture, e.g. Birkle et al.[2] have found a
correlation between the fracture toughness of steel and the amount of
sulphide and carbide inclusions. Broek [3] examined the plane stress
fracture toughness of Al-Cu alloys of nominally the same nominai compo-
sition, but obtained from different manufacturers. A vague correlation
was found between toughness and the amount of intermetallic constituents.
In an earlier investigation Schijve (4] compared the fatigue crack propa-
gation rates in the same materials. Although there were significant
differences in growth rates, there was no correlation with size or distri-
bution of particles.

The present paper gives the results of an extensive investigation into
the effect of intermetallic particles on fatigue crack growth in aluminium
alloys using electron fractography.

Inclusions and fatigue crack propagation rate
Electron fractography showed that the effect of inclusions depends upon
the crack propagation rate. At low crack growth they have little influence
as is shown by the following examples.

Fig. 1 shows the effect of a fairly large particle: here the crack front
remained straight until it reached the particle, when the particle, at this
point, cleaved as is shown by the faint river markings on its fracture
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surface. After cleavage of the particle the crack had a locally advanced
front, and in its vicinity crack propagation was slowed down as illustrated
by the closely spaced striations in front of the particle. The striation
spacing at arrow A (Fig. 1) shows that the crack growth rate was in-
creased slightly for a few cycles under the influence of this advanced
crack front. The striation spacing at B indicates that the increase of growth
rate occurred at a later time on this side of the particle. Although the
inclusion clearly affected the local pattern of crack propagation, it is clear
that the overall crack growth rate was not appreciably affected. The
consistent striation spacings in Fig. 1 also shows that the many small
particles (small arrows) had no effect on crack propagation. These small
particles were apparently pulled out of the matrix.

Another example of a cleaved particle is shown in Fig. 2. In this case
secondary cracks were initiated along the sides of the particle and bowed
outward (curved arrows) to link up with the main front. Secondary cracks
initiated at the small particles are shown in Fig. 3; these had no marked
effect on the crack growth rate.

Figs. 3, 4 and 5 show examples where the fatigue crack has propagated
along the interface betwzen the particle and the matrix. Optical micro-
graphs of cross sections through fatigue cracks grown at similar rates are
shown in Fig. 6 and these confirm that in almost all cases the crack
passed along the interface between the matrix and the intermetallic
constituents (A), the smaller particles were pulled out of the matrix (B).
Some particles in the crack path (C) as well as several in the vicinity of
the crack path (D) cleaved, although these did not initiate secondary
cracks.

Fig. 7 is a fractograph of a programme fatigue test, specimen and
shows the effect of a row of particles; the crack propagated along the
interface between the particle and the matrix. At ‘A’ crack growth was
increased locally, while at ‘B’ the crack trailed slightly behind the main
front.

The general conclusion is that at low crack propagation rates the crack
passes round rather than through intermetallic particles and that such
particles only slightly affect the fatigue crack growth rate.

The situation is different at higher crack propagation rates (in the order
of 1 micron per cycle and more). This is shown by Figs. 8 and 9, which are
similar to fractographs presented previously by Pelloux [5]. High growth
rates are a result of a high stress intensity at the crack tip (large crack
or high loads). Due to the higher stresses and strains, particles in front
of the crack tip may cleave or lose coherency with the matrix, thus initia-
ting a void. The remaining material between the void and the crack tip
now may rupture by ductile tearing, thus inducing a local jump of the
crack front. This is shown by the areas with dimples in Figs. 8 and 9,
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which are evidence of a mechanism of void coalescence during ductile
rupture.

At these higher propagation rates the effect of inclusions cannot be
neglected. Comparison of the crack growth rate measured during the test
with striation spacing reveals a large discrepancy caused by small
amounts of static fracture. At still higher crack rates striations become
very rare and the fracture surface consists primarily of dimples. On the
basis of Figs. 8 and 9 one may conclude that the crack growth rate would
have been much smaller in the absence of inclusions. Neglecting inclu-
sions the ‘true fatigue’ growth rate (by striation formation) would have
been about 0-3 microns per cycle in Fig. 8, instead of 1 micron per cycle
actually observed in the test.

Crack propagation rate and stress intensity factor

True fatigue crack propagation in aluminium alloys is considered to be by
a mechanism of striation formation. Programme fatigue tests have indi-
cated that the crack propagates during each cycle by the formation of one
striation (see Fig. 7). This suggests that the striation spacing should
equal the growth rate per cycle. Many investigators [6], [7], [13] have shown
the close correlation between striation spacing and observed growth rate.
However, in general these observations concemed only a limited range of
crack growth rates. On the basis of the present investigation deviations
at high growth rates might be expected. This might explain certain dis-
crepancies between test results and proposed crack propagation laws.

The elastic stress field at the tip of a central transverse crack in a
tensile specimen can be fully described by one single parameter K = S\/(I)
(stress intensity factor), where S is the stress at the specimen ends and
I is the semi crack length [8]. Paris et al.[8] were the first to suggest
that as K fully describes the stresses at the crack tip it should also
describe what occurs at the crack tip. In other words the fatigue crack
propagation rate should be some function of K. Many workers have pro-
posed a simple power law: dl/dn=C.K", where dl/dn is the growth rate
per cycle, C and n are constants.

It was therefore decided to check the correlation between growth rate
and striation spacing over a large range of propagation rates. For this
purpose 8 specimens were prepared, four of an aluminium-zinc alloy
(7075-T6) and four of an aluminium-copper alloy (2024-T3). A sharp
central notch was machined in each specimen anid they were cycled at
various stress levels having a cycle ratio R=0-05. Crack growth was
recorded by using a low power binocular microscope and stroboscopic
light.

The observed crack growth rates are plotted in Fig. 10 as a function of
the maximum stress intensity factor during the cycle (corrected for finite

66/3



Fatigue crack propagation in aluminium alloys

width using the Irwin [9] correction factor). The results confirm that, for
a certain value of the cycle ratio R, data of tests with different ampli-
tudes fall on a single curve, and show that the crack propagation rate is
controlled by the stress intensity factor. For other values of the cycle
ratio parallel curves have been obtained [10]. However, on this double-
log plot the data produce an S-shaped curve instead of the straight

line required for a simple power law.

Replicas for electron fractography were taken from whole fracture
surface of all eight specimens and over 200 micrographs were examined.
Striation spacing was measured as the average spacing of 5 or 10 succes-
sive striations at all suitable places. The striation spacing has been
plotted in Fig. 11 against the stress intensity factor. Each data point
in this figure is the average of all measurements made on one micro-
graph.

This figure once more confirms that in general a striation is formed
during each cycle. Furthermore the data indicate that the simple power
relation between growth rate and stress intensity factor need not be un-
realistic. The relation breaks down at high crack rates, where there is
almost no true fatigue crack propagation. If striations are formed in this
region their spacing is smaller than the overall growth rate, as discussed
in the previous section.

At low crack growth rates the deviations from a straight line are smaller
in Fig. 11 than in Fig. 10. This can be explained by assuming that crack
propagation does not take place over the whole crack front in every cycle,
as proposed by Schijve [11] and by McMillan and Hertzberg [12] whereas
Hoeppner et al. [13] state that the correlation between growth rate and
spacing of striations does not break down, but that the limited resolution
of replicaos prevents one from finding striations spaced more closely than
say 200 Angstroms. In the present investigation the smallest spacing
observed was 140 Angstroms, which is about 50 lattice vectors. Striation
formation is a result of slip plane decohesion during opening and closing
of the crack [14], [15]. It is our opinion that slip plane decohesion of
much less than 50 lattice vectors could not produce the complicated
topography of a striation over some length and consistently during each
cycle. It is felt that this stage must still be considered the crack initia-
tion stage. In the propagation stage striations of a certain minimum size
are probably found.

If true fatigue crack propagation is considered to occur as a striation
mechanism the power relationship between K and di/dn is probably appli-
cable. Break down of this relation at high growth rates is the result of
static tearing rather than fatigue. Break down at low rates is due to the
fact that the crack is still primarily in the initiation stage.

66/4

Fatigue crack propagation in aluminium alloys

Other effects of hard particles

Features frequently observed in fractographs are tyre tracks (Fig. 12), so
called because they resemble the tread marks of an automobile tyre. The
present investigation revealed that there are two types of tyre tracks,
which will be denoted here as types I and II. Tyre tracks are a secondary
result of the presence of inclusions and intermetallic particles.

An explanation for type I (Fig. 12) has been given by Beachem [16],
who proposed a mechanism amplified here in Fig. 13. A hard particle torn
out of the matrix will make indentations in the mating surface, as the two
surfaces are offset during opening and closing of the crack. Elegant
micrographs of mating surfaces published by Beachem [16] present an
excellent proof of this mechanism. Another example of type I tyre tracks
is given here in Fig. 14.

Type II tyre tracks were observed more frequently. Examples are given
in Figs. 15, 16 and 17. Ansell et al. [17] consider them to be hydrogen
precipitation sites, formed in the highly stressed crack tip region. If this
were so type II tyre tracks would represent a row of voids and one might
expect them to consist of more or less circular marks, which is obviously
untrue.

Type II tyre tracks can be better explained as the result of loose hard
particles moving across the fracture surface by a ‘slip-stick’ mechanism.
The best evidence for this mechanism is given in Fig. 17. Since there
are no discontinuities it is obvious that the short scratches obviously were
all formed in one cycle. The tyre tracks are of the same width as the
scratches and one scratch ends at a tyre track. The distinction from type
I is that a whole row of indentations is formed in one stroke.

It should be emphasized that type II tyre tracks are always accom-
panied by severe scratching. Which must be a result of rubbing, and they
usually occur at high crack growth rates (5 microns per cycle or more).

At high crack growth rates one would expect more particles to be com-
pletely tom out, such as the one at ‘E’ in Fig. 6. Also the offset during
opening and closing of the crack will be large at high growth rates (large
deformations and displacements).

Tyre tracks are only a secondary feature of the fatigue process, but
they do show that the deformations at the crack tip must have had a shear
component, which was not completely reversed. Tyre tracks are formed
during closure of the crack which explains why type II tyre tracks are never
observed in static fractures.

Type II tyre tracks are of importance in the analysis of service failures
analysis. They occur at high crack growth rates where almost no stria-
tions are formed. Thus type II tyre tracks can serve as an identification
feature for low cycle fatigue in service failure analysis.

66/5



Fatigue crack propagation in aluminium alloys

Conclusions

Intermetallic particles and inclusions, although of importance for fatigue
crack initiation, have anly a slight effect on fatigue crack propagation at
low crack growth rates where fracture usually occurs along the interface
between the particle and the matrix. However, at higher crack propagation
rates these particles do have an effect by inducing small amounts of
ductile fracture. This could explain why the power relationship between
stress intensity factor and crack growth rate breaks down at high crack
propagation rates. In the absence of inclusions the true fatigue crack pro-
pagation rate would be much lower. At low crack growth rates deviations
from the power law may be due to inhomogeneous crack extension along
the crack front.

Two different types of tyre tracks can be observed on fatigue fracture
surfaces. They are both caused by hard foreign particles. Type II tyre
tracks are a feature typical of low cycle fatigue and as such are of value
in service failure analysis.
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Arrows A: crack along interface; B: particles pulled out of matrix; C: crack

through cleaved particles; D: cleaved particles in vicinity of crack path; E:
loose particle.

Wide cracks opened up by static tensile load.

Fig. 6. Optical micrographs showing path of faligue crack along intermetallic
particles. 2024-T3.

Fig. 1. Effect of large cleaved
particle and of small particles on
crack growth in 2024-T3. Solid
arrow indicates direction of propa-
gation.

Fig. 2. Cracks emanating from

Fig 7. Effect of row of particles on
cleaved particle, 2024-T3.

crack growth in a programme fatigue

Fig. 3. Particles pulled out of test 2024-T3.

matrix, 2024-T3.

Fig. 4. Effect of small particles,
2024-T3.

Fig. 5. Particle pulled out of
matrix, 7075 T6.
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Fatigue crack propasation in aluminium alloys
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Fig. 15. Type II tyre tracks in
2024-T3 at 100 microns per cycle.

Fig. 16. Type II tyre tracks in Fig. 17. Mechanism of Type II tyre
7075-T6 at 10 microns per cycle. tracks in 2024-T3
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