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The method of in situ tensile testing in SEM is suit-
able for investigations of fracture mechanisms because
it enables to observe and document deformation pro-
cesses directly, by which the initiation and develop-
ment of plastic deformation and fracture can be reliably
described.

In our previous works [1–7] following [8–10] we
used this method to analyze deformation processes in
various types of Cu and Al based composites. The result
was a design of several models of damage, which con-
sidered physical parameters of matrix and particles, as
well as geometry and distribution of secondary phases.

The aim of the present study is to evaluate the in-
fluence of volume fraction of Al4C3 particles (8 and
12 vol%) on the fracture mechanism.

The experimental materials were prepared by re-
action milling. Al powder of powder particle size of
<50 µm was dry milled in an attritor for 90 min with
the addition of graphite KS 2,5 thus creating 8 and
12 vol% of Al4C3, respectively. The specimens were
than cold pressed using a load of 600 MPa, the spec-
imens had cylindrical shape. Subsequent heat treat-
ment at 550 ◦C for 3 h induced chemical reaction
4Al + 3C → Al4C3. The cylinders were then hot ex-
truded at 600 ◦C with 94% reduction of the cross sec-
tion. Detailed technology preparation is described in
[11, 12].

For the purposes of investigation very small flat ten-
sile test pieces (7 × 3 mm) with 0.15 mm thickness
were prepared by electroerosive machining, keeping
the loading direction identical to the direction of extru-
sion. The specimens were ground and polished down
to a thickness of approximately 0.1 mm. Finally, the
specimens were finely polished on both sides by ion
gunning. The test pieces were fitted into special defor-
mation grips in the scanning electron microscope JEM
100 C, which enables direct observation and measure-
ment of the deformation by ASID-4D equipment.

The microstructures of the materials with 8 and 12
vol% Al4C3 were fine-grained (the mean matrix grain
size was 0.35 µm), heterogeneous, with Al4C3 parti-

cles distributed in parallel rows in consequence of ex-
trusion. The average distance between the Al4C3 parti-
cles, found in thin foils, was 1.1 µm. Besides the phase
Al4C3, the systems contained also Al2O3 phase, which
was detected chemically [13, 14]. Essentially, it was
the remnant of oxide shells of the original matrix pow-
der and/or shells formed during the reaction milling in
attritors. The volume fraction of this phase Al2O3 was
low, 1–2 vol%.

When describing microstructures, one has to con-
sider geometrical and morphological factors. Accord-
ing to the microstructure observations, the particles
in our materials can be divided into three distinctive
groups: A—small Al4C3 particles, identified by TEM,
with mean size approximately 30 nm which made up to
70% of the dispersoid volume fraction; B—large Al4C3
particles with mean size between 0.4 and 2 µm, found
on metallographic micrographs; and C—large Al2O3
particles with mean size of 1 µm. Let us assume that
these particles are distributed in parallel rows. Mean
distance between the rows is l and between the parti-
cles h. The particles are spherical or have only a low
aspect ratio, so that they can be approximated as spher-
ical. In [15] it was shown, that for two microstructure
states: 1 and 2, which differ only in the distances be-
tween the rows of particles (l1 and l2), the yield strength
relation can be described as

l1

l2
= �Rp0.21

�Rp0.22
, (1)

where �Rp0.2 is the contribution to yield strength from
the dispersed particles.

The experimental materials were deformed at 20 ◦C
at a rate of 6.6×10−4 s−1 in the elastic region.

In the material with lower volume fraction (8 vol%)
of Al4C3 with increase of the deformation load the ini-
tiation of microcracks on the large Al4C3 particles (B)
was observed to occur by their rupture simultaneously
with decohesion of the smaller Al4C3 and Al2O3 parti-
cles (Fig. 1A and C). The crack then propagated from
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Figure 1 Fracture path in the material with 8 vol% Al4C3. Rupture of a
large Al4C3 grain and decohesion of the smaller particles (ε = 0.12).

Figure 2 Irregular fracture formed by a crack growing alternatively
along the particle rows and between them in the material with 8 vol%
Al4C3 (ε = 0.15).

the surface into the bulk of the specimen. On further de-
formation, as a result of higher concentration of smaller
Al4C3 particles (A), the perpendicular fracture trajec-
tory partially deviated toward the load direction (Fig. 2)
and became irregular.

In the case of the higher volume fraction (12 vol%)
of Al4C3 the deformation process was very rapid due to
the low plasticity of the material. Cracks were initiated
on the surface and propagated approximately perpen-
dicularly to the tensile load direction (Fig. 3). Coales-
cence of the final fracture progressed along densely
populated rows of Al4C3 (A, B) particles parallel to
the load direction (Fig. 4). The fracture surface formed
by the crack growth was inclined at 45 ◦ with respect
to the specimen principal surface. The morphology of
the deformed surface and initiation of cavities on the
matrix-particle boundaries can be seen in Fig. 5.

A detailed study of the deformation changes showed
that the crack initiation was caused by decohesion, and
occasionally also by rupture of the large particles. The

Figure 3 Two cracks initiated on the opposite sides of a specimen. Sur-
face morphology and initiation of cavities in the matrix–particle inter-
phase in the material with 12 vol% Al4C3 (ε = 0.04).

Figure 4 Final fracture by interconnecting the two opposite side cracks
in the material with 12 vol% Al4C3 (ε = 0.05)

Figure 5 Surface morphology and initiation of cavities in the matrix-
particle interphase boundary in the material with 12 vol% Al4C3 (ε =
0.05).
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decohesion is a result of different physical properties of
different phases of the system. The Al matrix has signif-
icantly higher thermal expansion coefficient and lower
elastic modulus (from 23.5 to 26.5×10−6 K−1, and
70 GPa) than both Al4C3 (5×10−6 K−1, and 445 GPa)
and Al2O3 (8.3×10−6 K−1, and 393 GPa), respectively.

Large differences in the thermal expansion coeffi-
cients result in high stress gradients, which arise on the
interphase boundaries during the hot extrusion. Since
αmatrix > αparticle, high compressive stresses can be ex-
pected. However, because the stress gradients arise due
to the temperature changes, during cooling (which re-
sults in increase of the stress peaks) their partial re-
laxation can occur. Superposition of the external load
and the internal stresses can initiate cracking at inter-
phase boundaries. The fractures of the studied materi-
als started at the side-rims of the deformed samples.
When compared to the material with lower volume
fraction of Al4C3, in the present system the develop-
ment of slip bands in the bulk was inhibited. This fact,
and the absence of long-range slip in the matrix, im-
plies that the fracture is not inclined to the applied load
but is perpendicular to it. This is caused by the high
volume fraction of the strengthening particles and by
their short distance. On the exiguousness of the sample
width (0.1 mm), the crack grew at 45 ◦ with respect to
the sample surface. Whether a crack is initiated from a
damaged particle or due to boundary decohesion is de-
termined by the particle properties (type, morphology,
crystallography, local orientation of the lattice with re-
spect to load), by the manner and kinetics of its creation
(in situ or admixing to the system), and by the cohesive
strength of the matrix-particle boundary. The fracture
was transcrystalline, ductile, Fig. 6.

Based on the microstructure changes observed in the
process of deformation, the following model of fracture
mechanism is proposed (Fig. 7):

(a) The microstructure in the initial state is charac-
terized by Al4C3 and Al2O3 particles, categorized as
A, B, and C, whose geometric parameters (l, h, and d)
depend on their volume fraction.

Figure 6 Fine dimples on fracture surface in the material with 12 vol%
Al4C3.

Figure 7 Model of the fracture mechanism.

(b) With increasing tensile load local cracks, predom-
inantly on specimen side surfaces, are formed by rup-
ture of large (B, C) and decohesion of smaller (A)
particles.

(c) Further increase of load leads to the crack growth
by coalescence of cavities in the direction from the sur-
face to the specimen center. The cracks can be oriented
parallel or perpendicular to the loading direction in de-
pending on the particle volume fraction.

(d) The final rupture, i.e., interconnection of the side
cracks along the loading direction, takes place in vari-
ably dense rows, depending on the volume fractions of
carbide (Al4C3) and oxide (Al2O3) particles.
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and C. S A U E R , Mater. Lett. 38 (1999) 270.
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