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Summary

The micromechanical fracture behaviour of C/Mg–Al
composites of varying interface reactivity was investigated
by scanning electron microscope bending tests. Structure
and chemistry of fibre/matrix interlayers were studied
down to the atomic scale by imaging and spectroscopical
transmission electron microscope techniques (high-
resolution electron microscopy, energy dispersive X-ray
spectroscopy, parallel-recording electron energy loss spec-
troscopy and energy-filtered transmission electron micro-
scopy). The chemical reactions at the fibre/matrix interfaces
of the C/Mg–Al composites were found to form plate-shaped
carbidic precipitates, mainly Al2MgC2, which strongly
influence the composite’s mechanical properties by changing
the fibre/matrix bonding strength.

1. Introduction

Metal matrix composites (MMCs) of the system carbon fibre/
magnesium alloy promise outstanding mechanical proper-
ties owing to the low density of their components (approx.
1·8 g cm¹3) and the high strength of carbon fibres (3–4
GPa). As the effectiveness of the fibre-reinforcement in an
MMC depends sensitively on the properties of the interlayers
between the components, optimum parameters of the
composite material can only be attained by tailoring the
fibre/matrix interface, including a reduction in fibre
degradation.

In the chemical literature (Irmann, 1948; Schneider
& Cordes, 1955; Hájek et al., 1983a, 1983b), the system
C/Mg is treated as a chemically non-reactive one. This
is because the two binary magnesium carbides MgC2

and Mg2C3 are endothermic compounds which start to

decompose at about 500 8C and 650 8C, respectively.
Therefore, the formation of MgC2 or Mg2C3 at temperatures
of the MMC processing (700–800 8C) seems to be very
unlikely, implying a good compatibility of the MMC
components. Otherwise, the non-reactive character of
the system C/Mg leads to a very weak bonding between
fibre and matrix. In principle (Delannay et al., 1987),
the desired adjustment of the interfacial bonding can
be accomplished by creating reactive conditions via chan-
ging the chemistry of the fibre surface or of the matrix. A
favourable alloying element to increase the interface
reactivity is aluminium, which forms the stable binary
carbide Al4C3 (Qui & Metselaar, 1994) or may lead to the
formation of the ternary carbides Al2MgC2 (Viala et al.,
1991) or Al4Mg2C3 (Flower & Morris, 1987). Moreover, it is
the technologically most important alloying element for
magnesium.

In general, insight into the chemical interface kinetics
during the composite manufacturing process and into the
correlation of interface structures with mechanical proper-
ties helps to optimize the materials. Therefore, structure
and chemistry of fibre/matrix interlayers in C/Mg–Al
composites of varying interface reactivity have been studied
down to the atomic scale by different transmission electron
microscope techniques (imaging and spectroscopical meth-
ods). The fracture behaviour of the composites was studied
by scanning electron microscopical three-point bending
tests.

2. Experimental

Unidirectionally carbon-fibre reinforced magnesium/alumi-
nium alloys with a fibre content of approx. 63 vol.% were
produced at the University of Erlangen via a gas-pressure
melt-infiltration process (Öttinger & Singer, 1993) for a 5-min
fibre/melt contact at 720 8C. Two types of commercially
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available sized polyacrylonitrile-base carbon fibre (Toray)
with different surface microstructures and therefore differ-
ent reactivities were used as reinforcements: M40 J as a
high-modulus type, with the outermost graphite basal
planes in preferentially parallel orientation to the relatively
smooth surface (low reactivity), and T300J as a high-
tensile-strength type, with many free-ending graphite basal
planes at the rougher surface (high reactivity). Magnesium
alloys with different amounts of the carbide-forming
element Al were used as matrices: AM20 (2 wt.% Al and
0·4 wt.% Mn) and AZ91 (9 wt.% Al and 0·7 wt.% Zn). In
order of increasing fibre/matrix reactivity, the three
composites M40J/AM20, T300J/AM20 and T300J/AZ91
were studied.

For three-point bending tests, a special microbending-
stage (Raith, Dortmund) was incorporated in an environ-
mental scanning electron microscope (ESEM-3, Electro
Scan, Wilmington) to enable the in-situ observation
of the respective damage evolution (Feldhoff et al., 1995).
For localizing the stress intensities, 100 mm deep
notches were sawn in the middle of the rectangular
specimens (23 × 5 × 1·5 mm3) using a 50-mm tungsten
wire saw.

For the bending geometry used (specimen width
a ¼ 5 mm, specimen thickness b ¼ 1·5 mm, span length
s ¼ 17 mm), the bending strength jb can be estimated
from the load maximum Fmax using the formula

jb ¼
3
2

Fmax ? s
a ? b2 ;

leading to the relation jb [ MPa] < 2·27 Fmax [N]. Of course,
the bending strength of non-notched samples would be
higher than the values estimated here. The fracture surfaces
of broken specimens were examined in a scanning electron
microscope of the type Jeol JSM-6300F.

For transmission electron microscope (TEM) investiga-
tions, MMC specimens were prepared, using a water-free

lubricant, by cutting thin (500 mm) slices 3 mm
in diameter perpendicular to the fibre axis, planar
grinding and double-mould dimpling to a thickness of
about 20 mm, followed by ion milling (Ar, 5 kV) down
to electron transparency (Feldhoff, 1998). For TEM
investigation of Al4C3 standard samples, a powder
(Aldrich, purity 99·999%, ¹ 325 mesh) was crushed in a
mortar and dispersed onto a supporting grid using
methanol.

For high-resolution electron microscopy (HREM), selected
area diffraction (SAD), energy dispersive X-ray spectroscopy,
electron energy loss spectroscopy (EELS), and energy-filtered
transmission electron microscopy (EFTEM), a combined
(scanning) transmission electron microscope of the type
Philips CM 20 FEG operated at 200 kV was used; this
was equipped with a light element X-ray detector
(Tracor Voyager II), and a parallel-recording energy loss
spectrometer (Gatan PEELS model 666) or an imaging
energy filter (Gatan Image Filter GIF 200), respectively.
According to the characteristics of the thermally assisted
field emission gun the energy resolution of EELS (full-width
at half maximum of the zero-loss peak) amounted to
about 0·8 to 1 eV. In general, EEL spectra were acquired
with a dispersion of 0·5 eV per channel before they were
deconvoluted with the zero-loss peak to improve the
resolution. To minimize the contamination effects,
which are generally strong for small electron probes of
some nanometres, a cooling specimen holder (Gatan model
668) was used during the analytical procedures. Informa-
tion on the chemical bond state of the elements present was
gained by analysing energy loss near-edge structures
(ELNES), which can be attributed to transitions of core-
shell electrons into unoccupied states above the Fermi level
(Brydson et al., 1991; Rez, 1992). Characteristic ELNES
details used are the edge onset as well as the shape, the
energy position and the intensity of the individual features
in the fine-structure.

Fig. 1. SEM images of the fracture surfaces of the composites: (a) M40J/AM20; (b) T300J/AM20; (c) T300J/AZ91.
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3. Results

3.1. Micromechanics of the composites

Figure 1 shows the tensile stress subjected parts of the
fracture surfaces of the MMCs exhibiting three different
fracture modes depending on the interface reactivity.
Composite M40J/AM20 (Fig. 1a) failed owing to single fibre
pullout. A weak interface bonding is indicated by single
fibres which are debonded from the matrix and stick out
from the fracture surface. Composite T300J/AM20 (Fig. 1b)
failed due to bundle fracture. Its fracture surface is
characterized by individual bundles of up to 80 fibres,
within which the fibres are bonded together by the matrix
metal. The fracture surface of composite T300J/AZ91
(Fig. 1c) is relatively flat, indicating a brittle fracture as is
known for monolithic ceramics.

The three failure patterns correlate with different load
maxima Fmax, and therefore different bending strengths jb,
which are listed in Table 1. The load deflection diagrams
were presented by Feldhoff et al. (1997) and Hähnel et al.
(1997). Obviously, neither a very low (M40J/AM20) nor a
very high interface reactivity (T300J/AZ91) is favourable
for the composite material. In both cases the composite
strength is low. A high strength (jb ¼ 929 MPa) is observed
only in composite T300J/AM20, with a medium interface
reactivity.

3.2. Microstructure of the composites

In composite M40J/AM20, of low interface reactivity, no
carbides have formed. Rather, an oxygen-containing inter-
layer was observed: the bright-field image of the fibre/matrix
interface in Fig. 2(a) shows that the fibre exhibits many
pores of 5–10 nm in diameter below its surface. Figure 2(b)
shows the corresponding superimposed elemental maps of
carbon (red), oxygen (green) and magnesium (blue)
obtained by EFTEM using the corresponding K ionization
edges, thus revealing an oxygen-containing interlayer.
HREM images proved that the interlayer consists of crystal-
lites of 5–10 nm in diameter showing lattice fringes of
0·21 nm, which can be attributed to MgO (Feldhoff et al.,
1997; Feldhoff, 1998). Locally, the thickness of the nano-
crystalline MgO interlayer varied from 10 to 50 nm. The
pores in the M40J fibre were found in regions up to 200 nm
below the fibre surface, in the as-received fibre as well as in
the composite (Feldhoff, 1998). They may result from
oxidative surface treatments during the fibre production as
described in the papers by Weiss (1989), Krekel et al.
(1994), and Mahy et al. (1994). Usually, fibres of the high-
modulus type are subjected to these surface treatments for
longer periods than those of the high-tensile-strength type.
Accordingly, the T300J fibre did not exhibit such large pores
(Feldhoff, 1998). Probably, the pores in the surface near
regions of the M40J fibre are a source for oxygen, thus
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Table 1. Results of the three-point bending
tests, obtained from notched samples and
single tests.

Fibre/matrix Maximum Bending
Material reactivity load (N) strength (MPa) Fracture mode

M40J/AM20 Low 240 544 Single fibre pullout
T300J/AM20 Medium 410 929 Bundle fracture
T300J/AZ91 High 70 158 Brittle fracture

Fig. 2. Fibre/matrix interface in composite
M40J/AM20: (a) TEM bright-field image;
(b) EFTEM using the K ionization edges of
carbon, oxygen and magnesium.
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explaining why the phenomenon of an MgO interlayer has
not been observed in the composites containing the T300J
fibre.

The bright-field image of Fig. 3(a) shows some precipi-
tates at the fibre/matrix interface of composite T300J/
AM20. The intensity map of Al-Ka X-rays in Fig. 3(b)
reveals that aluminium is concentrated in them. Usually,
the precipitates in T300J/AM20 are shorter than 100 nm.

In composite T300J/AZ91, with the high aluminium
content of 9 wt.% of the matrix, more and even larger
precipitates have formed (Fig. 4a). The elemental map of
aluminium in Fig. 4(b) clearly shows that they cover the
fibre surface completely, with some reaching up to 1 mm into
the matrix.

In composite T300J/AZ91, some precipitates have been

identified as the binary carbide Al4C3. In the HREM images,
they showed a (0003) lattice fringe distance of 0·83 nm.
However, in most cases, the precipitates showed a lattice
fringe distance of 0·62 nm. In composite T300J/AM20, only
this second kind of precipitate occurred (Feldhoff, 1998).
Often, these precipitates did not grow regularly, as the left
part of Fig. 5 shows. Instead, they exhibited many planar
defects parallel to their (0001) basal plane (right part of
Fig. 5).

3.3. Nanoanalysis of carbidic precipitates

As the micromechanical behaviour of the composites
(section 3.1) correlates with the amount and size of
precipitates at the fibre/matrix interface (section 3.2), the

Fig. 3. Fibre/matrix interface in composite
T300J/AM20: (a) TEM bright-field image;
(b) intensity map of Al–Ka X-rays (repre-
sented by white pixels).

Fig. 4. Fibre/matrix interface in composite
T300J/AZ91: (a) TEM bright-field image;
(b) intensity map of Al–Ka X-rays (repre-
sented by white pixels).
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optimization of C/Mg–Al materials requires the analysis of
their nature. In the following, results of EELS investigations
on the defect-free part of a precipitate (left part of Fig. 5) are
described. ELNES is used to reveal the chemical coordination
of the individual elements (Schneider et al., 1996, 1997).
Based on this, these fine structures of the ionization edges
are compared to those of standard substances in the
sequence Mg–L23 and Mg–K, Al–L23 and Al–K and C–K.

The EEL spectrum of the precipitate reveals an Mg–L23

ionization edge (Fig. 6a) and an Mg–K one (Fig. 6b), with
their ELNES differing from those of standard metallic Mg
and MgO. As to the precipitate phase in Fig. 6(a), there is an
Al–L23 edge, with an onset energy at about 73·5 eV,
superimposed on the Mg–L23 ELNES. It originates from
aluminium atoms in the vicinity of magnesium atoms. In
Fig. 7(a), the Al–L23 ELNES of the precipitate is compared to
different aluminium compounds. From bottom to top, the
spectra are arranged in increasing order of onset energy, i.e.
with the oxidation state of aluminium increasing. The Al–
L23 ELNES of the Al4C3 standard and of the precipitate
phase differ distinctly from that of metallic aluminium and
aluminium oxide (Fig. 7a). They mainly correspond to one
another, however. In both cases, the onset energy is at about
73·5 eV. After a steep rise of the signal there follows a
relatively broad peak at about 77·5 eV. In both spectra,
broader peaks occur with higher energy losses: for the
Al4C3 standard, at about 98·5 eV and for the precipitate

phase, at about 100 eV. Near the Al–K ionization edge
(Fig. 7b), the spectra of Al4C3 and of the precipitate do not
show any remarkable differences in the bonding-specific
fine-structure features. However, both again differ clearly
from those of metallic aluminium and aluminium oxide.
Their onset energies are at 1565 eV, accompanied by a peak
at about 1573 eV and by one of lower intensity at about
1584 eV. The latter peak does not occur in the spectra of
metallic Al and of Al2O3.

As common fine-structure features, the C–K ionization
edges of the Al4C3 standard and of the precipitate (Fig. 8)
exhibit the same onset energy at 283 eV as well as two
pronounced peaks, at 291 eV and near 300 eV, respectively.
Differences occur in the position of the maximum of the
second peak, which for Al4C3 is at 305 eV, for the precipitate
at 302 eV, and at about 287 eV near the first peak, where
the slope of the precipitate decreases.

From the distinct similarities of the ELNES between
the Al4C3 standard and the precipitate phase at the Al–L23,
Al–K and C–K ionization edges it can be concluded that the
chemical environments of the elements in both compounds
are similar in each case. This points to a close relationship
in the crystal chemistry of both the Al–Mg–C precipitate
and the binary carbide Al4C3.

The lattice fringe contrast of 0·62 nm of the precipitates
(Fig. 5) can be attributed to the (0002) lattice spacing of a
polymorph of Al2MgC2 of hexagonal crystal symmetry, which
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Fig. 5. HREM image of a precipitate in T300J/AZ91, with the c-axes in perpendicular orientation to the electron beam, and corresponding
SAD pattern.
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was synthesized and investigated via X-ray diffractometry by
Viala et al. (1991). A structural model for this ternary
carbide was proposed by Feldhoff (1998). In Fig. 9, the
atomic arrangement of Al2MgC2 projected on the (112̄0)
plane is compared to the well-known arrangement (Jeffrey
& Wu, 1963; Gesing & Jeitschko, 1995) of the binary
carbide Al4C3. The crystal structures are related to each

other by a substitution of hexagonal close-packed (h)
aluminium double layers (Al4C3), which have carbon atoms
in the trigonal-bipyramidal interstices, by single layers of
magnesium, again in an hexagonal close-packed stacking
(Al2MgC2). Common to both structures are double layers of
aluminium in a cubic close-packed stacking (c), with carbon
atoms in octahedral interstices between them. This close

Fig. 6. EEL spectra of the defect-free precipitate compared to standard substances: (a) Mg–L23 ELNES; (b) Mg–K ELNES.

Fig. 7. EEL spectra of the defect-free precipitate compared to standard substances: (a) Al–L23 ELNES; (b) Al–K ELNES.
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relationship in the crystal chemistry of ternary Al2MgC2

and binary Al4C3 may explain the observed similarities of
the ELNES features of aluminium (Fig. 7) and carbon
(Fig. 8).

3.4. Morphology and growth of Al2MgC2 precipitates

The Al2MgC2 precipitates at the fibre/matrix interfaces
of the investigated C/Mg–Al composites are plate-shaped,
i.e. they are laterally extended always in perpendicular
orientation to their [0001] direction. In Fig. 10, the lattice
fringe image of a plate-shaped ternary carbide shows that
the carbide basal faces (parallel to the (0001) planes) are
atomically flat, whereas the side faces are atomically rough,
with many growth ledges. This morphology of Al2MgC2

precipitates in C/Mg–Al composites resembles that of Al4C3

in C/Al systems, which was investigated by Gu et al. (1994,
1996) and Yang et al. (1996). Therefore, by analogy to
Al4C3 in a matrix of pure Al, growth mechanisms are
assumed for Al2MgC2 in a magnesium-rich Mg–Al matrix:
in directions normal to the rough interfaces (perpendicular
to the c-axis of the carbide) the crystal growth is diffusion
controlled, and in direction normal to the flat interface
(parallel to the c-axis) the growth proceeds by an interface-
controlled ledge mechanism, which is much slower.
The difference in the velocities of the two growth modes
always causes the formation of plate-shaped carbide
precipitates.

4. Conclusions

The chemical reactions at the fibre/matrix interfaces of
C/Mg–Al composites proved to form plate-shaped carbidic
precipitates, mainly Al2MgC2 (but also some Al4C3).
Amount and size of the carbides depend on the interface
reactivity and strongly influence the mechanical composite
properties by changing the fibre/matrix bonding strength.
Large carbidic plates may also affect the fibre strength by
deleterious notching effects. An optimized material can be
achieved by a moderate interface reactivity and is character-
ized by a bundle fracture behaviour.
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Fig. 8. C–K ELNES of the defect-free precipitate compared to Al4C3.

Fig. 9. Structures of the carbides represented by cuts along the (112̄0) planes: (a) Al4C3; (b) Al2MgC2 (structural proposal).
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