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Abstract: Laminated Mg-intermetallic composites were successfully fabricated by reaction synthesis
in vacuum using 1 mm thick magnesium sheets and 0.25 mm thick copper foils. The final
microstructure consisted of alternating layers of a hypoeutectic alloy containing crystals of CuMg,
and eutectic mixture of CuMg, and solid solution of copper in magnesium and unreacted magnesium.
The mechanical properties and fracture behavior of the fabricated composites were examined under
different loading directions through compression, three-point bending and impact tests. The results
indicated that the composites exhibited anisotropic features. The specimens compressed in the
parallel direction failed by cracking along the layers of intermetallics and buckling of magnesium
layers. The specimens compressed in the perpendicular direction failed by transverse cracking in the
intermetallic layers and fallowing catastrophic cracking inclined about 45° to the interface of both
intermetallic and magnesium layers. The flexural strength of the composites was higher in
perpendicular than in parallel direction. When the load parallel to the layers was applied, the failure
occurred by cleavage mode showing limited plastic deformation. When the load perpendicular to the
layers was applied, the failure occurred by transverse cracking of the intermetallic layers and gradual
cracking of the Mg layers. The Charpy-tested samples showed the same fracture behavior as the
bend-tested specimens, which indicated that the same mechanisms operated at both high impact rate
and low bending-test rate.
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1. Introduction

Recently, magnesium and its alloys have attracted considerable attention, primarily because
magnesium is one of the lightest structural metals. Low density magnesium alloys with excellent
machinability and satisfactory recyclability are utilized in automotive, aerospace and electrical
industries [1-3]. However, the quite low elastic modulus of the metal and its alloys has caused a
limited use of these materials. A slightly higher modulus of elasticity can be obtained by introducing
additional reinforcing phases into the magnesium matrix. The varied particulate-reinforced [4—-6],
fiber-reinforced [7-9] and laminated [10-13] magnesium composites have been fabricated. It is
obvious that improvement of the composites properties depend strongly on the volume fraction,
shape and morphology of reinforcement. It appears that significantly higher stiffness and generally
higher mechanical properties e.g. improved fatigue behavior, fracture toughness, wear, and wear
capacity, can be obtained for laminated composites [14]. Recently, metal-intermetallic laminated
(MIL) composites have attracted considerable interest. They have the potential to fulfill various
functions, such as thermal management, heat exchange, vibration damping, ballistic protection and
blast mitigation [15]. Their production method is based on synthesis of intermetallics at the interface
between two metals. To receive a laminated composite sheets of one metal are put alternately with
foils of another metal into a packet. Subsequently the packet must be heated to a temperature that is
high enough to start the reaction between the metals and the process should be continued till the
thinner metal is fully consumed. This method has been used to produce various MIL
composites [10,13,15-20]. Unfortunately, most intermetallics exhibit brittle fracture and low
ductility at room temperature. Furthermore, during deformation the common crystal structure
mismatch between the base metal and intermetallic layers makes almost impossible slip-bands slide
through a metal/intermetallic interface. Numerous studies have illustrated the obvious benefits that
can be achieved via the creation of a laminated structure. Improvements to the fracture resistance
have been measured using many methods, including: tension testing, three-point bending testing,
Charpy impact testing, ballistic testing etc. [14]. The main damage modes of laminated structures
have been extensively investigated and modelled using stress-based criteria for damage initiation,
fracture mechanics techniques, and the finite element method by Cao and Evans [21], Bruno et al. [22]
and Shi et al. [23]. Generally, laminated composites can damage in the form of interlaminar
delamination and intralaminar cracking in the direction transverse to the layers [22]. Toughening in
laminated composites results from mechanisms that reduce the local stress intensity at the crack tip.
In laminate systems the fallowing toughening mechanisms have been identified: crack deflection,
crack blunting, crack bridging, stress redistribution, crack front convolution, and local plane stress
deformation [14].

Improvement of the mechanical properties depends on the morphology and volume fraction of
reinforcements and its shape. It was expected that substantially higher mechanical properties could
be received for laminated composites with magnesium and copper-based intermetallic layers. This

AIMS Materials Science Volume 9, Issue 4, 572-583.



574

idea was the motivation of this work and it is a scientific novelty so far not studied by other
researchers. The main aim of this work was to study the mechanical properties of the laminated
magnesium-intermetallic composites under different loading conditions and to analyze their failure
mechanisms.

2. Materials and methods

In the work, 1 mm thick sheets of magnesium (99.79 at% Mg) and 0.25 mm thick foils of
copper (99.99 at% Cu) were used to produce laminated magnesium-intermetallic composites. Sheets
and foils were cut into 60 mm x 10 mm rectangular pieces. The joined surfaces were polished
on 1200 grade abrasive paper just before bonding. After that sheets and foils were rinsed in water
and then in ethanol. After drying they were stacked into laminates in an alternating sequence (6
pieces of magnesium and 5 pieces of copper). A pressure of 5 MPa was applied at room temperature
in a specially constructed vacuum furnace to ensure good contact between the metals. After a series
of attempts was found that a temperature of at least 480 °C was necessary for the start and rapid
development of structural processes at the interface between magnesium and copper. During
experiment the temperature was increased from 20 to 420 °C at a heating rate of 0.25 °C/s. The
samples were heated in vacuum of 107 Pa at 420 °C for 1 h under the applied 5 MPa pressure to
allow diffusion bonding of the metals. After that the packets were heated to 490 °C and held at this
temperature for 60 min. The pressure was removed during this processing sequence with the purpose
of eliminating the possible expulsion of liquid phases. The temperature was then decreased slowly
(cooling rate of 0.16 °C/s) to 400 °C and the pressure of 5 MPa was applied again to final
consolidation of the produced laminated magnesium-intermetallic composites. After that the samples
were furnace-cooled to ambient temperature (Figure 1).

(a)

CuZ —Mg

heater vacuum

1
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Figure 1. A schematic diagram of consecutive steps during fabrication of laminated
magnesium-intermetallic composite: Mg sheets and Cu foils are stocked into a packet (a),
diffusion bonding at 420 °C (b), processing with the liquid phase contribution at 490 °C
(c), and the final consolidation of the laminated magnesium-intermetallic composite
under pressure (d).
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2.1. Microstructural determination

The microstructural observations were performed using a JMS 5400 (JEOL, Japan) scanning
electron microscope and an ECLIPSE MA 200 (Nikon, Japan) optical microscope. Before the
samples were examined with the optical microscope they had been etched to reveal the grains of
copper-based compounds using solution of 40 g CrOs, 7.5 g NH4CI, 8 mL H;SO4, 50 mL HNO;
and 1900 mL H,0. The chemical composition of the phases was determined by an energy dispersive
spectroscopy (EDS) using a ISIS 300 (Oxford Instruments, UK). Composition of the phases was
determined by comparing the results of the microprobe analysis with the data in the binary Cu-Mg
phase diagram [24], which is shown in Figure 2.
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Figure 2. Cu-Mg phase diagram.

An X-ray diffraction using a D/max RAPID2 diffractometer (Rigaku, Japan) was employed to
confirm the presence of the intermetallic phases. The microstructures of the laminated magnesium-
intermetallic composites were examined before and after mechanical testing. Especially, cracks
location and cracks orientation were investigated carefully.

2.2. Mechanical tests

Compression and three-point bending tests were carried out on an Amsler (Zwick, Germany)
screw machine. The compression tests were performed on cubic samples with dimension of 6 mm
perpendicular and parallel to the laminate layers at a constant crosshead speed of 0.1 mm/min. The
flexural strength measurements were performed using a three-point bending test on un-notched
specimens with dimensions of 55 x 6 x 6 mm where the loading span was 45 mm. The tests were
carried out under displacement control at a rate of 1.0 mm/min. The Charpy tests were conducted on
a pendulum impact tester using identical rectangular samples as in the three-point bending test. The
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three-point bending and impact tests were performed in perpendicular and parallel directions to the
magnesium-intermetallic interfaces. The reported data for all mechanical tests are average values of
three tested specimens. In order to compare the properties of laminated composites and magnesium,
samples of magnesium with identical dimensions were also made on which identical tests were
carried out.

3. Results and discussion
3.1. Microstructure

Reactions at 490 °C for 60 min between Mg sheets and Cu foils resulted in a laminated
composite microstructure with alternating intermetallic layers and unreacted magnesium. The

intermetallic layers were in fact layers of hypoeutectic alloy containing crystals of CuMg; and
eutectic mixture of CuMg, and (Mg) solid solution of copper in magnesium (Figure 3).

f shrinkage
Mg voids
CuMg> and

eutectic mixture CuMgz + (Mg)

Figure 3. Microstructure of the Mg-intermetallic laminated composite formed at 490 °C.

The thickness of the Mg layers was between 0.56 and 0.72 mm and the thickness of the
intermetallic layers was between 0.55 and 0.74 mm. The EDS examinations showed that only one
intermetallic phase CuMg, was formed in the samples and the XRD confirmed the results (Figure 4).

When the temperature reached 490 °C the reaction zone was a solid-liquid mixture. The
existence of liquid is shown by the distribution of shrinkage voids (Figure 3). A solution to this
problem is applying pressure during the cooling stage to achieve final consolidation of the produced
laminated composites [15-20]. On the other hand, the existence of the solid-liquid mixture during
formation of the intermetallic layers is very profitable. The presence of MgO inclusions in a
continuous state in the formed layers could be a drawback. In solid-liquid mixture the MgO films
changed into isolated harmless inclusions under the action of surface energy. The magnesium-
intermetallic composite fabrication process has been studied in detail and described previously [13].

AIMS Materials Science Volume 9, Issue 4, 572-583.



577

40004 Elmt Atomic
%
q Me Cu 3338
Mg 66.62
30004
‘E ]
B
O 2000+
jc
10004 1 -
L Cu
G""lllllllil"'\""
0 2) 10 15 20

Energy (keV)

Figure 4. X-ray spectrum for the CuMg, intermetallic phase.
3.2. Mechanical properties and failure analysis
3.2.1. Quasi-static compression tests
The tested specimens were investigated in order to understand damage evolution as a function

of the compressive loading direction that was perpendicular or parallel to the layers. Figure 5 shows
the quasi-static stress-strain curves for specimens tested during the compression test.
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Figure 5. Compressive stress-strain curves for the laminated composites at different
loading directions and for pure magnesium.
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The compressive strength of the magnesium-intermetallic laminated composites as well as
comparatively measured compressive strength of pure magnesium are given in Table 1.

Table 1. The mechanical properties of the laminated composites and magnesium under
different testing conditions.

Investigated material Load direction Compressive Flexural Impact toughness
strength (MPa) strength (MPa)  (J/cm?)

Laminated magnesium-  parallel to layers 335 188 5

intermetallic composite  perpendicular to layers 286 265 14

Magnesium - 178 117 9

The quasi-static compression tests allowed characterizing the damage evolution operating
during the tests. It is easily apparent from Figure 6 that different fracture mechanisms occurred in the
investigated materials with respect to the loading direction.
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Figure 6. Crack propagation during the compression in perpendicular (a) and parallel (b) loading.

The main feature during loading in perpendicular direction was the formation of transverse
splitting cracks in the intermetallic layers and fallowing catastrophic cracking both of intermetallic
layers and magnesium layers. Cracking that indicated the beginning of the deformation process in the
intermetallic layers created stress concentration points at the magnesium-intermetallic interfaces,
which formed shear bands that propagated from the crack tip through the magnesium layers into the
next intermetallic layer. The observed serrations in the stress-strain curves in Figure 5 correspond to
the formation of multiple cracks in the intermetallic layers. The main crack was inclined about 45° to
the interface (Figure 6a). The energy absorption capability of the magnesium layers allowed
numerous cracks to develop within each intermetallic layer before shear failure. With permanent
increase of the crack number in the intermetallic layers the magnesium layers gradually undergone
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the total external load. As a result the plastic flow in the magnesium layers was restricted to the small
regions between opposite cracks in the neighboring intermetallic layers. This fracture mechanism is
consistent with the damage evolution model worked out by Li et al. [20] for metal-intermetallic
laminated composites. The damage mechanisms of dissimilar laminated composites are alike because
various intermetallics formed from the different constituent metals behave very similarly. They are
ordinally brittle at room temperature due to the limited mobility of dislocations, have an insufficient
number of slip or twinning systems, and very low surface energy resulting in little or no plastic
deformation at crack tips. The contribution of sub-critical cracks was in particular discussed by Wu
et al. [25], and they stated that the larger the crack density, the wider the crack distribution. The
authors claimed that the mechanical performance is better, as long as the sub-critical crack is still in
its “stable” domain and does not develop into unstably critical major crack causing catastrophic
fracture. The compressive strength of the magnesium-intermetallic composites was about 17% higher
in parallel than in perpendicular direction. The principal feature during loading in parallel direction
was appearing of longitudinal cracks propagating along the layers of intermetallics (Figure 6b).
When the intermetallic layers cracked in parallel direction, the Mg layers took the additional loading
and had the tendency to buckle. This type of behavior was previously noticed when analyzing other
types of metal-intermetallic phase composites [14,15,17,20]. The compressive strength of the
magnesium-intermetallic composites was 88% higher in parallel and 60% higher in perpendicular
direction than the compressive strength of pure magnesium.

3.2.2.  Three-point bending tests

The three-point bending tests allowed characterizing the damage evolution in two loading
directions (Figure 7). The flexural strength of investigated laminated composites and magnesium is
listed in Table 1. When the load direction was parallel to the layers, the load grew continuously up to
the peak load, at which point a crack initiated at the surface. The crack grew gradually in the
through-thickness direction and finally traveled across the specimens (Figure 7a). The failure
occurred by cleavage mode showing limited plastic deformation and any delamination of layers was
not observed. The similar failure mechanism for metal-intermetallic composites was reported
previously [15,17].

When the load perpendicular to the layers was applied, the failure occurred in a different way.
The composites failed by transverse cracking of the intermetallic layers and gradual cracking of the
Mg layers. In this case the main crack did not travel across the specimen. It was arrested and
deflected by intermetallic layers causing delamination (Figure 7b). Delamination made the main
crack propagation difficult in the next layer, which had to deform plastically until a new dominant
crack was nucleated. Similar crack progression in ductile/brittle laminates was previously reported
by Cao et al. [21]. The flexural strength of the magnesium-intermetallic composites was about 40%
higher in perpendicular than in parallel direction. Except that the flexural strength of the composites
was 126% higher in perpendicular and 60% higher in parallel direction than the flexural strength of
pure magnesium.
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Figure 7. A schematic diagram of specimens with loading pins for three-point bending in
parallel (a) and perpendicular (b) layer orientation with micrographs showing different
failure modes of the laminated composites.

3.2.3. Charpy-impact tests

The Charpy-impact tests also allowed characterizing the damage evolution in two loading
directions (Figure 8). The results of impact toughness measurements are listed in Table 1.

(a) (b)

,__—impact direction\

main crack

cracks and delamination

main crack

Figure 8. Failure mechanisms occurring during Charpy tests: (a) cleavage, (b) multiple
transverse cracking in intermetallic layers and delamination.
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When the load direction was parallel to the layers, the failure occurred by cleavage mode
shoving limited plastic deformation (Figure 8a). It was evident that there was solely one main crack
that grew gradually in the through-thickness direction and travelled across the sample. The impact
toughness of the magnesium-intermetallic composites was about 3 times smaller in parallel than in
perpendicular direction. When the load direction was perpendicular to the layers, the composites
displayed superior impact toughness that was 55% higher than for pure magnesium. In this case the
main crack did not travel across the specimen, but was arrested and deflected by the subsequent
layers. Charpy-impact tests confirmed the discussion regarding the bending test. The Charpy-tested
samples showed the same fracture behavior as the bend-tested specimens, which indicated that the
same mechanisms operated at both high impact rate and low bending-test rate.

4. Conclusions

From obtained results and discussions, the following conclusions can be drawn:

(1) The compressive strength of the magnesium-intermetallic composites is 88% higher in parallel
and 60% higher in perpendicular direction than the compressive strength of magnesium. The
specimens compressed in the parallel direction fail by cracking along the layers of intermetallics
and buckling of magnesium layers. The specimens compressed in the perpendicular direction
fail by transverse cracking in the intermetallic layers and fallowing catastrophic cracking
inclined about 45° to the interface both intermetallic layers and magnesium layers.

(2) The flexural strength of the composites is 126% higher in perpendicular and 60% higher in
parallel direction than the compressive strength of magnesium. When the load parallel to the
layers is applied, the failure occurs by cleavage mode showing limited plastic deformation.
When the load perpendicular to the layers is applied, the failure occurs by transverse cracking of
the intermetallic layers and gradual cracking of the Mg layers.

(3) When the load direction is perpendicular to the layers, the composites displays superior impact
toughness that is 55% higher than for magnesium.
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