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WEASNOSCI MECHANICZNE KOMPOZYTU WARSTWOWEGO METAL - FAZY MIEDZYMETALICZNE UZYSKANEGO

Copper-intermetallic laminated composites have been fabricated through reactive sintering in vacuum using Cu sheets
(0.7 mm thick) and Ti foils with different initial thickness (0.07, 0.1 and 0.12 mm). The titanium layers were completely
consumed resulting in microstructures of well-bonded metal-intermetallic laminated composites with Cu residual metal layers
alternating with the titanide intermetallic layers. The mechanical properties and fracture behaviour of the fabricated laminated
composites were examined under different loading directions (perpendicular and parallel directions to laminate plane) through
compression and impact tests. The results indicated that the composites exhibited anisotropic features. The strength in parallel
compression was about 50% higher than in perpendicular compression. The specimens compressed in the parallel direction
failed by cracking along the middle of the intermetallic layers, buckling of copper layers and cracking inclined 30+45° to
the interface initiating the formation of shear bands in the copper layers. The specimens compressed in the perpendicular
direction failed by cracking of the intermetallic layers perpendicular to the interface. Cracking of intermetallic layers in turn
involved shear deformation of the copper layers, which was localised in the spacing between opposite cracks. Impact tests
showed that when the load perpendicular to the laminates was applied, the composites displayed superior impact toughness.
The toughness increased with increasing remaining copper thickness. The failure during impact testing occurred by cleavage
mode showing limited plastic deformation for the specimens loaded parallel to the laminates and extensive plastic deformation

for the specimens loaded perpendicularly.
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Z blachy miedzianej i folii tytanowej utozonych naprzemiennie w pakiet uzyskano na drodze wysokotemperaturowej
syntezy faz mi¢dzymetalicznych kompozyt warstwowy. Grubos$¢ blachy miedzianej wynosita 0,7 mm, a folii tytanowych:
0,07, 0,1 i 0,12 mm. W wyniku reakcji syntezy warstwy tytanu przereagowywaly calkowicie z cze¢Scia miedzi, tworzac z
nie przereagowanymi do korica warstwami miedzi kompozyt miedZ — fazy migdzymetaliczne. Badano wlasnosci mechaniczne
i mechanizm niszczenia uzyskanych kompozytéw obcigzanych w kierunku prostopadtym i réwnoleglym do kierunku jego
warstw. Przeprowadzono testy Sciskania i udarnosci. Rezultaty badan wykazaly iz kompozyt charakteryzuje si¢ anizotropia
wlasnosci. Prébki Sciskane w kierunku réwnolegtym do warstw miaty o okoto 50% wyzsza odpornos¢ na Sciskanie niz obcia-
zane prostopadle do warstw. W kompozytach obcigzanych réwnolegle do warstw nastgpowato wzdluzne pekanie warstwy faz
miedzymetalicznych, rozszerzanie si¢ peknieé, a nastgpnie wyginanie warstw miedzi. W przypadku kompozytu o najgrubszych
warstwach faz migdzymetalicznych, oprécz peknie¢ wzdituznych pojawily sie takze pekniecia na kierunkach wystepowania
pasm $cinania nachylone pod katem 30+45° do osi prébki przechodzace zaréwno przez warstwy miedzi jak i warstwy faz
miedzymetalicznych. W kompozytach obcigzanych prostopadle do warstw nastgpowato plastyczne odksztalcanie miedzi w kie-
runkach prostopadlych do kierunku $ciskania oraz poprzeczne pekanie kruchych warstw faz migdzymetalicznych pod wplywem
naprezen rozciagajacych te warstwy. Deformacja plastyczna warstw miedzi byta blokowana przez zwigzane z nimi warstwy faz
miedzymetalicznych a miedZ mogla si¢ odksztalcaé plastycznie tylko w matych obszarach pomigdzy peknigciami w warstwach
faz. Wyniki badania udarno$ci prébek tamanych w dwoéch prostopadlych do siebie kierunkach pokazaly, ze udarnos¢ prébek
z karbem nacietym réwnolegle do warstw byla przeszto dwukrotnie wigksza niz prébek z karbem nacigtym przez wszystkie
warstwy. Réznica ta wynikala z odmiennych mechanizméw niszczenia kompozytéw. Udarnos¢ kompozytéw wzrastala wraz ze

wzrostem grubo$ci warstw miedzi.
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1. Introduction

Metal-intermetallic composites can be fabricated via
many different techniques. They are known to be very
attractive for a number of potential applications: elec-
tronic devices, armour and other structural components.
As a distinct class of materials, intermetallics have good
high-temperature strength, high resistance to corrosion
and oxidation, high stiffness, good creep resistance and
relatively low density. On the other hand, most inter-
metallics exhibit brittle fracture and low tensile ductili-
ty at room temperatures, because of limited dislocation
mobility and insufficient number of slip or twinning sys-
tems resulting in little to no plastic deformation at the
crack tip. Several composite reinforcement concepts in-
volve material combinations consisting of one brittle and
one ductile constituent. Examples include metal matrix
composites and laminated composites comprised of al-
ternate layers of intermetallics with metals. The inter-
metallic phases give high hardness and stiffness to the
composite, while unreacted metal provides the neces-
sary high strength, toughness and ductility for the sys-
tem to concurrently be flexible. The multilayered struc-
ture of the composite allows for variations in the lay-
er thickness and phase volume fractions of the com-
ponents simply through the selection of initial thick-
ness, which consequently allows for the optimisation of
mechanical properties for practical applications. Meth-
ods for the production of laminated metal-intermetallic
composites include magnetron sputtering [1-3], electron
beam evaporation [4, 5] and synthesis reactions between
dissimilar elemental metal foils. Earlier researches re-
veal that metal-intermetallic laminated composites can
be produced by reaction synthesis that occurs at the in-
terface of Ni and Al [6-13], Fe and Al [7, 14-16], Nb
and Al [17-21], Mg and Al [22], Ti and Al [7, 8, 23-28]
or Al and titanium alloy (Ti3AI2.5V or Ti6Al4V) [29,
30] foils. This technique has been also recently used
to produce laminated composites using Cu and Ti foils
[31-35]. Measurements have shown [31] that the com-
posite consisting of copper layers partitioned by layers
of intermetallics, offer very attractive combination of
electrical conductivity and wear resistance. Designing
laminar composites to obtain optimal mechanical prop-
erties requires knowledge of the composite failure mech-
anism. Previous works [7, 8, 19, 23, 26, 28, 29, 33,
34, 36-46] have investigated the mechanical and frac-
ture properties of metal-intermetallic laminate compos-
ites, and proposed several models of crack propagation.
The aim of this work is to study the mechanical proper-
ties and anisotropic features of copper-intermetallic lam-
inated composites under different loading directions and
volume fraction of constituents.

2. Experimental procedure

For metal-intermetallic laminated composites fabri-
cation titanium foils were alternatively stacked between
copper sheets of 0.7 mm thickness. Chemical compo-
sition and mechanical properties of used materials are

shown in Table 1.
TABLE 1
Chemical composition and mechanical properties of foil materials

Material | Chemical composition, %
Cu: 99.99, Fe: 0.001,

Ni: 0.001, Zn: 0.001,

Sn: 0.001, Pb: 0.001,

Sb: 0.001, As: 0.001,

S: 0.001, Bi: 0.0001
Titanium | Ti: 99.02, Fe: 0.09,

C: 0.02, Al: 0.27,

V: 0.09, Cr: 0.05,

Mo: 0.01, O: 0.44, N: 0.01

Mechanical properties
Yield strength: 69MPa
Ultimate strenght: 218MPa
Hardness: 72HV0.065

Copper

Yield strength: 348MPa
Ultimate strength: 459MPa
Hardness: 220HV0.065
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Fig. 1. Microstructure of the Cu-intermetallic phases laminated com-
posite

The titanium foil thicknesses were initially selected
(0.07, 0.1 and 0.12 mm thick) to completely consume the
titanium in forming the intermetallic compounds with
alternating layers of partially unreacted Cu metal. The
dimensions of the processed samples-sandwiches were
in the shape of platelets as 55 mm x 10 mm x 10
mm. The sandwiches were placed in a vacuum furnace.
A pressure of 5 MPa that was used to ensure a good
bonding between copper and titanium layers was re-
leased at temperature of 850°C. After holding at 890°C
for 10 minutes the samples were furnace-cooled till room
temperature. As a result of reaction with the liquid phase
contribution all titanium has been fully consumed and
transformed together with part of copper sheets into a
structure composed of several intermetallic phases, ana-
lysed formerly [32], mainly: Cu4sTi and also Cu,Ti,
CuTi and solid solution titanium in copper (a). Prod-
ucts of high temperature reactions assumed shape of the
layers (Fig. 1).
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TABLE 2

Characteristics of Cu-intermetallic laminated composite materials

Starting foil thickness Layers number Final layer thickness Volume fraction of unreacted
mm mm . .
Cu Ti Cu Ti Ao, D, copper in composite, %
0.7 0.12 13 12 0.493 0.331 60
0.7 0.10 14 13 0.548 0.223 71
0.7 0.07 14 13 0.624 0.127 83

Detailed information concerning the synthesis of
copper-intermetallic laminated composite has been pub-
lished previously [31, 32]. The titanide phases give high
hardness (510+550 HV0.065 [31]) and stiffness to the
composite, while unreacted copper provides the neces-
sary high strength and ductility. The multilayered struc-
ture of the composite allows for variations in the layer
thickness and phase volume fractions of the Cu and Ti
components simply through the selection of initial thick-
ness. Table 2 lists representative thickness value and lay-
er number of starting foil, thickness of final metal and
intermetallics and volume fraction of unreacted copper
in fabricated composites.

The analysis of the above results indicates that the
thicknesses of layers in the fabricated composites are
related to the initial titanium foil thickness through the
relationships:

7 dr
L, =07 L I 1
dew=07-007 "1 0
d>. dr;
di — Ti l , 2
0.0728 © 1.168 2)

where d¢,, is the thickness of unreacted copper layer in
the composite, d; is the thickness of intermetallics lay-
er in the composite and dy; is the thickness of initial
titanium foil.

The compression tests were conducted on cubic
samples with dimension of 10 mm. Before straining the
lateral walls of samples were carefully mechanically pol-
ished initially with a grade 800 abrasive paper and fi-
nally using Struers polishing machine, and subsequently
etched. Etching was performed with solution of 40 g
CrO; — 7.5 g NH4Cl — 8 ml H,SO4 — 50 ml HNO;3
— 1900 ml H;O to reveal the copper grain boundaries.
Quasi-static compression tests were performed at a strain
rate of 1.7 - 1073 s~! on an Instron screw machine. The
Charpy impact tests were conducted on rectangular sam-
ples with typical dimensions of 55 mm X 10 mm x 10
mm. The samples were notched using a low speed saw.
V-notches were introduced at the centre part of the test
bars perpendicular and parallel to the laminates. The me-
chanical tests were conducted in both perpendicular and

parallel directions to the metal-intermetallic interfaces
for different volume fractions of copper (60%, 71% and
83%). Microstructural observations were performed us-
ing a JEOL JMS-5400 scanning electron microscope and
a Carl Zeiss NEOPHOT 2 optical microscope. The crack
location and crack orientation were investigated.
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Fig. 2. Stress-strain curves at different loading directions
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3. Results and discussion

3.1. Quasi-static compression tests

A large number of compression tests were per-
formed on metal-intermetallic laminated composites.
Rohatgi etal [23] and Li et al. [45] have discussed
the mechanisms of damage evolution and worked out
several models of crack propagation. The tested samples
were characterised in order to understand damage evolu-
tion as a function of volume fraction of unreacted copper
and of the compressive loading direction, perpendicular
and parallel to the laminate planes. Since the specimens
were tested under the same conditions, the volume frac-
tion of copper was thought to be a key factor in explain-
ing the difference of failure mode. Figures 3(a) and (b)
show the quasi-static stress-strain curves of specimens
for different volume fractions of copper (60%, 71% and
83%) at different load directions during a compression
test.

The copper-intermetallic composite has about 50%
higher strength in parallel compression than in perpen-
dicular compression (609 MPa and 414 MPa for 60%
volume fraction of copper, 556 MPa and 385 MPa for
71% volume fraction of copper, 518 MPa and 332 MPa
for 83% volume fraction of copper, respectively). Fig. 3
shows the typical pictures of copper-intermetallic com-
posites after quasi-static loading in parallel direction.

The principal features are parallel cracks propagat-
ing along the layers of intermetallic phases and buckling
of the copper layers. These parallel cracks run in the
centre of the intermetallics, along a plane with greater
defects. This is a residue from synthesis stage and im-
purities are segregated along the centre plane (Fig. 4).

When the intermetallic layers fail, the copper lay-
ers take the additional loading and have the tendency to
buckle (Figures 3b and 5).

The composites have fewer tendencies for buckling
with decreasing volume fraction of copper. Since the
composites with 60% volume fraction of copper are the
stiffest they fail by catastrophic cracking both of inter-
metallic layers and copper layers. The cracks are inclined
(30+45°) to the interface and initiate the formation of
shear bands in the copper layers, leading to shear failure
(Figures 3c and 6).

Deformation due to shear band formation was re-
ported also in earlier papers [20, 23, 45]. The authors
stated that shear deformation was initiated by cracking
in the brittle layers of the composites.

Figure 7 shows the picture of the
copper-intermetallic composite (71% volume fraction
of copper) after quasi-static loading in perpendicular
direction.

Fig. 3. Optical micrographs of tested composites after compression
in parallel loading: (a) 83% Cu, (b) 71% Cu and (c) 60% Cu

compression loading

crack

intermetallics

Fig. 4. Axial splitting along central plane of intermetallics layer
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compression loading

copper

. . . __shear bands—__.
intermetallics SN e

Fig. 5. Plastic buckling of copper layers during compression in par-
allel loading

compression loading

Fig. 7. Microstructure of the copper-intermetallic composite after
compression in perpendicular loading: (a) topography of the speci-
men, (b) SEM micrograph showing crack in intermetallic layer and
shear bands in copper

compression loading

intermetallics

Fig. 6. Inclined cracks propagation during compression in parallel
loading

Damage initiates by the formation of axial splitting
cracks in the intermetallic. These cracks are limited in
size by the thickness of intermetallic layer and connected
via shear bands in the copper layer with the cracks in
adjacent layers (Fig. 8).

Now the plastic flow takes place in the copper layers intermetallics
is restricted to the small regions between opposite cracks
in the neighbouring intermetallic layers and it leads to  Fig. 8. Propagation of cracks and shear bands during compression in
the final failure of the laminated composite. perpendicular loading
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3.2. Impact tests

For the impact toughness measurements, two load-
ing directions were used: one in perpendicular and an-
other parallel to the laminates. Also two types of spec-
imens with different notch configuration were prepared
in the edge- and face-orientations (Fig. 9).

copper layers

(a) edge-notched samples Y ormetallic

layers

(b) face-notched samples

Fig. 9. Schematic representation of sample geometry to study crack
propagation in copper-intermetallic laminates during impact test

TABLE 3
The impact toughness of laminated copper-intermetallic
composites under different testing conditions

Volume fraction Impact toughness, J/cm?
of unreacted copper | Edge-notched | Face-notched
in composite, % samples samples
60 18.4 36.6
71 20.8 47.1
83 27.0 63.8

Results of impact toughness measurements are listed
in Table 3. It can be found that these composites ex-
hibit anisotropic mechanical properties. When the load
perpendicular to the laminates is applied, the compos-
ites display superior impact toughness. Furthermore, it
increases with increasing volume fraction of unreacted
copper thickness.

impact direction

main crack

Fig. 10. Crack propagation in edge-notched sample

Figure 10 shows schematic diagram of damage evo-
lution of the edge-notched sample. The failure occurred
by cleavage mode showing limited plastic deformation.

Therefore, it is evident that there is solely one main
crack parallel to the initial notch direction. The crack
initiates from some surface defects, grows gradually in
the through-thickness direction and finally travels across
the sample.

As shown in Fig. 11, the damage evolution of
face-notched samples was unlike. A crack initiated in
the intermetallic layer from surface defects did not trav-
el across the specimen, but was arrested and deflected
by the adjacent copper layer. Further loading causes the
formation of some new cracks in the next intermetallic
layer. As a result a plastic strain of copper is localised
in shear bands between opposite cracks. This process is
repeated until all the intermetallic layers have cracked re-
sulting in tortuous crack propagation patch. In this case,
there is one main crack and several branching smaller
cracks. The failure occurred by cleavage mode showing
extensive plastic deformation.

plastic deformation range
/mpact direction

cracks
in intermetallic layers

Fig. 11. Crack propagation in face-notched sample

It should be added that delamination or debonding
of layers has been shown in the literature to be detri-
mental to the performance of laminated composites [45,
47], but these failure mechanisms were not observed in
any of the samples tested. The absence of delamination
of the copper and intermetallic layers during mechanical
testing is an indication of the excellent bonding between
the layers.

4. Conclusions

The mechanical properties and fracture behaviour
of the laminated copper-intermetallic composites were
examined. The following principal conclusions can be
drawn:

1. The results of mechanical testing show that the com-
posites exhibit anisotropic features.

2. The copper-intermetallic composite has about 50%
higher strength in parallel compression than in per-
pendicular compression

3. The specimens compressed in the parallel direction
failed by cracking along the middle of the intermetal-
lic layers, buckling of copper layers and cracking
inclined 30+45° to the interface initiating the forma-
tion of shear bands in the copper layers.



4. The specimens compressed in the perpendicular di-
rection failed by cracking of the intermetallic layers
perpendicular to the interface and shear.

5. Impact tests show that when the load perpendicular
to the laminates is applied, the composites display
superior impact toughness. The toughness increases
with increasing remaining Cu metal thickness.

6. The failure during impact testing occurs by cleavage
mode showing limited plastic deformation for the
specimens loaded parallel to the laminates and ex-
tensive plastic deformation for the specimens loaded
perpendicularly.

7. No delamination or debonding of layers during tests
indicates the excellent bonding between the layers.
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