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Abstract: Metal/intermetallic laminate composites can improve the mechanical properties of
intermetallic materials using metal layers. In this study, Ti/Al;Ti laminate composite is synthesized
from titanium and aluminum foils using vacuum hot-pressed sintering technology. The microstructure
of the prepared material is analyzed by SEM and EBSD. Results illustrate that both Ti and Al;Ti are
single phase and there is obvious stress concentration on the interface. To obtain indentation and
cracks, loads are applied to different locations of the composite by microhardness tester. The growth
path of the cracks is then observed under microscope, showing that crack propagation is prevented by
the interface between Ti and AL;Ti layers, and the cracks which propagated parallel to the laminate are
shifted to the interface. The fracture toughness for different areas, including Al;Ti layers, interface, and
near-interface zone, are measured by indentation fracture method. The fracture toughness at and near
the interface is 1.7 and twice that of the Al;Ti layers, respectively. Results indicate that crack blunting

and crack front convolution by the laminate structure is primarily responsible for increased toughness.

Keywords: Interface; Al;Ti compound; Ti/Al;Ti laminate composite; toughening effect; indentation
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1. Introduction

Laminate structures are used to improve the strength and toughness of many materials including
intermetallic, titanium alloy and steel. Lamellar composite materials are formed by interlayer bonding
of different materials and have numerous application potentials. A number of metal laminates such as
Ti-Al [1,2], Ni-Al [3,4], Nb-Al [5,6], Ti-Cu [7,8], and Ti-TiBw/Ti [9] composites have been previously
prepared. Research indicates that composites are effectively improved by incorporating ductile
reinforcements layers using various toughing mechanisms including weak interfaces, crack bridging,
ductile ligament, multiple cracking, crack bifurcation, and crack deflection.

In the enhancement of stainless steel and multilayer steel, different steel plates are joint together to
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form a layered structure by methods such as explosive welding [10], rolling [11], and braze [12].
Research in this field has been predominantly focused on fabrication and its effect to the mechanical
properties and bonding interface quality. Kacar cladded 316L stainless steel-din-P355GH steel by
explosive welding, in which the bond interface displayed a wavy morphology in the weld
microstructure of microscopic observation [13]. The hardness of the cladded material increased near
the bond interface and the toughness was significantly higher than that of the parent plate alone.
Zamani prepared stainless steel/carbon steel coaxial pipes using the explosive welding method and
studied the effect of explosive mass on the microstructure of the bonding interface of the laysr cture
[14]. Results demonstrated that the transition from wavy interface to smooth occurs with a,l}écline in
explosive load and grains near the interface were elongated along the explosive d@tion due to the
high localized plastic deformation in metal collision. Jing boned SUS304 stainless steel and carbon
steel by hot rolling [15]. The boding quality of the material was evaluated by the interfacial
microstructures, composition diffusion and peeling fractographies&gsults showed that many bonding
dimples appeared on the peeling interface and the density increased with the rise of rolling pass, which
can improve the bonding strength of the clad plate. qusavi presented the interface microstructure
evolutions of explosively welded cp—Titaniun)QISI 304 stainless steel composites due to heat
treatment [16]. The post heating tempera‘(%g)and corresponding intermetallic product at the joint
interface are provided in this research. ”

In recent years, titanium aluminide-intermetallics have received increasing attention due to excellent
performance properties;.suchas high melting point, high specific strength and stiffness, and good
corrosion resistance&a@-ﬂ]. Such characteristics mean Ti-Al intermetallic is a suitable prospect for
high tempera%a structural materials. Three major intermetallic titanium aluminide alloys exist: TiAl,
TizAl, a& Ti [22]. Among them, Al;Ti intermetallic materials have the lowest density and highest
Young’s” modulus, as well as favorable corrosive resistance properties and high-temperature creep
resistance. However, the low fracture toughness of Al;Ti alloys at room temperature has greatly limited
their application [23,24]. Various researchers have attempted to improve the toughness of the
intermetallics by fiber or particle reinforcement, however, the toughening effect has not been
significant [25,26]. The excellent mechanical properties of shell has been discovered in recent years
[27,28]. Shell is mainly composed of brittle calcium carbonate and microstructure observation shows it

is formed by the regular lamination of wafers. When the shell is impacted by external forces, the cracks



expand and deflect along the interface to improve the fracture toughness [29,30]. Thus, according to
the special toughening principle of the shell structure, a new type of lightweight laminate composite
material has been developed. The Ti/Al;Ti metal/intermetallic (MIL) composite consists of alternative
Ti and AL;Ti layers, while the aluminide phases provide high hardness and strength to the composite.

Additionally, titanium alloy provides the necessary high toughness and ductility [31,32].

A series of studies have been conducted on the fracture behavior and properties of Ti/Al;Ti MIL
composites. Adharapurapu et al. have studied the crack growth mechanism of laminate composites
using single edge-notched bend specimens [1]. The results indicate that the toughness %@atigue
ay
resistance of monolithic Al;Ti is improved by incorporating a ductile layer of Ti, and toughness is
improved by an order of magnitude. Rohatgi et al. investigated the crack grow&nd toughening
mechanisms of Ti/Al;Ti laminate composites [2]. The study shows that the toughening mechanisms of
Ti/Al;Ti laminate composites involve crack deflection, crack bridging, stress redistribution, and crack
front convolution. Peng et al. studied the mechanical properties& fracture behavior of fabricated
laminated composites using the three-point bending test [33]. Non-catastrophic fracture behavior of the
material was identified as a result of crack deflection al&ﬁ the interface. Meanwhile, extensive plastic
deformation was identified in the Ti layers, which can also improve fracture toughness of the material
during the bending process. Zhou et al. hax@eveloped a novel specimen to study the tensile behavior
and fracture mechanism of Ti/Al;Ti under quasi-static and high strain rates [34]. The research shows
that the fracture only occurs in the interface under quasi-static tensile conditions, and the fracture of Ti
alloy is determined to be quasi-cleavage failure mode under both conditions. Price et al. investigated
the effect of resid&@ at the intermetallic centerline on the strength and fracture toughness of the
composite th@h the four-point bending test [35]. The results demonstrate that cracks always initiate
in the i@g!(etallic region, and rarely at the centerline. Researchers have also studied the fracture
properties of Ti/Al;Ti by different methods. However, no attention has been given to the reinforcing
effects of the interface and near-interface zone on the fracture behavior of Al;Ti. Fracture toughness, as
an important parameter to predict the fracture properties of brittle materials, is suitable to evaluate the
toughness of Al;Ti intermetallic. Numerous methods have been developed to study fracture toughness,

such as the single edge notched beam (SENB) [36], the double cantilever beam (DCB) [37], double-
torsion (DT) [38], indentation strength in bending (ISB) [39], and indentation fracture method (IF)

[40]. Compared with the other techniques which require a special specimen, the indentation method is
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much easier to carry out, as only a polished specimen and a microhardness tester is needed.

The objective of this work is to study the reinforcing mechanism and effect of the interface in the MIL
composite on the fracture of Al;Ti intermetallic. First, the Ti/Al;Ti MIL composite is synthesized via
reactive foil sintering in vacuum using titanium alloy and pure aluminum foils. The microstructure
characterization of the composite is performed using scanning electron microscopy (SEM), and
electron back-scattered diffraction (EBSD). The fracture toughness on different regions is studied by
microhardness tester. In addition, the failure mode of the matrix layer, interface, and near-interface

zone are investigated using SEM. },\ @

2. Experimental Procedures

<

L

2.1 Material fabrication

The Ti/Al;Ti MIL composite was processed by reactive foil sintering in a vacuum. The Ti6Al4V alloy
and 1060 aluminum foils were then stacked alternatively and rea&d in a hot-pressing furnace. The
design concept of the material system is schematically illustrated in Fig. 1. The thickness of the initial
titanium alloy and Al foils was selected in such a stat::SHat all of the initial Al is consumed to form

Al;Ti with alternating Ti layers. The final sinta% product took the form of alternate layers of Al;Ti

and residual titanium alloy. %
N
R

(a) Ti6Al4V (‘,‘)J Remained Ti6Al4V

Al AlST1
Ti6AI4V Remained Ti6Al4V

Al AlTi
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Fig. 1. A schematic vertical cross section of the Ti/AlsTi composite before and after reactive foil sintering

process: (a)Beforereactive foil sintering; (b)After reactivefoil sintering.

2.2 Microstructure char acterization

The specimens were cut from prepared materials by wire cut electrical discharge machine. All samples
were then ground using 600, 1000, 1500, 2000 grit silicon carbide paper, respectively, and polished
with Al,O; polishing paste (the ALL,O; powder size is 0.5 um) for microstructure observation. The

microstructure characterization of Ti/Al;Ti laminate composite was performed using a LEICA DVM6
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three-dimension microscope and Phenom Pro XL SEM. The phase distribution, grain size, and stress
distribution of Ti/Al;Ti laminate composite was investigated by electron back-scattered diffraction
technique. To obtain the backscattered electron diffraction pattern of the Ti/AL;Ti composite, stress-
relief annealing was conducted on the composite to reduce internal stress in the material. The material
was then treated in a heat treating furnace at 300°C for three hours before being cooled inside the
furnace. Finally, the specimen was prepared by vibration polishing to ensure that there was no obvious

height difference at the interface, so as to obtain high quality experimental data.
2.3 Experimental theory and procedure },\6

Vickers microhardness at different locations of the Ti/Al;Ti was measured using th%rinell hardness
tester. The load applied for the hardness test was adjusted to generate cracks in the corner of the

indentation, and the dimensions of the resulting indentation and crack were measured.

The effect of the interface on toughness was analyzed using the inc}Q‘[ation fracture method [41]. The
method is derived from the measurement procedure of the Vickers hardness test. Marshall and Lawn
established a relationship between toughness (Kj¢) and &ic‘rohardness (Hy) which is detailed as follows

o

[42]:

P
Hy=— c‘o (1)
5 %
ic — ﬂCZE (2)

J

where « , [ are constants, P is the load applied on the indenter, a is the half diagonal of the

indentation, C is t@f length of the crack corresponding to the applied load, and E is Young’s

modulus. 6
Q

Acgord@to Marshall and Lawn, the residual stress does not contribute a specific factor to the fracture

toughness, but instead affects the length 2¢ of the cracks (see Fig. 2).



Fig. 2. Cracksaround hardnessindentation.
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Numerous modifications have been made regarding this result [43-48], in wh@ scholars have
developed a number of equations to calculate Kic. The value of fracture.toughness Kic can be
calculated by the length of the cracks growing in the corners of the Vickers indentation, and the

equations proposed by Evans and Niihara are most widely used. Kﬂ

-1.5 i
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The toughening resu%of the interface, as well as fracture toughness on the regions of Al;Ti layer,
interface, and near&erface is calculated by the same equation. In this study, the fracture toughness is
determinec&gq. (3). It has no relation to the Young’s modulus, because the Young’s modulus at
differen@cations of the laminate composite can vary greatly. The half average length of the diagonal
(a), and the average length of the cracks (c) obtained in the tip of the Vickers marks were recorded
during the test to calculate the fracture toughness (Kic). The two parameters mentioned above are

shown in Fig. 3.



Fig. 3. Vickersindentation mark. . }'\6

3. Result and Discussion
36

3.1 Microstructure observation V
"\
The microstructure of the Ti/Al;Ti laminate composite, including Ti layers (light regions) and formed

Al;Ti layers (dark regions), is provided in Fig. 4. It can be seeg\ tl&bonding at the interface is good,
but there are many discontinuous black lines in the center.of the Al;Ti layers. The formation of the
intermetallic centerline is related to the reaction michanism [49]. In the fabrication process, the
reaction temperature is higher than the melti@&@int of Al, and the existence of molten Al allows
reacting Al;Ti to move away from the Ti&er, Thus, a continuous reaction interface is maintained.
When the reaction interface migrating}way from one Ti layer meets its reciprocal moving downward
from the next layer, the migrahh ends and the oxides at each front come together to form the

intermetallic centerline. The centerline can be controlled by initial foil preparation (oxide removal), foil

composition and p&,and foil thickness.




Fig. 4. Microstructure of the prepared Ti/Al;Ti laminate composite.
3.2 Electron backscattering diffraction

The EBDS results around the interface of Ti/Al;Ti composite are illustrated in Fig. 5. As can be seen
from the diffraction contrast diagram shown in Fig. 5(a), the calibration rate is adequately high,
indicating that the data results of EBSD testing are reliable. The results demonstrate that the Ti and
Al;Ti layer are both single phase. The corresponding phase distribution of the composite is provided in
Fig. 5(b), in which the blue indicates Al;Ti, and the red represents Ti. The invalid data area in the phase
mapping is marked in white. High stress on the interface causes the grain to deform severgl};&l@ng to
invalid diffraction data for this area. Furthermore, there is a small intergranular space in the coarse
grain, and data results are unavailable in this area which also contributes to the faih&e of the diffraction

pattern. X

25 nm

i,
v
Fig. 5. Resultsof EBSD analysisof Ti/Al3Ti: (a) Diffraction contrast image; (b) Phase distribution.

From the EBDS results of the A&%nate composite, it can be determined that the size of the grains in
different locations of the Al;Ti matrix varies greatly, and the father apart the interface, the bigger the
size. This is becausethe reaction begins at the interface, and the molten Al allows reacting AL;Ti to
move awa{)@\; the interface. The formation of the grain of the Al;Ti intermetallic undergoes
nudeatig)and growth. The closer the grain to the interface, the later it appears, and the less time for its
growth. Accordingly, the grains near the interface is smaller. Every reactive AL;Ti layer can be divided
by grain size into three regions: fine grain zone, coarse grain zone and interface zone, the thicknesses

of which are 25 um, 7 pm, and 1 um, respectively.
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Fig. 6. Stressdistribution of Ti/Al;Ti MIL composites: (a) Stressdistribution; (b) Strain statistics of Als
(c) Strain statistics of Ti. , ‘;’/\.*

The distribution of internal stress around the interface of the Ti/Al;Ti laminate cir@si{e is given in
Fig. 6. It can be observed that the stress in the interface is the maximum, there is an area with
obvious stress concentration in the Ti layer. In addition, the grains in th; s}reés concentration area are
all very tiny. The stress concentration in the Ti layer is caused by% original deformation in the raw
titanium foils While the stress concentration at the interface ?arif be attributed to the difference of
coefficient of thermal expansion between Ti and Alﬂjimae thermal expansion coefficient is 8.5x107°

®

/°C for Ti, and 13x10 /°C for AL;Ti. Due to the %'npaature changes during fabrication, the layer of Ti
resists compressive stress, while the layers éff 1 bear tensile stress. Therefore, there is large residual
stress at the interface between the di@ent layers. The introduced stress due to the difference of the
thermal expansion coefficient W:eiationship with the thickness of the foil, temperature history, and

A

sintering pressure during p{ejparation.

3.3 Indentation @@mts
(1 AJ;E:E?;;\

Thq.forgédpplied by the microhardness tester head in the indentation experiment was 1 KN, and there
are some obvious cracks in the corners of the indentation under this load. The typical crack distribution

in the Al;Ti layers is provided in Fig. 7(a).



Fig. 7 Indentation and crack distribution: (a) in the Al;Ti layer, (b)near theinterface, (c) at the interface,

. | V4
AN
Table 1. Dataresultsof indentation test for Al;Ti intermetallic layer
dy (um) d (um) a(um) ¢ (m) klgwc Pav/m )
No.1 56.74 55.22 27.99 68.18 V 5.01
R
No.2 66.79 67.42 33.55 65.96 5.27
No.3 60.34 59.62 29.99 &%4 4.38
%
No.4 59.81 58.31 29.53 65.67 5.03
No.5 58.43 s842 ™ 65.96 5.27
X
Average 60.12 60.10 30.05 68.08 4.99

-

<

>

The material crushing around the in\dre}ation of the Al;Ti illustrated in Fig. 7(a), is due to the brittle

characteristics of Al;Ti interm&@lic. The cracks generate in three corners of the indentation, and
expand along the radial-direction. The propagation directions of the cracks initiated in corner 2 and
corner 4 are both Q&él to the laminate, and the other crack growth orientations are perpendicular to
the laminate.@?s obvious that the crack length is much longer for those parallel to the laminate
corapar@g)the perpendicular ones. This is because the laminate material has a good homogeneous
structure and superior performance along the laminate direction compared to the other.
By measuring the length of the diagonal indentation (d;, and d,) and cracks, the results of the

indentation test for Al;Ti intermetallic are provided in Table 1.
(2) Near-interface

Figure 7(b) shows a typical crack distribution near the interface. Three radial cracks can be observed,
as well as many tiny circumferential cracks around the indentation. The crack length in the direction

perpendicular to the laminate is also longer than the parallel one. The crack initiated in corner 4
10



propagates toward to the interface, and ceases to extend when it reaches the interface, due to the high
toughness of the Ti layer. No cracks in the next layer of Ti are found. For this reason, the crack length
in this corner is much shorter than the corresponding one in the Al;Ti, and the calculated fracture

toughness will be correspondingly higher, as seen in the data provided in Table 2.

Table 2. Data results of indentation test near the interface

d; (um) d; (um) a(um) ¢ (um) Kic( MPa/m )
No.1 60.75 61 30.44 51.38 7.66
No.2 60.75 59.84 30.15 47.23 8.70
No.3 60.98 61 30.50 50.52 7.86
No.4 60.98 61 30.50 46.67 8.85
No.5 60.06 60.31 30.09 48.46 8.37
Average 60.70 60.63 30.34 48.85 8.29

(3) Interface

For the indentation fracture test on the interface, one diagonal line of the indentation coincides with the
interface, as shown in Fig. 7(c). The shape of the indentation is not a standard rhombus, and there is
only one crack in all four corners, which is.on the Al;Ti layer. For the other three corners located in the
interface and Ti layer, no cracks or other defects occur. The indentation size, crack length, and

calculated fracture toughness in the test are given in Table 3.

Table 3. Dataresults of indentation test at the interface

d; (um) d; (um) a(um) ¢ (um) Kic( MPay/m )
No.1 67.18 66.15 33.33 45.13 9.31
No.2 66.27 67.27 33.39 40.48 10.96
No.3 72.25 68.19 35.11 41.61 10.52
No.4 69.49 67.73 34.31 44.34 9.56
No.5 67.88 66.8 33.67 42.53 10.18
Average 68.61 67.23 33.96 42.82 10.11

3.4 Discussion

It can be seen from the indentation shape and crack distribution in the A3 Ti layers, near-interface zone,
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and interface (as illustrated in Fig. 7(a), Fig. 7(b), and Fig. 7(c), respectively), that the indentation in
the Al;Ti layer is similar to the one in the near-interface zone, as well as the crack propagation path.
The radial cracks in these two zones are found to be almost the same in length, expect for corner 4.
This is because there is a distance between the indentation in the AL;Ti layer and the near-interface
zone, and it has no additional effect on crack propagation for the interface. In the near-interface zone, it
is clear that the crack initiated in corner 4 stops propagating when reaching the interface due to the
higher toughness of the titanium alloy in the next layer. Two major extrinsic toughness mechanisms
exist in this layer. One is crack blunting, which occurs when the crack encounters the metal lay®and is
e
blunted. A significant amount of energy is required for the crack to re-nucleate, however, ':k" residual
energy here is too small to re-nucleate, and the crack stop growing. The other tough%c mechanism is
the crack front convolution, which occurs in the laminated structure consisting of phases with different
ductility. When the crack front grows from the brittle intermetallic layer to, the metal layer with higher

ductility, it becomes highly convoluted, and the crack growth is res&c}ed by the plastic deformation.

There is a big difference between the shapes of indentations located in the interface and the other two
zones. This is because one half of the indentation occurs in the Al;Ti layer and other half presses above
the Ti layer. The hardness of Al;Ti intermetallié;m Hv, which is much higher than the 330 Hv of the
Ti alloy. This variation creates an irregular %ﬁbus for the indentation on the interface. The crack only
appears in a corner located in the AI3Ti layer, and no cracks are found in the other three corners of the

indentation due to the high toughness of the Ti alloy. For this reason, the crack has less average length,

thus the calculated fracture toughness of the interface when using the average crack length will be

higher than the oth& zones.

Figure 8 ilt)s@es an interesting phenomenon that is observed in the cracks near the interface. Under
these C(Geﬁtions, cracks along the diagonals parallel to the interface propagate close to the interface.
One possible reason for this is that residual stress near the interface is higher than in the other area, just
like the internal stress distribution of the EBDS result shown in Fig. 6. The residual stress increases the

driving force for crack propagation, and cracks tend to grow and spread to this area.
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o Fig. 9. Fracturetoughnessfor different zones of Ti/Al;Ti laminate composite.

The%! for the different zones of Ti/Al3Ti is shown in Fig. 9. The value of Kic fluctuates less with
changes to the same zone, illustrating that the reaction is uniform during the preparing process, and the
product has a dense structure and homogeneous properties. However, the fracture toughness shows a
large variation among the three zones. The interface zone has the highest fracture toughness, followed

by the near-interface zone, and Al;Ti matrix has the lowest fracture toughness. The average fracture
toughness at the Al;Ti layer is 4.99 MPa+/m , and it will increase as it gets closer to the interface. The

increase to near-interface value is 8.29 MPav'm , finally reaching 10.11 MPa+/m . This result indicates

13



that laminate ductile reinforcements in brittle intermetallic improves resistance to crack propagation by

more than twice that of AL;Ti.

4. Conclusion

In this paper, Ti/Al;Ti metal/intermetallic laminate composite was successfully synthesized by reactive
sintering in a vacuum using Ti6Al4V and Al foils under the controls of temperature and pressure.
Microstructure and internal stress were analyzed by SEM and EBDS. Micro fracture toughness on the

microscopic scale was then studied using a microhardness tester. The following conclusions.can be
b

QY

drawn from this work:

(1) The Al foils were entirely consumed by the Ti6Al4V to form Al;Ti during the@tering process.
The EBDS results demonstrate that the final product is composited by alternate layers of Al;Ti and
the residual titanium alloy.

(2) When the initial Al and Ti6Al4V foils were heated or cooled during sintering, remnant stress was
caused to the microstructure and properties of the laminate composite due to their various
expansion coefficients. The internal stress distribu% measured by EBDS shows that there was a
high level of stress at the interface, which m% the grains at this area very small.

(3) Under the two mechanisms of crack bll%gg and crack front convolution, the crack initiated at the
corner of the Vickers indentation was prevented from propagation by the interface. The cracks near
the interface tended to propagate towards the interface due to the effect of internal stress and grain
size. )

(4) The metal layer@nproved the toughness of the Al;Ti intermetallic, and the effect increased

correspo%lgly to a decrease of distance between the interface. The fracture toughness at the

inte&é)was determined to be more than twice the value of the AL, Ti matrix.
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