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The Ti/Al laminate composites were prepared by hot pressing to investigate the forming performance due to
the corresponding potential applications in both the aerospace and auto industry. The bonding interface
morphology and element distributions were characterized by SEM and EDS. The phase constituent was
detected by XRD. It was observed that these composites presented good bonding interfaces between Ti and
Al layers, and no low-sized voids and intermetallic compounds formed at the interface. In addition, the
formability of these laminate composites was studied by the uniaxial tension tests, the limit drawing ratio
(LDR) and the forming limit curve (FLC) experiments, respectively. The results indicated that the flow
stress increased along with the strain rate increment. A constitutive equation was developed for defor-
mation behavioral description of these laminate composites. The LDR value was 1.8, and the most sus-
ceptible region to present cracks was located at the punch profile radius. The forming limit curve of the
laminate composites was located between the curves of titanium and aluminum and intersected with the
major strain line at approximately 0.31. The macroscopic cracks of the FLC sample demonstrated a saw-
toothed crack feature.
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1. Introduction

During the recent decades, composites with a laminate (or
multilayered) structure have gained popularity due to the
corresponding superior physical properties, chemical advan-
tages and impressive mechanical properties (Ref 1-3). There-
fore, the studies in the field of composites are proven to be
quite promising and attractive. Currently, many studies have
been executed on the laminate composites preparation and
properties (Ref 4-8). A high number of laminate composites
have been widely studied, such as Ti/Al (Ref 9), Al/Fe (Ref
10), Al/Mg (Ref 11), Nb/Al (Ref 12), Cu/Al (Ref 13) and Cu/
Ti (Ref 14). Among these laminate composites, the Ti/Al
material binary system, prepared by pure Ti and Al, has
received a high attention. Following all Al foils reaction

during heat treatment, the Ti/Al laminate composites can be
transformed into the Ti/AlxTiy laminate composites with
excellent high-temperature mechanical properties (Ref 15).
Therefore, the Ti/Al laminate composites have been consid-
ered for potential applications in both the aerospace and
automobile engines (Ref 16, 17).

Recently, several manufacturing techniques for fabricating
Ti/Al laminate composites have been developed, such as roll
bonding (Ref 18), vapor deposition (Ref 19) and diffusion
bonding (Ref 20). These methods presented disadvantages
although proven feasible. During roll bonding process, both the
isothermal rolling and the strict control of the process
parameters are required, which are both complex and expensive
(Ref 21). Additionally, delamination is the most significant
serious problem. Therefore, annealing processes are required to
be conducted in the next step (Ref 22, 23). The technique of
vapor deposition requires sophisticated manufacturing equip-
ment, and large-scale components are significantly slow in
preparation (Ref 24). The diffusion bonding will form low-
sized voids at the region adjacent to the interface or within the
intermetallic layers due to contraction of the metal during
interdiffusion, leading to the mechanical properties degradation
(Ref 25). The manufacturing technology of the laminate
composites proposed in most studies is hot pressing (Ref 16,
26-29). This technology is significantly simple and of low cost.
Simultaneously, the components manufactured by this method
have both stable and excellent mechanical properties (Ref 15).

As the above-mentioned points described, researchers have
devoted attention mainly to the preparation, microstructural
characterization and basic mechanical properties of the Ti/Al
laminate composites (Ref 6, 7, 30, 31), whereas the Ti/Al
laminate composites formability has been studied significantly
less. When new parts are prepared by a single operation or
several progressive operations, it is very necessary to obtain the
attainable forming limit of these materials (Ref 32, 33).
Therefore, in this work, the formability of Ti/Al laminate
composites was studied, respectively, by uniaxial tension
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testing, limit drawing ratio (LDR) and forming limit curve
(FLC) experiments.

2. Experimental Procedure

2.1 Preparation and Microstructure Characterization

The dimensions of the cold-worked TA1 titanium and 1060
aluminum foils were of 2209 2209 0.1 mm in size (presented
in Table 1). The foils were prepared in a vacuum with a
controlled temperature, pressure and hot-press duration. Prior to
hot pressing, any residual oxides and contaminations on the
surface of these Ti and Al foils were removed by the foil
submersion in two baths of 60 g/L HF and 150 g/L NaOH
solution, respectively. The foils were consequently flushed in
both water and ethanol successively. Following a rapid drying,
the pretreated foils were stacked into laminates in an alternating
sequence of Ti/Al/Ti, with a number of 11 stacks. The typical
experimental procedure for the reactive foil bondings in
vacuum is schematically presented in Fig. 1. At first, a pressure
of 1 MPa was imposed for good contact of each layer inside the
vacuum furnace. Following, the temperature was increased to
500 �C in 3 h, whereas the soaking time was 1 h in order for a
uniform heating of foils to be ensured. Consequently, the
temperature was increased to 550 �C in 0.5 h and retained for
3 h for diffusion bonding of each layer, whereas the pressure
was increased to 3 MPa. Finally, the foils were cooled down
inside the furnace with the pressure being retained at 1 MPa.

The samples were cut from these Ti/Al laminate composites
and mechanically polished down with the 1000 grit abrasive
papers and chromium sesquioxide sequentially. The morphol-
ogy and element distribution of the bonding interface were
characterized by a TM 3000 scanning electron microscope with
an energy-dispersive spectroscopy (EDS). The phase con-
stituent was observed by the x-ray diffractometry (XRD) which
was conducted of a Cu Ka radiation source at 40 kV/40 mA.

2.2 Tension Testing

The sub-sized standard tensile specimens were incised from
the Ti/Al laminate composites by the wire-electrode cutting,
according to the E8 ASTM Standard. The specimen dimension
is presented in Fig. 2. The TA1 and 1060Al tensile specimens
were also cut according to the same standard. Prior to testing,
the samples arc transition was polished smoothly in order to
avoid the premature fractures caused by stress concentration.
Three tensile tests were completed under various strain rates of
10�2, 10�3 and 10�4 s�1 and measured by a 3542-050M-050-
LT extensometer. The experiments of TA1 and 1060Al for
comparison were executed under the strain rate of 10�3 s�1.
The reported data for all the tension tests were the average
values of all six tested specimens.

2.3 Limiting Drawing Ratio (LDR)

The LDR tooling geometry schematic is presented in Fig. 3.
The deep drawing experiments were performed on the Ti/Al
laminate composites, the TA1 and 1060 with the thickness of
1 mm, respectively. During trial testing, the die was statically
retained, whereas both the punch and the blank holder were
controlled by the hydraulic press. The lubricant, petrolatum,
was uniformly smeared on both sides of the specimens prior to
experimentation. The blank holder force was a critical exper-
iment parameter and appropriate for the sheet flow, without the
sliding permission past the binder and the wrinkling around the
punch. In the current tests, the maximum blank holding
pressure was 100 kgf/cm2. The velocity of the punch was
10 mm/min. The first sample for LDR experimentation had a
diameter of 70 mm. The experiment was continued by the
gradual diameter increments of 5 mm. The LDR value was
defined as the ratio of the diameter which is the largest blank to
be successfully formed to the punch diameter. Also, all the
reported LDR values were the averaged values of all three
tested specimens. Following the deep drawing experiments, the
thickness of the final deep drawing cups at various positions
was measured by a micrometer [Mitutoyo 0-20 mm (0.001)]
and all values were the averaged values of all three tested
specimens.

Table 1 Chemical composition and mechanical properties of cold-worked foil materials

Materials Chemical composition % Mechanical properties

Titanium TA1 Ti: 99.5, Fe: 0.15, Si: 0.1, O: 0.15 Ultimate: 343 MPa
C: 0.05, N: 0.03, H: 0.015 Yield: 275 MPa

Aluminum 1060 Al: 99.16, Fe: 0.35, Si: 0.25, Cu: 0.05 Ultimate: 100 MPa
Zn: 0.05, V: 0.05, Mg: 0.03, Mn: 0.03, Ti: 0.03 Yield: 90 MPa

Fig. 1 Experimental procedure for the Ti/Al laminate composites

Fig. 2 Dimension of tension specimen
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2.4 Forming Limit Curve (FLC)

The FLC experiments were performed for 1060Al and TA1
for comparison. Prior to the FLC experimentation, dot grids
were printed on the surface of all 1060, TA1 and Ti/Al laminate
composites. The diameters of the printed dot grids were 1 mm,
and the in-between gaps of the printed dot grids were 2 mm.
The lengths of the specimens were constant 180 mm, whereas
the widths varied from 30 to 150 mm. The specimens were
deformed into hemispherical domes until fracture. Following
fracture, the square comprising a printed four adjacent dots
center was transferred into a rhombus. Both the major and
minor strains were estimated by the length and width mea-
surement of the rhombus adjacent to the fracture region through
an optical strain measurement system. The measurement was
conducted from various angles. The forming limit curves were
generated by the measured major and minor strains.

3. Results and Discussion

3.1 Microstructure Characterization and Phase
Identification

The typical optical cross-section observation of the Ti/Al
laminate composites is presented in Fig. 4(a). The interfaces
between the combined Ti and Al foils are fairly straight, and
low-sized voids are not apparent. Additionally, an approxi-
mately 1.5-lm-wide diffusion layer was observed by EDS
analysis (presented in Fig. 4b), demonstrating an interdiffusion
occurrence between the Ti and Al layers. Figure 5 shows the

XRD patterns of the cross section of Ti/Al laminated compos-
ite. It is noted that the characteristic diffraction peaks of
titanium and aluminum are very apparent. However, the peaks
of Al3Ti and other intermetallic compounds do not appear.
Therefore, it can be proved that no intermetallic compounds
formed on the cross section of existing samples. According to
the classic nucleation theory, the formation of a new phase is

Fig. 3 Tool geometries used in LDR test

Fig. 4 (a) BSE image of cross section of laminates hot pressed at 550 �C for 3 h; (b) distribution of element at Ti/Al interface

Fig. 5 XRD pattern of the cross section of Ti/Al laminate compos-
ite

Fig. 6 True stress-strain curves of the Ti/Al laminate composites at
several strain rates
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determined by not only thermodynamics but also kinetics. At
low temperatures, the growth kinetics was probably related to
the dominance of the grain boundary diffusion, expected to be
slow (Ref 28). At a certain point, it was hard for the
intermetallic compounds to nucleate and grow as both the Ti
and Al atoms could not widely diffuse through the grain
boundary in a short period. It should be pointed out that the
bonding was nearly uniform for all interfaces because the entire
diffusion occurred at steady pressure with no energy fluctua-
tions.

3.2 Effects of Strain Rate on Tensile Performance

In Fig. 6, the true stress-strain curves of the Ti/Al laminate
composites for various strain rates are presented. It is demon-
strated that firstly the stress rapidly increased, and then, the
increasing rate slowed down along with the increment of strain.
Consequently, the curves were less steep. During tensile testing,
the slip was the predominant mechanism prior to necking and
the slip contributed significantly, following yield comparison to
the twinning (Ref 34). The dislocation and corresponding

Fig. 7 Tensile properties of the Ti/Al laminate composites under different strain rates

Table 2 The tension results of three materials

Hot pressing Yield strength, MPa Tensile strength, MPa Yield-tensile strength ratio, % Uniform elongation, %

Ti 355.39 438.93 80.97 12.48
Ti/Al 144.15 234.49 61.47 27.75
Al 18.31 66.60 27.49 46.12

Fig. 8 Fitting curves under different strain rates: (a) _e = 10�2 s�1; (b) _e = 10�3 s�1; (c) _e = 10�4 s�1
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interactions in commercially pure a-Ti phases under tension
were elucidated by Kachera et al. (Ref 35) with in situ TEM on
the deformations. Therefore, it can be deduced that the stress
increased rapidly at the beginning of deformation when
slipping was avoided. As the strain increased further, the
slipping was gradually overcome, and consequently, the stress
increasing rate slowed down. Furthermore, it can be observed
in Fig. 6 that the flow stress increases along with the strain rate
increment. Simultaneously, as the strain rate increases, the
duration of the plastic deformation lessens as a result of the
plastic deformation inadequacy. Therefore, the elastic defor-
mation constituted a prominent key factor during total defor-
mation. The yield strength value (approximately 240 MPa) was
slightly lower than the yield strength value of pure titanium
[approximately 300 MPa in (Ref 32)] at room temperature, due
to the lower yield strength value of aluminum, whereas both the
titanium and aluminum layers interacted with each other during
tensile testing.

Figure 7 shows the tensile properties of the Ti/Al laminate
composites under various strain rates (rs is the yield strength,
rb is the tensile strength, and d is the elongation). Both yield
and tensile strengths increase dramatically as the strain rate
increases. The increment of the yield-strength ratio and the
elongation reduction indicated a plasticity worsening as the
strain rate increased. Generally, the utilized metallic elements
presented an apparent effect on the strain hardening rate (Ref
36). As the strain rate was extended, the difficulty for
dislocation generation deepened and the resistance improved,
creating an additional reinforcement on these materials. The
aforementioned microphenomenon represented the strength
improvement and the plasticity reduction in a macroscopic
view. Moreover, all strain rates were in low and middle ranges
in the present work. Therefore, the effects of strain rate on the
strength and plasticity at room temperature were limited. The
results in (Ref 33) displayed that the Ti-6Al-4V alloy presented
a high strength (approximately 1100 MPa) at room tempera-
ture, whereas the necking was developed quite rapidly when
the ultimate tensile strength limit was reached. This behavior
was different from the behaviors of pure titanium and even the
Ti/Al composites in this research, where the diffuse necking
phenomenon occurred prior to fracture. Although the strength

value was slightly lower in this study, the composites
possessed good plastic properties due to coordinated deforma-
tion between the titanium and the aluminum layers, during the
tensile tests. Furthermore, the tension results of all TA1,
1060Al and Ti/Al laminate composites are listed in Table 2. It
can be deduced that during tensile testing, both Ti and Al
coordinated the corresponding deformations to each other.
Therefore, the yield-tensile strength ratio of these composites
was slightly lower than the ratio of Ti, whereas the uniform
elongation of the composites was quite higher.

In order to investigate the material fluidity during plastic
formation further, the true stress-strain curves were matched to
the Hollomon equation Eq 1, the Swift equation (Eq 2) and
Eq 3 (Ref 37). As presented in Fig. 8, a comparison among all
three constitutive equations is revealed, whereas the third
equation coincides well with the true strain-stress curves
achieved by uniaxial tension testing. In Fig. 8(b) and (c), some
inserts are shown for the details of the curves. It is obviously
that the yellow line is closest to the black one. This means the
fitting results of Eq 3 are closest to the experiment results. In
order for the accuracy of these fitting curves to be ensured, a
multiple correlation coefficient R was employed by the
experimental data and theoretical prediction comparison.
Following the data fitting by the Origin software, the results
of these three equations are presented in Table 3. The R values
of Eq 3 all exceeded 0.99. This confirms that Eq 3 is a
suitable model for the deformation behavior description of the
Ti/Al laminate composites at room temperature. The fitted
parameters of Eq 3 under various strain rates are listed in
Table 4.

Table 3 The simulation results of three constitutive equations under different strain rates

Equations Parameters 1022 s21 1023 s21 1024 s21

r = Ken K 421.9488 363.1514 379.9721
n 0.1893 0.1511 0.1931
S 10.6309 1.5749 2.2711
R 0.9903 0.9951 0.9947

r = K(e0 + e)n K 373.2166 342.361 352.5369
e0 �0.0051 �0.0049 �0.0048
n 0.1429 0.1264 0.1618
S 0.2575 0.3916 0.6989
R 0.9995 0.9988 0.9984

r ¼ Ken1þn2 ln e K 316.9213 322.6374 304.3435
n1 0.0275 0.064 0.07125
n2 �0.0218 �0.0175 �0.0162
S 0.0238 0.043 0.0689
R 0.9999 0.9999 0.9998

S standard residual dispersion R multiple correlation coefficient

Table 4 The fitted parameters of Eq 3 under different
strain rates

_e K n1 n2

10�2 s�1 316.9213 0.0275 �0.0218
10�3 s�1 322.6374 0.064 �0.0175
10�4 s�1 304.3435 0.0712 �0.0162
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r ¼ Ken ðEq 1Þ

r ¼ K e0 þ eð Þn ðEq 2Þ

r ¼ Ken1þn2 ln e ðEq 3Þ

where r and e are the stress and strain, respectively; K, n, n1
and n2 are the constants of the material, measured during the
stress-strain curves fitting.

3.3 Forming Performances

The limiting drawing ratio (LDR) is a popular index for the
formability of sheet metal description, whereas the higher
values of LDR are interpreted as a higher drawing depth and
consequently a better formability. The experiment was per-
formed by a sample diameter gradual increase in 5-mm
increments, presented in Fig. 9. It can be observed that the
best diameters of all TA1, Ti/Al laminate composites and
1060Al samples were 100, 90 and 75 mm, respectively.
Subsequently, the LDR values and the thickness strain distri-
bution of Ti/Al were analyzed as presented in Fig. 10. From
these deep drawing experiments, it can be observed that the
TA1 titanium samples with a maximum diameter of 100 mm
could safely be deep drawn into the 50-mm cup. Therefore,
calculated according to the equation

LDR¼ Dmax

dp

(Dmax is the max diameter value before the fracture appearing
at the composite, and the value of dp is 50 mm), the LDR va-
lue of TA1 was 2.0. Similarly, the LDR value of 1060Al was
lower than 1.6. Besides, the Ti/Al laminate composites with a
maximum diameter of 90 mm were safely deep drawn. More-
over, the corresponding LDR value was 1.8, not being the
intermediate LDR value of pure aluminum and titanium. In
comparison with the tensile properties during the uniaxial ten-
sion test, the formability in the deep drawing was compli-
cated. The forming limit in the deep drawing could not be
predicted by the mixture rule, as weighed by volume fractions
(Ref 10). It is commonly known that the titanium and alu-
minum plasticity values differ. Consequently, the coordinationFig. 9 Deep drawing cups with different sample diameters: (a) TA1

(b) Ti/Al laminate composites (c) 1060Al

Fig. 10 Drawn cup and distribution of the thickness strain of the Ti/Al laminate composites. (a) drawn cup of the Ti/Al laminate composites;
(b) distribution of the thickness strain of the Ti/Al laminate composites
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deformation should have been executed between the layers
during deep drawing testing. As expected, the LDR value of
Ti/Al was in between the LDR values of the TA1 and 1060.
Additionally, the fundamental parameters of the Ti/Al lami-
nate composites were the plastic strain ratio (r; r ¼
eb
et
¼ eb

�ðelþebÞ ¼
ln b= ln b0

�ðln b=b0þln l=l0Þ ¼
ln b=b0

ln
b0 l0
bl

; b0 is the sample width

within the gauge length, b is the sample width within the
gauge length after deformation, l0 is the original gauge
length, l is the final gauge length after deformation, eb is the
strain at width direction of the sample, et is the strain at thick-
ness direction of the sample, and el is the strain at length
direction of the sample), the hardening exponent (n, the values
of n are obtained by fitting using the Origin software) and the
yield-strength ratio (rs/rb, rs is the yield strength, rb is the
tensile strength), being 1.75, 0.27 and 0.61, respectively, as

obtained from the uniaxial tension tests. These plastic parame-
ters indicated that the deep drawing performance of the Ti/Al
laminate composites was really good at room temperature.

One of the most important parameters is the thickness
distribution of the final deep drawing cups during the drawing
test. High thickness variations resulted in poor quality cups. For
this purpose, the drawn cup was sectioned diametrically by a
wire cut electric discharge machine. Consequently, the thick-
ness of each layer at various positions from the component
centerline was measured by a micrometer. The thickness strain
distribution was specified in the radial direction, as presented in
Fig. 10(b). The result displayed that the maximum thickness
strain of the Ti/Al laminate composites occurred in a radial
distance of approximately 25 mm, located almost in the region
of the punch profile radius. Badr et al. (Ref 33) discovered that

Fig. 11 Forming limit samples after fracture. (a) 1060; (b) TA1; (c) Ti/Al laminate composites
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the high-strength Ti-6Al-4V alloy presented a limited forma-
bility combined with the significantly low material hardening
and the high tendency for springback. This suggested that the
stamping or deep drawing of the Ti-6Al-4V alloys was not
possible at room temperature. Besides, the Ti/Al laminate
composites could be deep drawn into complex shape acquisi-
tions at room temperature.

The forming limit constitutes a significant performance
index and a process parameter in the sheet metal forming field.
The fractures in forming limit samples are presented in Fig. 11,
including the details of the fracture shown as Positions 3. It can
be observed that the forming height was significantly high and
the Ti/Al laminate composites thickness near the crack was
apparently thinning, displaying the ductile fracture (Fig. 11c).
Additionally, the cracks of the 1060 and TA1 were mostly
straight as shown in Fig. 11(a) and (b), respectively. In contrast,
the annular cracks of the laminate composites presented a saw-
tooth shape, concentrated at the bottom (Fig. 11c). As a rule,
the cracks always extend following the maximum principal
stress criterion. The samples were in a complex stress state due
to the effects of the external load along with the interactions
between the layers of the Ti/Al laminate composites during
deformation. Therefore during testing, the sample danger zone
had almost the same mechanical properties throughout all
directions.

The measurement was conducted from various angles at 0�,
45�, 90�, 135�, 180�, 225�, 270�, 315� and 360�. Also, the
major and minor strains were experimentally obtained through
repeated measurements. The cubic polynomial interpolation
was employed for the forming limit curves fitting. The forming
limit curves of all TA1, 1060 and Ti/Al laminate composites are
presented in Fig. 12. It can be observed that the FLC of the
latter laminate composites existed between the FLC values of
the 1060 and TA1. Besides, the FLC of the Ti/Al laminate
composites intersects with the major strain line approximately
at 0.31, similar to the work hardening exponent of this material
at room temperature. Moreover, in the biaxial strain region, the
FLC slope of the Ti/Al laminate composites was lower. In this
region, the major and minor strains were positive numbers;
therefore, the surface area of the Ti/Al laminate composites
increased. According to the volume constancy principle, the
samples were mainly deformed by thinning. Besides, in the
uniaxial strain region, the major and minor strains were positive

and negative numbers, respectively. The samples could flow to
either side freely, postponing the destabilization caused by
thinning.

4. Conclusions

1. The Ti/Al laminate composites with good bonding inter-
faces between Ti and Al layers were prepared by hot
pressing, and no low-sized voids and intermetallic com-
pounds were formed at the interfaces.

2. The strain rate increment had a positive effect on the
flow stress of Ti/Al laminate composites. Besides, the
elongation slightly reduced as the strain rate increased.
The constitutive equation r ¼ Ken1þn2 ln e was a suit-
able model for the deformation behavioral description of
the Ti/Al laminate composites.

3. The Ti/Al laminate composites presented a good deep
drawing performance and the LDR was 1.8. Distribution
of thickness strain in the drawn cup indicated that the
most susceptible region to fracture was located at the
punch profile radius.

4. The FLC of the Ti/Al laminate composites was located
between the FLC values of 1060 and TA1 and intersected
the major strain line approximately at 0.31, being similar
to the work hardening exponent. The macroscopic cracks
of FLC samples presented a saw-toothed crack feature
during testing.
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