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Revealing extraordinary tensile 
plasticity in layered Ti-Al metal 
composite
M. Huang1, G. H. Fan1, L. Geng1, G. J. Cao2, Y. Du1, H. Wu1, T. T. Zhang1, H. J. Kang3, 
T. M. Wang3, G. H. Du4 & H. L. Xie4

Layered Ti-Al metal composite (LMC) fabricated by hot-pressing and hot-rolling process displays 
higher ductility than that of both components. In this paper, a combination of digital image correlation 
(DIC) and X-ray tomography revealed that strain delocalization and constrained crack distribution 
are the origin of extraordinary tensile ductility. Strain delocalization was derived from the transfer 
of strain partitioning between Ti and Al layer, which relieved effectively the strain localization of 
LMC. Furthermore, the extensive cracks of LMC were restricted in the interface due to constraint 
effect. Layered architecture constrained the distribution of cracks and significantly relieved the strain 
localization. Meanwhile, the transfer of strain partitioning and constrained crack distribution were 
believed to inhibit the strain localization of Ti and change the deformation mechanisms of Ti. Our 
finding enriches current understanding about simultaneously improving the strength and ductility by 
structural design.

High strength of metals is always required to reduce the weight of transportation vehicles to improve their energy 
efficiency. Good ductility is also desired because it can prevent catastrophic failure during service. However, 
strengthening is usually accompanied by a drop in ductility1. The strength-ductility trade-off is hard to be over-
come in the class of metals/alloys, such as casting iron2 and aluminum alloys3, etc. In general, the strength of met-
als/alloys increases with decreasing grain size according to the Hall-Petch relationship4. However, when the grain 
size reduces to the nanoscale, the ductility will decrease to a low level5. For example, bulk nano-grained metals 
fabricated by severe plastic deformation (SPD) methods exhibit high strength but low ductility4–6. For achieving 
strength-ductility combination, several of approaches have been reported in recent decades, for example control 
of second phase and grain size distribution7,8, etc. In addition, composites provide a new insight to optimize 
overall properties by structural design of component phases, such as network9, bi-continuous10, layered11,12 and 
gradient13 structure. In particular, layered composites potentially achieve a combination of high strength and 
ductility by layered structural design14–17.

It has been reported that the deformation of layered composites is related to the interface constraint, which 
transfers the load and redistributes the stress during the deformation18,19. The constraint effect, which mutually 
affects the deformation of either component, has been widely investigated20,21. For instance, the brittle martensite 
in a brittle/ductile multilayered steel can withstands a non-localized strain of more than 20% beyond its limit18, 
indicating that brittle phase can bear larger plastic deformation through the structure design. The abnormal 
behavior has been well explained by the mechanism of strain partitioning during the deformation of multilayered 
steel22,23. And the failure of brittle martensite in the brittle/ductile multilayered steels has been delayed by the 
surrounding ductile phase24–26. Therefore, the direct visualization of strain evolution is useful to understand the 
deformation mechanism of layered composites. In recent years, DIC as the advanced characterization technique 
of strain has been applied to reveal the abnormal phenomenon of strain capacity18,27. The aim of this paper is to 
provide quantitative analysis of local strain distribution by DIC, and further to reveal the good ductility of layered 
composites.
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In this work, layered Ti-Al metal composite (LMC) was prepared by hot-press and multi-pass hot-rolling 
process of commercially pure Ti and Al sheets. The deformation behavior of LMC was analyzed during in-situ 
tensile test to reveal the effect of local strain distribution on mechanical properties using DIC. In addition, the 
distribution of cracks in fractured LMC was studied by X-ray tomography to reveal the effect of constraint effect 
on crack initiation and propagation.

Results
Microstructure characterization.  The microstructure of LMC before tensile test was shown in 
Fig. 1a,b and c. LMC with an individual layer thickness of 100 μ​m was successfully fabricated by hot pressing and 
hot rolling, and the interface between Ti and Al presented a roughness of 10 μ​m due to multi-pass hot-rolling pro-
cess. High magnification image displays well interfacial bonding. After rolling and annealing process, the Ti layer 
exhibited a strong basal texture of <​0001>​//ND, whereas the Al layer demonstrated the typical recrystallized 
feature and had no obvious preferred orientation, as shown in Fig. 1d and e.

Mechanical properties.  Figure 2 compared the tensile properties of component Ti, component Al and 
LMC. The yield strength (0.2% offset) of LMC reached a magnitude of 250 MPa, which agrees well with the 

Figure 1.  The LMC fabricated by hot pressing and hot rolling with an individual layer thickness of 100 μ​m for 
both Ti and Al; (a,b and c) the microstructure; (d) inverse pole figure for normal direction (ND); (e) (0001) pole 
figure for Ti in LMC.

Figure 2.  Engineering stress-strain curves of LMC, Ti and Al with the same processing route. The loading 
direction is parallel to transverse direction (TD).
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rule of mixture (ROM)28 (the calculated process was provided in the supplementary materials). Interestingly, the 
ductility of LMC (elongation of 41%) presented an abnormal behavior: higher than either component (Ti or Al). 
This concluded that the improvement of tensile plasticity in LMC was attributed to the unique layered structural 
design, and then DIC technique was introduced to study the effect of the layered structure on the local strain 
evolution of LMC.

The strain distribution measured by DIC.  The strain distributions measured by DIC at a macro strain 
level of 4.0% were displayed in Fig. 3. The loading direction was parallel to the x direction (see Fig. 3a). Local 
strain maps in the x direction (εxx), the y direction (εyy) and the shear direction (εxy) were shown in Fig. 3b,c and d, 
respectively. The εxx along tensile direction displays evident strain partition with compression and tension strain 
regions (Fig. 3b). This suggests that at a low strain level strain localization emerged. Figure 3c illustrates that the 
strain state of εyy in LMC had certain regularity and periodicity. Along the y direction, the compression strain in 
the softer layer (Al) was always accompanied by the tension strain in the hard layers (Ti). The shear strain values 
were relatively low at current macro strain level. Nevertheless, εxy was mainly distributed in the interface between 
Ti and Al (Fig. 3d).

The evolution of the local strains during deformation.  The engineering stress-strain curve of LMC 
was shown in Fig. 4a. The serration of the stress-strain curve appeared due to the relaxation of stress during cap-
turing the micrographs. However, when the macro strain was too large, the surface of sample would be destroyed 
due to severe deformation, and DIC analysis became difficult. The in-situ test was stopped at a macro strain level 
of 14%.

To reveal the local strain evolution during tensile deformation, the εxx distribution were tracked at different 
macro strain levels (1.5%, 3.0%, 5.0%, 7.0%, 10.0%, 12.0% and 14.0%), as shown in Fig. 4b~i. According to the 
difference of local strain distribution, the deformation of LMC was divided into four stages. Stage I (0~3.0%): 
with the increase of macro strain the heterogeneity of strain distribution gradually appeared, and there were 
significant strain localization with distinct compression and tension strain regions. It is apparent that strain local-
ization was originally detected at the interface (between Ti and Al) and the softer Al layers, rather than Ti layer 
(Fig. 4b,c and d); Stage II (3.0~7.0%): this stage was a process of strain redistribution. With macro strain increas-
ing, the compression strain along the x direction disappeared, the regions of strain localization were alleviated 
and redistributed, and then strain distribution was more uniform. As a result, strain localizations were released 
(Fig. 4e and f); Stage III (7.0~10.0%): the harder Ti layers started to undertake more plastic strains and presented 
the trend of strain localization (Fig. 4g); Stage IV (10.0%~): apparent strain partitions transferred across the 
interfaces from Ti layers to Al layers (Fig. 4h and i). Local strains were not concentrated in a single layer or at the 
interface, but penetrated into the adjacent layers and spread over wider regions. The four stages indicate that the 
evolution of local strains in LMC was a process of strain delocalization and strain redistribution.

Figure 5 illustrates quantitative statistics about strain partitioning of components (Ti and Al) along x direction 
at different macro strain levels, respectively, corresponding to the above four stages. At the early deformation 
stage, soft Al layers preferentially yielded and hard Ti layers imparted a reverse compression stress to Al layers due 

Figure 3.  Strain distribution images of LMC obtained by DIC at a macro strain level of 4.0%. (a) The 
measured region marked by DIC; local strain maps in the (b) εxx, (c) εyy and (d) εxy.
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to constraint effect. Therefore, at stage I, compared with Ti layers, the Al layers partially withstood a compression 
strain due to early incompatible deformation (Fig. 5a). At stage II, there was significant strain localization, and 
the majority of εxx local strains were mainly accommodated by Al layer (Fig. 5b). It is also concluded that local 
strain concentration preferentially occurred in softer Al layer. At a macro strain level of 7.0%, the curves of local 
strain distribution become narrow, and the deformation of Ti and Al layers is more homogeneous (Fig. 5c). This 
indicated that strain localization of Al layers were released by the redistribution of strain at stage II. Nevertheless, 
at stage III and IV with a higher macro strain level up to 14.0%, both Ti and Al simultaneously underwent the 
tensile strain due to the transfer of strain localization (Fig. 5d). Note that the curves moved to the right as a whole, 
indicative of plastic deformation in both layers. The deformation in a wider dimension was believed to enhance 
their average strain level by forming a strain gradient distribution in the adjacent regions. Therefore, layered 
architecture redistributed the local strain, and suppressed the strain localization of single component layer.

Fracture behavior based on X-ray tomography.  In order to identify and showcase damage behavior 
of LMC and component Ti abstracted from LMC, the 3D renderings of cracks in the fractured sample were 
illustrated in Fig. 6. To establish a relationship between different positions of fractured sample and macro tensile 
strain, a new definition of equivalent strain (εeq) was introduced. The εeq at different positions in the fractured 
sample can be estimated from the gauge sectional area by εeq =​ ln(S0/S) (where S0 is the original gauge sectional 
area and S is the gauge sectional area)29.

The 3D morphology of LMC after tensile fracture was shown in Fig. 6a. Fractured composite displayed a 
severely plastic deformation with a shear fracture. Close inspection of damage in LMC shows that there were 
three major types of damage (Fig. 6b): (i) locally interfacial micro-cracks between Ti and Al layers; (ii) transverse 
cracks, which were restrained by Ti layer without sequential propagation during deformation and finally appeared 
in Al layer approaching the region of fracture; (iii) delamination, which was formed after whole interface was 
stripped at a high strain level. Figure 6c shows that the damage of LMC developed progressively from the low εeq 
to high εeq. At a low εeq level, a few micro-cracks occurred within the interface due to early incompatible defor-
mation. As the εeq increases, the cracks propagated along the interface by inheriting sequent damage elsewhere, 
but we found that the cracks were steadily restricted in the interface without transverse propagation. Once the 

Figure 4.  The evolution of εxx strains along the loading direction at different macro strain levels.  
(a) corresponding stress-strain curves of LMC; macro strains at (b) 0; (c) 1.5%; (d) 3.0%; (e) 5.0%; (f) 7.0%;  
(g) 10.0%; (h) 12.0%; (i) 14.0%.
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interface delamination occurred, constraint effect would disappear locally. Without constraint effect, the Al layers 
quickly necked and failed at a higher εeq level, resulting in the ultimate fracture of LMC.

Nevertheless, for abstracted Ti, the micro-cracks in three dimensions are intensively distributed in a necking 
region with a 45° shear fracture (supplementary Fig. S1), indicating rapid initiation and propagation of cracks in 
abstracted Ti (Fig. 6d and e).

Figure 7 illustrates the quantitative analysis of crack volume fraction with increasing distance from the 
fracture surface. The volume fraction of cracks was the largest at the fracture surface and decreased monoton-
ically with increasing the distance from the fracture surface. It is found that the crack volume fraction in LMC 
decreased slower than that in the abstracted Ti. This means that constraint effect of layered architecture relieved 
the propagation rate of crack and changed the distribution of cracks in LMC, which made LMC consume more 
fracture energy and display superior fracture toughness.

Discussion
The transfer of strain partitioning.  The ductility of LMC is higher than either component Ti or Al. The 
extraordinary tensile plasticity of LMC is ascribed to the transfer of strain localization. The local strain evolu-
tion of LMC presents a process of strain delocalization which is related to crystal texture, component property 
and layered structural design. At the initial deformation stage, the deformation incompatibility between Ti layer 
and Al layer occurs and the large amount of strain is accommodated by the interface and soft Al layer30–32. The 
mismatched stress caused by the incompatible deformation can gradually be remedied by back stress21, which 
is experimentally supported by more uniform deformation at stage II. In fact, the harder Ti layers are easier to 
present strain localization at a high strain level due to the strong basal texture of <​0001>​//ND. Nevertheless, 
at a high macro strain level, strain localization of Ti layers gradually transfer to Al layers. Consequently, strain 
compatibility between Ti layer and Al layer is significantly enhanced by layered architecture. Additionally, the 
redistribution of strain effectively relieves the strain localization of Ti layer, and it promotes adjacent Ti regions 
to assume more plastic deformation. Therefore, constraint effect of layered architecture is believed to change the 
deformation mechanisms of Ti by transferring localized strain.

Effect of constraint effect on the deformation mechanisms of Ti.  The slip and twinning are the 
main plastic deformation mechanisms of hcp Ti (α​-Ti) at room temperature33,34. It has been reported that in 
commercial pure Ti the imposed shear strain was accommodated by compression twins33. Component Ti in 
LMC shows strong basal texture <​0001>​//ND presented in section 3.1, as schematically shown in Fig. 8a. The 
prismatic slip, by contrast, is easier to be activated than basal slip, and most of the <​11–20>​ are located in the 
RD-TD plane of Ti layer. Therefore, the prismatic slip withstands plastic deformation by the rotation of Ti grains 
around the c axis, and it could not cause any thinning of Ti layer along the ND direction. Under the current 

Figure 5.  Strain partitioning of component (Ti and Al) at different macro strains of (a) 1.5%; (b) 5.0%; (c) 7.0%; 
(d) 14.0%.
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crystallographic textures, the necking of Ti layer must be caused by the c axis deformation provided by compres-
sion twins.

For abstracted Ti, once the prismatic slip with the rotation of Ti grains hardly withstands more plastic defor-
mation in loading direction, the c axis deformation would be increasingly accommodated by compression twin-
ning (Fig. 8b). As a result, the necking and fracture of Ti would rapidly occur, and also explain the reason why 
almost cracks appear near the fracture of abstracted Ti. However, for Ti in LMC, the compression twinning is 
restrained due to the constraint effect of layered architecture, and then more tensile strains are continuously 
accommodated by adjacent grains through the prismatic slip - grain rotation (Fig. 8c). Thus, constraint effect of 
layered architecture relieves strain localization of Ti by transferring strain to the adjacent regions.

Effect of constraint effect on crack distribution.  Analysis of fracture behavior in LMC in section 3.5 
shows that the disappearance of constraint effect is derived from the delamination, which is considered as the 
cause of the reduced plasticity. The delamination can be prevented at a low strain level due to strong interfacial 
bonding strength by hot rolling. At the early deformation stage, interfacial mismatched stress caused by incom-
patible deformation gradually increases during the deformation. If the mismatched stress exceeds the bonding 
strength, the interface will crack and form the early micro-cracks. It is interesting to note that the micro-cracks 
are restricted in the interface without transverse propagation during the tensile deformation. On one hand, 
these crack-tips are blunted by Ti and Al layers, which relieve stress concentration of crack-tip and suppress the 

Figure 6.  The 3D rendering of fractured LMC. (a) Fractured composite; (b) 2D tomographic slice of yz plane 
in (a), (c) 3D distribution of cracks in LMC; the 3D rendering of abstracted Ti: (d) fractured abstracted Ti;  
(e) 3D distribution of cracks in abstracted Ti.
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transverse propagations of cracks. On the other hand, due to the introduction of layered architecture, theoreti-
cally uniaxial tensile stress is converted to multiaxial stress states35. Compared with Ti layers, Al layers present a 
compression strain at the εyy strain map in Fig. 5c, and the Al layer provide an outward force along the y direction 
to Ti layer, which delays the necking of Ti layer36. If crack-tip stress is enough to destroy the interface bonding, 

Figure 7.  Quantitative analysis of the distribution of cracks volume fraction as a function of distance away 
from the fracture surface. 

Figure 8.  Schematic drawing of plastic deformation. (a) Ti crystal; (b) the abstracted Ti display the easily 
activated twins along c axis; (c) the Ti in LMC shows twinning is suppressed.



www.nature.com/scientificreports/

8Scientific Reports | 6:38461 | DOI: 10.1038/srep38461

these cracks propagate along the interface to suppress localized damage by inheriting sequent damage elsewhere. 
Once these interfacial cracks propagate to form the delamination, constraint effect disappears locally. Then local 
large transverse cracks are easy to occur, resulting in the damage of LMC.

In order to determine crack morphologies at various strain stages and further to establish the relationship 
between deformation behavior of LMC and crack evolution, it assumes that the εeq is equal to tensile macro 
strain of LMC29. The reasonability of the assumption is experimentally supported by an in-situ tensile test based 
on SEM (Supplementary Part C). We compare crack morphologies at different deformation stages. It can be 
concluded that: i) at a low macro strain of 3.0%, dispersive micro-cracks appear within the interface due to early 
incompatible deformation, corresponding to the stage I in Fig. 4. In this stage, strain localization (Fig. 4d) and 
local necking (Fig. S2b) are firstly detected at the interface, and may be related to the initiation of micro-cracks; 
ii) these micro-cracks are steadily restricted in the interface and hardly propagate below a macro strain of 10.0%. 
The local failure of hard Ti is delayed by neighboring Al layers, presenting a redistribution process of strain parti-
tioning, and corresponding to the stage II and III in Fig. 4; iii) as macro strain exceeds 10%, more local neckings 
of Ti layer appear, and micro-cracks propagated along the interface to form the delamination. Constraint effect 
of layered architecture disappeared locally, and local strains gradually transfer from Ti layer to Al layer (the stage 
IV in Fig. 4). Therefore, we conclude that the emergence of micro cracks does not affect the deformation behavior 
of LMC, and these micro-cracks are always constrained in the interface due to the constraint effect of layered 
architecture.

Conclusions
The LMC fabricated by the same hot-pressing and hot-rolling process demonstrated a good ductility, being supe-
rior to any component Ti and Al. In this paper, the local stain evolution of LMC was investigated to in situ track 
the strain distribution to reveal the high ductility. Furthermore, the fracture behavior of LMC was studied using 
X-ray tomography to reveal the mechanisms of crack initiation and propagation. The conclusions were drawn as 
follows:

•	 The extraordinary tensile plasticity of LMC was ascribed to the transfer of strain localization. It is found that 
the advantage of the layered structural design reflected in the strain delocalization by the transference of strain 
partitioning from Ti to Al layer, which effectively relieved the strain localization of LMC.

•	 The 3D renderings of the fracture of LMC and abstracted Ti were illustrated. The extensive micro-cracks of 
LMC were restricted in the interface due to constraint effect of layered architecture. Layered architecture con-
strained the distribution of micro-cracks, and relieved the strain localization. Additionally, from the relation-
ship between deformation behavior of LMC and crack evolution, the emergence of micro cracks does not affect 
the deformation behavior of LMC.

•	 Both the transference of strain localization and restricted crack distribution were believed to inhibit the strain 
localization of Ti in LMC and change the deformation mechanisms of Ti in LMC. For abstracted Ti, the c axis 
deformation was easy to be activated by twinning. However, the c axis deformation of Ti in LMC was restrained 
due to the constraint effect of layered architecture. More tensile strains were continuously accommodated 
by adjacent grains. Layered architecture relieved the strain localization by transferring strain to the adjacent 
regions.

Materials and Methods
Materials.  Commercially pure titanium sheets TA1 with an original thickness of 200 μ​m and pure alumi-
num sheets 1060 with an original thickness of 200 μ​m were selected as raw materials. The sheets were cut into 
100 ×​ 100 mm2 squares. The schematics of the fabrication processing of LMC were shown in the supplementary 
materials. Firstly, Ti sheets and Al sheets were chemically etched in 10 vol.% HF solution and 10 wt.% NaOH solu-
tion, respectively, in order to remove surface oxide layer. Then, these sheets were alternately placed and processed 
in vacuum at 500 °C for 1 h with a pressure of 40 MPa to obtain well interface bonding. Finally, LMC was rolled 
to a total thickness reduction of 50% after 6 rolling passes and annealed at 500 °C for 10 minutes after each rolling 
pass. The details of rolling conditions have been mentioned elsewhere37.

Microstructure characterization.  The microstructure of LMC was detected using backscattered electron 
(BSE) mode in a scanning electron microscope (SEM, HITACHI S-570), and scanning region was the rolling 
direction - normal direction (RD-ND) plane. The grain orientation was observed by a scanning electron micro-
scope (SEM, FEI HELIOS Nanolab 600i) equipped with an HKL electron backscatter diffraction (EBSD) facility. 
The EBSD specimens were polished by ion beam lithography on the RD-ND section. The step size of 0.2 μ​m was 
selected to acquire EBSD mapping with the region of 160 ×​ 140 μ​m2.

Tensile test.  The tensile tests were carried out at room temperature (RT) using an Instron-1186 Universal 
Testing Machine with a strain rate of 5 ×​ 10–4 s−1. To compare with the mechanical properties of LMC, individual 
Ti was abstracted from LMC using NaOH solution soaking, and individual as-rolled Al was prepared by the same 
rolling process from 200 μ​m to 100 μ​m. Dog-bone shaped tensile specimens were prepared by electrical discharge 
machining with a thickness of 2 mm, a width of 5 mm and the gauge length of 18 mm. Three tensile specimens 
were tested for each type of materials.

In-situ tensile test based on optical microscope.  An interrupted tensile experiment was carried 
out using a Kammrath-Weiss micro-tensile stage, placed in the optical microscope (OM). For tensile testing 
half dog-bone shaped specimens were prepared to match with the dimension of the micro-tensile stage. The 
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experimental set-up and geometry dimensions of the tensile sample for in-situ tensile test were displayed in the 
supplementary materials. In this work, the practical speed of displacement was about 5 μ​m/s which corresponded 
to a conventional strain rate of 5 ×​ 10−4 s−1.

Serial high-resolution snapshots were obtained at successive deformation stages. The image processing was 
performed in a reduced zone of specimen surface which covered a surface of 500 ×​ 420 pixels, corresponding to 
the red area (see Supplementary Fig. S4b). Small scratches of specimen surface were artificially made by mechan-
ically polishing the surface using the 4000-grit sandpaper. The difference in the positions of small scratches on 
surface of sample before and after deformation was used to quantify the local strain38. Additionally, the strain 
distributions were analyzed using the VIC-2D software.

Fracture behavior based on X-ray tomography.  The fracture behavior of LMC was studied using X-ray 
tomography in the beamline station BL13W1 of Shanghai Synchrotron Radiation Facility (SSRF). The size of 
specimen and the test parameters are shown in the supplementary materials. The Ti specimen was abstracted 
from LMC using NaOH solution soaking. To showcase the distribution of cracks, the volume fraction of cracks 
with increasing distance from the fracture surface was estimated by ƒcrack =​ Vcrack/Vtotal (where Vcrack is the volume 
of cracks and Vtotal is the volume of LMC or abstracted Ti). The detailed method to determine the crack volume is 
introduced in supplementary materials. The quantitative statistics of crack volume fraction was calculated once 
every 50 μ​m. The fracture mechanisms of LMC and component Ti were analyzed.
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