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Abstract: The damage mechanism of commercial 2060 (T8) aluminum alloy during bending was studied. The microstructure 

evolution and strain localization were investigated by scanning electron microscope (SEM), electron backscattered diffraction 

(EBSD) and digital image correlation (DIC) methods. A new method based on the dispersion distribution of copper powders 

was developed, which can be used to simultaneously characterize the strain distribution and microstructure evolution of the 

same region. The experimental results show that the macro shear band is formed during the bending, and the crack grows along 

the macro shear band. This phenomenon can be attributed to the larger volume fraction of small angle grain boundaries 

(SAGBs) formed in the macro shear band, and less energy is needed if the crack propagates in the direction of macro shear 

bands. 
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Al-Li alloy is one of the most potential structure materials 

for aerospace structures due to its excellent properties such 

as high strength and low density. As a third generation of 

Al-Li alloy, 2060 alloy has the advantages in elastic modulus, 

fatigue crack growth resistance, corrosion resistance, plane 

stress, fracture toughness and density compared with the first 

and second generation products

[1-3]

. It has been successfully 

applied to the commercial aircraft C919 in China 

[4]

. 

One of the key steps in the application of 2060 aluminum 

alloy is to process the commercial sheets into the desired 

shape, and the most common way is bending. It is found that 

the macro shear bands formed during bending are harmful to 

the reliability of the material 

[5-8]

. In the past several decades, 

some attention have been paid to the formation of macro 

shear bands during bending. It is reported that the formation 

of macro shear bands can be affected by the precipitates, crys-

tallographic orientation and alloy composition

[9-11]

. It is believed 

that the crack starts at the maximum region in the macro 

shear band and grows in the same direction as the shear band 

at the early period

[6,9,12]

. However, most of the theories are 

about the surface roughness or strain localization causing 

damage, and the shear band is still difficult to express due to 

the limitations of traditional characterization techniques

[5]

. In 

addition, these studies can observe the morphology of macro 

shear band but cannot describe the change of strain until the 

application of DIC techniques. 

The present work aims to find out the microstructural dif-

ferences between the inside and the outside of the macro 

shear band by the DIC and EBSD combined characterization 

techniques, which is the first study applied in 2060 alloy 

during the bending. The relationship between microstructural 

differences and macro shear band was analyzed, and the 

mechanism of crack propagation during bending was also 

discussed. 

1 Experiment 

In the present study, the material used was 2060 aluminum 

alloy commercially manufactured by Alcoa, Inc., and the heat 

treatment was T8. The composition of the studied alloy was 

analyzed by infrared spectrometry (IR). 

A split sample of 10 mm×3 mm×2 mm (along the rolling 

direction (RD), transverse direction (TD), and normal direc-
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tion (ND)) was used. The upper surfaces (RD×ND) of the 

specimens for characterization were first mechanically 

ground and then electropolished in HClO

4

:C

2

H

5

OH=10:90 

(v/v) solution at room temperature for 15~20 s under an ap-

plied voltage of 20 V.  

Electron backscatter diffraction (EBSD) data were col-

lected using an Oxford Nordly 2 (Oxford Instruments, Ox-

ford, England), which was operated at an accelerating volt-

age of 20 kV, a magnification of 300×, a working distance of 

15 mm, and a tilt angle of 70°. The EBSD probe scan was 

performed using a 2 µm step size over the same area as the 

scanning electron microscopy (SEM) scan. 

Fig. 1 shows the grain structure of 2060 alloy characterized 

by EBSD along the full cross-section

[8]

, which shows a typi-

cal pancake-shaped grain structure with a partial recrystalli-

zation. The grains are significantly flattened and elongated in 

the rolling direction, and the size near the surfaces is larger 

than that in the middle of the specimen. 

The DIC system has been successfully used to characterize 

the strain evolution during bending (where data are recorded 

at different stages of bending of a specimen and later used as 

an input to the DIC system for strain calculation)

[6-8]

, and is 

an effective method for measuring the strain distribution. 

According to the principle of strain calculation used in this 

study, the Cu powder was used as random speckle patterns 

with an average size of 1 µm. The Cu powder was dispersed 

in ethanol and treated in an ultrasonic device for 15 min until 

 

Table 1  Chemical composition of 2060 alloy (wt%) 

Ag Cu Fe Mg Mn Si Ti Zn Zr Li Al 

0.34 3.52 0.03 0.66 0.29 0.02 0.03 0.34 0.1 0.73 Bal. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1  Triplanar EBSD micrograph of 2060-T8 alloy with micro-

structural features

[8]

 

the uniform dispersion of the powder, and then the copper 

powder ethanol suspension was taken to the surface of the 

sample by a pipette. After the alcohol was completely vola-

tilized, a large number of dispersed copper powder particles 

with different sizes were formed on the surface of the SEM 

sample. However, in backscattered electron (BSE) images, 

the matrix (black) and powder particles (white patterns with 

different sizes) clearly contrast because different elements 

are imaged differently for this technique. Thus, the powder 

particles appear as a speckle pattern for strain calculations, as 

shown in Fig. 2a and 2b.   

In this study, a commercially available DIC system 

(VIC-2D, CSI, USA) was used. Images processed by the DIC 

system were collected by a BSE probe installed in a Tescan 

MIRA3 scanning electron microscope (Tenscan, Brno, Czech 

Republic). 

The microbending jig is designed and produced on the ba-

sis of the manually operated screw-driven micro jig designed 

by Davidkov et al

[12]

, and a few improvement is made for the 

use in similar bending experiments. Semicircular punches 

and dies with different bending radii were used instead of a 

V-shaped punch. The radii of punches (r) are 10, 5, and 3 mm, 

whereas the radii of dies are 12, 7, and 5 mm; the radii of the 

punches are 2 mm smaller than the radii of their correspond-

ing dies, so as to avoid damaging the plates during forming.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2  Microstructures of surface with copper powders: (a) SEI and 

(b) BSEI 
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The punches and dies can be replaced during the experiments. 

This method enables quantitative descriptions of the bending 

radii of specimens.  

The bend line is perpendicular to the RD and parallel to 

the TD. Each specimen was bent from 10 mm to 3 mm, and 

the same region was observed during bending. 

2  Results and Discussion 

2.1  Distribution of strain during bending 

Fig. 3 shows the features of specimen surface under dif-

ferent bend radii. As shown in Fig. 3a, the surface of the 

sample is smoothed before bending. A radian outside the 

specimen is observed when the bending radius reaches 10 

mm (Fig. 3b). The radian is more obvious and some depres-

sions appear in the radian when the bending radius reaches 5 

mm (Fig. 3c). However, no defect, such as crack or void, is 

observed on the specimen. The embossed phenomenon is 

clearly observed in the surface of specimen, when the bend-

ing radius reaches 3 mm (Fig. 3d). Under this bending condi-

tion, the crack appears outside the specimen, which can be 

clearly seen in the red frame shown in Fig. 3d. 

From the four images in Fig. 3, it can be found that there is 

almost no change in the size and position of the copper 

powders, which means that the features of the dispersed 

copper powders are stable during the bending and can be 

used as a speckle pattern. This method of using copper pow-

ders is more applicable than using the precipitates as speckle 

patterns, for not all materials have enough suitable precipi-

tates in size and distribution. It is easy to remove the speckle 

patterns and not damage the specimen surface, making it 

simple and feasible to combine the surface strain measure-

ment of the sample with the microstructure characterization 

of EBSD. This can be used to characterize the evolution of 

the microstructure while observing the surface strain meas-

urement in the same region. It is important to un- 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3  SEM observation of the bending specimen with different 

bend radii: (a) r=0, (b) r=10 mm, (c) r=5 mm, and     

(d) r=3 mm 

derstand the mechanism of the generation and expansion of 

cracks during the process of deformation. 

Fig. 4 shows the strain distribution during bending. The 

BSE images with different bend radii were input into the DIC 

software and the figures with strain distribution were calcu-

lated. It can be seen in Fig. 4 that there is a significant dif-

ference in the distribution of strain. In Fig. 4a, the interested 

area is signed with dark blue, which means that there is no 

strain during bending if the color is dark blue (corresponding 

to the state before bending). When the bend radius reaches 10 

mm (Fig. 4b), some areas with light blue appear in the strain 

distribution map, which means that a larger strain in this area 

appears and strain localization is observed. However, as 

shown by the dashed lines in the strain distribution map (Fig. 

4c), some macro shear bands are formed when the bend radius 

reaches 3 mm. At the outer line of the bending sample, the 

crack starts, and the maximum strain happens at the same area. 

It can be concluded that the strain localization induces a macro 

shear band, and the amount of strain in macro shear band de-

creases from the outside to the inside of the specimen. 

There are many theories about the macro shear bands 

formed during the bending, but there is no clear conclusion 

to analyze this phenomenon. From the view of stress distri-

bution, the outside of specimen is affected by tensile stress, 

and the tensile direction of 45° generally has the maximum 

shear stress. From our experimental results, the angle be-

tween the macro shear band and the tensile direction was 

nearly 45°, and the strain localization or shear strain concen-

tration easily occurs in this region, consequently leading to 

damage during bending

 [13,14]

.  

According to mainstream opinions of microstructure evo-

lution, the shear band always occurs during bending, and a 

simple model proposed by Tvergaard et al

 [15,16]

 supposed that 

an imperfect region existed in the real samples and the reason 

is complex, which may be affected by many factors in the 

material, such as direction of force, voids, and orientation of 

grains. This imperfect region is throughout the whole mate-

rial, not only the surface. Due to the difference in the flow 

stress between the imperfect region and perfect region during 

bending, the stress concentration occurred much more easily 

in the imperfect region. The flow stress acting on the imper-

fect region is greater than that acting on the perfect region. 

Therefore, in the vicinity of the imperfect region, the strain 

increases faster than that in other regions. During the defor-

mation process, the strain near the defect region reaches a 

threshold in a short time and macro shear band is formed. In 

other words, the strength of the imperfect region is weaker 

than that in other positions of the material itself. Under the 

same stress conditions, the region is prone to large deforma-

tion compared to other regions, resulting in strain concentra-

tion and formation of macro shear band 

[17]

. The macro shear 

band is a manifestation of strain localization of the weaker 

thin slice during deformation. 

200 µm 

a 

b 

c 
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Fig. 4  Strain distribution during bending: (a) r=0, (b) r=10 mm 

and (c) r=3 mm 

 

The microstructure of material is not unified due to the 

small differences in process, and there are some defects such 

as voids and micro cracks in the material. Therefore, it is dif-

ficult to describe and analyze the formation mechanism of 

macro shear band in the bending process by the current theo-

ries, and these theories need to be improved furthermore. 

2.2 Microstructure evolution during bending 

It has been found that the crack starts in the macro shear 

band with the maximum strain and grows along the micro 

shear band, and the microstructure in this region will be 

changed significantly 

[7,8]

. However, due to the limitations of 

traditional characterization techniques, it is difficult to find 

the study of the microstructure of this region. 

The grain boundary map using EBSD before bending is 

shown in Fig. 5. It can be seen that lots of large angle grain 

boundaries (LAGBs, black lines, more than 15°) and a few 

small angle grain boundaries (SAGBs, red lines, 2°~15°) are 

observed in the sample before bending, which means that the 

grains are in the tempered state and almost no dislocation is 

observed. 

Fig. 6 shows the specimen’s strain localization at different 

bend radii and its corresponding microstructures in the same 

region. It can be seen that strain stratification occurs on the 

surface of the sample when the bending radius reaches 10 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5  Grain boundary map before bending 

 

mm (Fig. 6a). As shown in Fig. 6b, the macro shear band is 

formed on the surface of the sample when the bending radius 

reaches 5 mm. Fig. 6c is the grain boundary distribution map 

when the bending radius reaches 5 mm, and the studied re-

gion is the same as the red dashed line area in Fig. 6b. From 

the image of Fig. 6c, lots of SAGBs can be found in this state. 

However, more SAGBs can be found in the area of macro 

shear band, as shown by the blue dashed line in Fig. 6c. 

Comparing Fig. 6b and Fig. 6c, it is found that the larger the 

strain, the larger the volume fraction of SAGBs as a whole, 

which means that grains in the area with larger strain have 

larger deformation. After the copper power was removed in 

an ultrasonic cleaning machine and the sample was slightly 

mechanically polished, the interested region was observed by 

SEM. Fig. 6d is the SEM image of the crack growth after the 

bending radius reaches 3 mm, and it can be seen that cracks 

propagate along the macro shear band, which is the same di-

rection as the propagation of more SAGBs. 

Researchers have found that the band structure observed 

by EBSD is the geometrically necessary boundaries (GNBs) 

which were observed by TEM in previous studies

[18]

. The 

band structure was formed in the process of grain subdivision 

during deformation, and it is found that the GNBs are almost 

parallel to the {111} slip plane in grains 

[19]

. A large number

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6  Strain localization and microstructure evolution at the same region: (a) DIC map of r=10 mm, (b) DIC map of r=5 mm, (c) grain 

boundary map of r=5 mm, and (d) SEM image of the crack propagation 
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of SAGBs in grains can be regarded as the subdivision of 

grains into lots of band structures that are staggered during 

bending. It is suggested that the crack grows along the {111} 

slip planes in the initial stage of crack propagation

[8]

. In gen-

eral, the crack grows along the direction of lowest energy. 

Cracks propagating along the SAGBs need less energy than 

along the LAGBs, which means that SAGBs is the preferred 

path for crack propagation under the same conditions 

[20]

. In 

addition, the dislocation concentration in the macro shear 

band is due to the large degree of deformation, which results 

in the increased hardness and decreased plasticity, since it is 

easy to deliver energy by crack. 

3 Conclusions 

 1) A new method based on the dispersion distribution of 

copper powders is developed, which can be used to charac-

terize the strain distribution and microstructure evolution of 

the deformation region simultaneously.  

2) Macro shear bands form during the bending and the 

crack grows along the macro shear band. The grains in the 

macro shear band have more SAGBs, and the crack propa-

gates in the direction of macro shear bands with more 

SAGBs, since less energy is required if the crack propagates 

along this direction. 
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