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Abstract: The microstructure characterization and evolution behavior of TC32 titanium alloy after high-speed projectile impact 

were studied by optical microscope (OM), scanning electron microscope (SEM) and transmission electron microscopy (TEM). The 

distribution of adiabatic shear band (ASB) and stress around the crater has always been a semi-circular diffusion. The rotating 

refinement process of large equiaxed grains and elongated lath subgrains in adiabatic shear band is observed. Focus ion beam   

(FIB) technology was used to accurately prepare TEM samples from the crack tip in the ASB. The coexistence of the amorphous 

regions, the amorphous-to-crystalline transition regions, the fine-scale nano-crystalline region around the crack tip is found. The 

calculation proves that the temperature rise in ASB could cause microstructure melting, the amorphous regions and small size 

nanocrystals form after fast quenching. Because the microstructure in the ASBs is fine equiaxed grains and amorphous with higher 

strength, the area between the deformed band and matrix is relatively weakened, and it is found that the initiation of cracks in 

adiabatic shear bands is mainly concentrated at the junction of deformed band and matrix, and the crack propagates in the form of 

microvoids rotation coupling. 

 

Key words: adiabatic shear band; nanocrystal; amorphous; TC32 titanium alloy 

 

 

 

 

Titanium and its alloys have been widely used in aerospace, 

weapons, ships due to their low density, high specific strength, 

high corrosion resistance

[1,2]

. TC32 titanium alloy has great 

potential as aerospace materials due to its low cost and 

excellent performance. When the alloy is applied in these 

fields, it often bear high strain rate impact, such as projectile 

impact. However, due to the low thermal conductivity and 

high strength of titanium, adiabatic shear failure is prone to 

occur under the high-strain-rate deformation (HSRD)

[3-5]

. In 

order to improve the bullet-proof property of TC32 titanium 

alloy, the adiabatic shear failure behavior needs to be further 

studied.  

When metal or alloy deforms at a high-strain-rate, shear 

banding is a main deformation mechanism, which is usually 

considered as an adiabatic shear localization phenomenon. 

The narrow and severely deformed white band is also called 

adiabatic shear band (ASB)

[6-9]

. Even if the cracks do not 

occur, the cutting effect of ASBs on the matrix is 

disastrous

[10-13]

. Researchers have conducted a great deal of 

theoretical and experimental research on the crystal structure 

and micro-structure in ASBs to understand the formation and 

development of ASBs

[14-20]

. It is still difficult to observe the 

evolution of microstructure of materials during HSRD process 

by the in-situ experiments. The mechanism of microstructure 

formation in ASB is calculated and inferred based on the 

experimental results. 

Me-Bar et al

[21]

 studied the ASBs of Ti-6Al-4V titanium 

alloys with different microstructure. It was found that the 

microstructures in the ASBs are the same, all of which are 

finely transformed phases with arbitrary orientation. 
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Andrade

[22]

 studied the dynamic recrystallization of copper at 

HSRD, and found equiaxed grains generated by dynamic 

recrystallization inside the ASBs. Meyers et al

[15,23-25]

 proposed 

a subgrain rotational dynamic recrystallization mechanism to 

explain the mechanism of microstructure formation in ASBs. 

It is believed that the dislocation rearrangement causes 

entanglement and annihilation to form fine equiaxed grains. 

This mechanism has been used to explain the ASBs of metals 

such as copper

[18]

, zirconium

[26]

, and tantalum

[27]

. At the same 

time, this study believes that the existence of nano-grains is 

caused by dynamic recrystallization, and at the first time they 

have observed amorphous transformation inside the ASBs, but 

these studies cannot explain the existence of nanocrystalline 

(<10 nm) and amorphous. The key to determine the mechanism 

of microstructural evolution in ASBs is whether the adiabatic 

temperature rise caused by HSRD can lead to melting, which is 

still an open question and there is no unified conclusion. For the 

microcracks which formed in the ASBs, Timothy and 

Hutchings

[28-30]

 proposed a mechanism that the cracks are 

originated from the microvoids and rotate under the action of 

shear stress to form cracks. Therefore, it is necessary to further 

understand the microstructure evolution behavior and crack 

formation in adiabatic shear band, so as to contribute to 

improving the bullet-proof property of TC32 titanium alloy. 

In this study, TC32 titanium alloy was used as the research 

object to study the microstructural evolution behavior in the 

ASBs after being impacted by high-speed projectiles. The 

phenomenon of subgrain rotational dynamic recrystallization, 

and the microstructure in ASBs were analyzed. It has been 

found that the large amorphous regions and nanocrystals of 

different sizes (5~100 nm) formed in the crack tip region in 

the adiabatic shear band, indicating that high-speed impact can 

lead to a melting-fast quenching process in the adiabatic shear 

band. And the existence of fine equiaxed crystals and 

amorphous in ASBs caused cracks to initiate at the junction of 

deformed band and matrix. 

1  Experiment 

1.1  Experimental materials 

TC32 titanium alloy is a new type of low-cost titanium 

alloy provided by Beijing Institute of Aeronautical Materials, 

Aero Engine Corporation of China. The forged TC32 titanium 

alloy sheet was solution treated at 1143 K for 2 h, and then it 

was air cooled. Aging treatment was conducted on the solution 

treated sheet at 923 K for 4 h and then air cooled. As shown in 

Fig.1, the microstructure of the alloy after solution aging is 

composed of equiaxial primary α phase and lamellar 

β-transformed structure.  

1.2  Ballistic testing 

To enhance the penetration resistance of titanium alloy plate, 

the heat-treated titanium plate was processed into a saw-tooth 

shape with an obliquity angle of 60° by wire electric discharge 

machining (WEDM), and the dimension is shown in Fig.2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1  Microstructure of TC32 titanium alloy 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2  Diagram of target plate and bullet impact  

 

According to the standard of GJB59.18-88, a 7.62 mm 

caliber ballistic gun was used as the test gun, and the 53 type 

WO- 109C armor-piercing incendiary (API) was selected for 

this test. The hardness of the steel core was HRC63~65. The 

test distance and the shooting angle were 100 m and 0°, 

respectively. The speed of the projectile at 25 m from the 

muzzle was 

7

8

808

+

−

 m/s. 

1.3  Microstructure characterization 

After the ballistic testing, the center area was curved 

severely and the bullet left a crater on the target plate, the 

position of the projectile was deformed when the strain rate is 

about 10

5 

s

-1 [31,32]

. The center of the crater was cut along the 

parallel direction to the incident direction of the projectile by 

WEDM. 

The OM and SEM examination for the TC32 titanium alloy 

was carried out by using a Leica DMI 3000M and FEI 

NavaSEM450 SEM. Before the SEM and OM test, all 

observation areas were mechanically polished by automatic 

prototyping. The polishing solution is the OPS which was 

produced by Struers. The samples were etched in a solution of 

10%HF, 7%HNO

3

 and 83%H

2

O for optical microscope and 

SEM.  

25 µm 

Bullet 

17° 

60° 

8
 

1
2

 



                           Xin Yunpeng et al. / Rare Metal Materials and Engineering, 2020, 49(10): 3361-3368                         3363 

 

Due to the limited resolution of the SEM, especially the 

observation of the microstructure in the adiabatic shear band 

of the deformed titanium alloy, the FEI Titan-Themis TEM 

was used for observation. The focus ion beam (FIB) was 

used to prepare an accurate cut samples from the adiabatic 

shear band position, then the samples were thinned to about 

40 µm and soldered on a copper mesh. As shown in Fig.3a, 

the first sample was taken from the center of the ASB and 

matrix with FIB, the prepared sample is shown in Fig.3c. 

Fig.3b shows the second sample which was taken from the 

tip region of crack in the ASB. It can be observed in Fig.3d 

that the sample prepared with FIB retains the crack tip 

region.  

2  Results and Discussion 

2.1  Macroscopic morphology of the crater 

After the bullet impacts the TC32 titanium alloy target plate, 

the surface saw-tooth produces a strong obliquity effect. It can 

be clearly seen in Fig.4a that the bullet is embedded in the 

target at an angle of 17° from the normal direction. Although  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3  Preparation of TEM samples by FIB: (a, b) the sampling position of FIB (black box indicates the sampling position); 

(c, d) the TEM samples 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4  Crater profile (a) and microstructure of the crater profile (b) 
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it can produce obliquity effect, it is constrained by two bevels 

during the normalizing process and penetrates at the weakest 

part of the target plate. A convex shape can be observed on the 

back surface of the target plate, and cracks appear on the back 

of the target and are penetrated. 

The TC32 titanium alloy target plate, after being impacted 

by the warhead at high speed, produces ASBs around the 

crater as shown in Fig.4b. It can be clearly seen that the ASBs 

are annularly distributed around the crater. As the distance 

from the crater increases, the annular band formed by the ASB 

gradually increases and is connected to the annular ring of the 

adiabatic shear band near the crater to form a net. This 

indicates that the formation and distribution of the adiabatic 

shear bands are consistent with the distribution of the shear 

stress formed after the bullet impacts the target plate in the 

local region. The ASB first forms at the portion where the 

shear stress is the greatest. This is consistent with Li’s 

research results in the dynamic mechanical properties in 

relation to adiabatic shear band formation in titanium 

alloy-Ti17

[33]

. 

2.2  Microstructural evolution behavior in ASBs 

Fig.5 shows the TEM images from the matrix to the center 

of the ASB. It can be observed that the lath subgrains form 

due to the shear stress. According to the selected area electron 

diffraction (SAED) analysis (Fig.5d), the elongated lath 

subgrains has α titanium structure and evolve from α phase in 

the matrix. In Fig.5a and Fig.5b, it can be observed that the 

width of the lath subgrain decreases from the outside to the 

center of the ASBs, and the dislocation density inside the 

subgrain increases as the deformation progresses. Under the 

influence of local temperature rise in ASB, the overall 

boundary energy can be reduced by dislocations movement, 

tangle and annihilate after rearrangement; lath subgrains 

collapse, boundaries form, and elongated subgrains break up. 

As can be seen in Fig.5c, the broken subgrains rotate to form 

approximately equiaxed recrystallized grains. 

The width of the elongated lath subgrain is in the range of 

100~200 nm, and the size of the formed equiaxed grain is also 

in the range of several hundred nanometers. This is consistent 

with the dislocation-corrected subgrain rotational dynamic 

recrystallization mechanism proposed by Meyers et al.

[15,24,25]

. 

In order to analyze the formation of the cracks and the 

evolution of the microstructure, the sample was taken from the 

crack tip of ASB by FIB, and analyzed by TEM. Fig.6a is the 

bright-field image of the hole pattern formed at the crack tip, 

in which the gradient change of the microstructure can be  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.5  TEM images from the matrix to the center of the ASB: (a, b) the lath subgrain from the outside to the center of the ASB, (c) equiaxed 

recrystallized grains, and (d) the elongated lath subgrains and SAED pattern 
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Fig.6  TEM images of the microstructures of an ASB: (a) hole pattern formed at the crack tip, (b) HRTEM image of a metallic amorphous state, 

(c) HRTEM image of amorphous-to-crystalline transition region, (d) nano-crystalline region, and (e) HAADF image of the nano- 

crystalline region 

 

clearly observed. As shown in the bright area on left of the 

crack tip, there is almost uniform contrast. Fig.6b is the 

high-resolution transmission electron microscopy (HRTEM) 

image showing that the atoms are arranged in a short-range 

ordered with a typical metallic amorphous state. The Fourier- 

transformed diffraction pattern (as displayed from the 

amorphous scattering rings in the inset of Fig.6b) further 

confirms that there is no metallic crystal structure with 

long-range ordered structure in this region. The region 

adjacent to the amorphous region is a transition region 

between amorphous and crystalline. From Fig.6c, two 

different arrangements of long-range order and long-range 

disorder can be observed, and the diffraction pattern also 

includes the characteristics of two phases. Adjacent to the 

other side of the transition region is a nanocrystal region, and 

the grain size is in the range of several nanometers to 10 

nanometers. The diffraction pattern (multiple sets of 

diffraction spots in Fig.6d) indicates that there are multiple 

grains in this range. Fig.6e shows the high-angle annular dark 

field (HAADF) image of this region, which is a Z-contrast 

image that can directly reflect the structural information of the 

sample. In this figure, the boundary and the size of 

nanocrystal grains can be clearly seen, further proving that the 

size range of nanocrystal grains is within 10 nanometers. 

It is generally believed that the plastic instability in shear 

bands can lead to localized plastic flow. When the local heat 

generation caused by plastic instability exceeds the heat 

conduction capacity of the matrix, the internal temperature of 

the ASBs rises sharply and can reach a higher temperature in a 

short time. Moreover, the temperature rise in different regions 

of the shear band will also be affected by stain. Assume that 

all the heat generated by plastic deformation is concentrated in 

ASBs at an ideal condition, the elevated temperature can be 

calculated by the following equation

[34,35]

. 

0

v

d

γ

β

T τ γ

ρC

∆ =

∫

                                (1) 

where ρ is the density of the material (4.5 g/cm

3

), C

v

 is the 

specific heat capacity (0.52 J·g

-1

K

-1

), τ is the shear stress, γ is 

the shear strain, and β is the Taylor-Quinney coefficient that 

characterizes the portion of the plastic deformation work 

converted into heat (assumed 0.9). The shear stress of TC32 

titanium alloy is 700 MPa. Compared with the ASBs, the 

matrix grains do not undergo serious stretching and 

deformation. If most of the strain generated by deformation is 

concentrated in the ASB, the strain should be 11 by estimating 

the degree of overall deformation and the width of the ASBs. 

The experiment was carried out at room temperature. The 

temperature rise in the ASB calculated from Eq.(1) is about 

2962 K. The temperature in the ASB can reach 3260 K, far 

exceeding the melting point (T

m

) 1923 K of TC32. Fecht    

et al

[36,37]

 found that metals can overheat at their melting points 

(T

m

) without melting and the highest overheating temperature 
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could be 1.56 T

m

 (He) for its melting point. In this experiment, 

the estimated temperature in the ASBs is 1.69 T

m

, and has 

exceeded the superheat temperature, so melting will occur. 

The temperature rise will also be changed due to the different 

strain at the ASBs in different parts. After the high-speed 

deformation stops, no more heat is generated, and the 

temperature of ASBs will drop sharply and dissipate into the 

matrix. The extremely fast cooling rate is sufficient to directly 

change molten metal from liquid phase to amorphous phase; it 

is the reason why amorphous structure can be observed. The 

temperature distribution in ASBs is not uniform, and the 

cooling rate is also different, resulting in different 

microstructure in different locations. In the region where the 

cooling rate is relatively low, nano-crystals form. Both the 

temperature and cooling rate in ASBs are in a gradient 

distribution, resulting in a smooth transition from amorphous 

region to nanocrystal region. All these can prove that melting 

and rapid cooling processes have taken place in the ASBs. 

Meyers et al

[24]

 observed amorphous structure and 

nano-crystal in ASBs of steel, and they believed that the 

formation of nanocrystals was an evolution after rotational 

dynamic recrystallization. However, in this experiment, the 

strain or stress stored in the grains or sub-grain boundaries 

cannot break up the grains to form nano-crystals with a size 

below 10 nanometers, even less to induce amorphous phase. 

Fecht

[36]

 proposed that solid materials can be deformed and 

overheated through plastic deformation, and then rapidly 

cooled to form amorphous. Li et al

[32]

 also believed that the 

occurrence of amorphous regions and nanocrystals is caused 

by melting and rapid cooling in the adiabatic shear bands. The 

above arguments and data analysis indicate that the theory of 

melting and fast quenching in ASBs is reasonable to explain 

the coexistence of the amorphous regions, amorphous-to- 

crystalline transition regions and fine-scale nanocrystalline 

region in these experimental conditions. 

2.3  Initiation and propagation of cracks in adiabatic 

shear bands 

The ASB is a local instability phenomenon caused by high 

strain rate deformation process. In the process of high strain 

rate deformation, the localization of plastic rheology in the 

adiabatic shear bands causes the temperature to rise sharply in 

a very short loading time, resulting in local thermal softening 

of the material. At the same time, material deformation will 

also produce strain hardening. Thermal softening and strain 

hardening are competitive relationships in the deformation 

process. In the process of high strain rate deformation, the 

heat generation rate caused by local plastic rheology exceeds 

its heat loss rate to surrounding metals, and the heat softening 

effect is greater than that of strain hardening, eventually 

forming cracks and causing shear instability. It is known that 

microvoids and microcracks get developed after the formation 

of ASBs. Timothy and Hutchings

 [29]

 proposed that the 

microvoids can nucleate in the center of the shear band, then 

subjected to shear stress to grow and rotate, finally expand and 

join together to form the cracks. In this study, the formation of 

cracks in ASBs is consistent with the mechanism of microvoid 

nucleation, growth, and micro-rack formation. Different from 

the previous study of micro-crack nucleation in the center of 

adiabatic shear bands, the nucleation position of microvoid 

and the crack propagation position mostly appear between the 

deformed band of ASBs and matrix

[38]

. As shown in Fig.7a, 

the microvoids with circular or elliptical shape form at one 

side of the ASBs. All microvoids have smooth surfaces 

without second phase particles. It means that the material 

inside the band is quite soft and the temperature is high when 

the microvoids form. Many researchers such as Me-Bar and 

Shechtman

[21]

, Grebe et al

[39]

 reported that the formation of 

microvoids in shear bands was associated with thermal 

softening and local melting of the material in the shear band. 

This indicates that the strength at the interface is lower than 

that of the adjacent matrix due to the increasing of 

temperature at the moment of void formation, and nucleation 

occurs at the unevenness of the microstructure. As shown in 

Fig.7b, due to the complex effect of shear stress and tensile 

stress, the crack propagation changes its propagation direction 

across the ASB, and the crack propagation after the expansion 

will still extend along the interface. This further indicates that 

when the TC32 titanium alloy undergoes adiabatic shear 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.7  Microvoids (a) and cracks (b) in the adiabatic shear bands 
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failure in this experiment, the interface between the deformed 

band of ASBs and matrix is a weak position where microvoids 

and microcracks easily form. 

By analyzing the evolution of the microstructure in the ASB, 

fine nanocrystalline and amorphous can form in the elongated 

ASB. Its organization is relatively uniform and the strength is 

high. At the same time, the matrix structure is also uniform 

and complete. This makes the interface between the deformed 

band of ASBs and matrix become a relatively weaken area and 

provides conditions for the formation of microvoids. 

3  Conclusions 

1) The equiaxed grain (100~200 nm) formation mechanism 

in ASBs produced in high-speed projectile impact experiment 

conforms to the dislocation-corrected subgrain rotational 

dynamic recrystallization mechanism. 

2) The coexistence of the amorphous regions, the 

amorphous-to-crystalline transition regions, the fine-scale 

nano-crystalline region (<10 nm) are found in the crack tip 

analysis in the ASBs, which fully shows that melting and rapid 

cooling occur in ASBs during high-stain-rate deformation. 

The rationality of this conclusion is also proved by calculating 

the temperature rise in the shear band.  

3) The initiation and propagation of cracks in the ASBs are 

mainly carried out along the transition region between the 

deformed band and matrix. 
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