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Abstract. In this paper, features of plastic strain localization in commercial purity titanium 

surface-hardened by ultrasonic impact treatment (UIT) are numerically investigated. Three-

dimensional polycrystalline structures inherent in unhardened and UIT surface-hardened 

titanium specimens are generated by a step-by-step packing method. For taking into account 

the deformation mechanisms at the micro- and mesoscales, constitutive equations describing a 

nonlinear behavior of individual grains are constructed using crystal plasticity theory. Quasi-

static boundary value problems are solved in a dynamic statement using ABAQUS\Explicit 

finite-element package to simulate uniaxial tension of the model polycrystalline specimens. 

Based on the calculation results, conclusions are drawn on the effect of the UIT surface-

hardened layer on the plastic strain localization and deformation-induced surface roughening in 

model polycrystals. 

1. Introduction 

Titanium alloys are widely used in aircraft, shipbuilding, medical equipment manufacturing and other 

industrial applications. To improve the strength characteristics of titanium alloys, various surface 

treatment methods are used, one of which is ultrasonic impact treatment (UIT). This method results in 

the grain refinement and appearance of a basal texture in a subsurface layer [1-6]. The UIT-modified 

subsurface layer prevents early appearance of plastic strain on the surface and its propagation in the 

bulk. At the same time, due to a significant difference in the grain size on the surface and in the bulk 

of the material, additional stress concentration and plastic strain localization can appear near the grain 

boundaries.  

Although the thickness of a surface-hardened layer is about 100-200 m, the experimental data 

show a significant increase in the strength properties of the UIT surface-hardened materials [1-4]. 

Commonly used macroscopic models where the material constituents contribute to the overall material 

response proportionally to their volume fraction fail to describe this phenomenon. In this paper the 

influence of the UIT surface-hardened layer on the deformation behavior of commercial purity 

titanium is investigated numerically in terms of micromechanics. The effect of the microstructure and 

texture on plastic strain localization on the surface and in the bulk of model polycrystals is discussed.  
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2. Microstructure-based model 

The electron backscatter diffraction (EBSD) analysis has shown that the microstructure of unhardened 

commercially pure titanium is characterized by randomly oriented equiaxed grains with an average 

size of about 70 μm (figure 1a). The UIT gives rise to the formation of a basal texture in a subsurface 

layer where the grain size decreases up to 20 μm (figure 1b) [1-6].  

Based on the experimental data [1, 4], two model three-dimensional microstructures (figure 2) were 

generated by the step-by-step packing method [7]. The first microstructure (figure 2a) contains 2808 

equiaxed grains with an average grain size of 70 μm and has no texture (figure 3a), which corresponds 

to an unhardened specimen. The second microstructure (figure 2b) contains 6000 equiaxed grains, of 

which 5000 grains belonging to the subsurface layer are characterized by an average grain size of 

20 μm and a basal texture (figure 3b). This corresponds to the UIT surface-hardened material. Both 

model microstructures were generated on regular 900300900 m meshes containing 1110
6
 

hexahedral elements. 

 

            
(a)      (b) 

Figure 1. EBSD maps of the as-received (a) and UIT-modified titanium specimens (b) [1, 4]. 
 

 
(a)     (b) 

Figure 2. Model microstructures of unhardened (a) and UIT surface-hardened materials (b).  
 

Crystallographic orientations of grains were defined by a set of Bunge Euler angles 1 2  . The 

absence of texture was described by randomly generating Euler angles, while the basal texture was set 

by Euler angles varying in the range 1175 185  , 85 95   , 20 360  . Direct  0001 and 

 1010  pole figures for the subsurface grains of the unhardened and surface-hardened polycrystals are 

shown in figure 3. 
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(a)      (b) 

Figure 3.  0001 and  1010  pole figures for subsurface layers of polycrystalline titanium models. 

 

Constitutive equations describing the deformation behavior of individual grains (single crystals) are 

written in terms of anisotropic elasticity and crystal plasticity theories. To describe the anisotropic 

elastic behavior, the generalized Hooke’s law is used, written down taking into account the 

representation of the total strain tensor ij  as the sum of the elastic 
e

ij  and plastic 
p

ij  components: 

 p

ij ijkl kl klC    .    (1) 

Here ij  are the stress tensor components, ijklC  is the tensor of elastic moduli. The dot above the 

symbol indicates the time derivative. 

The plastic strain tensor is defined in the framework of the crystal plasticity approach. It explicitly 

takes into account features of dislocation glide on active slip systems in metals with a hexagonal close-

packed lattice: 

 ( ) ( ) ( ) ( ) ( )1

2

p
ij i j j is m s m    



   .                (2) 

Here 
( )
is


 and 
( )
jm 

 are the slip direction and slip plane normal vectors, respectively. The shear strain 

rate 
( )  on the slip system   is defined as a function of the resolved shear stress 

( ) ( ) ( )

i ij js m     

following the power law [8]: 
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Here 
0  is the reference shear strain rate,   is the strain rate sensitivity coefficient, 

( )

*

  is the critical 

resolved shear stress (CRSS) activating the slip system  : 
( ) ( ) 1/2

1 20*
p
eqk D k      .       (4) 

Here p
eq  is the accumulated equivalent plastic strain, 

( )
0
  is the initial CRSS activating the α slip 

system in a single crystal; 1 2,k k  are the fitting coefficients, and D is the grain diameter calculated as a 

diameter of a sphere of the same volume. 

The model microstructures undergo uniaxial tension along the X-axis, the other surfaces are taken 

to be symmetry planes or free of forces. Constitutive microstructure-based models are imported in 

ABAQUS/Explicit through VUMAT User Subroutine. Note that we solve the quasi-static problem in 

terms of dynamics which allows efficient calculating for large meshes [9-11].The mathematical 

formulation of the boundary value problem is given in more detail in [4]. 

3. Results and discussion 

Three-dimensional finite-element calculations of uniaxial tension along X-axis were performed for the 

unhardened and UIT surface-hardened titanium specimens. Figures 4 and 5 show the calculated 
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equivalent stress (figure 4) and plastic strain (figure 5) patterns for different degrees of strains. From 

the onset of plastic deformation, these patterns demonstrate a strong inhomogeneity at the grain scale 

due to a limited set of slip systems that can be activated at the room temperature under quasi-static 

loading. As a result, individual grains unfavorably oriented with respect to the loading axis are 

deformed elastically or involved in plastic deformation in a later stage of loading. The strain 

accommodation of these grains occurs due to their rigid rotation or plastic strain and rotation of 

neighboring grains. 

A higher level of stresses is observed in the subsurface layer of the UIT surface-hardened material. 

This is due to a reduced grain size, which is taken into account through the Hall–Petch relation (the 

second term in the right-hand side of equation (4)). The stress concentration and plastic strain 

localization occur near the grain boundaries. The smaller the grain size is, the more the localization 

areas appear. 

 

 
            (а)                   (b) 

 

 
            (c)                     (d) 

Figure 4. Calculated equivalent stress fields in the unhardened (a, c) and UIT surface-hardened 

polycrystals (b, d) at 5% (a, b) and 20% tensile strains (c, d). 

 

Generally, a grain can simultaneously experience rotation and dislocation slip [3]. The 

experimental evidence of this behavior is discussed in [4]. In terms of mechanics, the rigid rotation of 

a grain does not contribute to the stress-strain state. Plastically undeformed grains exhibit a higher 

level of stress. 

At the mesoscale, plastic deformation is characterized by multiple noncrystallographic shear bands 

passing through entire groups of grains regardless of their orientations and covering the entire surface 

of the specimen. In the UIT surface-hardened polycrystal, the mesoscale shear bands seen on the free 

surface lie at an angle of 45 degrees to the loading axis and are perpendicular to the loading axis on the 

lateral sides. Contrastingly, in the unhardened polycrystal, the mesobands are perpendicular to the 

loading axis on the free surface and directed at an angle of 45 degrees at the lateral sides. This 
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behavior is in a good agreement with experimental data, which additionally validates the numerical 

model. 

 

 
            (а)                   (b) 

 

 
            (c)                     (d) 

Figure 5. Calculated plastic strain fields in the unhardened (a, c) and UIT surface-hardened 

polycrystals (b, d) at 5% (a, b) and 20% tensile strains (c, d). 

 

 

Figure 6. Calculated stress-strain curves for unhardened and UIT surface-hardened polycrystals. 

 

Figure 6 demonstrates the calculated stress-strain curves describing the macroscopic deformation 

behavior of the model polycrystals under study. The UIT surface-hardened material has better strength 

characteristics compared to those of the unhardened material. According to the Hall–Petch relation, 
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the yield stress of the UIT subsurface layer is higher than that of the unhardened material. 

Correspondingly, the stress-strain curve of the UIT surface-hardened material lies higher. The 

presence of a basal texture in the subsurface layer additionally increases the strength characteristics. In 

this case, the in-plane prismatic slip is a primary deformation mode of the subsurface grains while the 

basal slip is difficult to occur. 

 

 
(а)                   (b) 

 

 
            (c)                     (d) 

Figure 7. Surface roughness in the unhardened (a, c) and UIT surface-hardened titanium polycrystals 

(b, d) at 20% tensile strain. Top view (a, b), side view (c, d). 

 

Figure 7 demonstrates the patterns of deformation-induced surface roughness in the XZ- (top view, 

figure 7 a, b) and XY- (side view, figure 7 c, d) planes in the unhardened (figure 7 a, c) and UIT 

surface-hardened (figure 7 b, d) model polycrystals at 20% tensile strain. Surface representation is 

similar to optical microscopy conditions, where a specimen surface is illuminated by a light source 

located at a certain angle to the surface. The UIT hardened subsurface layer significantly affects the 

specimen ability to change its shape under uniaxial tension. The basal texture of the subsurface layer 

leads to suppression of the microscale surface roughness formed by displacements of individual grains 

perpendicular to the free surface (the orange peel pattern) and mesoscopic surface roughness formed 

by the displacements of grain groups (figure 7). The basal orientation of grains in the subsurface layer 

affects the material ability to deform perpendicular to the loading axis, i.e. along the Y- and Z-axes, 

since the subsurface grains can be deformed only by prismatic slip. The UIT surface-hardened 

specimen is less strained along the Y-axis and higher strained along the Z-axis than the unhardened 

polycrystal (cf. figure 6 a, c and b, d). 

4. Conclusion 

The features of plastic strain localization in polycrystalline titanium surface-hardened by ultrasonic 

impact treatment have been numerically investigated. Three-dimensional model microstructures 

inherent in the unhardened (with equiaxed grains without texture) and UIT surface-hardened (with a 
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basal texture of refined grains in the subsurface layer) titanium specimens were generated by the step-

by-step packing method. In order to take into account the deformation mechanisms developing at the 

micro- and mesoscales, the constitutive equations describing the deformation behavior of individual 

grains were constructed in the framework of crystal plasticity approach. 

A strongly inhomogeneous stress-strain state was shown to develop from the onset of plastic 

deformation in both specimens. A higher level of stresses was observed in the subsurface layer of the 

UIT surface-hardened material due to a smaller average grain size. Multiple noncrystallographic shear 

bands were shown to pass through the grains regardless of their orientations cover the entire specimen 

surfaces. In the UIT surface-hardened material, the mesoscale shear bands lied at an angle of 45 

degrees to the loading axis on the specimen free surface and perpendicular to the loading axis on the 

lateral sides. Contrastingly, in the unhardened material the mesobands were perpendicular to the 

loading axis on the free surface and at an angle of 45 degrees on the lateral sides. 

The UIT surface-hardened material was shown to have better strength characteristics compared to 

those of the unhardened material. Both the finer grain size and the presence of a basal texture in the 

UIT surface-hardened layer were responsible for the increase in the yield strength. The basal texture 

was found out to suppress the deformation-induced surface roughness at the micro- and mesoscales. 
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