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The paper aims at constructing a numerical model of the stress-strain state in a prismatic beam under one-sided plastic 

deformation. This model provides a range of optimal modes of the layer-by-layer pressure treatment of additively 

manufactured linear metal segments. Shape distortions, residual stresses and strength characteristics can be controlled 

through forging or rolling of the deposited metal layers. We model the process consisting of a stage of the one-sided 

surface pressure treatment of the sample clamped to the opposite face of a flat surface by normal couplings, and a stage 

of releasing the sample from the clamps. According to the experimental data, the impact of a pneumatic hammer is 

calibrated in the numerical model and the equivalent depth of the roller insertion is determined. We investigate the 

distribution inhomogeneity of plastic deformations and longitudinal residual stresses along the cross-section of the 

sample, the longitudinal and transverse curvature of the latter, the nature of deformations during the sample unloading for 

AMg6 and VT6 alloys and 12X18N10T stainless steel depending on the depth of the roller insertion. For each of the 

materials, the critical roller insertion depth is found, after which the sign of the longitudinal curvature of the sample 

changes. The anticlastic curvature of the samples of sufficiently large widths was found. We discuss the experimental 

methods of finding the state of the clamped sample (a part of the linear metal segment) based on its unloaded state. The 

acceptability of measurements of microhardness distribution is outlined over the height of the cross-section of the sample 

to estimate the localization zone size of plastic deformations, as well as the acceptability of measurements of the 

longitudinal curvature of the sample for estimations of residual stresses. It has been shown not to be advisable to measure 

the longitudinal residual stresses due to their significant heterogeneity, as well as redistribution during cutting layers. 

Key words: additive manufacturing, layer-by-layer forging, localization of plastic deformations, residual stresses, 

numerical calculation, experiment 

 

1. Problem and research target 

 

Wire-arc additive manufacturing makes it possible to create metal products of complex shapes 

with significant material savings. This technology synthesizes an almost continuous metal; however, 

its dendritic structure does not provide the strength characteristics of a rolled metal. As part of 

research collaborations and projects, to obtain a homogeneous grain structure of the material, some 

universities (Cranfield and Manchester Universities [1–6], Indian Institute of Technology Bombay 

[7–8], Perm National Research Polytechnic University [9–12]) use hybrid technologies to 

manufacture large segmented products with a sequential deposition of layers followed by forging or 

rolling.  

By controlling the modes of deposition and forging/rolling during hybrid additive manufacturing, 

it is possible to obtain a homogeneous fine-grained structure due to recrystallization or phase 

transformations occurring in the work-hardened metal at high temperatures. Apart from improving 

the entire range of strength characteristics, these modes serve well to correct the field of residual 

stresses and distortions of the structure geometry caused by them. Eigen deformations caused by 

crystallization and cooling of the deposited layer, as well as plastic deformation of workpieces, 

generate residual stresses that can relax due to grain transformations. To control these processes, it is 

necessary to build a coupled model of solid mechanics and understand particular problems.  

The work focuses on shape distortions, localization of plastic deformations and distribution of 

residual stresses caused by one-sided forging or rolling of the beam. These phenomena will be 

investigated for alloys AMg6, VT6 and stainless steel 12Kh18N10T with numerical calculations of 

the model problems of one-sided forging and rolling of the beam using LS-DYNA® software package 

and comparing the calculated data with the experimental results, which have been found by measuring 
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the bending and distributions of microhardness and residual stresses in the sections of the workpiece 

subjected to one-sided forging with a pneumatic hammer.  

The obtained results are used to select optimal modes of the pressure treatment of the deposited 

layer, which provides the necessary work hardening of the metal, transforms dendrites into a fine-

grained crystalline structure at critical temperatures accompanying the deposition of the following 

layers. In each of the considered metal alloys, different mechanisms of grain structure transformation 

(recrystallization in the aluminum alloy, martensitic transformations in austenitic stainless steel and 

titanium alloy) are established but they occur according to the general scenario (hardening with a 

subsequent exposure to temperature). Therefore, the selected problem and the corresponding 

mathematical model are important to set up the technology of additive manufacturing of products 

from a wide range of structural metal alloys. Strain hardening and recrystallization in a solid have 

little effect on thermophysical processes in the deposited material. It is possible to formulate an 

uncoupled model where the problem of crystallization, heat and mass transfer are solved separately. 

As a result, we find the distribution of temperatures in the workpiece and eigen deformations of the 

shrinkage in the attached layer. In this approach, the main problem lies in the transformation of the 

material grain structure in the known fields of residual stresses caused by incompatible shrinkage and 

plastic deformations. The problem considered below is important to evaluate the contribution of the 

pressure treatment to the stress-strain state of the workpiece.  

 

2. Statement of the model problem and numerical solution 

 

There is a straight prismatic beam with a rectangular section, which we consider to be an idealized 

linear element (linear metal segment) of the deposited segmented structure. The lower face of the 

beam is rigidly clamped along the normal to it, and there is no limit on small deformations in the 

plane of this face. These limitations most accurately reflect the experiment organized to confirm the 

results of solving the model problem, which will be discussed in the next section. The upper face of 

the beam is subjected to forging or rolling, i.e. a spot pressure treatment technology that ensures the 

localization of plastic deformation near the treated surface (Fig. 1). 

It is known [13–18] that the longitudinal plastic bending of the beam is sensitive to ratio h b , where 

h  is height, b is width of a rectangular cross-section, the variation of which from 0 to ∞ corresponds 

to a change in the scheme from the plane deformed to the plane stress state in the transverse direction. 

Depending on this parameter, there come changes of the distribution over the cross-section of the 

longitudinal component of residual stresses, the longitudinal and transverse curvatures of the beam 

and boundary effects. To apply the results to stackable linear elements with various cross-sectional 

form factors, the model problem is solved for bodies with several values of.  If 0h b → , when the 

beam turns into a plate, the loading scheme considered here is different from the loading scheme for 

the shot blasting of the plate [19], which will be discussed in the analysis of the results.  

 

 

Fig. 1. Computational schemes of forging (a) and rolling (b) of the sample. 
 

a b 
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The loading is organized in two steps: 1) a one-side forging or rolling using the fixed workpiece; 

2) releasing the workpiece from the clamps. The 1st stage corresponds to forging of the linear metal 

segment; the 2nd stage makes it possible to compare the deflection of the beam and the distributions 

of residual stresses and strain working over its sections with the experiment. Both stages are 

calculated in the elastoplastic formulation. 

To describe large plastic and small elastic deformations of metals, the standard model [20, 21] is 

used in terms of the current Lagrangian approach in rate statement, numerically implemented in 

package 

LS-DYNA®. The additivity of elastic and strain-rate tensors is accepted, while the elastic tensor is 

linearly related to the Jaumann derivative of the Kirchhoff stress tensor, and the strain-rate tensor is 

related to the law of plastic flow 

 
1 ijp
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d s
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ijd  are components of deviator of strain-rate tensor, 
ij ij kk ijs =  −  are components of stress 

deviator, ijs is the material derivative of this tensor, 
u is the yield stress under uniaxial stretching, 

H is parameter of strain hardening u pH =   . (1) implies the plastic potential associated with 

the von Mises yield criterion 
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In this case, 3 2M ij ijs s = is the stress intensity, and for the yield strength 
u  under uniaxial 

tension, the Johnson–Cook isotropic hardening law is adopted in the following form: 
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where 2 3p p

p ij ijd d =  is the intensity of strain rates, 
0

t

p pdt =   are the accumulated plastic 

deformations.  Parameter H in (1) is found from law (3). In the LS-DYNA® package, this model 

corresponds to the standard material MAT_098 [21]. The dependence on the strain rate was taken 

into account for AMg6 material, for which, in the numerical model of forging, the effect of an air 

hammer was calibrated and the equivalent indentation depth of the tool was determined in the 

calculation in case of rolling. 

Constants A , B , C , 
 , n  of the Johnson–Cook isotropic hardening law are taken (or obtained 

after the data approximation) from [22] for Amg6, from [23] for 12Х18Н10Т and from [24] for VT6. 

The numerical data are given in Table 1.  

 
Table 1. Constants of the Johnson–Cook hardening law. 

Material A , МPа B , МPа C   , s-1 n  

АМg6 184 4210 0.0474 1 1.2 

12Х18Н10Т 305 1161 0 1 0.61 

VT6 968 380 0 1 0.42 

 

The numerical solution of the contact dynamic problem of plastic deformations of the beam in a 

quasi-static formulation was performed in the LS-DYNA® package, which implements the finite 

element method taking into account geometric and elastic-plastic nonlinearities. When solving 
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problems of pressure treatment, the integration of the equations of motion of an ensemble of finite 

elements with more than 100 thousand degrees of freedom was performed using an explicit scheme. 

The stage of releasing the beam from the clamps was considered in an elastic-plastic formulation 

based on an implicit scheme. In the implicit integration scheme, 8-node elements with integration of 

the strain field at eight Gauss points were used, in the explicit scheme, 8-node elements with a single 

integration point were used. The algorithm of solving the contact problem assumed assigning the sets 

consisting of nodes and faces of the elements of the contacting surfaces. The correct operation of the 

contact group was achieved by selecting the coefficient of contact stiffness. The coefficient of dry 

friction was assumed to be zero. The initial density and elastic constants are listed in Table 2. 

Table 2. Physical constants of materials. 

Material 0 , kg/m3 
E , GPа   

АМg6 2640 71 0.3 

VT6 4450 115 0.32 

12Х18Н10Т 7800 206 0.3 

 

The explicit scheme with the time step, according to the Courant criterion, is directly proportional 

to the square root of the density of the material, required a reduction in the computation time, typical 

for problems solved within quasistatics. To do this, the density of the workpiece material was 

artificially increased, and the emerging dynamic effects were eliminated by selecting acceptable 

coefficients of dissipation of the kinetic energy of the system. The taken measures correspond to the 

recommendations of software developers [25, 26]. 

 

 

 The impact parameters during forging 

with an air hammer had the following 

values: impact energy was 19.74 J; 

frequency was 2820 beats/min; working 

pressure was 0.63 MPa; striker pressure 

was 0.2 MPa; the speed of movement of 

the striker along the workpiece was 300 

mm/min. The striker had a spherical tip 

with a radius of 15R = mm. The power of 

impact in the numerical model was 

calibrated using the following 

experiment. A bar with dimensions of 

2502410 mm made of AMg6 rolled 

products, annealed at a temperature of 550C for 3 hours and cooled in air, was pressed at the ends 

against a hard surface and forged from the narrow side. The distortions of its cross-section in four 

cuts were measured using Hirox KH-7700 digital optical microscope. They were localized at a depth 

of 7–9 mm from the rolled surface (Fig. 2). The calibration of tension in the numerical calculation is 

carried out along the longitudinal and transverse deformations of the section in the area of 

  

Fig. 2. Forged sample (а) and distorted cross-sections of samples from materials AMg6, 

12X18H10T and VT6 (b). 

 
Fig. 3. Distribution of accumulated plastic 

deformations over the height of the sample 

cross-section along the plane of symmetry. 

a b 

Rolling 

Forging 
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deformation localization (Fig. 3). Since it takes 4 times longer to calculate forging operations of a 

beam compared to rolling operations, and also due to the fact that rolling results in a greater 

uniformity of distribution of stresses and deformations along the transverse coordinate, most of the 

numerical results in this study are obtained for the problem of rolling (with the roller radius of 7.5r =

mm). In this problem, the values of plastic strains and the depth of their localization, comparable with 

those observed during forging, corresponded to the penetration depth of the roller 0.4f = mm (Fig. 

3). 

 

3. Distribution of stresses and deformations 

 

A beam with a length of 200l = mm clamped to a rigid horizontal surface with normal couplings 

along one side, was rolled along a parallel side and released from the clamps. For all materials under 

consideration, the longitudinal curvature, distributions of plastic deformations and residual stresses 

over the cross section are studied depending on the depth of rolling and the shape of the cross-section.  

Figure 4 shows the distributions of the longitudinal component of residual stresses and 

accumulated plastic deformations over the cross-section of the sample from AMg6 corresponding to 

the middle of the sample length. It can be seen that the distributions are inhomogeneous along the 

transverse coordinate. In addition, the equilibrium, which requires that the total value 
x of the cross-

section is equal to zero, is not satisfied along any segment along the coordinate, which makes it 

difficult to control the data in the experimental investigations of residual stresses. Nevertheless, 

further field distributions will be studied along the segment lying on the axis of the symmetry of the 

cross- section.  

 

 

Fig. 4. Distributions of longitudinal residual stresses (а) and accumulated plastic deformations (b) 

along the transverse cross-section in the middle of the sample from АМg6 when 0,1f = mm. 

 

Figure 5 shows the distributions of the longitudinal component of residual stresses and the 

transverse component of plastic deformations along the segment indicated above depending on the 

depth of rolling. It can be seen that for all the materials under study, the longitudinal stress component  

 

  
Fig. 5. Distributions of longitudinal residual stresses (а), transverse plastic deformations and 

microhardness (b) along the height of the samples made from different materials at different depths 

of the roller insertion. 

b 

a b 

MPa 

a 
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is not in equilibrium along this segment in the integral sense. It turned out that the distributions of the 

transverse component of plastic deformations are almost congruent to the distributions of 

accumulated plastic deformations and are given here for a subsequent comparison with the values of 

the longitudinal component. The graphs show the growth of the plastic zone with an increase in the 

rolling depth (here HV1 is microhardness). Let us consider that the rolling depths equivalent to the 

action of an air hammer are 0.4 mm for AMg6, 0.2 mm for 12X18H10T and 0.1 mm for VT6. The 

increased maximum stresses in the calculations are explained with the imperfection of the 

approximation of hardening curves based on the Johnson–Cook law.  

For comparison, Figure 6 shows the curves of the total and plastic longitudinal deformations before 

( 0

x and 0p

x ) and after (
x and p

x ) the release of the sample from the clamps. The diagrams of both 

parameters indicate the elastic nature of the deformation of the sample after its release, which is 

recorded for samples from AMg6 and 12Kh18N10T for all degrees of rolling and for a sample from 

VT6 it is 0.1 0.2f =   mm. The unloading samples from VT6 (rolled more than 0.3 mm deep) is 

accompanied by plastic shear. Figure 6 also shows that the gradients of total longitudinal 

deformations corresponding to the rolling depths of 0.05 and 0.4 mm have different signs, which also 

indicates different signs of the curvatures of the unloaded samples. 

 

  
Fig. 6. Distributions of longitudinal total and plastic deformations over the cross-section of the 

sample from AMg6 in the case of clamping (a) and after releasing (b). 

 

To study the longitudinal bending of the unloaded samples, depending on the depth of rolling, their 

curvatures are determined at three points of the surface lamped during the rolling (at 25, 50 and 75 % 

of the sample length l ). Figure 7a indicates the presence of successive phases of growth, decrease, 

  

  
Fig. 5. Continuation. 

a b 

a b 
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and sign change in the curves with an increase in the degree of surface deformations. At small depths 

of rolling, the sample has a buckling facing the tool, while at large depths it is directed away from it. 

This fact was previously noted in [18] for plates subjected to one-sided shot peening. In contrast to 

the loading schemes considered in [13–17], here the bending is caused by a longitudinal moment 

uniformly distributed along the length of the bar, which arises due to an incompatible plastic 

deformation field. This is mainly responsible for the transverse components of plastic deformations, 

which exceed the longitudinal minimum by an order of magnitude (see Fig. 5 and Fig.6). 

 

  
Fig. 7. Dependences of the curvature of square bars made of various materials on the depth of the 

roller insertion (a); dependence of the curvature of a rectangular beam on its form factor (b). 

 

A more complete picture of the sample distortion is obtained from the analysis of the dependence 

of the curvature on the dependence of the height to the width of the cross-section (Fig. 7b).  Thus, for 

sample AMg6 rolled to a depth of 0.1 mm, the curve changes its sign sharply with a change in the 

form factor of the cross-section h b . Figure 8 shows that this transformation is accompanied by the 

anticlastic curvature, i.e. a transverse curvature of the sample, which has the opposite sign with 

respect to the longitudinal curvature. The data in Figure 9 indicate that the distributions of residual 

stresses and plastic deformations are sensitive to a shape of its sample cross-section. In general, the 

obtained results indicate the complexity of the problem of controlling the stress-strain state of the 

samples subjected to surface plastic deformations, even if they have a canonical shape. 

 

 
 

Fig. 8. Anticlastic curvature of AMg6 plates rolled with 0.1 mm roller (the rolling surface is below, 

displacements are increased by 40 times) at different widths, mm: 50 (а) and 100 (b).  

 

 

  
Fig. 9. Distributions of longitudinal residual stresses (a) and accumulated plastic strains (b) over 

the height of the samples with various form factors of the cross-section.  

 

b 

a b 

a 

a b 
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4. Experimental confirmation of the calculation results 

 

The samples cut from the rolled products AMg6, 12Kh18N10T and VT6 were exposed to the 

experimental forging with a pneumatic hammer. The samples were subjected to a preliminary heat 

treatment: aluminum alloy was annealed for 3 hours at 550°C with air cooling; the stainless steel was 

annealed for 2 hours at 1050°C in an argon atmosphere and cooled together with the furnace; the 

titanium alloy was quenched for 1 hour at 900°C with air cooling, aging for 3 hours at 500°C and 

cooling with the furnace. The experiments were carried out using hybrid additive manufacturing 

facilities designed at the metalworking center. The samples having the rectangular parallelepiped 

shapes (bars) 240 mm long, 10.3 mm wide, and 23.7 mm high were clamped to a rigid base plate with 

five screws. By varying the pressure values of the hammer striker to the sample 0.2 and 0.4 MPa and 

the speed of the striker movement along the sample 150 and 300 mm/min, their optimal values of 0.2 

MPa and 300 mm/min were found. It provided a better uniformity of the distribution of plastic 

deformation along the sample. Figure 2a shows a photo of a forged aluminum alloy sample.  

Transverse and longitudinal layers of 2 mm thick were cut from the forged samples using the 

electroerosive machine (Fig. 2b), the plane-parallel faces of which were machined using R240–R2000 

grinding sheets fixed to a lapping plate. The layers served to determine the Vickers microhardness 

profiles and the tangential components of residual stresses in their plane. The longitudinal layers were 

cut from the middle of the sample to ensure a uniform distribution of plastic deformations over the 

thickness.  

The HV1 microhardness profiles along the symmetry axis of the layer cut across the sample were 

found using Shimadzu HMV-G21 microhardness tester with an indentation force of 9.8 N (1 kgf) 

according to the standard [27]. The distance between the points varied from 20 to 500 μm with a 

thickening towards the forging surface. The microhardness values shown in Figure 5 demonstrate the 

presence of a boundary layer near the forging surface, the parameters of which are consistent with 

the parameters of the boundary layer of plastic deformations. 

To use the bending of the sample released from the clamps as an additional parameter to compare 

the calculation and experimental data, a sample of 2401010 mm was made from AMg6 alloy. The 

forging and clamping surfaces were made flat using the lapping plate. The sample was clamped at 

the ends and forged within the same parameters as those of the samples described above. The value 

of the deflection on the base of 200 mm was 1 mm, which differed from the calculated value of 1.21 

mm if 0.4f = mm by 21 %. 

The profile of residual stresses over the sample thickness was found using an X-ray automatic 

diffractometer XSTRESS-3000. To do this, in the longitudinal layer along the coordinate 

corresponding to the sample thickness, with a step of 1 mm, the value of the tangential component of 

the surface stresses corresponding to the longitudinal coordinate of the sample was obtained. Thus, 

for a forged beam with a height of 23–24 mm, there were 23–24 values. Neither qualitative nor 

quantitative agreements with the calculation results could be found in these data. This is probably due 

to an underestimated role of the transverse components of residual stresses, which are generated by 

the incompatible part of the inhomogeneous distribution over the cross section of the sample of 

significant transverse plastic deformations. These components disappear when the longitudinal layer 

is cut out of the sample. 

 

5. Conclusions 

 

The performed study of the shape distortion of the unloaded sample pre-treated by rolling or 

forging, as well as the distributions of plastic deformations and residual stresses over its cross-section, 

makes it possible to specify reliable characteristics that can be used to understand the state of an 

additively grown linear element after forging. The bending of the unloaded sample is one of such 

characteristics, which nearly always turns out to be elastic under real forging parameters within this 

technology, so it can be a measure of longitudinal residual stresses in its unloaded state. Due to 

inhomogeneity of their distribution over the cross-section of the sample the estimation of residual 
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stresses entails methodological difficulties. The microhardness profile along the height of the vertical 

cut of the sample is another characteristic feature. The profile correlates with the distribution of 

accumulated plastic deformations (work hardening) and makes it possible to understand the depth of 

plastic deformation localization after the sample has been pressure treated. A nonmonotonic 

dependence on the running depth of the longitudinal curvature of the beam (and longitudinal residual 

stresses) is found, which should be taken into account when choosing optimal parameters of the 

treatment process. 
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