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Abstract: Ball burnishing is a surface improvement process that provides compressive 

residual stresses and increment the hardness in the surface layer of workpieces. Actually, in 

the state of the art some papers use FEM to simulate the burnishing process in the most cases 

without consideration the roughness of the workpiece, in other cases the roughness is 

considered only as two-dimensional semicircular or triangular periodic pattern. In other 

studies to simulate three-dimensional roughness, the two dimensional case is extruded. In this 

paper, a new way to simulate three-dimensional random roughness was used to simulate the 

ball burnishing process obtaining the final roughness and residual stresses distribution in the 

surface and below it. For the simulation, a commercial explicit FEA Software was used 

considering a bilinear material model. The finite element model of ball burnishing process 

was validated with experimental test and the methodology of this simulation process is 

presented. 

Keywords: burnishing, surface roughness, FEM simulation 
 

Streszczenie: Nagniatanie jest procesem stosowanym w celu poprawy powierzchni, który 

zapewnia ściskające naprężenia szczątkowe i wzrost twardości w warstwie wierzchniej 

przedmiotów obrabianych. Według aktualnego stanu wiedzy w kilku przypadkach do 

symulacji procesu nagniatania używano MES, jednakże w większości przypadków nie 

uwzględniono chropowatości powierzchni przedmiotu obrabianego, a w innych chropowatość 

była traktowana jako dwuwymiarowy powtarzalny kształt półokrągły lub trójkątny. W innych 

badaniach, do symulacji chropowatości trójwymiarowej użyto modelu powstałego przez 

wyciągnięcie przypadku dwuwymiarowego. W niniejszej pracy użyto nowego sposobu 
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symulacji stochastycznej chropowatości 3D do symulacji procesu nagniatania uzyskując 

końcową chropowatość powierzchni i końcowy rozkład naprężeń szczątkowych na 

powierzchni i pod nią. Do symulacji użyto komercyjnego oprogramowania MES z jawnym 

całkowaniem równań ruchu z uwzględnieniem dwuliniowego modelu materiału. Model 

procesu nagniatania otrzymany metodą elementów skończonych został potwierdzony 

badaniami eksperymentalnymi. Metodologia procesu symulacji została przedstawiona 

w artykule. 

Słowa kluczowe: nagniatanie, chropowatość powierzchni, symulacja MES 

 

1. INTRODUCTION 
 

Ball burnishing is a plastic deformation process, which can be used to improve surface 

characteristics and physical-mechanical properties of manufactured parts. Ball burnishing 

process improves the surface quality [1–5], increases the surface hardness of the workpiece  

[3–6], which in turn improves wear [7] and corrosion [8] resistances and inducing residual 

compressive stresses that improve the fatigue strength [6,9]. Ball burnishing is a cold working 

process, which takes place on the surface of pre-machined workpieces. The deforming 

element is a ball of diameter between 3 and 12 mm [10], which applies a normal force high 

enough to produce a small plastic deformation that displaces material of the peaks to the 

valleys of the micro-irregularities in the surface. The ball must be of a harder material than 

the workpiece, to achieve the compression of the surface, which allows to obtain a micro-

compressed layer of material (2–10 μm) [11]. Thus, ball burnishing gives many advantages in 

comparison with other finishing process, such as hand polishing, grinding or shot peening [3]. 

In the past, most studies concerning to the ball burnishing process were focused on 

experimental tests [2–5,11–15], determining specific parameters such as the roughness before 

and after the burnishing process. In recent years, some researchers developed 2D and 3D 

models using the Finite Element Method (FEM) [1,3,6,16–19] to predict, study and analyze 

the influence of parameters of the burnishing ball process, allowing to reduce the high costs 

of experimental tests. The study of models has been focused on the prediction of compressive 

residual stress and the prediction of roughness simulating the burnishing process has been 

little studied. Some studies did not consider the roughness profile in the finite element model 

[16–18], some other considered it as a profile of semicircular [3,6] or triangular [19] patterns, 

both with similar characteristics corresponding to the machining process prior to burnishing; 

another study used linear interpolation of the measured data points to obtain a 2D profile of 

roughness [2]. Different manufacturing processes generate surface irregularities with diverse 

amplitudes and patterns, so to predict the surface finish by FEM, the modelation of these 

irregularities must be investigated. In this work a finite element model of ball burnishing 

process with random roughness was developed, which was used to predict residual stress and 

the roughness after burnishing. This model was validated by using experimental results 

carried out on cylindrical specimens of AISI 1045 steel, usually used in automotive industry. 

The roughness in the surface of the workpiece was generated by using a computational 

routine based on ANSYS
®
 Parametric Design Language (APDL) developed by Aguilera et al. 

[20] to generate three-dimensional random roughness in cylindrical bars. Results show that 

the model developed is useful for predicting the residual stress and surface roughness after 

burnishing. The use of these models allows to reduce partial or totally the high cost 

of experimental testing. 
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2. EXPERIMENTAL STUDY OF BALL BURNISHING 
 

AISI 1045 steel was used as a workpiece material, this steel was selected due it is widely 

used in automotive industry. Tests were carried out in a TRENS
®
 SN 32 turning center. 

Figure 2.1a shows the geometry of the test specimen, which was divided into two regions to 

evaluate the parameters of roughness before and after ball burnishing process. The cylindrical 

specimen was initially turned by using a tungsten carbide insert. Turning parameters were the 

turning speed (101.8 m·min
-1

) and the turning feed (0.1 mm·rev
-1

). First region of the 

specimen was burnishing by using a Diamond Burnishing Tool EDP# S2300-00 (3/4” Shank) 

produced by ELLIOTT
®
 Tool Technologies. The burnishing tool has a metal stem with a 

natural diamond semicircular chip in the end of it, with a 12.7 mm diameter. Second region 

only was turned (Fig. 2.1b). 

 

      
(a) (b) 

 

Figure 2.1. Cylindrical specimen, (a) orthogonal views of geometry, (b) in turning center 

 

The process variables for ball burnishing were burnishing force (294 N), burnishing speed 

(71 m·min
-1

) and burnishing feed (0.2 mm·rev
-1

), which represents the parameters with 

greater percentage importance of the ball burnishing according the literature (Fig. 2.2a) [21]. 

The values of these parameters were selected according to the range of values presented by 

different studies (Fig. 2.2b, c and d) and the features of the turning center. Two types of ball 

burnishing apparatus are used in industry with mechanical springs [35] or hydrostatic springs 

[22]. The burnishing tool that was used in this work it is the first type, therefore to apply the 

burnishing force in the turning center was necessary to obtain the rate static burnishing force 

– depth of burnishing. 
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(a) 

 
(b) 

(c)  
(d) 

 

Figure 2.2. Percentage importance of the ball burnishing parameters according the literature:  

(a) process variables [21]; (b) burnishing force; (c) burnishing feed; (d) burnishing speed  

 

The static burnishing force was obtained by compression of the ball burnishing on the stem of 

a digital dynamometer model AFG-2500N (Fig. 2.3a). Additionally, a strain gauge type EA-

06-250BG-120 produced by VISHAY
®
 was implemented in the metal stem of the burnisher 

to obtain the microstrains, which was recorded by using a VISHAY
®
 Strain Indicator Model 

P3. Figure 2.3b shows the rate between the static burnishing force and microstrains; an 

average of three measurements of microstrain for each static burnishing force was recorded in 

a range of 0 to 294 N. Depth of burnishing was obtained by compression of the ball 

burnishing on the workpiece, in this test the relationship of the depth of burnishing 

(displacement of the auxiliary carriage turning center) and microstrain was recorded 

(Fig. 2.3c); less measurements were recorded due to the accuracy of the auxiliary carriage 

turning center. Finally, it was possible to correlate the burnishing force and depth of 

burnishing through the microstrains (Fig. 2.3d); this information was useful for the 

experimental test and development the finite element model of ball burnishing process. 

Once made the experimental test, the typical roughness parameters, hardness and residual 

stress were measured, before (turning) and after burnishing. The equipment used for measure 

each variable was:  

Roughness: three of the typical roughness parameters: Ra (arithmetical mean roughness), 

Rz (ten-point mean roughness), and Rt (maximum height); which are the most representative 

parameters that describes the surface roughness were recorded. These parameters are defined 
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in ISO 4287 and were measured in the same advancing direction of turning and burnishing 

processes (with an evaluation length of 0.8 mm [23]) using a Mitutoyo
®
 Suftest-211 

profilometer. Three measurements of each roughness parameter were carried out. 

 

 
(a) 

 
(b) 

(c) (d) 

 
Figure 2.3. (a) Static burnishing force test, (b) static burnishing force – microstrain,  

(c) depth of burnishing – microstrain, (d) burnishing force – depth of burnishing 
 

Hardness: three measurements of Brinell hardness (HBN) were recorded in different 

points of the workpiece by using a portable hardness tester HARDMATIC
®
 HH-411. 

Residual stress: the relationship of the principal residual stresses at different depths form 

the surface were measured using a residual stress measurement Prism
®
 (Fig. 2.4a and b) 

produced by stresstech group. Prism
®
 residual stress is based on Hole-Drilling and Electronic 

Speckle Pattern Interferometry (ESPI) techniques. The technology of Prism
®
 utilizes stress-

relaxation technique, where a small hole is drilled into the material thus relaxing the stress 

along the hole boundaries. The resulting surface distortion can then be measured precisely 

using ESPI system [24]. Figures 2.4c and d show the surface after turning and burnishing, 

respectively. In the Figure 2.4d can be observed the plastic deformation and flattened peaks 

and therefore the decrease of the roughness.  

Table 2.1 shows the experimental measurements of R´a, R´z and R´t before burnishing 

(turning); Ra, Rz and Rt after burnishing; the index of the roughness change (KRa) and the 

Brinell hardness (HBN). The index of the roughness change which can be determined using 
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the expression (1). Where R'a is the average roughness before burnishing and Ra later.  

 

 
(a) 

 
(b) 

(c) (d) 

Figure 2.4. (a) Prism® equipment, (b) Measuring the residual stress in the cylindrical specimen,  
(c) surface after turning (10x), (d) surface after burnishing (10x) 

 

    
   

  
 (1) 

 
Table 2.1. Experimental results of roughness parameters, index of the roughness change and Brinell hardness 

 

Measurement 

No. 

Parameters after turning (μm) Parameters after burnishing (μm) 
KRa 

R´a R´z R´t HBN Ra Rz Rt HBN 

1 4.96 26.6 36.5 208 1.37 10.3 14.7 234 3.62 

2 4.59 26.5 34.1 208 1.28 9.0 12.8 229 3.58 

3 4.53 24.6 31.1 202 1.17 8.6 11.9 226 3.87 

 

Expressions (2), (3) and (4) are commonly employed by profilometers to determine the values 

of Ra, Rz, and Rt, respectively, in an evaluated length l. Where n is the number of evaluations; 

yi is the peak height or valley depth at a point i, yvi is the valley depth at a point i; yci is the 

peak height at a point i; yvimin, is the lowest valley depth of all measurements and ycimax, is the 

highest peak of all measurements. 
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(2) 

 

 
 

(3) 

 (4) 

 

3. SIMULATION OF BALL-BURNISHING PROCESS WITH ROUGHNESS 
 

To simulate three-dimensional rough surface in a cylindrical specimen of AISI 1045 steel, 

a computational routine was used. The routine to simulate surface roughness in rectangular 

and cylindrical specimens (Fig. 3.1) was developed and validated by Aguilera et al. [20] and 

enables probabilistic modeling of roughness by a normal distribution, which most often is 

present in many phenomena that occur in nature, industry and research [25]. To generate a 

three-dimensional roughness regardless ripple and lay, the routine requires the mean (  ) and 

standard deviation (s) of a normal distribution of actual roughness. Additionally, the macro 

requests the value of peak (nodal) density and dimensions of the specimen, the procedure 

executed by the macro to generate a specimen with superficial roughness can be shown in the 

reference [20].  

 

 
(a) 

 
(b) 

 
Figure 3.1. Geometric model of random roughness in specimen, (a) rectangular, (b) cylindrical [20] 

 
The results found by Aguilera et al. [20] show that with a nodal density above 2560 that the 

mean presents an error no greater than 1%, and less than 2% for standard deviation 

comparing numerical with experimental results, which are acceptable values. Errors can be 

reduced by increasing the nodal density, however it must be remembered that a model with a 

too dense mesh will affect the computational time of the simulation with not significant 

contribution in reducing the error. 

Nowadays, there have been developed different finite element models of the ball burnishing 

process. Table 3.1 shows some characteristics of them. In most cases, the process carried out 

on cylindrical specimens, the ball is considered as a rigid body or a material of high rigidity 
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and residual stresses were measured by the X-ray diffraction techniques. 

 
Table 3.1. Summary of some finite element model of ball burnishing process 

  

Reference  Model  Software Material Model 

Ball 

diameter 

(mm) 

Work Material  
Measured 

Variable 

[6] 
2D 

3D 

DEFORM-2D® 

DEFORM-3D® 
Elastoplastic 6 AISI 52100 

Surface roughness 

and residual stress 

[26] 2D Zébulon  Elastoplastic 
6, 9, 12, 

15, 20  
AISI 1042  

Surface roughness, residual stress 

and the influence of burnishing 

parameters (penetration depth, feed 

rates, diameter of the ball and 

initial surface quality) on surface 

roughness and the residual stress 

distribution   

[16] 
2D 

3D 
ABAQUS 

Elastic–plastic 

 
4, 6 Ti6Al7Nb alloy 

Residual stress and  

strain distribution 

[1] 2D Zébulon  Elastoplastic 9 AISI 1042  

Surface roughness, residual stress, 

and the influence of burnishing 

parameters (feed rates and 

penetration depth) on surface 

roughness and residual stress. 

[19] 3D ABAQUS  Elastic-plastic 3.2 11SMn30 Steel 
The effect of the burnishing  

process on the material 

 

[3] 

 

2D ANSYS®  
Isotropic, Plastic 

Hardening 
6 AISI 1045 Residual stress 

[27] 3D Zébulon  
Elastoplastic and 

elastic 
9 AISI 1042  

Residual stress and 

 material displacement  

[7] 3D ABAQUS/Implicit  

Non-linear combined 

isotropic/kinematic 

strain hardening law 

6 

IN718  

Ti-6Al-4V 

Titanium alloy 

Residual stress  

[18] 3D ABAQUS/Explict  Elastoplastic  12.7 SE508 Nitinol 
Contact stresses, residual  

stresses, and strain profiles 

 

In this work, a 3D finite element model of the burnishing process was modeled with a nodal 

density of 2560 in a cylindrical area of 339.3 mm
2
 (3 mm long and 18 mm radius). The 

computational routine generates a three-dimensional rough surface by extrusion the area 

generated. Other geometric characteristics of developed FE model are shown in Figure 2.1a. 

To generate the nodes in the surface of workpiece the mean and standard deviation were 

4.69 μm and 16.95 μm, respectively; the mean value was the average of the three 

measurements of Ra obtained experimentally and the standard deviation was obtained from 

the average of measurements of Rt/2. 

Finite element model shows in the Figure 3.2, which was meshed with 28.992 elements. The 

element SOLID164 was used; this element is defined by eight nodes with 9 degrees 

of freedom at each node: translations, velocities, and accelerations in the nodal x, y, and z 

directions. A bilinear isotropic material with the mechanical properties of AISI 1045 steel 

was used. The mechanical properties were: Elastic modulus E = 200 GPa, Poisson’s ratio 

ν = 0.3, Yield strength σy = 340 MPa and Tang. Mod. = 2.133 [3]. 

To reduce computational time, the parts which would not have deformation were modeled as 

rigid bodies; these parts are shown in Figure 3.2, the extremes (red) and the ball (purple); 

considering the ball as rigid body as is used for other authors [6,16]. The cylinder was 

modeled hollow because the stresses are neglected in the center [28] due the residual stress is 

produced approximately 1 mm depth or less below surface [3,6,16]. Besides these 

considerations, only on the zone to be burnished was added roughness (Figure 3.2b).  

For boundaries, the translational movement was totally avoided in the cylinder and only the 

rotation in Z-axis is allowed. For the ball, only movement in Y-axis is used. 
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(a) 

 
(b) 

Figure 3.2. (a) Finite element model of ball burnishing process,  

(b) roughness added only on the zone to be burnished 

 

For loads, a rotational movement is applied on the extremes to produce a rotational speed 

of 630 rpm; this rotational movement is stopped 1.0 s before simulation ends to avoid stresses 

due inertia. The ball applies a constant force of 294 N while a transversal movement along 

3 mm is also generated. When the ball finishes the burnishing process, is retracted to avoid 

stresses due pressure. A CPU with 48 cores and 256 GB in RAM was used to solve the 

model; with this computer the computational time was 60.5 h. 

Once simulated the ball burnishing process, the new surface roughness was analyzed by 

measuring the change of nodal displacement in the radial direction; the new roughness (Ra) is 

determined by equation (2). In addition, the new roughness after burnishing and the numerical 

residual stresses were validated with experimental data.  

 

4. RESULTS AND DISCUSSION 
 

Experimental results shown that the roughness parameters: Ra, Rz and Rt after ball 

burnishing process decreases in 73%, 64% and 61%, respectively. These percentages 

of improvement in the surface quality are considered satisfactory compared with those 

reported in the literature (Table 4.1). The hardness increase of the surface layer was 10% 

(Brinell scale); while Hamadache et al. (2006) [5] found an improvement in hardness of 

10.25%, El-Tayeb et al. (2007) [32] between 20–30% and Rodríguez et al. (2012) [3] 

of 60%.The index of the roughness change was 3.69. Ball burnishing provides good surface 

finish, induce compressive residual stresses and therefore increase the hardness in the surface 

layer. 

Figure 4.1 shows the principal residual stresses σ1 and σ2 in different depths below the 

surface of the workpiece, in both Figures can be observed a similar behavior comparing 

numerical with experimental results. The maximum compressive stress was presented in σ1 

around 370 MPa at a depth near to 0.4 mm. The maximum depth at which the compressive 

residual stresses are presented at 0.7 mm. In prior works about of the ball burnishing process 

found that the compressive residual stresses are a range between 0.4 to 2 mm [1,3,6, 6,26,27]. 

At the depth of 0.54 mm for both experimental residual stresses curves, it can be observed an 

atypical value of residual stress, probably this value is due to an imperfection of the 

workpiece in that point. 
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(a) 

 
(b) 

 

Figure 4.1. Residual stresses; (a) σ1; (b) σ2 

 
Table 4.1. Summary of improvement in the surface quality in some studies 

 

Reference Improvement in the surface quality (%) 

[1] 83 (Ra) and 77 (Rt) 
[3] 90 

[5] 70 

[6] 91 
[26] 75 (Ra) and 59 (Rt) 

[29] 70 

[30] 84 
[31] 

[32] 

[33] 
[34] 

85–95 

40 

87 
60–80 
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Final roughness (Ra) obtained after burnishing simulation was 0.95. To obtain this value, 

from the develop model was gotten the radial displacement of nodes on the area where was 

applied the initial roughness, using equation (2). The value for experimental roughness after 

burnishing was 1.17 to 1.37, therefore the obtain value from simulation is considered a good 

approximation. 

 

5. CONCLUSIONS 
 

In this paper, a 3D finite element model of the ball burnishing process with random 

roughness was developed, this model was used to understand and predict successfully the 

roughness after burnishing, residual stress values and their depth. The results were obtained 

using the bilinear isotropic material. From the experimental results, it can be observed that 

reduction in the arithmetical mean roughness (Ra) was 73% and increase the hardness of the 

surface layer by 10% (Brinell scale). Residual stresses measurements based on Hole-Drilling 

and Electronic Speckle Pattern Interferometry (ESPI) techniques and the FEM show that 

compressive stresses are introduced in the workpiece; these residual stresses are presented 

about 0.7 mm in depth and present a similar behavior and depth comparing with the 

numerical results. Numerical roughness Ra presented a good approximation with the 

experimental result considering the simplifications of the model. In a future, 

the computational routine to generate three-dimensional roughness by a normal distribution 

and the methodology to develop a 3D ball burnishing model in a finite element software can 

be used to predict the surface finish and the compressive residual stresses after burnishing 

process allows to reduce partial or totally the high cost of experimental testing.  
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