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Abstract: In the manufacturing field, a growing interest is being held to the environment, to 12 

sustainability and more precisely saving energy and time. Combining thermomechanical 13 

with pure mechanical processes is an eco-friendly and profitable technique. In this paper, it 14 

is proposed to combine grinding and ball-burnishing processes. Further from reducing time, 15 

energy and cost of the manufacturing operations, this original combination is imagined to 16 

take benefit from thermomechanical history occurring while grinding to optimise ball-17 

burnishing process in order to enhance the workpiece surface integrity. In this paper, the 18 

impact of this newly developed process on the surface and subsurface behaviour is studied 19 

through experiments and 3D FEM simulations. It is shown that performing simultaneously 20 

grinding and ball-burnishing processes leads to a thick surface layer up to several 21 

millimetres with compressive residual stresses state. This is an interesting result to increase 22 

sustainability of metallic workpieces by enhancing wear resistance, fatigue strength and 23 

fatigue lifetime. 24 

Keywords: Thermo-mechanical process; Grinding; Ball-burnishing; 3D FEM Simulations; 25 

Combined process; Hybrid process; Simultaneous grinding/ball-burnishing  26 

 27 

1. Introduction 28 

Grinding process is generally the final operation in the machining process procedure as 29 

well as it is often considered as a finishing operation offering high dimensional precision, 30 

geometrical shaping accuracy and good surface roughness [1,2]. Nevertheless, this abrasive 31 

process can introduce some material deteriorations like microcracks formed at the surface and 32 

below the ground zone [3,4] and also burning marks that can appear when reaching high 33 

grinding temperature values [5-8]. Some other studies have shown that grinding can lead to 34 

scratched and tore surface [9] probably caused by free abrasive grains, pulled off the grinding 35 

wheel, in the grinding interface [10–12] or very high workpiece speeds [9]. Moreover, 36 

grinding of hardened steel leads to tensile residual stress results at the surface and even 37 

beneath it [13,14] that are known to be bad for fatigue resistance [15–19]. Burnishing process 38 

is often launched after grinding to fix workpiece deteriorations caused by this 39 

thermomechanical abrasive process [20,21]. 40 

Burnishing is a purely mechanical process capable of improving surface roughness by 41 

pushing into the valleys the microscopic peaks left by the cutting tool on metals by applying a 42 

pressure through a burnishing ball or roller. The surface obtained after burnishing has a 43 

mirror like finish and is smoother [22–25] and harder [26–30]. Fatigue resistance of 44 

mechanical components exposed to cyclic loads is enhanced too [31–35], thanks to the 45 
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appearance of compressive residual stresses [36,37]. These compressive residual stress results 46 

[38] reduce drastically the tensile stress values responsible for the emergence of the cracks 47 

and their propagation which enhances fatigue strength. Further, the plastic deformation [39] 48 

imposed by the pressure leads to strain hardening which has an impact on the workpiece 49 

microstructure [40,41] by refining the material grains beneath the surface [42]. 50 

Combining simultaneously grinding with ball-burnishing is a newly developed 51 

technique. It consists in grinding and burnishing performing together by placing the 52 

burnishing tool on the grinding machine and taking advantages of thermo-mechanical history 53 

of the workpiece initiated by the temperature changes occurring while grinding [43,44]. This 54 

hybrid manufacturing process ensures obtaining a better surface quality and durability while 55 

reducing manufacturing energy and time if compared to grinding and burnishing acting 56 

separately. 57 

REGAL (French abbreviation of the combined Grinding Ball-burnishing process) is a 58 

promising process since it can enhance surface integrity like the combined turning/burnishing 59 

process in terms of surface roughness [45,46], hardness [45,47] and compressive residual 60 

stresses obtained on the top surface and subsurface [48]. Such surface integrity improvement 61 

increases wear resistance and fatigue life of workpiece. One of the main advantages of this 62 

simultaneous grinding/ball-burnishing process is the increase of the affected depth by 63 

compressive residual stresses compared to ordinary burnishing process. 64 

The aim of this paper is to present an exploratory research study of the effectiveness of 65 

the newly developed technique combining grinding with ball-burnishing process. Researches 66 

are carried out by both experimentations and 3D FEM simulations using 67 

ABAQUS™/Standard.  68 

2. Materials and experimental set-up 69 

2.1. Materials 70 

The workpiece material considered is the AISI 4140 and its chemical composition and 71 

thermo-mechanical behavior properties are resumed subsequently in Table 1 and Table 2. 72 

The burnishing ball is made of ceramic and is considered rigid for the rest of the study since 73 

its hardness is equal to 75HRC which is more important than the workpiece hardness, equal 74 

to 46HRC. 75 

Table 1. Chemical compositions of AISI 4140. 76 

Components C Si Mn P S Cr Mo 

Percent (%) 0.41 0.39 0.72 0.025 0.035 1.12 0.27 

Table 2. AISI 4140 thermo-mechanical properties. 77 

Young modulus [MPa] 210,000 

Poisson’s ratio υ 0.3 

Density [Kg.m-3] 7800 

Thermal conductivity [mW.mm-1.K-1] 46 

Specific heat [mJ.t-1.K-1 ] 477,000,000 

Heat change coefficient [W.m-².K-1 ] 10
5
 

2.2. Experimental set-up 78 

The grinding machine used in this study is the ERNAULT-SOMUA FU-500 plane 79 

grinder and the burnishing tool used is a hydrostatic Ecoroll HG13 ball-burnishing tool. To 80 
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make possible the combined grinding and ball-burnishing processes simultaneously, the ball 81 

burnishing tool is clamped to the grinding machine head using an aluminum fixing plate 82 

(Figure 1). This plate replaces the actual cover of the grinding machine head and it is 83 

designed and manufactured to suit the grinding machine used in this study.  84 

The fixing plate is placed on the grinding machine using its two existing nuts and the two 85 

clamps on both sides of the grinding machine to guarantee the stiffness of the fixing system 86 

on the grinder head. Moreover, the ball-burnishing tool Ecoroll HG13 is placed in the center 87 

of the aluminum plate and fastened to it using two U clamps and four nuts and bolts (Figure 88 

1(b)). To ensure grinding and burnishing simultaneously, the ball-burnishing tool is placed 89 

vertically in a plane parallel to the grinding wheel disk plane (Figure 1(b)). Further, centers of 90 

the contact areas of the grinding wheel and the burnishing ball with the workpiece are in a 91 

plane orthogonal to the manufactured workpiece surface containing the wheel center (Figure 92 

1(b)). The “following system” existing in Ecoroll ball burnishing tools guarantees the ball to 93 

be always in contact with the ground workpiece.  94 

The performance of grinding and burnishing simultaneously occur when the workpiece is 95 

placed under the grinding wheel and the ball-burnishing tool at the same time. The workpiece 96 

is then moved forwards and backwards according to a precise cross feed f and at workpiece 97 

speed Vw. The grinding machine table is equipped with a KISTLER 9257A force 98 

dynamometer to register the resulting forces. 99 

 100 

 101 

 102 
 (a) (b) 103 

Figure 1. (a) Combined grinding/ball-burnishing setup; (b) SOLIDWORKS CAD front and 104 

side views of the burnishing tool assembly. 105 

The abrasive tool is a type 1 CBN Wendt Boart grinding wheel 250-10-3-B126-RXJ75-106 

76.2. The main dimensions are 250 mm in diameter (D�), 10 mm in width (b) and 3 mm CBN 107 

layer. The burnishing tool used is a hydrostatic Ecoroll HG13 with a ceramic 13 mm diameter 108 

burnishing ball controlled using an Ecoroll hydraulic pump supplier (Figure 1(a)). The 109 

workpieces are extracted and manufactured from an AISI 4140 bar. The dimensions are 15 110 

mm in width, 50 mm in length and a height of 50 mm. 111 

2.3. Process conditions 112 

The combined grinding/ball-burnishing process conditions are conducted for a workpiece 113 

speed of 250 mm.s-1. The other grinding process conditions considered in this study are 114 

shown in Table 3 and the other ball-burnishing process conditions are cited in Table 4. P 115 

is the set hydraulic pressure supplied by the Ecoroll pump (Figure 1(a)). 116 
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 117 

Table 3. Grinding conditions. 118 

Peripheral wheel speed �� [m.s-1] 37.5 

Depth of cut ap [µm] 50 

Workpiece speed Vw [mm.s-1] 250 

Table 4. Ball-burnishing conditions. 119 

Burnishing ball diameter db [mm] 13 

Pressure P [MPa] 30 

Workpiece speed Vw [mm.s-1] 250 

Cross feed f [��] 1 

3. Modelling and simulation 120 

3.1. Modelling of grinding process 121 

 122 

Grinding normal and tangential mechanical forces values are very low and the grinding 123 

cutting speeds are very high as compared to other material removing processes such as 124 

turning, milling and so on. Nevertheless, grinding power is high due to high grinding speed 125 

and it is assumed that all this power is converted as heat [2,6,49]. A fraction of this heat 126 

energy goes into the workpiece and involves thermomechanical phenomena because of the 127 

loading type, and the strain resulting from the thermal expansion. The rest of energy is 128 

dissipated trough out grinding micro-chips and environment. 129 

The grinding process is modeled as a moving heat source representing the action of the 130 

abrasive wheel on the workpiece surface (Figure 2). To quantify the input power, it is 131 

assumed that all the grinding power is sooner or later converted as heat in the manufacturing 132 

area [2,6,49]. Between 65% and 85% of the generated thermal power enter into the 133 

workpiece as heat [49–53]. Furthermore, many researchers demonstrated that the heat flux 134 

distribution in the grinding area is linearly arranged [43,54]. It is then said that the heat flux is 135 

modelled by a triangular moving heat flux [55] along the specimen’s surface (Figure 2). 136 

 137 
Figure 2.Triangular heat flux distribution. 138 

In this paper the linear heat flux density is computed using Equation 1 as a function of 139 

the contact length 
� (Equation 2), the thermal power �
 entering into the workpiece, the 140 

active grinding wheel width b, and the curvilinear abscissa Y [43]. The thermal power �
 141 

(Equation 3) is as well depending on the grinding tangential force ��, the grinding wheel 142 

velocity Vs and the fraction ε of the total energy generated that really goes into the 143 

workpiece. In this paper, ε is taken equal to 75% [49]. 144 
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q
w

(Y)=
2.Pw

b.lc
2

.Y; Y∈[0,lc] (1)

The contact between the grinding wheel and the workpiece (Figure 2) is defined by an arc 145 

circle. The length of this arc is defined as the grinding contact length lc (Equation 2). 146 

lc=�ap.Ds  (2)

The thermal power Pw (Equation 3) entering the workpiece is the fraction ε of the total 147 

mechanical power generated in the grinding interface. Total mechanical power is the dot 148 

product of the grinding force vector by the speed vector that is finally equal to the product of 149 

the tangential force component Ft and the peripheral grinding wheel speed Vs. 150 

Pw=ℰ.Ft.Vs (3)

The grinding tangential force can be modeled as a function of the equivalent chip thickness 151 ℎ�� considered for the contact surface between the grinding wheel and the workpiece 152 

(Equation 4) [43]. 153 

Ft=20.b.�heq�0.615
 (4)

Where: 154 

heq= ap.
Vw

Vs

 (5)

With Equations 1 to 5, it is possible to compute grinding heat flux density that goes into 155 

the workpiece (Table 5) for different workpiece speed values and according to the grinding 156 

conditions cited in Table 3. 157 

Table 5. Data used to calculate the heat flux densities for different workpiece speed 158 

values. 159 

 160 

 161 

 162 

 163 

 164 

 165 

 166 

The heat flux trajectory for numerical simulations of the grinding process are represented in 167 

Figure 3. The cross-feed f (Figure 3) is imposed by the ball-burnishing process. 168 

 169 

Vw[mm.s-1] 2.Pw

b.lc
2 [W.mm-3]  

100 24.3 

200 37.26 

250 42.74 

300 47.81 

400 57.1 

500 65.46 
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 170 
Figure 3. 3D model of step-cross grinding process. 171 

3.2. Ball-burnishing process modelling approaches 172 

The burnishing process can be modelled using two different manners. The first approach 173 

consists in using the burnishing force when using the hydrostatic Ecoroll system used in this 174 

study (Figure 4(a)). The ball-burnishing force is calculated from the hydraulic pressure P 175 

(Figure 4(b)) that is assumed applied on the upper half sphere of the burnishing ball, 176 

Equation 6. The other approach consists in applying to the ball the involved vertical 177 

displacement δ (Figure 4(a)) resulting from the burnishing force.  178 

 179 

Fb=П Rball
2  P (6)

 180 

Where: R!"## is the burnishing ball radius. 181 

 182 

In the case of the second approach, many research papers, modelled the ball-burnishing 183 

process using a burnishing ball controlled by a vertical displacement corresponding to the 184 

indentation depth δ (Figure 4(a)) [56, 57] calculated thanks to Hertz theory of contact 185 

considered between two elastic solids (Figure 5). The Hertz theory of contact is only valid in 186 

the elastic domain whereas burnishing process reaches the plastic domain. For this reason, to 187 

study the relevance of using Hertz theory of contact, the calculated value of the vertical 188 

displacement δ is compared to the numerical one obtained after indentation taking into 189 

account the work hardening. 190 

 191 

The computed ball-burnishing force using Equation 6 is different from the real force 192 

applied on the 13 mm burnishing ball found experimentally for a set hydraulic pressure P of 193 

30 MPa. This experimental ball-burnishing force measured by a KISTLER 9257A force 194 

dynamometer is 25% lower than the calculated force. This can be due to the pressure loss 195 

occurring in the gap between the ball and the burnishing tool socket (Figure 4(b)). Then, a 196 

new relationship between the calculated and experimental ball-burnishing force is expressed 197 

in Equation 7 and is in accordance with literature results [58].  198 

Fb, exp= 3
4  Fb (7)

The indentation numerical simulation is then launched using the experimental ball-199 

burnishing force of 2986 N found using Equation 7. The indentation simulation using the 200 

experimental burnishing force permits to compare not only the penetration depth δ but also 201 

other contact parameters given by Hertz theory of contact. 202 

 203 
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  204 
 (a) (b) 205 

Figure 4. Ball-burnishing model for (a) an applied ball-burnishing force Fb or an applied 206 

vertical displacement δ; (b) Illustration of the burnishing ball and ball retainer. 207 

From Hertz elastic theory between a rigid sphere and a half-space (Figure 5) it is also 208 

possible to estimate the contact characteristics between the burnishing ball and the 209 

workpiece. One of them is the maximum contact pressure P0 (Equation 8) between the 210 

burnishing ball and the workpiece when ball-burnishing force Fb is applied. Another one is 211 

the contact area and the last one is the indentation distance δ of the ball in the part calculated 212 

using Equation 9. 213 

 214 
Figure 5. Illustration of Hertz elastic theory of contact. 215 

The circular contact area diameter 2a is calculated using Equation 10, knowing that E∗ 216 

(Equation 11) is the effective modulus, and R is the effective radius (Equation 12). 217 

P0=
3 Fb

2 П a2
 (8)

δ=
a2

Rball

 (9)

2a= 2 *3 Fb R

4E*
+

1
3

 (10)

E*= ,1-υworkpiece
2

Eworkpiece

+
1-υball

2

Eball

-
-1

 (11)

1

R
= , 1

Rworkpiece

+
1

Rball

- (12)

The contact material properties of the workpiece and the burnishing ball used in this 218 

study are cited in Table 6.  219 
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Table 6. Mechanical and geometric properties related to Hertzian contact 220 

calculation. 221 

Eworkpiece 

[MPa] 

Eball 

[MPa] 

υworkpiece υball E
* 

[MPa] 

Rworkpiece 

[mm] 

Rball 

[mm] 

R 

[mm] 

210,000 315,000 0.3 0.26 137,111 ∞ 6.5 6.5 

 222 

The calculated Hertzian parameters for a pressure value of 30 MPa are presented in Table 7. 223 

Table 7. Calculated Hertzian parameters for an applied hydraulic pressure of 30 224 

MPa. 225 

P [MPa] Fb [N] 2a [mm] P0 [MPa] δ [mm] 

30 3,982 1.04 6,999 0.042 

 226 

The maximum indentation depth δ obtained numerically in Figure 6(a) is equal to 227 

0.029 mm and is 15% lower than the calculated value using Hertz theory of contact that is 228 

equal to 0.034 mm. In addition, the contact area diameter 2a found numerically in Figure 6(b) 229 

is equal to the calculated Hertzian value given in Table 8 and equal to 0.95 mm. In the other 230 

hand, Hertz theory of contact maximizes the contact pressure results P0 equal to 6359 MPa 231 

calculated using Equation 8 as it is equal to 2456 MPa for the numerical simulations of 232 

indentation in Figure 7(a) and Figure 7(b). This difference can be explained by the fact that 233 

Hertz theory of contact is only valid in the elastic contact hypothesis and does not take into 234 

consideration the plastic deformation occurring. 235 

From this comparative study, it is clear that the determination of the penetration depth δ 236 

by Hertz theory of contact is a poor approximation to simulate the burnishing process since it 237 

is overestimated by 15%. Using such penetration depth δ in burnishing process simulations 238 

involve an overestimation of the residual stress results obtained by burnishing. 239 

To avoid further singularities related to the use of Hertz elastic theory of contact, the 240 

numerical simulations of the ball-burnishing process in this work are conducted using the 241 

experimental ball-burnishing force Fb, exp instead of using the depth of penetration calculated 242 

using Hertz theory of elastic contact. 243 

 244 

 245 
 (a) (b) 246 

Figure 6. Numerical results of indentation using Fb, exp: (a) Indentation depth δ; (b) circular 247 

contact area diameter between the burnishing ball and the workpiece. 248 
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 249 

 250 
 (a) (b) 251 

Figure 7. (a) Numerical hydrostatic pressure results after indentation; (b) Hydrostatic 252 

pressure curve along X-axis. 253 

Table 8. Calculated Hertzian parameters versus numerical results after indentation 254 

for an applied ball-burnishing force of 2986 N. 255 

 Fb, exp [N] δ [mm] 2a [mm] P0 [MPa] 

Hertz theory 2,986 0.034 0.95 6,359 

FEM Analysis 2,986 0.029 0.95 2,456 

 256 

3.3. Adopted approach for modelling ball-burnishing process 257 

In the previous section, it has been demonstrated that using Hertz elastic theory of 258 

contact is not adequate for the burnishing process since it does not take into account the work 259 

hardening occurring while burnishing. The best way to model burnishing process is either to 260 

launch an indentation study using the experimental burnishing force and taking into 261 

consideration plasticity and then simulate the burnishing process using the value of the 262 

vertical displacement found numerically or directly simulate the burnishing process using the 263 

experimental burnishing force. In this study, the burnishing simulation adopted is using an 264 

applied experimental burnishing force to avoid supplementary time by using two simulations 265 

instead of one. 266 

The ball-burnishing process is modeled by a rigid ball rolling on the workpiece surface at 267 

the workpiece velocity Vw and on which an experimental burnishing force Fb,exp  is applied at 268 

its center (Figure 8). 269 

 270 
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Figure 8. Ball-burnishing model. 271 

3.4. Modelling of combined grinding/ball-burnishing process 272 

The combined grinding/ball-burnishing process model consists in placing the burnishing 273 

ball next to the triangular heat flux. The burnishing ball and the heat flux move forwards and 274 

backwards along a predefined path and at the same speed equal to the workpiece speed Vw 275 

(Figure 3 and Figure 9). 276 

 277 
Figure 9. Combined grinding/ball-burnishing model. 278 

The 3D model of combined grinding/ball-burnishing is considered thanks to the software 279 

ABAQUS™/Standard. The implicit method of calculation is then chosen to simulate 280 

especially material spring back in order to obtain the simulated residual stress. 281 

Only a part of the experimental specimen with the dimensions of 40x10x5 mm3 (Figure 282 

9) was considered in the numerical simulation in order to optimize the geometrical model and 283 

to reduce simulations time. The workpiece is considered deformable with a Johnson-Cook 284 

elasto-plastic constitutive law and is fixed at its bottom. 285 

The Johnson-cook parameters used in this study for the AISI 4140 are in Table 9. 286 

Table 9. Johnson-cook parameters for the AISI 4140 [59]. 287 

A[MPa] B[MPa] n m 

595 580 0.133 1.03 

 288 

Where: A is the yield stress (MPa), B the hardening modulus (MPa), n is the work 289 

hardening exponent and m the thermal softening coefficient. 290 
 291 

Grinding is modeled by a moving heat flux along the workpiece surface following a step-292 

cross path (Figure 3). The shape distribution of the heat flux is considered triangular in the 293 

grinding working interface where the initial workpiece temperature is 20°C and the 294 

convective heat exchange coefficient is equal to 10
5
 W.m-².K-1. Whereas, the ball-burnishing 295 

process is modeled by a rigid ball free to rotate along the workpiece surface with an imposed 296 

vertical force (along Z direction) applied to its center (Figure 9) and calculated using 297 

Equation 7. The value of the ball-burnishing force applied to the burnishing ball considered 298 

for the ball-burnishing conditions presented in Table 4 equal to 2986 N is validated thanks to 299 

the normal experimental force obtained in the stabilized zone (Figure 10(b)). 300 

 301 
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The simulation of the ball-burnishing process is composed of three steps: indentation, 302 

rolling and disengagement. The ball-burnishing boundary conditions vary according to the 303 

actual step used along the study and are summarized in Table 10. 304 

Table 10. Boundary conditions of the burnishing ball. 305 

Step U1 U2 U3 UR1 UR2 UR3 Force 

Indentation 0 0 free 0 0 0 Fb, exp  

Rolling * * free free free free Fb, exp 

Disengagement 0 0 2 mm 0 0 0 0 

* depends on the actual position of the ball along X and Y directions according to the predefined trajectory. 306 

 307 
 (a) (b) 308 

Figure 10. (a) Experimental ball-burnishing tangential force results; (b) Experimental 309 

ball-burnishing normal force results. 310 

In order to estimate the right numerical coulomb friction coefficient proper to the ball-311 

burnishing process, finite element residual stress results obtained for different friction 312 

coefficient are compared to the experimental residual stress results. The dynamic friction 313 

force Ft is composed of an adhesive force Ft,a and a force related to the plastic deformation 314 

Ft,d given by the Equation 13 [60]. 315 

Ft=Ft,a+Ft,d=(µ
a
+µ

d
)Fn (13)

Where:  µ
a
is the adhesive friction coefficient and µ

d
 is the deformation friction 316 

coefficient. 317 

The ABAQUS software permits introducing the Coulomb friction coefficient proper to 318 

purely friction. The Coulomb friction law becomes a poor approximation since there is an 319 

adhesive friction that needs to be considered. The friction coefficient obtained experimentally 320 μ�/0 includes the adhesive μ1 and deformation friction coefficient μ2 expressed in 321 

Equation 14. Therefore, from the numerical simulation it is possible to guess the adhesive 322 

coefficient by inserting the right coulomb friction value. To determine the adhesive 323 
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coefficient, the coulomb friction coefficient is changed until obtaining similar experimental 324 

and numerical residual stress curves. 325 

μ�/0= 34
35=(μ1 + μ2) (14)

Considering the experimental ball-burnishing force results given in Figure 10(a) and 326 

Figure 10(b), the calculated force ratio between the tangential ball-burnishing force Ft and the 327 

normal ball-burnishing force Fn mean values is equal to 0.06 which is the experimental value 328 

of the friction coefficient calculated in the stabilized zone. 329 

 330 

Combined grinding/ball-burnishing is a thermo-mechanical study so the mesh considered 331 

is type C3D8T. A refined mesh is adopted for a part of the workpiece (3x10x5 mm3) which is 332 

the interest zone presented in Figure 11. This precision of the mesh was chosen to see clearly 333 

the impact of this newly developed technique beneath the workpiece surface and reduce the 334 

calculation time by not considering a refined mesh for the total workpiece. 335 

 A study of mesh convergence of the workpiece was launched where different mesh sizes 336 

were considered (Figure 11). The choice of the adequate workpiece mesh was adopted based 337 

on two criteria. First criterion is that the mesh size along X-axis has to be lower than the cross 338 

feed f (1 mm) and the mesh size according to Y-axis has to be lower than the contact length 339 

between the workpiece and the grinding wheel lc (3.5 mm) and at the same time lower than 340 

the contact area diameter between the burnishing ball and the workpiece 2a (0.95 mm). The 341 

second criterion is the report CPU time (Table 11). 342 

 343 

  344 
Figure 11. Different workpiece mesh: (a) coarse mesh; (b) normal mesh; (c) optimal mesh; 345 

(d) very fine mesh. 346 

Table 11. Mesh strategy versus CPU time. 347 

Mesh strategy Illustration CPU time 

Coarse mesh size in the 

interest zone 

Figure 11(a) 1 day 

Normal mesh size in the 

interest zone 

Figure 11(b) 3 days 
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Finer mesh size in the 

interest zone 

Figure 11(c) 1 week 

Very fine mesh size in the 

interest zone 

Figure 11(d) More than 2 weeks 

 The mesh strategy adopted in Figure 11(a) does not obey to the first criterion and the 348 

mesh strategy adopted in Figure 11(b) gave results with a lack of precision if compared to 349 

results obtained for the mesh strategy in Figure 11(c) and Figure 11(d). Further, no noticeable 350 

changes in the output data are registered between the mesh strategy in Figure 11(c) and 351 

Figure 11(d) except time CPU that is higher (Table 11). 352 

Since the precision of the results given by workpiece mesh in Figure 11(c) and Figure 353 

11(d) are close, the adopted mesh in this study is the one illustrated the in Figure 11(c) with a 354 

total of 26,962 elements and 30,058 nodes (Figure 12). This chosen mesh strategy permits to 355 

gain in simulation time and ensures convergence of the model. 356 

 357 
Figure 12. Adopted workpiece mesh. 358 

3.5. Results 359 

Simultaneous combined grinding/ball-burnishing consists in burnishing a pre-heated 360 

surface by the grinding process. The effect of grinding temperature results is studied 361 

numerically for different workpiece speeds V8 and cross feed values f (Figure 13 and Figure 362 

14). The purpose behind this study is to maximize temperature results reached at the surface 363 

and beneath it while burnishing. The temperature results according to the depth of the 364 

workpiece are studied to optimize the grinding temperatures and choose the adequate 365 

grinding parameters to consider in the combined grinding/ball-burnishing process. 366 

 367 
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 368 
 369 

Figure 13. Effect of the workpiece speed on the numerical grinding temperature results along 370 

the workpiece depth for a cross feed of f=0.25 mm. 371 

 The highest temperature result at the workpiece surface is obtained for 372 

Vw=500 mm.9:; and is equal to 565°C and the lowest equal to 295°C is obtained for 373 

Vw=100 mm.9:; shown (Figure 13). The temperature of the workpiece surface increases 374 

when the workpiece speed increases. The more the workpiece speed increases, the more the 375 

heat flux density values increase, the more the temperature obtained at the surface are high. 376 

Regardless of the cross-feed variations, the same heat flux densities ae obtained since the 377 

cutting parameters (ap,Vw,Vs) and the contact length lc didn’t change. When the cross-feed 378 

increases, the contact surface Sc=f.lc increases which leads to higher thermal power entering 379 

the workpiece which explains obtaining higher temperature results. As the surface of contact 380 

between the heat flux and the workpiece is the greatest for a cross-feed f=1 mm, the 381 

maximum temperature of about 470°C is then reached at the top surface (Figure 14). 382 

 383 
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 384 
Figure 14. Effect of the cross feed on the numerical grinding temperature results along the 385 

workpiece depth for Vw=250 ��. 9−1 and q
w

(Y)=42.74. = >. ��:?. 386 

 387 

The grinding heat flux affects not only the workpiece surface, but heat generated also 388 

diffuses in the workpiece core, and leads to high temperature gradients up to different 389 

workpiece depths (Figure 13 and Figure 14). The temperature values reach 150°C at a depth 390 

of 0.4 mm of the workpiece for a cross-feed of 1 mm and Vw=250 mm.s-1 (Figure 14). 391 

For the following numerical and experimental study of the combined grinding/ball-392 

burnishing process, the experiments are launched at a workpiece speed of Vw=250 mm.s-1 393 

and a cross feed of f=1 mm where high temperature values are reached while grinding. 394 

 395 

After grinding, tensile residual stress are obtained in the grinding direction S22 and 396 

perpendicular to grinding direction S11 (Figure 15). These tensile residual stress results are 397 

known to be bad for the workpiece lifetime, wear and corrosion resistance since they are 398 

responsible for the emergence and propagation of fatigue cracks [61]. 399 

 400 
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 401 

Figure 15. Numerical grinding residual stress results along the workpiece depth for a cross 402 

feed of f= 1 mm, Vw=250 mm.s-1 and q8(Y) = 42.74 = >. ��:?. 403 

The modelling approach adopted for the ball-burnishing process has an impact on the 404 

residual stress obtained. As mentioned earlier in the modelling of ball-burnishing process 405 

section 3.2, two ways of modelling the ball-burnishing process are possible either applying a 406 

vertical displacement δ=0.034 mm calculated using Hertz theory of contact or applying the 407 

experimental value of the ball-burnishing force Fb, exp =2986 N to the burnishing ball 408 

(Table 8). When comparing numerical residual stress obtained for those two types of 409 

modelling it is clear that there is a significant difference. The residual stress results are more 410 

compressive in the burnishing direction S22 for the imposed δ compared to the residual stress 411 

results obtained for an imposed ball-burnishing force (Figure 16). These compressive residual 412 

stress results in the burnishing direction S22 reach a value of -257 MPa at the surface and a 413 

maximum compressive value of -578 MPa at a 0.3 mm depth whereas the maximum value of 414 

the compressive residual stress result obtained when a ball-burnishing force is applied are 415 

equal to -147 MPa obtained at the top surface (Figure 16). Residual stress computed in the 416 

perpendicular to burnishing direction S11 are more compressive at the surface equal to -693 417 

MPa when applying a ball-burnishing force, as they are equal to -412 MPa when imposing a 418 

vertical displacement to the burnishing ball (Figure 17). Moreover, the compressive residual 419 

stress layer reaches a more important depth equal to 0.65 mm when imposing a vertical 420 

displacement δ than when applying a ball-burnishing force with an affected depth of 0.5 mm 421 

(Figure 16). This can be explained by the fact that the indentation depth δ considered as 422 

vertical displacement calculated with Hertz theory of contact equal to 0.034 mm is higher 423 

than the indentation depth found numerically when imposing a ball-burnishing force equal to 424 

0.029 mm (Figure 6(a)). Thus, higher indentation depth leads to higher compressive residual 425 

stress results at a more important workpiece depth. 426 

 427 
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Figure 16. Numerical ball-burnishing residual stress results in the burnishing direction S22 428 

along the workpiece depth for an applied vertical displacement δ=0.034 mm and a numerical 429 

ball-burnishing force Fb, exp=2986 N for µ=0.06. 430 

 431 

Figure 17. Numerical ball-burnishing residual stress results perpendicular to burnishing 432 

direction S11 along the workpiece depth for an applied vertical displacement δ=0.034 mm 433 

and a numerical ball-burnishing force Fb, exp=2986 N for µ=0.06. 434 

 435 

Residual stress results obtained experimentally for the combined grinding/ball-436 

burnishing process are compared to the numerical results obtained for both modelling 437 

approaches used to model the ball-burnishing process (Figure 18 and Figure 19). Residual 438 

stress results are more compressive at the top surface when numerical vertical displacement is 439 

adopted. These residual stresses can reach a value of -863 MPa in the perpendicular to 440 

grinding and burnishing direction S11 (Figure 18) and -311 MPa in the grinding and 441 

burnishing direction S22 (Figure 19). But residual stress profile at the top surface and beneath 442 

it for S11 and S22 when applying a ball-burnishing force are closer to the experimental 443 

results of the combined grinding/ball-burnishing. This led to the use of the imposed ball-444 

burnishing force for the numerical simulation of ball-burnishing in the combined 445 

grinding/ball-burnishing process. 446 

 447 

 448 
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 449 

Figure 18. Comparison between experimental and numerical REGAL residual stress results 450 

S11 (perpendicular to burnishing and grinding direction) using an applied vertical 451 

displacement δ=0.034 mm and a numerical ball-burnishing force Fb, exp=2986 N and µ=0.06.   452 

 453 

Figure 19. Comparison between experimental and numerical REGAL residual stress results 454 

S22 (in the burnishing and grinding direction) using an applied vertical displacement 455 

δ=0.034 mm and a numerical ball-burnishing force Fb, exp=2986 N and µ=0.06.   456 
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Different Coulomb friction coefficient values of μ=0.03, 0.04, 0.05 and 0.06 where 457 

considered in the numerical simulation of the REGAL process using an imposed 458 

experimental ball-burnishing force applied to the burnishing ball modelling approach. 459 

Residual stress results obtained numerically in the grinding and burnishing direction 460 

(S22) and perpendicular to them (S11) are compressive and in agreement qualitatively with 461 

the experimental curve obtained for the same operating conditions (Figure 20 and Figure 21). 462 

Furthermore, the same affected depth by the combined grinding/ball-burnishing equal to 463 

2.7 mm is obtained numerically and experimentally (Figure 20 and Figure 21). Maximum 464 

compressive residual stress results are obtained at the surface and decrease gradually beneath 465 

it according to the perpendicular direction to grinding and burnishing S11 (Figure 20). 466 

Whereas in the grinding and burnishing direction S22, the compressive residual stress results 467 

increase gradually in the subsurface until reaching a certain depth equal to 0.35 mm (Figure 468 

21). 469 

Residual stress profiles obtained numerically for several friction coefficients are 470 

perfectly superimposed on each other in the direction that is perpendicular to burnishing S11 471 

(Figure 20). Residual stress profiles in the grinding and burnishing direction S22 are slightly 472 

different for the four different friction coefficients and only for the first 0.75 mm depth of the 473 

specimen (Figure 21). These curves deviations are compared to experimental residual stress 474 

profiles (Figure 20 and Figure 21). At the surface, the residual stress results in the burnishing 475 

direction S22 for the friction coefficient values of 0.04, 0.05 and 0.06 are equal to -197 MPa. 476 

However, for a friction coefficient of 0.03, the residual stress value at the surface is equal to 477 

the experimental value of -218 MPa. Knowing that the force ratio between the tangential 478 

force Ft and the normal force Fn (Figure 10) is equal to 0.06. The approximation of the 479 

adhesive coefficient is then possible using Equation 14. Thanks to the adequacy between the 480 

experimental and numerical curve obtained for a friction coefficient of 0.03, the adhesive 481 

coefficient is then equal to 0.03. 482 

 483 

 484 

 485 

 486 

Figure 20. Comparison between numerical and experimental REGAL residual stress results 487 

S11 (perpendicular to the grinding/ball-burnishing direction) along the workpice depth for 488 

different friction coefficient values, a cross feed of  f=1 mm, Vw=250 mm.s-1and 489 

Fb, exp=2986 N. 490 
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 491 

 492 

 493 

Figure 21. Comparison between experimental and numerical  REGAL residual stress results 494 

S22 (in the grinding/ball-burnishing direction) along the workpiece depth for different 495 

friction coefficient values, a cross feed of f=1 mm, Vw=250 mm.s-1 and Fb, exp=2986 N. 496 

In order to analyze the effect of the newly developed technique involving grinding and 497 

ball-burnishing acting simultaneously, the residual stress results obtained by FE simulations 498 

are compared to those obtained numerically for grinding and ball-burnishing acting 499 

separately (Figure 22 and Figure 23). From these figures, it is seen that combining grinding 500 

with burnishing converts the tensile residual stresses obtained after grinding into compressive 501 

ones. These tensile residual stress results are equal to 161 MPa in the grinding direction S22 502 

(Figure 23) and 62 MPa for the perpendicular to grinding direction S11 (Figure 22). The 503 

compressive residual stresses in perpendicular to grinding and burnishing direction S11 504 

obtained at the surface reach values up to -693 MPa (Figure 22) for both REGAL and ball-505 

burnishing process. On the other hand, REGAL process increases the compressive residual 506 

stresses results in the grinding and burnishing direction S22 if compared to the stress results 507 

obtained after the ball-burnishing process acting separately. Indeed, the compressive residual 508 

stress results at the surface increased from-147 MPa for the conventional ball-burnishing to -509 

218 MPa for the combined grinding/ball-burnishing process (Figure 23). This can be 510 

interpreted by the fact that more mechanical working is induced when combing grinding with 511 

ball-burnishing process. Knowing that two mechanical loadings are involved in REGAL 512 

process one related to the thermo-mechanical loading relative to the grinding wheel and the 513 

other to the force applied to the burnishing ball. 514 

The affected depth by the compressive residual stress results is more important for the 515 

combined process reaching 2.7 mm as it is only 0.5 mm for the regular ball-burnishing 516 

process (Figure 22 and Figure 23). This can be explained by the fact that in REGAL process, 517 

it seems that grinding temperature may activate for a sufficient duration a decrease of the 518 

mechanical behavior optimizing the ball-burnishing process leading to a deeper affected 519 

surface layer. The association of high temperature with high burnishing pressure leads to 520 

more mechanical working, which enhances compressive residual stress results at a more 521 

affected depth. 522 

 523 
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 524 

 525 
 526 

Figure 22. Numerical residual stress results S11 (perpendicular to the grinding/ball-527 

burnishing direction) along the workpiece depth obtained for grinding (G), burnishing (B) 528 

and combined grinding/ball-burnishing (GB). 529 

 530 

 531 

 532 
 533 

Figure 23. Numerical residual stress results S22 (in the grinding/ball-burnishing direction) 534 

along the workpiece depth obtained for grinding (G), burnishing (B) and combined 535 

grinding/ball-burnishing (GB).  536 
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To see the impact of the burnishing pressures on the residual stress state and the 537 

compressive affected depth by the combined grinding/ball-burnishing process, five different 538 

supply pressures were considered in the numerical study: 10 MPa, 22.5 MPa, 30 MPa, 32.5 539 

MPa and 35 MPa (Figure 24 and Figure 25). At the surface, the maximum compressive 540 

residual stress results are obtained for the maximum pressure of 35 MPa (Figure 24 and 541 

Figure 25) reaching a value of -934 MPa for S11 and -310 MPa for S22. Higher pressure 542 

values generate more compressive residual stress at the surface and beneath it and a more 543 

important compressive affected layer depth as reflected for the residual stress results S11 544 

(Figure 24). This would be the results of the increase in the burnishing ball penetration depth 545 

related to the increase of the ball-burnishing force applied to the rolling burnishing ball. 546 

Tensile residual stress results in the burnishing direction S22 equal to 36 MPa are 547 

obtained for a pressure of 10 MPa (Figure 25). This can be explained by the fact that this 548 

pressure might not be sufficient to convert the grinding tensile residual stress results into 549 

compressive ones. 550 

The affected depth by the combined grinding/ball-burnishing process is the same for the 551 

pressure values of 22.5 MPa, 30 MPa, 32.5 MPa and 35 MPa equal to 2.7 mm but this depth 552 

is equal to 1.75 mm for a pressure of 10 MPa (Figure 24 and Figure 25). According to these 553 

numerical results, the more the pressure increases, the more the affected depth increases but 554 

not infinitely since it is stabilized at 2.7 mm for a pressure of 22.5 MPa. 555 

 556 

 557 

 558 

Figure 24. Impact of the burnishing pressure (P) on the numerical residual stress results S11 559 

perpendicular to grinding/ball-burnishing direction along the workpiece depth. 560 

  561 
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 562 

 563 

Figure 25. Impact of the burnishing pressure (P) on the numerical residual stress results S22 564 

in the grinding/ball-burnishing direction along the workpiece depth. 565 

Higher burnishing pressures lead to more compressive residual stress results at the 566 

surface and reach a more important affected layer. This can be explained according to 567 

Revankar et al. [62] that the increase of the ball-burnishing force applied to the burnishing 568 

ball leads to an increase in the amount of plastic deformations involved and enhance the 569 

hardness of the workpiece at an important workpiece depth. 570 

Indeed, the temperature change under the ground surface and the plastic deformation 571 

occurring with ball-burnishing acting simultaneously increase the depth of the plastically 572 

deformed layer. The more the burnished depth increase the more the strain hardening 573 

increase. Since while ball-burnishing, the material is deformed at a constant volume and the 574 

surface deformation leads to its hardening which affects its subsurface by the same material 575 

strain hardening circle. 576 

The study of the effect of the pressure on the residual stress results leads to knowing that 577 

there is a certain threshold value of the pressure. Starting from this pressure value, the 578 

affected workpiece depth by the combined grinding/ball-burnishing process does not increase 579 

and is stable for the current process manufacturing conditions to 2.7 mm. 580 

Further, simultaneous grinding/ball-burnishing is a time effective process if compared to 581 

thermochemical surface treatments such as nitriding that is a time-consuming process and 582 

where the compressive residual stresses reach a depth of 0.1 mm for 36 hours of treatment 583 

process [63]. 584 

4. Conclusions 585 

In this present work, the thermal aspect of the grinding process was studied for different 586 

workpiece speeds and cross feed values to optimize its thermal effect on the combined 587 

grinding/ball-burnishing process. The ball-burnishing modelling approach based on applying 588 

an experimental ball-burnishing force to the burnishing ball is adopted in this study since the 589 

modelling approach using a vertical displacement based on Hertz theory of contact is not 590 

adequate because it over estimates the indentation depth and further the residual stresses 591 

values and profile. This ball-burnishing model chosen in this work was validated numerically 592 

and experimentally. Furthermore, the numerical study of the combined grinding/ball-593 
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burnishing process was conducted for different friction coefficient values and compared to 594 

the experimental study for validation. 595 

In addition, the comparison between combined grinding/ball-burnishing process with the 596 

grinding and ball-burnishing processes acting separately permits to see the advantages of the 597 

newly developed technique summarized as follows: 598 

• Tensile residual stress obtained after grinding process became compressive thanks to 599 

combining grinding/ball-burnishing process acting simultaneously. 600 

• Compressive residual stress results after combined grinding/ball-burnishing process are 601 

obtained in both directions and at a more important affected depth than the ball-602 

burnishing process acting separately. 603 

• Combined grinding/ball-burnishing affects a more important workpiece depth (2.7 mm) 604 

exceeding the depth obtained by thermo-chemical surface treatments.  605 

• The increase of the burnishing pressure increases the compressive residual stress results 606 

and ensures obtaining a deeper compressive layer. The affected depth is stable at a certain 607 

pressure threshold value.  608 

 609 

A thick layer of the compressive residual stress with small gradient are obtained when 610 

grinding and ball-burnishing processes are exerted simultaneously. This might improve 611 

workpiece resistance to environmental and mechanical external solicitations like severe 612 

rolling contact or slip contact. Future study will focus on investigating the impact of the 613 

burnishing pressure, the workpiece speed and the step over on the surface integrity of the 614 

simultaneously ground/burnished workpiece. 615 
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