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Abstract
This article presents the outcomes of finite element (FE) simulations and X-ray stress measurements of residual stresses in 
high-strength 2024-T3 Al alloy introduced via the single toroidal roller burnishing (STRB) process. In terms of the deform-
ing toroidal roller geometry, STRB is particularly suitable for deep rolling. A 3D FE model was developed using the flow 
stress concept, and the actual STRB kinematics was simulated to evaluate both hoop and axial residual stresses. The FE 
model was validated through a comparison of FE and X-ray residual stress distributions. The effects of the burnishing force, 
feed rate, and number of passes on the residual hoop and axial stresses were studied. It was established that increasing the 
feed rate leads to a decrease in the residual hoop stresses and an increase in the residual axial stresses. The greater burnish-
ing force increases the compressive zone depth and only slightly increases the surface residual stresses. The FE and X-ray 
stress analyses confirm the effectiveness of STRB of 2024-T3 Al alloy to introduce significant residual compressive axial 
and hoop stresses.
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List of symbols
A5  Elongation
A  Amplitude
B  Amplitude
C  Kinematic hardening modulus
D  External diameter of the toroidal deforming roller
d  Workpiece diameter
dp  Depth of penetration
E  Young’s modulus
f  Feed rate
Fb  Burnishing force
n  Number of passes
N  Number of cycles to failure
r  Radius of the toroid of the toroidal deforming 

roller
R  Cycle asymmetry coefficient
tstep  One cycle time

v  Burnishing velocity
�ij  Back-stress tensor
�̄�p  Equivalent plastic strain
�  Roller rotation angle
�  Rate of decrease in C
�  Poisson’s ratio
�(�0)  Central angles of the workpiece modeled portion
�0  Equivalent stress
�a  Stress amplitude
�ij  Stress tensor
�−1  Fatigue limit for symmetrical cycle
�u  Ultimate stress
�Y  Yield limit
�res
t

  Residual hoop stress
�res
z

  Residual axial stress
�  Angular velocity
�  Transverse contraction

Abbreviations
CNC  Computer numerical control
DR  Deep rolling
FE  Finite element
HBB  Hydrostatic ball burnishing
LPB  Low plasticity burnishing
MST  Mechanical surface treatment
RB  Roller burnishing
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SB  Slide burnishing
SRB  Single roller burnishing
STRB  Single toroidal roller burnishing

1 Introduction

High-strength aluminum alloys, including 2024-T3, are 
appropriate materials for aerospace and automotive appli-
cations because of their high strength to weight ratio, high 
fatigue resistance, corrosion resistance, and fabricability. 
In most of these applications, the fatigue is critical to the 
strength and operational safety of the metal components. The 
fatigue cracks originate and develop mainly in the surface 
layers of the elements where the highest working stresses 
occur. Therefore, the fatigue strength of a structural com-
ponent depends on the complex properties of the surface 
layers, defining its surface integrity (SI). To increase fatigue 
life, low roughness, increased microhardness, residual com-
pressive stresses, and modified microstructure in the surface 
layers are necessary. Mechanical surface treatment (MST) 
processes based on surface severe plastic deformation are 
particularly suitable to provide the desired SI in the surface 
layers. As a result, the material undergoes strain hardening.

The static MST processes, known as burnishing pro-
cesses, are appropriate for rotary elements because their 
parameters can be controlled in correlation with the desir-
able SI. Depending on the tangential contact between the 
deforming element and surface being treated, two types of 
processes exist: roller (ball) burnishing and slide burnishing 
(SB) [1]. In general, the burnishing processes with rolling 
contact have a more practical application. Using only this 
type of contact, Ecoroll classifies two types of burnishing 
processes according to the desired SI in correlation with the 
operating behavior: roller burnishing (RB) and deep roll-
ing (DR) [2]. The RB process is primarily aimed to achieve 
a smoothing effect as the roughness is reduced consider-
ably ( Ra ≤ 0.2 μm ). In the DR process, the focus is on cold 
work and the creation of compressive residual stresses in the 
surface layers, as the smoothing is an accompanying effect. 
Therefore, the DR concept is suitable for dynamically loaded 
metal components. DR leads to two positive effects: micro- 
and macro-effect [3, 4]. The micro-effect is expressed in 
the microstructure modification. The macro-effect includes 
the creation of a deep zone with useful residual compres-
sive macro-stresses in the surface and subsurface layers. 
The micro-effect of the DR process is less pronounced in 
comparison with SB, owing to the smaller equivalent plastic 
deformation of the surface layers (the thermal effect due 
to the DR process is negligibly small). This difference in 
the manifestation of the micro-effect is more pronounced 
for aluminum alloys, because of the large amount of heat 
generated by SB. Therefore, the main result of fatigue life 

enhancement in aluminum alloys via DR is a macro-effect. 
The DR process is implemented using the following basic 
methods: hydrostatic ball burnishing (HBB), low plastic-
ity burnishing (LPB), and single roller burnishing (SRB). 
Although physically, the LPB corresponds to the HBB, the 
essence of the LPB process is different. The fundamental 
goal of LPB is to create a zone of significant compressive 
residual stresses with minimum cold work and thus to mini-
mize the effect of residual stresses relaxation due to mechan-
ical or thermal overloading.

SRB is implemented with a cylindrical, conical, or toroi-
dal roller. SRB is especially suitable for the finishing of 
rotary elements owing to the following advantages: easy 
implementation on conventional and CNC lathes; a low 
value for cost/quality ratio; the need for relatively simple 
devices; the possibility for easy control of the process when 
the deforming force is applied through an elastic system. In 
terms of the role of the contact zone between the deform-
ing roller and the treated surface, the single toroidal roller 
burnishing (STRB) method is particularly suitable to imple-
ment DR. A toroidal roller is used as a deforming element. 
A principle scheme of this method is shown in Fig. 1. This 
technique can be used in automotive, aircraft, oil, gas indus-
tries, and machine construction, for treatment of external 
rotary surfaces of axles, shafts, collar pins, piston rods, valve 
stems, and other. For example, a typical application for alu-
minum shafts is for linear bearings.

As a whole, the STRB process has been studied in 
a limited number of publications [5–8]. Borkar et al. [5] 
examined the roughness and microhardness in Inconel 718 
high-strength alloy as a function of the process parameters. 
Residual stress distribution in EA4T steel railway axles, 
introduced via a DR process, was studied by Hassani-
Gangaraj et al. [6], using X-ray diffraction and hole drilling 
techniques. Dwivedi et al. [7] established that burnishing 

Fig. 1  STRB: principle scheme
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A356/5%SiC metal matrix composite specimens improve 
the tensile strength, hardness, and ductility. Focusing on 
the residual stresses, Perenda et al. [8] experimentally and, 
via dynamic explicit simulations, investigated DR of high-
strength TORKA steel torsion bars. In a 3D finite element 
(FE) model, the burnishing force was calculated using the 
measurements of the rolling pressure. A combined isotropic 
and kinematic hardening material model was used, based on 
the cyclic characteristics of the material.

The present study examines the hoop and axial residual 
stresses (Fig. 2) in high-strength 2024-T3 Al alloy intro-
duced via STRB. For a complete and realistic assessment 
of the residual stresses, a combined approach is needed, 
including FE simulations and X-ray diffraction stress analy-
sis. The experimental approach to the measurement of the 
residual macro-stresses introduced via DR is most often 
based on X-ray diffraction [9–11] and hole drilling [12–14] 
techniques. The residual stress measurement via X-ray dif-
fraction is more reliable, but this technique is too expensive 
and time-consuming. From this point of view, the numeri-
cal simulations are effective for an in-depth investigation 
of the strained and stressed state in the surface layers after 
burnishing.

Different strategies exist for building FE models of the 
burnishing processes. In 2D FE models, the interaction 
between the workpiece and deforming ball (roller) is simu-
lated under plane strain conditions. As a result, the actual 
contact of the ball/roller on the cylinder is transformed into 
a linear contact cylinder on a plane. Besides realistic bound-
ary conditions, the chosen material constitutive model in 
the FE models is crucial for reliable prediction of the resid-
ual stresses. In the burnishing processes, the surface layer 
behavior differs significantly from that of the bulk material, 
owing to the presence of large plastic deformations, techno-
logical heredity, and other effects. Therefore, the flow stress 
concept is used to define the stress–strain dependence in the 
plastic field for the surface layers [3, 15–19].

A procedure involving an instrumented indentation test 
and inverse FE analysis was performed in [16, 19, 20] to 
realistically define of the flow stress for DR simulations. 
Based on this procedure and using a 2D FE model, the 
residual stresses were investigated in AISI 1042 carbon steel 
[21] and MgCa0.8 biomaterial [22] cylindrical specimens 
subjected to HBB. Sayahi et al. developed 2D and 3D FE 
models of the HBB of cylindrical specimens using an iso-
tropic hardening material model for Ti6Al7Nb alloy [23]. 
Comparing the numerical simulation results for the residual 
stress profile with experimental data obtained via X-ray 
diffraction measurement, the authors recommend the 3D 
model. A 3D FE model of the LPB process was simulated 
with interaction between a deformable solid ball and a plate 
with rolling friction contact using a rate and temperature-
dependent material constitutive model [24–26]. However, 
the authors developed the material constitutive model dif-
ferently (with the Jonnson-Cook hardening model based on 
the bulk material [24, 25] and an indentation test using non-
linear kinematic and isotropic hardening [26]). In a similar 
strategy, Aldrine et al. [27] developed a 3D FE model for 
the investigation of the residual stresses in 2024-T351 and 
7075-T651 high-strength Al alloys plates subjected to LPB. 
The authors defined the material constitutive model with a 
bilinear tensile curve obtained for the bulk material and a 
bilinear isotropic hardening model. Balland et al. [28] devel-
oped a 3D FE model for the study of SRB (with a cylindrical 
roller) of 11SMn30 high-carbon steel cylindrical specimens. 
The authors used an anisotropic hardening material model 
based on Rastegaev-type geometry compression tests. In the 
FE model, the inversion method was used with respect to the 
actual method kinematics, and the workpiece rotation was 
transformed to the deforming roller. The proposed model 
was validated by comparing the numerical results for the 
residual axial and hoop stresses with those experimentally 
obtained via X-ray diffraction measurement. Beghini et al. 
[29] experimentally and through FE simulations investigated 
the DR of high-strength 7075-T6 aluminum alloy using a 
carbide roller tool. Focusing on the residual stress profile, a 
parametric analysis was performed with different combina-
tions of the burnishing force and feed rate.

The literary survey shows that there are no publications 
devoted to the study of the residual stresses introduced via 
the STRB process in high-strength 2024-T3 alloys. An 
exception is a study that use FE modeling based on simpli-
fied kinematics of the STRB process and optimized the axial 
residual stress distribution in cylindrical specimens made of 
this aluminum alloy [30].

The main purpose of this study is to assess the possi-
bilities of STRB to introduce both axial and hoop residual 
compressive stresses in high-strength 2024-T3 Al alloy. A 
suitable FE model of the STRB was created, and X-ray dif-
fraction stress analysis was carried out.Fig. 2  Examined residual stress components
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2  Methods of study

2.1  Finite element method

2.1.1  Aim

The prevailing view is that the useful macro-effect intro-
duced in rotational components subjected to cyclic bending 
depends primarily on the axial residual stresses. Because of 
this, in several 2D and 3D FE models, the burnishing process 
is simulated by simplified kinematics, which allows for rela-
tively reliable predictions of only the axial residual stresses 
[3, 15–22, 30]. On the other hand, the fatigue tests confirm 
that the fatigue crack front in rotating components develops 
in arbitrary directions that do not coincide with their cross 
sections. Therefore, the fatigue behavior of the components 
depends on both the axial and hoop residual stress distri-
butions. The purpose of the numerical simulations was to 
evaluate the effect of the burnishing force in correlation with 
the feed rate on the axial and hoop residual stress distribu-
tions in 2024-T3 Al alloy specimens subjected to STRB. To 
achieve this, a 3D FE model was developed, and the actual 
kinematics of the studied process was simulated.

2.1.2  Material characteristics

2.1.2.1 Deforming roller The deforming toroidal roller is 
made of hardened high-strength tool steel. The roller was 
modeled as a perfectly rigid body because its hardness is 
much higher than the workpiece surface layer.

2.1.2.2 Workpiece The chemical composition and the 
mechanical characteristics of the 2024-T3 Al alloy were 
established by us at our Testing of Metals Laboratory. In 
order to identify the type of material, Table  1 shows the 
chemical composition obtained by us as well as the chemical 
composition of 2024-T3 AA, according to ASM Aerospace 
Specification Metals Inc. The comparison shows that the 
alloy we use actually belongs to the group of high-strength 
2024-T3 alloys. The comparison shows that the alloy we use 
actually belongs to the group of high-strength 2024-T3 Al 
alloys. Using tensile tests (at room temperature) on speci-
mens with diameter d = 6 mm and base of 6d , the follow-
ing material characteristics were determined: yield strength 

�Y = 348 MPa , tensile strength �u = 501 MPa , elongation 
A5 = 10.4% , and transverse contraction � = 33%.

2.1.3  Material constitutive model of the workpiece surface 
layer

The elastic–plastic rate-independent behavior of the work-
piece modeled portion was assigned. Young’s modulus 
and Poisson’s ratio are, respectively, E = 72, 000 MPa and 
� = 0.33 . The surface layer constitutive model of the alu-
minum alloy was defined per the flow stress concept [30]. 
The flow stress model of the workpiece surface and sub-
surface layers in the plastic field was obtained as follows 
[15–17]:

where � is the flow stress, �Y is the yield limit, E is the 
Young’s modulus, �̄�p is the plastic strain, and n defines the 
strain hardening for an one-dimensional stressed state. From 
the procedure involving an instrumented indentation test and 
subsequent inverse FEM analysis, the following constants 
in Eq. (1) were obtained [30]: �Y = 310 MPa and n = 0.09 . 
On the other hand, the surface layer points are subjected 
to cyclic hardening, which leads to deformation anisotropy. 
This effect was taken into account by defining nonlinear kin-
ematic hardening:

where �0 is an equivalent stress defining the yield surface 
size, with initial size �|0 = �Y (assuming that �0 is valid for 
all possible stressed states and loading paths); �|0 is the 
equivalent stress defining the size of the yield surface at zero 
equivalent plastic strain �̄�p ; �a

ij
= �ij − �ij is the active stress 

tensor; �ij is the stress tensor; �ij is the back-stress tensor; C 
is the initial kinematic hardening modulus; � is a coefficient 
defining the rate at which the kinematic hardening modulus 
decreases as equivalent plastic strain increases.

The burnishing process causes cyclic loading in the vicin-
ity of a point on the surface of the treated workpiece. As a 
result, deformation anisotropy occurs. The latter is a result 
from arising stresses from type-II (microstresses) due to 
change of the material structure, caused by severe plastic 

(1)𝜎 = 𝜎Y

(
1 +

E

𝜎Y
�̄�p

)n

,

(2)�̇�ij =
C

𝜎0
𝜎a
ij
̇̄𝜀p − 𝛾 𝛼ij ̇̄𝜀p,

Table 1  2024-T3 aluminum alloy chemical composition

* ASM Aerospace Specification Metals Inc.

Si% Fe% Cu% Mn% Mg% Zn% Cr% Ti Other Al%

Obtained by us 0.58 0.38 3.31 0.82 1.53 0.0624 0.0365 0.13 0.12 92.031
According to  ASM* max 0.5 max 0.5 3.8–4.9 0.3–0.9 1.2–1.8 max 0.25 max 0.1 max 0.15 max 0.15 90.7–94.7
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deformation. The microstresses are described in view of 
the macro approach with symmetric tensor, known as back-
stress tensor �ij . For the surface layer of the 2024-T3 AA, 
the magnitudes of the initial kinematic hardening modu-
lus C and � coefficient are, respectively, C = 2125.84 MPa 
and � = 15.45 . These values were obtained on the basis of 
Eq. (1), using the methodology described in [31].

2.1.4  3D FE model

A 3D FE model was developed using Abaqus CAE 2018 
(Fig. 3). In accordance with the results obtained from the 
optimization of the process studied in [30], the simula-
tions were performed with the following constant geomet-
ric parameters of the toroidal roller: radius of the toroid 
r = 2 mm and outer diameter D = 26 mm . The workpiece 
diameter was d = 22 mm . The burnishing process was simu-
lated using displacement control of the deforming toroidal 
roller. A preliminary FE analysis established the interde-
penedence between the burnishing force and depth of pen-
etration. The variable parameters, according to the numerical 
simulations, are shown in Table 2.

The burnishing process was simulated to investigate the 
feed rate impact on the residual stresses with nine identical 
toroidal rollers acting on the workpiece. The rollers were 
modeled as perfectly rigid bodies and were positioned in 
the axial direction at distances equal to the corresponding 
feed rate value. The motions of each roller were identical, 

defaced in the total analysis time with a value correspond-
ing to the duration of one cycle. Because of the relatively 
small contact area (about 0.8 × 1.2 mm2 ) between the 
deforming diamond and the surface being burnished, it 
is assumed that the deforming impact is independent of 
the outer boundaries of the workpiece. The interaction of 
the unmodeled portion of the workpiece with the mod-
eled portion was taken into account by assigning an elas-
tic foundation contact with a coefficient equal to Young’s 
modulus to all surfaces except the outer cylindrical surface 
(Fig. 3). Therefore, a workpiece sector with a relatively 
small length was modeled. All simulations were performed 
with the same workpiece mesh, which was refined in the 
contact area (Fig. 3). A total of 9765 nodes and 8400 linear 
hexahedral FEs of type C3D8R were used to model the 
workpiece. A normal and tangential mechanical contact 

Fig. 3  3D FE model of STRB 
process

Table 2  Variable parameters in numerical simulations

No. Burnishing force 
Fb, N

Depth of penetration 
dp, mm

Feed rate 
f , mm/rev

1 800 0.0426 0.05
2 0.08
3 0.11
4 1200 0.07 0.05
5 0.08
6 0.11
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with a friction coefficient of 0.1 was assigned between the 
rollers and the workpiece.

In the 3D FE model, the inversion method with respect 
to the roller–workpiece system was used. As a result, 
the workpiece was stationary, and an additional angular 
velocity was applied to the rollers. For this purpose, the 
inner cylindrical surface of the workpiece was fixed in 
the radial direction. In fact, the trajectory of the center of 
the contact area between the toroidal roller and the work-
piece was a screw line with a step equal to the feed rate 
f. The toroidal roller helical motion with respect to the 
fixed workpiece was defined as three translations along 
the three axes, and one rotation about the workpiece axis 
(z-axis) was assigned to the respective Reference Points 
(Fig. 3). Because the trajectory of each Reference Point in 
the xy plane is a circle, the translations of these Reference 
Points along x- and y-axes, respectively, were set by peri-
odic time curves. The equations in parametric form (with 
time parameter t) of these curves define a central circle:

where A = B =
d

2
+

D

2
− dp is the amplitudes, � =

(�+2�0) �
tstep 180

 

is the transfer angular velocity, � and �0 (in degrees) are the 
central angles of the workpiece modeled portion (see Fig. 2), 
tstep =

A(�+2�0)
v

�

180
 is the one cycle time, and v is the burnish-

ing velocity.
The roller rotation angle around z-axis was set by a 

tabular function that is proportional to tstep with the maxi-
mum value:

The axial displacement of the toroidal roller (along the 
z-axis) is defined by a tabular function that is proportional 
to the feed rate f.

(3)xRP = B sin�t, yRP = −A + A cos�t,

(4)� =
A

0.5D
, rad

2.2  Experiment

2.2.1  Experimental setup

A special burnishing device (Fig. 4) was designed and man-
ufactured to conduct the STRB process. The device was 
adapted for machining rotating components on both con-
ventional and CNC lathes. A linear law of the burnishing 
force change Fb ranging from 400 to 1400 N was applied 
using a screw cylindrical spring. The burnishing device was 
equipped with toroidal rollers having the same maximum 
diameter ( D = 26 mm ), but with various toroidal radii.

2.2.2  X‑ray residual stress measurement

The X-ray diffraction analysis measured the surface hoop 
�res
t

 and axial �res
z

 residual stresses in the cylindrical speci-
mens with diameter d = 20 mm and length 30 mm . Different 
conditions were applied to each specimen to make a com-
parative assessment of the residual stresses. The parameters 
of the specimens according to the finishing treatment are 
shown in Table 3. The burnished specimens received the 
same feed rate and burnishing velocity f = 0.05 mm/rev and 
v = 63 m/min , respectively.

The X-ray diffraction measurements were performed at 
the Czech Technical University in Prague and carried out 
on a vertical θ/θ X’Pert PRO MPD diffractometer with a 
pin-hole collimator 0.5 × 1.0 mm2 in the primary beam. 
The specimens were positioned at the required locations by 
combining a versatile positioning system with six degrees 
of freedom with laser triangulation for precise surface 
position determination with an accuracy of approximately 
±5 μm . Since the effective penetration depth of the CrK� 
radiation into the investigated alloy was only approximately 
8 μm , a biaxial state of stress was assumed. The “sin2ψ” 
method with a least-squares fitting procedure was used to 
evaluate the {311} planes for the filtered CrK� radiation, 

Fig. 4  Special STRB device
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with the maximum at 2θ ≈ 139.5°. Diffraction profiles were 
fitted by the Pearson VII function, and lattice deforma-
tions were calculated. In the generalized Hooke’s law, the 
Winholtz and Cohen method and X-ray elastic constants 
s1 = 4.89 × 10−6 MPa−1 and 1

2
s2 = 19.05 × 10−6 MPa−1 were 

applied. Moreover, the diffraction profile corresponding to 
Al {311} planes parallel to the surface was characterized by 
the full width at half maximum (FWHM) profile parameter, 
which could be interpreted as the “degree of plastic defor-
mation”, because the diffraction profile broadening relates 
to such materials characteristics as grain size, microscopic 
residual stresses, or dislocation density, whose evolution is 
closely connected with plastic deformation. Parameters of 
the X-ray experiment were as follows: 2θ range of 134–144°, 
2θ step of 0.4°, tilt defined by sin2ψ = 0, 0.15, 0.3, 0.45, and 
0.6 of both positive and negative values of angle ψ. The 
maximum length of the irradiated area was 7 μm.

Additionally, to validate the FE model, a specimen was 
subjected to STRB with a feed rate of f = 0.05 mm/rev and 
burnishing force of Fb = 800 N , and the surface layers of 
the specimen were removed by electropolishing to measure 
the residual stress profile, according to recommendations 
given in [32].

3  FE results and discussion

3.1  Equivalent plastic strain

The FE results for the equivalent plastic strain �̄�p distribu-
tion as a function of the burnishing force Fb and feed rate f 
are shown in Fig. 5. Increasing the burnishing force leads 
to a significant increase in the equivalent plastic strain �̄�p 
in the surface layer and, to a lesser extent, the depth of the 
plastically deformed zone. For the case of Fb = 1200 N , 
compared to Fb = 800 N , the maximum equivalent plas-
tic strain �̄�p increases by ≈ 22% and the plastic zone deep-
ened by ≈ 0.25 mm . On the other hand, at a constant Fb , 
the equivalent plastic strain �̄�p decreases as the feed rate 
decreases. For all investigated variants, the maximum value 
of �̄�p is observed at a depth of ≈ 0.2 mm from the surface 
layer. The burnishing force augmentation leads to a larger 
difference between the maximum value of the equivalent 
plastic deformation and the surface equivalent plastic defor-
mation. Taking into account, the correlation between �̄�p and 
the microhardness, the maximum microhardness is likely to 
arise near the surface layer (within ≈ 0.2 mm).

3.2  Residual stresses

The FE results for the distribution of the hoop and axial 
residual stresses as a function of depth are summarized in 
Fig. 6. The following comments can be made:

• For a constant value of Fb , the feed rate f has a significant 
impact on the distribution of the hoop �res

t
 and axial �res

z
 

residual stresses on the surface and at a particular depth. 
The study revealed opposite effects for the influence of f 
on the two types of residual stresses; with increasing of 
f, the surface residual hoop stresses �res

t
 decrease, and the 

residual axial stresses �res
z

 increase in absolute value. To 
maximize the axial residual stresses �res

z
 , it is appropri-

Table 3  X-ray specimens specification

Speci-
men’s 
number

Type of finishing Roller toroid 
radius r, mm

Burnishing 
force Fb, N

Number 
of passes 
n

1 Precision turn-
ing (reference 
conditions)

– – –

2 STRB 4 800 1
3 400
4 1300
5 2 800
6 6
7 4 6

a b

Fig. 5  Equivalent plastic strain distribution
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ate to carry out the process with the maximum feed rate 
( f = 0.11 mm/rev).

• When the feed rate f is constant, the burnishing force 
Fb changes the hoop and axial residual surface stresses 
slightly. Also, Fb affects the distribution characteristics 
of the two types of residual stresses at a depth—increas-
ing Fb leads to a relatively deeper compressive zone. 
An exception is observed in the distribution of the hoop 
residual surface stresses �res

t
 when the feed rate is the 

smallest ( f = 0.05 mm/rev).

3.3  FE results validation

To validate the 3D FE model, a comparison was made 
between the FE results for the residual hoop �res

t
 and axial 

�res
z

 stress distribution and the experimentally measured dis-
tribution. X-ray diffraction stress analysis and electropolish-
ing at a depth up to 0.4 mm from the surface layer were car-
ried out. For this purpose, a cylindrical specimen of diameter 
d = 22 mm was subjected to STRB with process parameters 
in accordance with variant No. 2 from Table 2. Graphical 
visualization of the FE and experimental results for the hoop 
�res
t

 and axial �res
z

 residual stresses is shown in Fig. 7. The 
distributions of the two types of residual stresses are similar.

4  Experimental results and discussion

The X-ray diffraction analysis results for the surface axial 
�res
z

 and hoop �res
t

 residual stresses in the specimens (see 
Table 3) are shown in Fig. 8. The following comments can 
be made:

• Taking into account, the X-ray measurement error, it 
can be assumed that both types of residual stresses in 
specimen No. 1, processed only by turning (reference 
conditions), are negligibly small. Compared to specimen 
No. 1, significant compressive axial and hoop residual 
stresses were measured in the other samples treated via 
STRB. This proves the efficiency of the studied process 
in terms of the favorable macro-effect (the beneficial 
residual stresses introduced) in the 2024-T3 Al alloy.

• Regardless of the different combinations of r and Fb mag-
nitudes, the axial residual stresses �res

z
 are higher than the 

hoop �res
t

 stresses in all specimens subjected to STRB. 
This corresponds to the results obtained via the validated 
3D FE model.

• The specimens numbered 2, 3, and 4 were burnished 
with a constant value of the radius ( r = 4 mm ) but with 
varying values of the burnishing force. Taking into 

a b

c d

Fig. 6  FE residial stress distribution in a depth
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account, the X-ray diffraction technique error character-
istic ( Δ� = 2 ÷ 33 MPa ), the measured axial and hoop 
residual stresses are nearly equal and do not show a pro-
nounced dependency on the burnishing force. The axial 
residual stress was the highest in the specimen No. 4 (
�res
z

= − 411 MPa
)
 , treated with the largest burnishing 

force 
(
Fb = 1300 MPa

)
 , and the smallest—in the speci-

men No. 2 
(
�res
z

= − 386 MPa
)
 , treated with the average 

value of the burnishing force 
(
Fb = 800 MPa

)
 . The high-

est hoop residual stress was measured in specimen No. 
3 
(
�res
z

= − 189 MPa
)
 , treated with the least burnishing 

force.
• The specimens numbered 2, 5, and 6 were treated with 

a constant burnishing force ( Fb = 800 N ) but with dif-
ferent toroid radii. The resulting axial and hoop residual 
stresses in this group of specimens show that a larger radius 

increases both types of surface residual stresses in abso-
lute value—the largest axial 

(
�res
z

= − 432 MPa
)
 and hoop (

�res
z

= − 181 MPa
)
 residual stresses were measured in 

specimen No. 6, which was treated with the largest radius 
( r = 6 mm ), and the smallest residual stresses were meas-
ured in specimen No. 5, treated with the smallest radius 
( r = 2 mm).

• As in other static burnishing processes, this study included 
a roller toroid radius much larger than the feed rate values. 
As a consequence, in the direction of a generatrix from the 
workpiece cylindrical surface, the contact zones between 
the roller and the treated surface overlapped. As a result, 
even within a pass, the points from the surface layers are 
subjected to cyclic loading. For a workpiece with a specific 
material and diameter, the cyclic loading depends on the 
roller geometry, the feed rate, and the depth of penetration, 
respectively, on the burnishing force. Therefore, the dif-
ferent combinations of r and Fb cause different character-
istics of strain hardening, the effect of which is expressed 
in the distribution of the axial and circumferential residual 
stresses on the surface and a particular depth.

• The results obtained for specimen No. 7, which was treated 
as specimen No. 2 but with six passes (n = 6) , confirm 
the number of passes is a significant additional factor in 
creating a more pronounced zone with useful compressive 
residual stresses and, hence, fatigue life increasing.

5  Conclusions

FE analysis and experimental study of STRB of 2024-T3 Al 
alloy were conducted to evaluate the beneficial residual hoop 
and axial stresses. The following conclusions can be drawn:

a b

Fig. 7  Comparison of the residual stress distribution obtained via FE simulations and X-ray diffraction measurement

Fig. 8  Surface axial �res

z
 and hoop �res

t
 residual stresses
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• Using the flow stress concept, a 3D FE model was devel-
oped, and the actual STRB kinematics was simulated. 
The FE model was validated by comparing the FE results 
for hoop and axial residual stress distribution with values 
experimentally obtained via X-ray diffraction technique.

• The equivalent plastic strain in the surface layers 
increases when the feed rate increases at a constant bur-
nishing force. This trend is observed up to a depth of 
≈ 0.3 mm . The increase in burnishing force leads to an 
increase of the equivalent plastic strain in the surface 
layers.

• At a constant deforming force Fb , the feed rate f 
has an opposite effect on the surface axial residual 
stresses compared to the hoop residual stresses—in the 
f = 0.05 ÷ 0.11 mm/rev interval the increase in the feed 
rate leads to a decrease in the hoop residual stresses �res

t
 

but an increase in the magnitude of the axial stresses 
�res
z

 . For all values of the feed rate, the burnishing force 
augmentation causes an increase in the compressive zone 
depth and slight increase in the surface residual stresses.

• The X-ray stress analysis results confirm the effectiveness 
of STRB of 2024-T3 Al alloy to introduce significant sur-
face residual compressive axial and hoop stresses. It was 
proved that STRB implementation with six passes intro-
duces greater magnitudes of surface residual stresses.
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