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A B S T R A C T   

In this research, AISI 304 austenitic stainless steel was used as work material and the influence of low plasticity 
burnishing (LPB) parameters (speed, number of passes and pressure) was investigated in terms of equivalent 
strain, LPB force, strain induced α′-martensite formation, deformation wave morphology and microhardness. 
Additionally, a correlation between the formation of α′-martensite and surface topography was investigated. The 
results showed that increasing the number of passes and pressure intensifies strain, while higher speed reduces 
friction and results in lower and more evenly distributed strain. The formation of LPB-induced α′-martensite was 
analyzed in a surface layer from 0.255 μm to a maximum depth of 2 μm. The highest content of α′-martensite was 
identified near the surface and decreased with depth. Mössbauer analysis (depth of ≈0.1 μm) supported this 
result. This behavior deviates from predictive models. Increasing the LPB speed reduces the α′-martensite content 
due to the generated adiabatic heat and, in some cases, its formation is nearly inhibited (< 5 %). The increase in 
the number of passes elevates the strain and, consequently, the α′-martensite content, with a maximum value 
approximately 90 %. Furthermore, the number of LPB passes was the only parameter to produces a refined grain 
layer. The increase in pressure elevates the strain, raising the content of α′-martensite. The trend of increasing 
α′-martensite content with higher numbers of passes and pressure was also observed in the context of waviness, i. 
e., the increase in deformation that is responsible for the higher α′-martensite content also increases the surface 
waviness.   

1. Introduction 

Low plasticity burnishing (LPB), deep rolling, deep cold rolling, ball 
or roller burnishing are terms used to refer to the same group of me
chanical surface treatments that consist of plastically deforming the 
surface and subsurface of a metal or alloy, inducing compressive resid
ual stresses [1,2]. They are extensively used aiming to increase the 
service life of components subjected to fatigue owing to the easiness of 
use and lower cost compared to thermal and thermochemical treatments 
[3]. LPB is widely applied in the aerospace [4,5], medical [6,7], nuclear 
[8] and automobile industries [9]. This process employs a ball that 
plastically compresses and deforms (through the action of hydrostatic 
pressure) the surface and subsurface of the work material during the 

relative movement between the part and the ball [10]. LPB can reduce 
the surface roughness by up to 35 times [11] and increase the fatigue 
strength by more than 200 % [12]. In AISI 304 austenitic stainless steel, 
deep rolling increases the uniform and localized corrosion resistance due 
to improved surface quality, grain refinement and induction of 
compressive residual stresses [13]. The mass loss due to cavitation 
erosion is also reduced when compared with non-burnished condition 
[14]. Intensive plastic deformation induces strain hardening in AISI 304 
austenitic stainless steel and, as a result, leads to a substantial increase in 
surface hardness from 172 to 681 HV 0.1. Furthermore, deep rolling 
induces compressive residual stress near the surface, which results in 
improving the resistance to both fatigue crack nucleation and growth 
increases, thus elevating the low-cycle fatigue life in 250 % [15]. 
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The properties of the materials subjected to LPB are strongly influ
enced by the operation conditions. The published literature concerned 
with the influence of the LPB parameters on the work material proper
ties such as hardness, roughness, residual stresses, fatigue life, etc., is 
prolific. Table 1 presents selected research works that show the influ
ence of speed, number of passes and pressure/force on the LPB outcome. 
These parameters will be discussed owing to their relevance to the 
present work. 

The influence of speed on plastic deformation depends on the 
sensitivity of the material to the strain rate and, therefore, it may or may 
not be affected by speed. Sensitivity to strain rate is strongly influenced 
by temperature and, for most metals, has an almost negligible effect 
during cold deformation [25]. For this reason, the LPB speed is a 
parameter that has little or no influence on the responses material, as 
reported by Rodríguez et al. [17] and Chomienne et al. [16]. The 
reduction in the depth and intensity of residual stresses, microhardness 
and an increase in roughness observed by [18,20] attributes to the 
localized increase in temperature the possible recovery from work 
hardening at the surface of the work material, thus reducing the surface 
hardness with an increase in burning speed [19]. 

The influence of the number of passes is more evident than 
burnishing speed. In general, further increasing the number of passes 
promotes an increase in hardness and compressive residual stress [3]. 
Surface defects generated by previous machining operations are elimi
nated by the multiple passes that improve surface quality and induce the 
formation of short fatigue cracks instead of long cracks and retards crack 
propagation under cyclic loading, which explains the fatigue life 
improvement when compared to only machined components [15]. Such 
behavior can be attributed to the successive strain hardening of the 
material [21]. However, there is a tendency for saturation to a maximum 
strain limit due to the maximum deformation capacity of the material. 
Similar to burnishing pressure or force, excessive deformation can lead 
to surface and subsurface deterioration, with the inducement of cracks 
that lead to fracture [22]. 

The effect of increasing the normal burnishing pressure or normal 
force is similar to the effect of increasing the number of passes. This is 
because both parameters contribute to increase work hardening of the 
material. The result is the increase in intensity and depth of compressive 
residual stress and microhardness [2]. However, if the increase in 
pressure or normal force exceeds the ultimate strength of the material, 
cracks will be generated and lead to premature fracture [19]. The sur
face can be also deteriorated by increasing burnishing pressure [24], 
however, the roughness is always lower when compared to that gener
ated by the previous the machining operation [17]. 

In the particular case of AISI 304 austenitic stainless steel, defor
mation can involve, in addition to work hardening, the formation of 
deformation twins, phase transformation induced by deformation and 
adiabatic effect. In this context, the influence of strain rate and strain 
state is more complex [26]. It can affect the burnished workpiece in 
different ways. Muñoz-Cubillos et al. [27] observed an increase in 
roughness when the DR speed increased approximately 60 %. The au
thors also observed that an increase in the deep rolling force promoted 
an increase in hardness and a decrease in roughness. This same behavior 
was observed by Maximov et al. [28], who pointed out that there is a 
limit to the increase in the burnishing normal force, from which the 
roughness increases and the hardness intensity is reduced. The 
improvement in the mechanical properties of AISI 304 austenitic 
stainless steel through LPB is mainly attributed to the formation of a 
complex microstructure composed of a refined grain layer with defor
mation bands, deformation twins, and a high dislocation density. 
However, the formation of martensite induced by plastic deformation is 
the main phenomenon responsible for the performance of this material 
after LPB [15,27,29,30]. 

In austenitic steels, there is a predominance of the α′-martensite 
phase which nucleates as stable embryos at micro-shear bands or twin- 
fault intersections [31]. The formation of α′-martensite can contribute 

Table 1 
Survey on influence of burnishing speed, number of passes and pressure on the 
LPB outcome.  

Parameters  

Input Levels Work material Findings Ref. 

Speed 10–100 
mm/min 

15-5 PH 
stainless steel 

No significant variations 
between the values of 
residual stresses were 
found. 

[16] 

75–150 
m/min 

AISI 1045 steel No significant variations 
between the values of 
microhardness ans 
surface quality. 

[17] 

500-150 
mm/min 

Magnesium 
alloy AZ31B 

Reduction in the intensity 
and depth of compressive 
residual stresses at the 
highest simulated speed 
level along the burnishing 
direction. Increase in Ra 
and Rt values with 
increasing burnishing 
speed. 

[18] 

5–48 m/ 
min 

Aluminum and 
brass 

Increase in roughness and 
a reduction in hardness 
when speed was 
increased. 

[19] 

63–160 
m/min 

Aluminum 
alloy 6061 

Increase in Ra at speeds 
higher than 100 mm/min. 
The increase in the 
number of passes 
associated with the 
increase in speed 
impaired the surface 
quality, with Ra values 
increasing about three 
times. 

[20] 

Number of 
passes 

1–3 Mild steel Increase in microhardness 
when the number of 
passes was increased. 

[21] 

1–5 Aluminum and 
brass 

Reduction in Ra values 
and increase in 
microhardness when the 
number of passes was 
increased. 

[19] 

1–6 Aluminum and 
brass 

Reduction of surface 
roughness up to the first 
four passes, but roughness 
increased beyond this 
value. Increase in surface 
hardness with the 
increase in the number of 
burnishing tool passes. 

[22] 

2 and 4 AISI D2 steel Reduction of Ra and 
increase in microhardness 
when the number of pass 
was increased. 

[15] 

Pressure/ 
Normal 
force 

20 and 30 
MPa 

AISI 1060 steel Turning operation 
induced a residual tensile 
stress of 50 MPa that was 
converted to compressive 
stress, with an intensity of 
approximately − 1100 
MPa after LPB at a 
pressure of 20 MPa. 
Compressive stress 
reached a maximum 
intensity of − 1730 MPa 
with an increase in 
pressure to 30 MPa. 

[2] 

343–686 
N 

Aluminum and 
brass 

Decreased mean 
roughness when normal 
burnishing force was 
increased up to a certain 
limit, beyond which 
roughness increase. 
Increased microhardness 

[19] 

(continued on next page) 
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positively or negatively to the performance of the component, depend
ing on its application. However, the transformation-induced plasticity 
(TRIP) effect is the most significant one for the application of these 
steels, which can be indicated here. Wang et al. [32] report that for
mation of α′-martensite decreases the aqueous corrosion resistance, re
duces ductility and is detrimental to low-temperature nitriding. Briant e 
Ritter [33] state that plastic deformation reduces the time required for 
sensitization of AISI 304 and 316 austenitic stainless steels, but the effect 
is much more accelerated in AISI 304 steel, the only steel presenting 
strain-induced martensitic formation in the performed tests. This effect 
was attributed to the greater diffusivity of chromium and carbon in the 
body-centered tetragonal lattice (α′-martensite) than in the 
face-centered cubic lattice (austenite), thus reducing the temperature for 
the precipitation of chromium carbides which, as a consequence, pro
moted transgranular corrosion. 

The findings by Eliezer et al. [34] suggest that hydrogen induced 
cracking requires the presence of stress induced α′-martensite in AISI 
304 stainless steel. According to the authors, the diffusivity of hydrogen 
at room temperature in the BCC lattice is greater than that in the 
body-centered cubic (FCC) lattice, therefore, the martensite formed 
ahead of the crack can favor the diffusion of hydrogen. Such result is 
consistent with the crack propagation velocity in slow crack growth 
(SCG). From this study, it was concluded that the formation of 
α′-martensite decreases the ductility of austenitic steels and plays a 
crucial role in increasing the strength of austenitic stainless steels. In 
addition to the fact that the flow stress of α′-martensite is higher than 
that of austenite, it has a higher yield stress and is essential to sustain the 
strength of the material against necking under tension [35]. Nikitin and 
Altenberger [36] noticed that deep rolling induces the formation of a 
nanocrystalline layer, as well as the formation of α′-martensite, micro 
twins and high dislocation density near the surface. The authors 
conclude that, at elevated temperatures, the fatigue life of deep rolled 

specimens was longer than that of the laser-shock peened samples due to 
the more stable microstructure near the surface. In order to evaluate the 
effect of LPB process on hydrogen-assisted cracking of a martensitic 
stainless steel, Dreano et al. [37] found that burnished specimens pre
sented higher elongation and much less secondary cracking when 
compared with the polished samples. The high compressive longitudinal 
stress induced near the surface is the main reason for the beneficial effect 
of LPB on the resistance of the hydrogen assisted cracking, which tends 
to inhibit crack nucleation and hence delays failure. In addition, a 
reduction of approximately 30 % in the amount of hydrogen introduced 
at the surface is expected due to the high compressive hydrostatic stress. 

The published literature focused on the influence of the burnishing 
parameters on the properties and behavior of austenitic stainless steels is 
scarce, especially with regard to the formation of strain induced 
martensite. Understanding the influence of the LPB parameters on the 
strain induced martensitic formation is crucial, given the ambiguous 
influence of martensite on the behavior of the processed part. Therefore, 
this work aims to evaluate the influence of LPB parameters, namely 
speed, number of passes and pressure on the burnishing force, defor
mation wave formed ahead of the tool, formation of α′-martensite 
induced by plastic deformation and surface microhardness of AISI 304 
austenitic stainless steel. 

2. Materials and methods 

AISI 304 austenitic stainless steel was selected as work material. Its 
chemical composition (see Table 2) was obtained by optical emission 
spectrometry – iron base in an optical emission spectrometer 
Spectromaxx. 

After machining, samples with dimensions of 30 x 30 × 12 mm were 
solubilized in a muffle furnace (maximum temperature of 1200 ◦C) to 
inhibit the formation of carbides on the grain boundaries, thus ensuring 
the formation of austenite. Next, the samples were ground and polished. 
To perform the LPB tests, an Ecoroll hydrostatic tool was mounted on a 
machining center (maximum power of 9 kW) and ceramic balls with a 
diameter of 6.3 mm were used. The burnishing parameters are given in 
Table 3. The variation in the burnishing speed was of one order of 
magnitude to highlight the effect of strain rate. The number of 
burnishing passes (n) was varied in three levels (one, three and five). The 
maximum value of the number of LPB passes (n = 5) was established 
based on extensive literature [27,38–40], showing that more than five 
passes does not produce a significant effect on material properties. The 
burnishing pressure was applied in four levels, two of low intensity (16 
and 24 MPa) and two of high intensity (32 and 40 MPa). A stepover of 
0.1 mm with an overlap factor of 99 % was used [41] because the 
reduction in the stepover increases the burnishing overlap factor, thus 
diminishing the maximum height of the roughness profile (Rz) consid
erably [5,42].. 

Fig. 1a presents the low plasticity burnishing experimental setup. 
The hydrodynamic action is performed by Petronas Mecafluid S3000 
synthetic fluid (diluted in water at a concentration of 10 %) pumped 
from a high pressure pump and delivered to the LPB device. The ball is 
presses against the workpiece surface, thus promoting surface and 
subsurface plastic strain. The intensity of plastic strain depends on the 
applied hydrodynamic pressure, the work material and the contact area 
between the ball and the workpiece surface, the latter depending on the 
LBP parameters. After the initial surface deformation, the pressure is 
kept and the tool travel along the burnishing path (Fig. 1b) as deter
mined by the CNC software (G code). According to the CNC machine 
coordinate system, the X, Y, and Z axes correspond to the stepover di
rection, burnishing speed direction, and burnishing force direction, 
respectively. All burnishing passes were performed on the same path. 
During the first burnishing pass (n = 1), the tool starts at point A and 
runs from point A to B, from B to C, from C to D, and follows the path 
until reaching the end point Z. For additional passes (n = 2 to 5), the tool 
returns to the start point (point A) and travels the path again. Using this 

Table 1 (continued ) 

Parameters  

Input Levels Work material Findings Ref. 

when normal burnishing 
force was increased. 

15–25 
MPa 

AISI 1045 steel Increase in microhardness 
with increasing pressure, 
reaching the maximum 
hardness value at 25 MPa 
(variation of 
approximately 110 HBN 
compared to machined 
samples). Pressure can 
also result in an increase 
in Ra. 

[17] 

40–259 N Low, medium 
and high 
carbon steel 

The increase in normal 
force did not affect the 
surface quality of the low- 
carbon steel, but in steels 
with medium and high 
carbon content, the 
increase in force 
significantly reduced the 
Ra value. 

[23] 

50–400 N WE43 
magnesium 
alloy 

Normal burnishing force 
was the parameter that 
promoted the highest 
contribution (42.75 %) to 
surface quality. When 
pressure increased from 
50 to 200 N, the 
workpiece surface peaks 
were flattened and the 
surface quality improved, 
however, an increase in 
normal force above 200 N 
impaired surface quality. 

[24]  
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configuration, the sample is fixed on an auxiliar device mounted on a 
Kistler 9272 piezoelectric dynamometer, connected to a data acquisition 
board and computer. 

The pin-on-disk tests were performed on a Micro Photonics Model 
MT 60 tribometer to determine the coefficient of friction between the 
burnishing ball and the stainless steel AISI 304, following the ASTM 
G99-05 standard [43]. The sliding speeds used in the pin-on-disk tests 
were the same used in LPB (vμ = Vb = 102, 103 and 104 mm/min) and the 
normal load was 5N. These results were used to feed the numerical 
model and are presented in Fig. 2. The average value of the coefficient of 
friction for sliding speeds of 102 and 103 mm/min, obtained in after 
running-in, were the same (approximately 0.27). Increasing the speed to 
104 mm/min reduced the coefficient of friction to approximately 0.16. 

The results obtained from the axial compression tests were employed 
as input data in the numerical simulation software to evaluate the me
chanical behavior of the material during the LPB process. For this pur
pose, ten test specimens (and duplicates) were machined with cross- 
sectional dimensions of 8 × 8 mm and a height of 10 mm. The tests 
were performed at room temperature using an Instron 5582 machine 
with a maximum load capacity of 10 tons. To investigate the influence of 
strain rate on the material behavior, displacement speeds were varied 
across eight levels: 10, 35, 70, 100, 200, 300, 400 and 500 mm/min. The 

corresponding strain rates were: 0.018, 0.05, 0.085, 0.14, 0.28, 0.42, 
0.56, and 0.69 s− 1. Fig. 3 illustrates one of the compression test results 
along with the strain rate curve. 

The numerical simulation of the LPB was carried out using the finite 
element method (FEM), namely Ansys Workbench module (2008). Fig. 4 
shows the proposed numerical model with boundary conditions 
(Fig. 4a), where the ball cage and the ball are considered rigid bodies 
(high elastic modulus). To describe the mechanical behavior of the work 

Table 2 
Chemical composition of AISI 304 austenitic stainless steel (wt.%).  

C Mn P S Si Ni Cr N Mo 

0.0310 1.8339 0.0351 0.0225 0.4217 8.2724 18.1507 0.1115 0.6253  

Table 3 
Burnishing factors and levels.  

Parameter Values 

Speed, Vb (mm/min) 102, 103 and 104 

Number of passes, n 1, 3 and 5 
Pressure, P (MPa) 16, 24, 32, 40  

Fig. 1. Low plasticity burnishing: (a) experimental setup and (b) burnishing tool path.  

Fig. 2. Coefficient of the friction for sliding speeds of 102, 103 and 104 

mm/min. 

D.A. Oliveira et al.                                                                                                                                                                                                                             

astm:G99


Journal of Materials Research and Technology 27 (2023) 4573–4594

4577

material, elastic and plastic regimes were considered (Fig. 3). Axial 
compression tests were performed to determine the yield stress. The 
adopted numerical model was used to determine strain only and was not 
able to predict strain induced phase transformation. Thermal effects 

were neglected. In terms of restrictions to the movement of the bodies 
involved, the lower surface of the material was considered completely 
stationary (Vx = Vy = Vz = Rx = Ry = Rz = O) and the other surfaces of 
this work material presented translation and rotation movements in all 
directions (Vx ∕= Vy ∕= Vz ∕= Rx ∕= Ry ∕= Rz ∕= O). Taking into account that 
LPB promotes localized and highly intense plastic deformation on the 
surface of the work material, second-order hexahedral elements were 
used to discretize the material, having elements with smaller dimensions 
in the region to be burnished. Rigid bodies were discretized with first- 
order hexahedral elements with dimensions of 0.2 mm. To reproduce 
the effect of the layer of fluid surrounding the ball and preventing its 
contact with the cage, the coefficient of friction was considered null 
between the cage and ball. In order to reliably preserve the rotation and 
sliding movements of the ball, the degrees of freedom for translation and 
rotation in the X, Y and Z axes of the ball inside the cage were considered 
free. The Coulombian friction model was used to describe the contact 
between the ball and the work material, based on the results obtained in 
the pin-on-disc tests (Fig. 2). The sliding friction between the ball and 
the material is concomitant with the linear movement of the cage 
together with the pressure exerted by the ball on the material. To 
establish an initial contact, compression of the ball against the work 
material in Z axis direction was considered until reaching the values of 
the forces measured experimentally for the respective pressures of 16 
and 40 MPa. The numerical evaluation of the equivalent total strain was 
carried out in six stages along the tool path. Thus, the tool starts the 
burnishing path at point A to point B (completing stage 1), then moves 
0.1 mm in the step-over direction (X axis) to point C and continues in the 

Fig. 3. Compression test results highlighting the effect of strain rate.  

Fig. 4. FEM setup: (a) boundary conditions and (b) simulated tool path.  
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burnishing direction to point D (completing stage 2), and so on to point L 
(completing stage 6), as shown in Fig. 4b. For the numerical simulation, 
the influence of the burnishing speed on the equivalent total strain was 
evaluated between the extreme levels tested (102 and 104 m/min) with 
constant pressure and number of passes (P = 16 MPa and n = 1). The 
influence of the number of burnishing passes was evaluated in the first 
and third level (n = 1 and n = 3) with constant values of speed (102 m/ 
min) and pressure (P = 16 MPa). Finally, the influence of burnishing 
pressure was evaluated between its extreme levels of 16 MPa and P = 40 
MPa with constant values of speed (102 m/min) and number of passes (n 
= 1). 

A Hommel Etamic T8000 contact profilometer with a Tku 300/600 
pick-up with a diamond stylus (90◦ and 5 μm radius) was used to obtain 
the surface topography data. MountainsMap software was employed to 
process the following data: arithmetic mean waviness (Wa), which 
corresponds to an average of 20 roughness profiles and roughness pat
terns through continuous wavelet transform (CWT). The continuous 
wavelet transform (CWT) is suitable for analyzing profiles with non- 
stationary characteristics, such as those generated by plastic deforma
tion. This analysis emerged as an alternative to the Fourier transform, 
providing long time and low frequency resolutions to high frequencies, 
and high frequency and short time to low frequencies [44]. 

The X-ray diffraction analyses were performed at room temperature 
in a Rigaku Ultima IV diffractometer. To keep the geometries perma
nently assembled and aligned, a Cross Beam Optics (CBO) system with 
parallel beam slit was attached to the light output. Grazing incidence X- 
ray diffraction (GIXRD) tests were performed to identify and quantify 
the phases formed just beneath the burnished surface (< 2 μm). The test 
conditions were as follows: incident radiation with Cu Kα (λ = 1.5418 Å) 
anode, scattering angle ranging from 42◦ to 46◦ (θ-θ), grazing incidence 
angle (α) ranging between 1◦ and 8◦, step of 0.02◦, goniometer speed of 
0.4◦/min, current intensity of 40 mA and voltage of 40 kV. The 
martensitic fraction was obtained by Rietveld refinement using MAUD 
software. The austenite (code AMCSD 0015352) and α′-martensite (code 
AMCSD 0015337) CIF files were obtained in Crystallography Open 
Database [45] and their respective lattice parameters are 3.639 and 
2.878 Å, respectively. The martensitic content was obtained as a func
tion of the diffracted depth, which in turn depends on the grazing 
incidence angle [46]. The diffracted depth (Pd) corresponds to the in
verse of the linear absorption coefficient (μ), see Eq. (1): 

Pd =
1
μ (1) 

The linear absorption coefficient can be obtained from the mass 
absorption coefficient (μm) and the density (ρ) of each chemical com
pound can be calculated, according to Eq. (2): 

μ = μm⋅ρ (2) 

In a mechanical mixture, solution or chemical compounds, whether 
in the solid, liquid or gaseous states, the linear absorption coefficient can 
be obtained by the weighted average between the mass absorption co
efficient of all elements as a function of the weight fraction of the ele
ments of the material (w), as represented in Eq. (3): 

μ
ρ = w1

(μ
ρ

)

1
+ w2

(μ
ρ

)

2
+ w3

(μ
ρ

)

3
+ ⋅⋅⋅ (3) 

Finally, the diffraction depth for incidence angle at 63 % (Pd63 %) of 
the measured intensity is given by Eq. (4): 

Pd63% =
1
kμ =

sin(α)sin(2θ − α)
μ[sin(α) + sin(2θ − α)] (4) 

The HighScore Plus software [47] was used to calculate the dif
fracted depth, considering the respective mass absorption coefficients 
from the chemical composition of AISI 304 stainless steel: Cr (252.76 
cm2/g), Ni (48.51 cm2/g), Mn (278.13 cm2/g), Si (62.07 cm2/g), N 
(7.09 cm2/g), C (4.30 cm2/g), P (74.30 cm2/g), S (89.70 cm2/g) and Fe 

(310.94 cm2/g) and atomic packing factor of the FCC lattice (0.74). 
Mössbauer spectroscopy is a nuclear spectroscopy with energy res

olution capable to resolve hyperfine structures at nuclear level [48]. 
Spectrum generated by the conversion electron Mössbauer spectroscopy 
(CEMS) technique can be obtained by the integral technique, in which 
all electrons leaving the surface are collected, or by the differential or 
depth selective CEMS technique, in which electrons with a certain en
ergy range are selected by means of a beta-ray spectrometer [49]. The 
Mössbauer spectrum is characterized by the shapes, intensity, position 
and number of the several absorption lines that constitute the spectrum. 
The intensity, for instance, depends on the concentration of the 
Mössbauer nuclei in the absorber. Nuclear hyperfine interactions are the 
disturbances caused in nuclear energy levels due to interactions between 
nuclear moments and electric and magnetic fields, created by charges 
close to the nucleus. The main hyperfine interactions observed by 
Mössbauer spectroscopy are:  

i) isomeric deviation (&), which is a result of the electric monopole 
interaction between the nuclear charge distribution and the 
electronic charge density in the nucleus. The s electrons have the 
ability to penetrate the nucleus (they have zero angular mo
mentum), and electrostatically interact with the nuclear charge. 
This interaction causes a displacement of the nuclear energy level 
&E, both in its fundamental and excited states;  

ii) Electric quadrupole interaction, which splits nuclear energy 
levels with nuclear state I > 1/2 into doubly degenerate substates 
and leads to the electric quadrupole splitting (QS). In many nuclei 
the charge distribution deviates from the symmetrically spherical 
distribution. The measure of the deviation of the charge distri
bution is characterized by the electric quadrupole moment Q, 
which is a second-order tensor with elements. Q is positive for 
elongated nuclear charge distribution, negative for flattened 
distribution, and zero for spherical charge distribution. Quadru
pole splitting can provide information about the electronic pop
ulation of the orbitals, the structure of the ligand, among others;  

iii) Magnetic dipole interaction, which splits nuclear energy levels 
that have nuclear state I > 0 into sublevels, with the degeneracy 
fully lifted. Magnetic interactions are observed in ferromagnetic, 
antiferromagnetic, and ferrimagnetic compounds and in para
magnetic systems, when the spin relaxation time (change in nu
clear neighborhood with time or change in spin direction) of the 
electron is long. Among the three interactions, this is the only one 
that can be modified by an external variable. 

The hyperfine magnetic field Bhf and the quadrupole interaction of 
the core are the most important parameters. The hyperfine field is 
related to the magnetic moment of the unfilled 3d or 4f layers. The 
quadrupole interaction is related to the electric field gradient in the 
nucleus, Vij created by the unfilled 3d and 4f layers, and the potential 
due to all other charges. The hyperfine field, to a first approximation, is 
considered proportional to the magnetic moment according to Eq. (5): 

BT
hf = Ahf ⋅mT (5) 

where Ahf is the hyperfine interaction constant (Fe = 15T/μB). 
Mössbauer spectroscopy is a useful technique based on 57Fe to esti

mate the local magnetic moment of Fe ions. However, assuming that mT 

is proportional to BT
hf is questionable in Eq. (1). The effective hyperfine 

field contains several contributions and can be written according to Eq. 
(6): 

BT
hf = Bcp + Bcond + Borb + Bdip (6) 

Where Bcp and Bcond represent the contribution of core and conduc
tion electrons. The spin polarization of the Bcond conduction electrons 
and the core electrons contribute differently to the Bhf. The Bcp term is 
proportional to the 3d spin moment, which is − 13.8T/μB for Fe(17). The 
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term Bcond is mainly due to the 4s polarization, which is sensitive to 
charge transfer. The other two terms are proportional to the orbital 
momentum (Borb) and the dipole field (Bdip). 

Conversion electron Mössbauer spectroscopy (CEMS) was used to 
identify the phase transformation at a depth of less than 0.1 μm. The 
Mössbauer spectra of the sample surface were obtained in backscatter 
geometry at room temperature, using a 57Co source in an Rh matrix 
using two different CEMS techniques, which detect two different species. 
The experimental data were adjusted by Lorentzian functions using least 
squares method and, for this purpose, the NORMOS-90 software [50] 
program was employed. 

Ultra-microhardness tests were performed on a Shimadzu DUH- 
W201S ultra-microhardness tester with a Berkovich indenter, applying 
a step load-unload loading mode (speed of 5 s). This is a highly accurate 
method of measuring the depth of indentation, in which the specimen 
indentation depth can be measured in with a resolution 0.0001 μm. The 
ultra-microhardness value (H) obtained is a ratio between the maximum 
loading (Pmax) of the indenter and the projected area of the indented 
impression (Ac). The contact area is calculated as a function of the 
contact depth (hc), according to Eq. (7). 

H =
Pmax

Ac
=

Pmax

24.5⋅h2
c

(7) 

The applied forces were 98.5; 191.6; 286.4; 383.1; 477.7; 573; 667.6; 
762.4; 857.2; 952 and 1046.7 mN. The holding times were 2 and 15 s for 
force application and indenter, respectively. For each sample, 20 mea
surements were performed. The microhardness curves were corrected 
according to the work proposed by Gong et al. [51]. 

Microstructure analyses of the cross sections of the burnished sam
ples were carried out using the Electron Back Scattered Diffraction 
(EBSD) by a Scanning Electron Microscope (SEM) Quanta FEI-200, 

employing a step-size of 810 nm and ATEX software for data process
ing [52]. 

3. Results and discussions 

3.1. FEM analysis 

Fig. 5 presents the results of equivalent total strain for stages 1, 3 and 
5 (shown in Fig. 4b) of the sample burnished with a pressure of 16 MPa, 
speed of 102 mm/min and one burnishing pass. For this analysis, a cross 
section of the sample is presented in order to evaluate the distribution of 
strain on the surface and subsurface. It can be seen is that in the contact 
region between the ball and the workpiece, deformation is heteroge
neously distributed along the subsurface. This is due to the friction 
deformation wave between the ball and workpiece that alters the flow of 
material on the contact surface and, consequently, the surface strains. 
These strains increase and reach their maximum intensity in the sub
surface of the workpiece, as established by the Hertz elastic contact 
model [53]. However, a “wave” is formed on the right side of the ball, in 
stepover direction. This deformation wave is the result of material flow 
during plastic deformation, which equivalent total strain intensity is 
almost as high as that recorded in the subsurface. Such behavior is not 
predicted by the strain distribution models, since these are very 
simplified models [10,54]. Albeit more sophisticated and with good 
predictability, other models also neglect some parameters or phenom
ena of the LPB/DR process [55,56]. Therefore, it is critical to understand 
the deformation process that induces phase transformation on the sur
face of the workpiece, since the deformation is the driving force for the 
occurrence of this phenomenon. The deformation wave begins to be 
formed in the first burnishing stages without full contact between the 
wave and the burnishing ball because, as previously mentioned, the 

Fig. 5. FEM analysis of equivalent total strain (P = 16 MPa, Vb = 102 mm/min and n = 1.  
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wave is formed on the side of the ball, similarly to the indentation 
process. Once formed, the tool moves on to the subsequent stages and 
deforms the wave again, thus causing a further increase in surface strain. 
The numerical result suggests that the main source of strain responsible 
for inducing the phase transformation by surface strain results from this 
behavior. 

3.1.1. Influence of the burnishing parameters on the equivalent total strain 
on the surface 

Fig. 6a to c shows the evolution of the equivalent total strains stages 
1–6 (left) are undertaken, together with the spatial distribution of these 
strains on the surface (right). Stages 1 and 6 represent, respectively, the 
beginning and end of LPB simulation. The influence of burnishing speed 
for a pressure of 16 MPa and one pass is shown in Fig. 6a. Note that not 
only is the strain intensity at the speed of 104 mm/min slightly lower 
compared to the speed of 102 mm/min, but so is the deformed area. 
Lower friction possibly promoted larger homogenization of strains, 
which should have increased surface strains. However, tribological 
contact conditions (e.g., the stick-slip phenomenon) may have influ
enced the deformation process resulting in the decrease of strains, since 
the model used did not predict the influence of thermally activated 

mechanisms. Even though the deformation is lower at the highest speed, 
its homogeneity favored the distribution of the strains in the wave for
mation region, as seen in the detail of Fig. 6. Although the equivalent 
total strain increased throughout the subsequent stages, the results 
suggested a strain saturation from stage 4 for both speeds, i.e., the wave 
was subjected to the highest possible deformation under the simulated 
conditions. The influence of the number of burnishing passes for a 
pressure of 16 MPa and speed of 102 mm/min is presented in Fig. 6b. 
Increasing the number of burnishing passes from one to three almost 
doubled the equivalent total strain values. Undoubtedly, an additional 
increment in the number of passes is expected to result in an elevation of 
the strain amplitude [19], however, it is critical to emphasize that the 
impact of this increment is attenuated due to the saturation of strain 
hardening [27]. For both one and three passes, the strain also saturated 
from the fourth stage. The distribution of surface deformation (right) 
showed that the deformed area increased considerably in the second 
pass. The influence of burnishing pressure (for samples simulated with a 
speed of 102 mm/min one pass) is shown in Fig. 6c. The increase in 
pressure increased the equivalent total strain on the surface and, ac
cording to [57], this behavior is expected. The strain saturation for the 
simulated sample with a pressure of 40 MPa showed a different behavior 

Fig. 6. FEM analysis: influence of the (a) burnishing speed (P = 16 MPa and n = 1), (b) number of passes (P = 16 MPa and vb = 102 mm/min) and (c) pressure on 
equivalent total strain (vb = 102 mm/min and n = 1). 
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from that observed in previous analyses. There was a delay in saturation, 
which occurred from the fifth stage. Furthermore, the difference in 
strains between the two pressure values increased from the fourth stage, 
thus indicating the higher severity of the deformation process under 
high pressures. In general, the number of burnishing passes and the 
pressure were the parameters that most affected the equivalent total 
strain. 

3.2. Influence of the LPB parameters on the burnishing force 

An statical analysis was performed in order to assess the influence of 
speed, number of passes, and pressure on the burnishing force. The re
sults presented a normal distribution, with most residuals ranging 

between 20 and -20 (as a function of the fitted values) and mean around 
zero. The Tukey’s test checks whether there is a statistically significant 
difference between the means of the response variables as a function of 
the factor levels. Thus, it can be stated whether the variation in the levels 
of a factor affects the output. For this difference to exist at a 95 % 
confidence level, the adjusted P-value must be equal to or lower than 
0.05. Increasing the burnishing speed from 102 to 103 mm/min and the 
number of passes from three to five provided adjusted P-values of 0.075 
and 0.201, respectively, indicating that changing these levels did not 
promote any remarkable variation in the burnishing force. For the 
remaining factors, varying the levels significantly affected the 
burnishing force. The analysis of variance indicated that the burnishing 
pressure is the most influential factor (contribution of 59.98 %), 

Fig. 7. Influence of (a) speed, (b) number of passes and (c) pressure on the burnishing force (left) and corresponding deformation wave (right).  
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followed by speed (12.19 %) and number of passes (9.59 %). Fig. 7 
shows the influence of burnishing speed, number of passes and pressure 
on the burnishing force (on the left) and the height of the deformation 
wave (on the right). 

Fig. 7a shows that an increase in burnishing speed from 102 to 103 

mm/min did not promote a significant variation in burnishing force, 
however it considerably lower when burnishing was performed at 104 

mm/min. The same behavior was noticed for the height of the defor
mation wave. The LPB device applies a constant force that depends on 
the pressure (16, 24, 32 and 40 MPa in the present work), but the 
burnishing force is the result of the contact stresses between the sphere 
and the workpiece. Such stresses depend, additionally to the force 
applied by the equipment, on the burnishing parameters, the fluid used, 
the materials involved, etc. In general, any aspect that changes the 
tribological conditions in the ball-workpiece contact tends to change the 
contact stresses and, consequently, the burnishing force. Increasing the 
speed to 104 mm/min produced a considerable reduction in the coeffi
cient of friction from 0.27 to 0.16 (see Fig. 2), which may explain the 
reduction in the burnishing force. This reduction in the coefficient of 
friction can be the result of structural changes in the material that 
affected the contact conditions between the ball and the workpiece, as 
seen by the numerical simulation in Fig. 6a. Rolling is the main move
ment of the ball on the workpiece surface and friction between ball and 
workpiece will take place during material flow caused by plastic 
deformation. A high deformation wave increases the contact area be
tween the ball and the work material surface, elevates the influence of 
friction that restricts plastic flow from the workpiece over the ball sur
face, causing instability during the process, as well as increasing the 
burnishing force [58]. Increasing the speed slightly reduced the coeffi
cient of friction and the equivalent total strain and, consequently, the 
height of the deformation wave, i.e., it reduced the contact area between 
the ball and the workpiece, which is one of the reasons for the reduction 
in the burnishing force of approximately 15 %. An excessively high 
burnishing speed considerably reduces the contact time between ball 
and the work material surface and possibly decreases plastic deforma
tion of the material. As mentioned in subsection 3.1 the tribological 
contact conditions were probably altered by the highest burnishing 
speed. The analysis of the friction coefficient between this tribological 
pair needs to be further explored, especially in the running-in phase, 
which can provide conclusive differentiation of speed-related phenom
ena. The tribological effect of LPB at High speed is an extremely complex 
condition, difficult to be accurately predicted by empirical methods and 
numerical simulation, and needs to be validated experimentally and 
numerically. 

Fig. 7b shows the effect of number of passes on the burnishing force 
and height of the deformation wave. It can be seen that the burnishing 
force is reduced to approximately 11 % when the number of passes in
creases from one to three, and by 17 % when the number of passes is 
further increased to five. The height of the deformation wave is strongly 
affected by the number of burnishing passes. During the first pass, the 
burnishing ball deforms the work material in its original state (no strain 
hardened) and the deformation wave reaches a height of 30 μm to de
creases to 17 μm with five passes, as seen in Fig. 7b. This is due to the 
successive work hardening steps that the material undergoes in each 
burnishing pass, which reduces its deformation ability. The tendency to 
the strain hardening saturation when the number of passes is increased 
results in elastic deformation only [27]. One must bear in mind that 
during LPB, plastic deformation is restricted to the surface and subsur
face layers, i.e., it is a localized deformation without macroscopic 
deformation. It can be noted that the height of the deformation wave 
reduces from approximately 30 μm after one pass to 15 μm after five 
passes. Consequently, the contact area between the ball and the work
piece surface (with the deformation wave) is reduced by less than half. 
Analogously to the effect of the highest speed indicated by the numerical 
simulation (see spatial distribution of the strains in Fig. 6a), the reduc
tion in the height of the deformation wave facilitates plastic flow 

because it reduces the effect of friction, resulting in a more homoge
neous deformation. 

Fig. 7c represents the influence of pressure on the burnishing force 
and height of the deformation wave. Increasing the pressure from 16 to 
24 MPa elevated the burnishing force to 20 %. A further increase in 
pressure to 32 MPa raised the burnishing force to approximately 42 %, 
reaching its maximum value, to be subsequently reduced to 12 % when a 
pressure of 40 MPa is applied. The increased pressure provides an 
additional driving force for plastic deformation, thus increasing the 
height of the deformation wave. The highest deformation wave is found 
at 40 MPa, even with reduced burnishing force. The reduction in the 
burnishing force may be due to localized defects, such as the wave 
deforming over itself, as reported by Salahshoor and Guo [59], and the 
consequent generation of microcracks. Fig. 8 presents the influence of 
the burnishing pressures of 40 MPa (Vb = 102 mm/min e n = 1) on the 
burnished surface, highlighting the before mentioned defect generated 
by the wave deforming on itself (detail ”A”). 

3.3. The influence of LPB on the formation of α′-martensite in the surface 
layer 

Fig. 9 shows the GIXRD pattern of the control sample (not burnished) 
indicating only austenite (γ) peaks. 

The near-surface analyses (depth < 2 μm) of the samples burnished 
with the pressure of 16 MPa (Fig. 10) indicated that LPB induces the 
formation of α′-martensite and its highest fraction occurs on the surface. 
For low pressure, the penetration of the ball into the material to be 
burnished is lower, resulting in low plastic deformation that, associated 
with the friction effect, inhibit the flow of material and, consequently, 
the formation of the wave, as observed in Fig. 6c. This effect further 
reduces the formation of α′-martensite because the strain near the sur
face tends to zero. The conditions that hinder the formation of 
α′-martensite refer not only to LPB, but also to the characteristics of the 
studied material. According to Nikitin and Altenberger [36], the tem
perature for complete inhibition of martensite transformation induced 
by plastic strain in AISI 304 austenitic stainless steel is approximately 50 
◦C. In fact, α′-martensite was formed under all the tested LPB conditions. 
The Md30 parameter obtained from [60] and calculated using the 
chemical composition presented in Table 2, indicated a maximum 
temperature of 10.4 ◦C. This result indicates that, under the conditions 
tested, LPB induced a true plastic strain higher than 30 %, which is a 
high value for the investigated process. Even with these restrictions, it 
was noted that LPB induced the formation of α′ martensite near the 
burnished surface with a fraction up to 80 % at room temperature. 
Therefore, two aspects must be emphasized: the first refers to the 
deformation wave formed on the side of the ball and that is continuously 
deformed by the tool (see Figs. 6 and 7). This shows that deformation 
also occurs on the side of the burnishing tool and the wave that forms is 
deformed along the path as the stepover progresses, but due to the strain 
hardening (Fig. 6), the equivalent total strain tends to saturate, as seen 
in numerical simulation results. The second aspect is concerned with the 
multiaxial strain state associated with LPB, which generates more 
deformation bands intersections compared with uniaxial tension, which 
is preferential site for nucleation of α′-martensite [31]. 

For the Mössbauer spectroscopy analysis, two samples were 
randomly chosen. The purpose was to identify the phase transformation 
as close as possible to the surface, since this technique allows to a 
analyze a depth of less than 0.1 μm. Fig. 11a and b shows, respectively, 
the spectra of sample 1 (burnished with P = 32 MPa, Vb = 103 mm/min 
and n = 1) and sample 2 (burnished with P = 40 MPa, Vb = 104 mm/min 
and n = 5). The spectra obtained from Mössbauer spectroscopy were 
fitted with two and/or three sets of subspectra (sextets, doublets and 
singlets) which were associated with the γ-austenite (green line/sin
glets) and α′-martensite (red line/sextets) [61–63]. For both samples, 
α′-martensite formation was identified very near the surface. Although 
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the presence of expanded austenite (ϵAE) was identified on Fig. 11b, this 
aspect will not be addressed as it is not the focus of this research and 
further analysis must be conducted before discussing this phenomenon. 

Table 4 presents the hyperfine parameters of the Mössbauer spec
troscopy (CEMS) analyses for samples 1 and 2 and the α′-martensite 
contents were 45 % and 59 %, respectively. Fig. 12 presents the results 
for the amount of α′-martensite formed as a function of the depth (< 2 
μm) of the surface layer affected by LPB. 

This analysis aims to evaluate the tendency to martensite formation 
on the surface layer. For this purpose, the results obtained by GIXRD at 
depths from 0.255 to 2.125 μm were used to generate an empirical 
model that describes the behavior of martensite content as a function of 
depth. For samples 1 and 2. Eqs. (8) and (9), respectively, describe such 
behavior with R2

adj. = 0.99. Curves 1 and 2 were extrapolated to a depth 
of 0.1 μm and presented α′-martensite fractions equivalent to 44.44 % 
and 58.55 %. As seen in Fig. 12, for the same depth, the Mössbauer 
spectroscopy analysis indicated martensite fractions equivalent to 45 % 

and 59 %, respectively. The values obtained empirically and by 
extrapolation of the curves were very close (maximum difference less 
than 0.56 %), therefore, for a surface layer up to 2 μm depth, it can be 
stated that there is a tendency for an increase in the fraction of 
martensite up to the surface. Since this martensite is formed by defor
mation, by transitive property, it can be inferred that the deformation on 
the surface was higher than that in the subsurface. This statement is only 
valid at the evaluated depth because, as described by Hertz’s contact 
theory [53], other models [10,54,64] deformations is higher beneath 
the surface. 

α′
(%)sample1

= 17.4424 + 0.7226x − 11.6940ln x (8)  

α′
(%)sample2

= 48.6206 − 3.2284x − 4.4525ln x (9)  

3.4. Influence of the burnishing parameters on the formation of 
α′-martensite in the surface layer 

Fig. 13 shows the influence of the burnishing speed (Vb = 102, 103 

and 104 mm/min), number of passes (n = 1, 3 and 5) and pressure (P =
16, 24, 32 and 40 MPa) on the strain-induced martensitic formation in 
the surface layer. In order to investigate the influence of the burnishing 
process on the burnished surface layer and establish a correlation with 
martensite formation, a random sample of microhardness profiles was 
chosen. The influence of the burnishing speed on the microhardness is 
shown in Fig. 14a and b, the influence of the number of passes is shown 
in Figs. 14c and d and the pressure is shown in Fig. 14e and f. 

3.4.1. Influence of the burnishing speed 
The GIXRD results presented in Fig. 10 showed that in addition, the 

formation of α′-martensite through LPB, its content is high on the sur
face. Both the fraction and the depth at which α′-martensite is formed 
strongly depend on the burnishing parameters. In general, the 
burnishing speed has a negligible influence on the fraction of 
α′-martensite formed with one burnishing pass, as seen in Fig. 13 (n = 1). 
In this case, the α′-martensite fraction reduces from 20 % at the surface 
and stabilizes in 3 % at a depth of 1 μm. This is due to the low degree of 
plastic strain, exception made for burnishing with a pressure of 40 MPa 
(n = 1), which showed the lowest martensite fraction for a speed of 104 

mm/min (approximately 30 %), against approximately 80 % for 
burnishing speeds of 102 and 103 mm/min. 

In contrast, under more severe plastic deformation conditions, for 
instance, increasing the number of passes or pressure, the influence of 

Fig. 8. Defect generated by burnishing pressures of 40 MPa on the burnished surface (Vb = 102 mm/min and n = 1).  

Fig. 9. GIXRD pattern of the control sample (no burnishing) with the calculated 
diffracted depths. 
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burnishing speed on α′-martensite formation is highlighted, as shown in 
Fig. 13 for n = 3 and n = 5. Under these conditions, increasing the 
burnishing speed decreases the fraction of α′-martensite. The depth is 
also affected, for instance, when burnishing is performed with a pressure 
of 24 MPa, speed of 104 mm/min and n = 3. Here, the fraction of 
α′-martensite begins to stabilize at approximately 1.5 μm below the 
surface, while at speeds of 102 and 103 mm/min, stabilization occurs 

below 2 μm. However, it should be emphasized that, although the 
α′-martensite content decreases with increasing velocity, the increase in 
the number of passes and pressure (parameters responsible for material 
hardening) increases the α′-martensite content even at high speeds. This 
phenomenon exhibited a resemblance to the outcomes observed by Sunil 
and Kapoor [65] in their compression tests of AISI 304L stainless Steel. 

The microhardness results for the specimens burnished under a 

Fig. 10. GIXRD patterns at different grazing incidence angles for samples burnished at 16 MPa and distinct speeds and number of passes.  

Fig. 11. Mössbauer spectra (CEMS) for burnished samples with: (a) P = 32 MPa, Vb = 103 mm/min and n = 1 and (b) P = 40 MPa, Vb = 104 mm/min and n = 5.  
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pressure of 16 MPa, presented in Fig. 14a and b, show the influence of 
the burnishing speed on the surface layer (shallower than 2 μm). It can 
be noted that the surface hardness increases considerably, for all pa
rameters tested, in comparison with the non-burnishing (NB) surface, 
confirming the occurrence of plastic deformation near the burnished 
surface. Similar to the GIXRD analyses (Fig. 13), that showed a low 
fraction of α′-martensite and negligible variation on α′-martensite frac
tion when the burnishing speed was increased for one pass, the micro
hardness results did not present an appreciable alteration when the 
burnishing speed increased from 102 to 103 mm/min, followed by a 
slight decrease when the burnishing speed was elevated to 104 mm/min 
(Fig. 14a). With the increase in the number of burnishing passes 
(Fig. 14b), the variation in microhardness between the speeds of 102 and 
104 mm/min was wider, indicating a decrease in hardness with 
increasing speed. This behavior may be due to a possible decrease in the 
fraction of α′-martensite. At high speeds, the contact time between the 
tool and the work surface is shorter and possibly diminishes the defor
mation mechanisms over deeper layers. The burnishing speeds tested 
(102, 103 e 104 mm/min) produced a strain rate variation with one order 
of magnitude, thus affecting the deformation mechanisms significantly. 
At the highest strain rate, the reaction of the material to the hydrody
namic pressure imposed by the tool tends to restrict plastic deformation 
to regions closer to the surface, with lower intensity and depth. Since the 
driving force for strain-induced martensitic formation in LPB is plastic 
strain, the fraction of α′-martensite decreases, as well as the micro
hardness value. In addition to the metallurgical effects caused by the 
high strain rate, one must consider possible process instability due to 
tribological changes in contact between the ball and the workpiece, such 
as the stick-slip effect. Changes in the burnishing speed did not affect the 
surface microhardness after five burnishing passes. This result diverges 
from the transformed fraction of α′-martensite, which decreased with the 
elevation of burnishing speed. The microhardness test does not differ
entiate the possible phenomena involving plastic deformation, such as 
dislocations, deformation bands, martensite formation or twinning. It is 
known that increasing the strain rate also affects the thermodynamic 

phenomena related to strain-induced martensitic formation and this will 
be discussed later. Nevertheless, a tendency towards strain hardening 
saturation with the increase of the number of burnishing passes is 
observed. The reduction of the height of the deformation wave with the 
elevation of the number of passes (Fig. 7b) suggest strain hardening 
saturation. 

3.4.2. Influence of the number of burnishing passes 
Elevating the number of passes increases both the fraction of 

α′-martensite and the depth of the affected layer. The major difference is 
related to the fraction of α′-martensite formed. The number of 
burnishing passes plays a key role in the phase transformation induced 
by plastic deformation. The average fraction of α′-martensite is 
approximately 20 % when burnishing with one pass, while with five 
passes this value reaches 70 %. It is worth noting that the numerical 
simulation results indicated that the equivalent total strain almost 
doubled when the number of passes increased from one to three (see 
Fig. 6b). This increase in strain with increasing number of passes pro
motes additional work hardening of the burnished layer, generating 
more nucleation sites for the formation of α′-martensite and, conse
quently, reducing the energy required for the formation of the new 
phase during the subsequent pass. Another important aspect is the ten
dency to a reduction in the burnishing force when the number of 
burnishing passes is elevated (Fig. 7b), which is a direct consequence of 
strain hardening saturation with an increasing number of passes (iden
tified by the reduction in the height of the deformation wave). This 
behavior suggests that the process tends to substantially affect near 
surface layers and explains the higher fraction of α′-martensite formed 
on the surface. For lower burnishing pressures (16 and 24 MPa) asso
ciated with the highest burnishing speed (104 mm/min) there is a ten
dency to reduce the fraction of α′-martensite, even with threes or five 
passes (see Fig. 13). This may indicate a concurrence of plastic defor
mation and thermodynamic mechanisms associated with strain-induced 
martensitic formation. 

The surface microhardness results point to the same trend as the 
GIXRD analysis (Fig. 13, confirming the effect of increased strain 
hardening on the burnished surface with the elevation of the number of 
passes (see Fig. 14c and d). This effect is less evident when burnishing at 
high speeds, as can be seen in Fig. 14d, where the surface microhardness 
variation is not as evident as the phase transformation. As previously 
mentioned, it is not possible to distinguish the effect of strain hardening, 
deformation bands, twinning and α′-martensite formation in this test. An 
aspect worth mentioning is the highest microhardness value close to the 
surface and its saturation at a depth of 1.5 μm, indicating the tendency to 
form a nanostructured layer [36]. 

3.4.3. Influence of the burnishing pressure 
Not surprisingly, increasing the burnishing pressure (mechanical 

driving force) elevated the fraction of α′-martensite induced by plastic 
strain, additionally to keeping this fraction more stable at a deeper 
distance from the surface and forming a more homogeneous layer. In 
contrast, it is difficult to dissociate the influence of pressure with speed 
and the number of burnishing passes, since each burnishing condition is 
governed by a parameter, e.g., with one burnishing pass and speed of 
102 mm/min, the fraction of α′-martensite increases with increasing 
pressure. In this case, burnishing pressure governs the formation of 
α′-martensite, see Fig. 13. When the burnishing speed increases to 104 

mm/min, no significant variation on the α′-martensite fraction is 
observed, condition governed by the burnishing speed. When the 
number of burnishing passes is increased, burnishing pressure becomes a 
relevant parameter due to the continuous deformation promoted by the 
increased number of passes, which form nucleation sites, thus reducing 
the energy required for α′-martensite formation. In this scenario, number 
of passes becomes more critical and intensifies the effects promoted by 
the increased burnishing pressure. The fraction of α′-martensite was 
lower when a pressure of 24 MPa was applied for the samples burnished 

Table 4 
Hyperfine parameters at room temperature for samples 1 and 2.  

Sample Phase δ± 0.05 2ϵ/ΔQ ± 0.05 Bhf ± 0.5 Content 

(mm/s) (mm/s) (Tesla) (%) 

Sample1 Martensite (α′) − 0.01 − 0.06 25.40 45 
Austenite (γ) − 0.12 0.10 – 55 

Sample2 Martensite (α′) − 0.01 − 0.02 26.59 59 
Austenite (γ) − 0.10 0.10 – 37  

Fig. 12. Validation of the empirical model of the behavior of α′-martensite 
content as a function of depth based on GIXRD and Mössbauer spectra (CEMS). 
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with n = 5 and Vb = 102 and 103 mm/min, as can be seen in Fig. 13. 
Contact between the ball and the cage took place during the process and 
possibly influenced the result. 

The microhardness values were not drastically affected when 
burnishing pressure was altered for a speed of 102 mm/min and, in 
general, an increase in hardness is observed with the elevation of 

burnishing pressure. Again, the possible contact between the ball and 
the cage possibly affected the deformation process, resulting in the 
lowest hardness for a burnishing pressure of 24 MPa (see Fig. 14e). 
Increasing the burnishing speed from 102 to 103 mm/min resulted in a 
slight decrease in the microhardness values obtained fora pressure of 40 
MPa and the highest hardness is recorded for a pressure of 32 MPa (see 

Fig. 13. Influence of the burnishing speed, number of passes and pressure on α′-martensitic formation in the surface layer.  
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Fig. 14f). It is worth mentioning that the pressure of 32 MPa promoted 
the highest burnishing force and some samples presented surface dam
age when burnished with 40 MPa. Moreover, the variation in micro
hardness increased when pressure was elevated. This effect is analogous 
to that observed in the previously mentioned analysis of the 
α′-martensite formation. 

3.4.4. Comprehensive analysis of strain-induced martensitic formation 
during LPB 

This analysis aims to present, with a confidence level of 95 %, the 
effect of the main burnishing parameters on strain-induced α′-martensite 
formation (Fig. 15) and the possible interactions between them. All the 
analyzed parameters presented a statistically significant influence on the 

Fig. 14. Influence of the burnishing speed, number of passes and pressure on α′-martensitic formation in the surface layer.  
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formation of α′-martensite. The number of passes presented the highest 
statistical contribution (30.11 %), followed by pressure (28.04 %) and 
burnishing speed (18.14 %). 

Increasing the burnishing speed reduces the fraction of α′-martensite 
(Fig. 15a). In addition to the tribological effect that may have generated 
instability in the contact between the ball and the part, the metallurgical 
effect due to the increased strain rate was probably the most influential 
factor in the strain-induced phase transformation. The influence of 
increasing the strain rate in austenitic stainless steels is rather complex 
and involves more than dislocation gliding and twinning. According to 
Xia et al. [66], the formation of α′-martensite from metastable austenite 
is exothermal and the dissipation of the heat generated in the process 
from the external plastic work together with the internally generated 
latent heat changes the thermodynamic state from isothermal to adia
batic, which modifies the deformation mechanisms, reducing or inhib
iting the formation of α′-martensite, also reported by Krupp [67]. The 
decrease in α′-martensite content due to the adiabatic heating effect can 
be explained by the localized temperature increase. This temperature 
rise leads to an increase in Stacking Fault Energy (SFE). As a result, the 
decrease in stacking fault width, making the processes of nucleation and 
subsequent growth of α′-martensite more difficult. Thus, the trans
formation of γ-austenite into α′-martensite is suppressed [65]. Further 
studies concerned with the influence of strain rate on the burnishing 
temperature in AISI 304 shall be conducted in order to better elucidate 
this phenomenon. Martins et al. [68] found that the highest temperature 
developed in LPB of hardened AISI 4140 steel was recorded on the 
surface (80 ◦C). It should be pointed out that due to its microstructure, 
the deformation of AISI 304 stainless steel is more severe than that of 
hardened AISI 4140 steel, therefore, it is likely that the temperature 
reached when burnishing the AISI 304 steel is higher than 80 ◦C. 
Additionally, the effect caused by the decreased contact time between 
the ball and the work material reduces the response time to the stress 
imposed by the burnishing tool. Consequently, LPB carried out at high 
speeds tends to affect a layer closer to the surface. The microhardness 
tests also show this effect, see Fig. 14. 

Fig. 15b shows that increasing the number of burnishing passes el
evates the fraction of α′-martensite due to additional surface strain 
hardening (shown in the numerical simulation results presented in 
Fig. 6b and microhardness results in Fig. 14c and d). The slope of the 
curve between one and three burnishing passes is much steeper than 
from three to five passes. This behavior indicates that the strain hard
ening tends to saturate in the final passes, as observed by the variation in 
the fraction of α′-martensite (approximately 7 % between three and five 
passes versus 17 % between one and three passes). This result is further 
corroborated by the strain wave profilometry analysis presented in 
Fig. 7, which showed a decrease in the height of the deformation wave 

with an increasing number of passes. Fig. 16a presents the EBSD inverse 
pole figure (IPF) maps of the sample burnished with one pass (P = 24 
MPa and Vb = 103 mm/min). It is observed that a single burnishing pass 
is not able to significantly change the microstructure of the material, as 
suggested by the band contrast maps presented in Fig. 16b. This map 
indicates a higher percentage (89.4 %) of high angle contours (> 15◦) 
against 6.7 % of low angle contours (2◦–5◦), which correspond to the 
most concentrated dislocations at the grain boundaries. The additional 
deformation achieved by increasing the number of passes produces a 
refined grain layer on the burnished surface, as can be seen in the IPF 
map of Fig. 16c. Sohrabi et al. [69] demonstrated a significant influence 
of grain size on α′-martensite formation. In general, an increase in grain 
size up to the transition range of 34–90 μm (the measured average grain 
size of the material used in this study was 80 μm) reduces the stacking 
fault energy and consequently promotes α′-martensitic transformation. 
In this case, the decrease in the α′-martensite content observed between 
three and five passes (reduction in the slope of the curve shown in 
Fig. 15b), in addition to the reduced deformation, may also be attributed 
to the grain size reduction. A high concentration of high angle contours 
near the surface is observed together with a considerably higher amount 
(72.1 %) of low angle contours (Fig. 16d), which correspond, in addition 
to dislocations, mainly to deformation bands concentrated in the interior 
of the grains and extending to the deeper burnished layers, indicating 
that the severity of the deformation process increased with this 
parameter. Subsequent deformation passes produce more deformation 
bands, which are preferred sites for nucleation of α′-martensite, reducing 
the energy required for the formation of the new phase, and explains 
both the elevated fraction and its higher contribution to α′-martensite 
formation. 

The increase in burnishing pressure (Fig. 15c) also elevates the 
fraction of α′-martensite. Under low pressures (16 and 24 MPa), this 
variation is not relevant (less than 5 %), being more evident (approxi
mately 25 %) when LPB is performed under higher pressures. Increasing 
burnishing pressure elevates the intensity of plastic deformation, as seen 
in Fig. 6c, consequently increasing the driving force for phase trans
formation. However, an excessively high burnishing pressure can cause 
a damage to the workpiece surface, leading to early failure or unsuit
ability of the burnished product, see Fig. 8d. 

Regarding the interactions, only the interaction speed-number of 
passes was not significant. The pressure-speed (Fig. 17a) and pressure- 
number of pass (Fig. 17b) interactions presented contributions of 3.5 
and 3.16 %, respectively. The reduction of burnishing speed associated 
with the increase of pressure promoted an increase in the fraction of the 
α′-martensite. In terms of mechanisms, it can be inferred that the in
crease in pressure (stronger driving force) associated with the reduction 
in burnishing speed (longer contact time between the ball and the work 
material) provided an adequate response time of the work material to 
the plastic deformation mechanisms and favored conditions to both the 
formation of strain-induced α′-martensite and the increase of its fraction 
and depth of the affected layer. 

Increasing the number of passes associated with elevating the 
burnishing pressure induces the formation of α′-martensite and the in
crease of its fraction and depth of the affected layer. Both parameters are 
sources of driving force for the strain-induced phase transformation. 
Increasing the number of burnishing passes promotes additional defor
mation during each pass, continuously strain hardening the material and 
forming sites for nucleation of α′-martensite, while increasing the 
burnishing pressure raises the intensity of the driving force. Considering 
that strain hardening is limited, the strain tends to saturate. This phe
nomenon can be observed when pressure is increased from 32 to 40 MPa 
with five burnishing passes (Fig. 17b). Although there is no interaction 
between speed and the number of burnishing passes, the results indi
cated an interaction between the three factors, with a contribution of 
8.58 %. Therefore, the analysis must encompass the effect of the inter
action between speed and number of passes (Fig. 17c). At the lower Fig. 15. Main effect plots for α′-martensite formation: (a) speed, (b) number of 

passes and (c) pressure. 
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burnishing speed (102 mm/min), a larger amount of α′-martensite is 
formed when the number of passes and pressure increase. In this case, 
one must consider that the lower burnishing speed leads to a lower 
temperature (absence of the adiabatic effect). Furthermore, the contact 
time during which the workpiece will be subject to the stress imposed by 
the burnishing tool increases, in addition to more sites for α′-martensite 
nucleation during each burnishing pass without strain hardening satu
ration. At intermediate and high burnishing speeds, no variation in the 
tendency to form α′-martensite is observed when the number of passes is 
elevated. 

3.5. Correlation between α′-martensite formation and surface topography 

Fig. 18 presents the influence of the burnishing parameters assessed 
in terms of the continuous wavelet transform (CWT) and correlates a 
morphological roughness scale to the wavelengths of continuous 
wavelets. The relationship between frequency and space is characterized 
by the location of the structure at different scales [70]. The indications 
of local extremes for longer wavelengths are presented on higher scales 
and, for short wavelengths, on lower scales. 

LPB is commonly applied after machining operations. The machining 
parameters influence the roughness and the initial roughness condition 
can affect the results obtained after LPB. In order that initial roughness 
would not be a significant input parameter in the phase transformation 
analyses and in the correlation between phase transformation and 
roughness of the burnished surface, the tests were performed on pol
ished samples. The results show that the waviness surface has ampli
tudes of the nanometer order, with an average Wa value of 19.48 nm. 

For all burnishing parameters tested, the waviness was higher 
compared to that of the polished sample. This occurs due to the plastic 
flow of material from the deformation process induced by the LPB. The 
strain intensity, and consequently the waviness response, will be 
affected by the LPB parameters. It can be seen that burnishing speed 
(Fig. 18a), at both the lowest (Vb = 102 mm/min) and highest levels (Vb 
= 104 mm/min), tends to affect the roughness profile at macrogeometric 

scales (wavelength of 1 mm). The numerical simulation showed that the 
equivalent total strain at speed of 104 mm/min is slightly lower than at 
speed of 102 mm/min. However, due to the lower friction between the 
ball and the workpiece at the highest speed, the surface strains tended to 
be more homogeneous, which contributed to the wave formation, as 
seen in Fig. 6a. It is likely that homogenization of the strains on the 
surface has affected the waviness profile, even though the fraction 
α′-martensite has been reduced at highest speed. Additional burnishing 
passes increased waviness profile (Fig. 18b). Obviously, this result is a 
consequence of the increase in plastic strain caused by the increase in 
this parameter, as indicated by the numerical simulation (Fig. 6b). With 
one burnishing pass, deformation is concentrated on micrometric 
roughness scales, with a wavelength of 0.2 mm (value that corresponds 
to twice the step-over of 0.1 mm). Therefore, only the roughness peaks 
are deformed, filling in the roughness valleys, which indicates a low 
intensity of surface plastic deformation, reason why the fraction of 
α′-martensite formed is lower. When the number of passes is increased, 
deformation becomes more intense and reaches macroscopic roughness 
scales. With five passes, deformation is severe enough to break the 
periodicity of the microgeometric roughness profiles, affects the 
macroscopic scale to values that exceed a wavelength of 1 mm and 
produces roughness scales with a wavelength lower than 0.2 mm. In this 
case, the flow and amplitude of displaced material is considerably 
higher, thus explaining the higher fraction of α′-martensite formed. The 
number of burnishing passes presented the highest influence on both the 
fraction and depth of α′-martensite formed and on the roughness profiles 
at microgeometric and macrogeometric scales. Increasing the 
burnishing pressure (Fig. 12c) produces a similar effect to the number of 
passes: it is expected that increasing pressure raises the hydrostatic 
driving force and elevates the strain state of the surface. As a conse
quence, it raises the fraction of α′-martensite. 

Since deformation in LPB tends to affect the roughness on a macro
geometric scale, it becomes relevant to evaluate the waviness amplitude 
parameters. To statistically evaluate the effect of deformation on the 
surfaces and, consequently, on the formation of α′-martensite, the 

Fig. 16. EBSD results: (a) IFP and (b) band contrast maps of the sample burnished with one pass; and (c) IFP and (d) band contrast maps of the sample burnished with 
five passes. 
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arithmetic mean waviness (Wa) parameter was used. The main effects of 
LPB parameters on Wa are shown in Fig. 19 (left) together with the 
waviness surfaces (right), which qualitatively present the effect of LPB 
parameters on surface deformation. 

There was no statistical difference in the Wa values between 
burnishing speeds of 102 and 104 mm/min (Fig. 19a). This result is 
relevant, because it indicates that even at high speed, plastic deforma
tion on the surface was severe and the reduction in the fraction of 
α′-martensite is a consequence of changing strain-related phenomena, 
particularly due to the adiabatic effect. Undoubtedly, the mechanical 
and metallurgical responses of the high speed burnishing operation are 
very complex, as it involves changes in tribological behavior, which 
alters the contact conditions and causes process instability, and micro
structural change, which is a result of thermodynamic effects caused by 
the increased strain rate. The numerical model identified lower equiv
alent total strains on the surface for the speed of 104 mm/min speed, but 
the order of magnitude was close to that presented for the 102 mm/min 
speed. Thus, the strain values in the high speed model may be associated 
with a contact nonlinearity problem, as well as the behavior of the 
material subjected to high strain rates. In addition to the reduction in 
friction, which contributed to the homogenization of surface strains at 
the highest speed, there was also a reduction in surface microhardness 
due to the higher austenitic content, whose mechanical strength is lower 
than that of α′martensite. Thus, the flow of material may have been 
favored, which contributed to the Wa values at speed 104 mm/min being 
similar to those at speed 102 mm/min. Except for burnishing speed, the 
Wa curves as functions of increasing number of passes and pressure 

show a similar behavior to the α′-martensite fraction curves, i.e., 
elevating these parameters increases both the fraction of α′-martensite 
and Wa. The influence of number of passes (Fig. 19b) is more evident 
when compared to the other parameters: the value of Wa doubled when 
the number of passes increased and this effect is demonstrated by the 
waviness surface. For a single burnishing pass, the waviness is barely 
affected and the wave amplitudes are short because the strain is low. 
Increasing the number of passes promotes additional localized defor
mation (see Fig. 6b), repeatedly in the same region, which makes the 
deformation state more severe, raising the plastic flow. Thus, both the 
amplitude and the wavelength increase. This result demonstrates the 
tendency of the increased number of passes to affect with higher in
tensity and depth beneath the surface and, consequently, to form a 
larger fraction of α′-martensite and at a deeper layer. Increasing 
burnishing pressure increases the wave amplitude due to increased hy
drostatic force (Fig. 19c), however, its effect is less pronounced than the 
number of passes. 

A correlation between Wa and both the height caused by grain 
deformation (H) and the degree of fatigue damage under low-cycle fa
tigue (UF) on austenitic stainless steel was investigated [71]. The results 
shown that Wa increased when H or UF are elevated and these param
eters are strongly correlated and affected by deformation. These results 
demonstrate an embrittlement of the material as a function of these 
parameters. In contrast, Wa increases with increasing α′-martensite 
fraction. This result may considerably mitigate the embrittlement effect 
due to the increased flow stress and the higher compressive residual 
stresses induced in the α′-martensite. 

Fig. 17. Interaction plots for α′-martensite formation: (a) pressure-speed (b) pressure-number of passes.  
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4. Conclusions 

After subjecting AISI 304 austenitic stainless steel to low plasticity 
burnishing under various conditions, the following conclusions can be 
drawn.  

• Concerning the numerical simulation results, higher LPB speed 
reduced friction, leading to decreased and more uniform strain. 
Conversely, increasing the number of passes and pressure increased 
the strain intensity and plastically deformed area.  

• Regarding the burnishing LPB force, increasing LPB speed reduced 
the burnishing force owing to the reduction in the contact time be
tween ball and material surface, potentially reducing plastic defor
mation. Increasing the number of passes reduces LPB force due to 
decreased contact area between the ball and the workpiece, a result 
of material work hardening. An increase in pressure elevates the LPB 
force up to a maximum value, after which it decreases and becomes 
detrimental to the surface.  

• With regard to α′-martensite formation, empirical model (GIXRD 
analysis ranging from 0.255 to 2 μm in depth), corroborated by 
Mössbauer spectroscopy analysis (depth of ≈0.1 μm) revealed that 
the highest α′-martensite content occurs at the surface and decreases 

with depth. Such behavior diverges from the predictive models. The 
number of LPB passes played the most significant role in martensite 
α′-formation and its increase resulted in higher α′-martensite layer 
content and depth, along with high microhardness values and the 
formation of a refined grain surface layer. Raising LPB speed reduced 
α′-martensite content, depth, and microhardness due to the adiabatic 
effect. Increasing the LPB pressure elevated the fraction of 
α′-martensite formed.  

• Concerning the correlation between α′-martensite and the arithmetic 
mean waviness, increasing the number of LPB passes led to an in
crease in the amplitude of the waviness, indicating higher severity of 
plastic deformation on the surface, similarly to the formation of 
α′-martensite. Increasing pressure elevates wave amplitude due to 
increased hydrostatic force and, analogous to the α′-martensitic 
phase transformation, this effect was less pronounced in comparison 
with number of passes. 
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Fig. 18. Continuous wavelet transform analysis: influence of (a) burnishing speed, (b) number of passes and (c) pressure.  
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Fig. 19. Influence of (a) burnishing speed, (b) number of passes and (c) pressure on the arithmetic mean waviness (Wa) and waviness surfaces.  
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