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Abstract: Shot peening is a surface process commonly used in the aeronautic and automotive
industries to improve fatigue resistance. Shot peening is proven to be beneficial in the fatigue
behavior of components, but rarely has its influence on wear and pitting corrosion resistance been
evaluated. In this work, shot peening was performed on AISI F55-UNS S32760 super-duplex
stainless steel samples previously submitted to various thermal treatments, to obtain different
initial microstructures and properties. Samples have been characterized in terms of microstructure
morphology, local chemical composition, microhardness of each constituent phase, and energy
dissipation modes. The enhanced properties provided by shot peening has been evaluated through
residual stress depth profiles and Full Width at Half Maximum (FWHM) using X-ray diffraction (XRD),
surface hardness, surface roughness, and corrosion resistance through salt spray fog tests. The 1400 ◦C
solution thermal treatment was identified as the optimum initial condition, which maximizes the
advantages of the shot peening treatment, even pitting corrosion resistance. These results are related
to the uniformity of austenite and ferrite in terms of microstructure morphology, micromechanical
properties, and alloying elements distribution.
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1. Introduction

Nowadays, with the intent to improve fatigue strength and to increase the life span of components,
several processes are employed. Shot peening is one of the most widespread processes that can improve
fatigue behavior. It is widely used and is a low cost and simple method. Its application is still further
expanding especially in aeronautic and automotive industries [1–3].

Shot peening consists of impacting a flux of spherical shots against a metallic surface, inducing a
residual stress field and work hardening on the top layer of the components. Due to the shot impacts,
the surface layer of a component yields plastically. The result from the inability of the plastically
deformed material to rearrange itself on the elastic subsurface layers generates residual compressive
stresses. At the same time, because of the shot marks the surface roughness increases and work
hardening is induced a result of the plastic deformation. The beneficial effects of this mechanical
surface treatment are mostly related to the compressive residual stress field and the induced strain
hardening [4–7]. On the surface, residual compressive stresses and work hardening are able to stop
difficult crack propagation, reducing the probability of fatigue damage. Thus, the increase in resistance
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to fatigue, stress corrosion cracking, fretting, galling, erosion, and closing pores are common benefits
that result from the shot peening process [8–16].

Regarding stainless steels, in recent years it has been found that the corrosion potential becomes
nobler with an increase in compressive stresses at the surface layer, since the Cr/Fe ratio in the passive
film increases where large compressive stresses are found in the grains under it. Then, thanks to these
compressive stresses, this passive surface layer can result in a higher corrosion resistance [17–20].

Thanks to their biphasic microstructure and high content of alloying elements, such as chromium
and nickel, duplex and super duplex stainless steels feature good pitting corrosion resistance, which
promotes their exploitation in oil & gas, chemical, and marine applications where high corrosion
resistance is usually required. Thus, in this way, residual stress fields could have a beneficial effect,
since they have been found to increase pitting corrosion resistance in stainless steels [17–20].

Bearing these ideas in mind, the aim of this work is to perform shot peening treatments to a
F55-UNS S32760 super duplex stainless steel, in order to study the influence of this treatment on
corrosion resistance.

In detail, the influence of various initial conditions of F55-UNS S32760 super duplex stainless steel
specimens prepared through different thermal treatments are evaluated in this work. The investigated
thermal paths avoid the precipitation of detrimental intermetallic phases, fulfilling the classical
standard requirements. Nonetheless, the physical properties of the target material are strongly affected
by its thermal history, both in terms of mechanical properties and microstructure morphology [21–24].

Shot peening treatments were performed after the thermal treatments of the samples.
Characterization has been made in terms of microstructure morphology, local chemical composition,
microhardness of each constituent phase, and energy dissipation modes. The enhanced properties
that are a result of the shot peening have been evaluated in terms of residual stress depth profiles,
FWHM (Full Width at Half Maximum, related with the work hardening), both by means of X-ray
diffraction (XRD), surface hardness, surface roughness, and corrosion resistance through salt spray fog
tests. The influence of the initial thermal treatments on the results have been highlighted.

The shot medium employed was Zirshot® Y300, composed of ceramic beads and blasted with a
10A Almen intensity. Then, the microstructure, the surface hardness, the residual stresses field, and the
corrosion resistance properties of the shot peened specimens have been evaluated and the differences,
generated by the various initial condition of the target material, have been highlighted.

2. Experimental Procedure

2.1. Material, Specimens, and Thermal Treatments

Specimens have been drawn from a commercial AISI F55-UNS S32760 (Eure Inox S.r.l., Peschiera
Borromeo, Italy) cold drawn bar, drawn at about 1 ms−1 in three passes with a section area reduction
of approximately 25%. Their dimensions were approximately 25 × 25 × 10 mm3. A first set of samples
was taken as a reference and named “CD” (from “Cold Drawn”) in the following. Afterward, thermal
treatments were performed in different series of specimens, in order to modify their microstructure
and properties. The first solution thermal treatment was performed at 1300 ◦C for 60 s per millimeter
and then all the samples were water quenched. This thermal treatment was executed to achieve
a duplex microstructure, composed only by α-ferrite and γ-austenite, to prevent the formation of
an undesired secondary phase. Further, this thermal treatment removes the residual stresses and
deformation patterns, derived from the previous forming process. Through this thermal treatment,
a supersaturation of γ-former elements within the α-ferritic phase was also obtained, as depicted by
the phase diagrams. The thermal and chemical homogenization was ensured by the 60 s/mm soaking
time [25,26].

Subsequently, an annealing thermal treatment at 1080 ◦C was executed with different holding
times: 36, 72, 210, and 360 s/mm. The corresponding samples were named in the following as: “A36”,
“A72”, “A210”, and “A360”. This thermal treatment was performed with the aim of reproducing
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the temperature conditions that are currently employed during the real hot-working process, again,
for the purpose of avoiding the precipitation of the detrimental and embrittling secondary phases.
Then, all the specimens were water quenched.

Finally, other samples were annealed at 1300 ◦C and 1400 ◦C for 72 s/mm and water quenched,
in order to also evaluate the effect of the thermal treatment temperature solubilization. These specimens
were named as “S1300” and “S1400” [21].

The performed thermal treatments are summarized in Table 1.

Table 1. Summary of the performed thermal treatments.

Sample Thermal Treatment

CD Cold Drawn
A36 1300 ◦C, 60 s/mm + water quenched + 1080 ◦C, 36 s/mm + water quenched
A72 1300 ◦C, 60 s/mm + water quenched + 1080 ◦C, 72 s/mm + water quenched

A210 1300 ◦C, 60 s/mm + water quenched + 1080 ◦C, 210 s/mm + water quenched
A360 1300 ◦C, 60 s/mm + water quenched + 1080 ◦C, 360 s/mm + water quenched
S1300 1300 ◦C, 72 s/mm + water quenched
S1400 1400 ◦C, 72 s/mm + water quenched

The investigated microstructures were chosen due to their industrial interest. 1300 ◦C is a typical
solution annealing temperature before forging. The 1080 ◦C annealing is the classical hot forming
temperature and post-forming recrystallization/homogenization annealing. The microstructure that
results after a solution thermal treatment at 1400 ◦C is the same one that results after fast solidification
in welds. A second annealing after the 1400 ◦C solution treatment will lead to a microstructure featured
by coarse Widmanstätten secondary austenite precipitates, which are well-known to be extremely
deleterious for toughness. Due to this reason, these microstructures have not been investigated in this
work [21].

2.2. Shot Peening Treatment

All samples have been polished with a 400-grit diamond abrasive (Ra around 12 µm), since the
surface of the specimens after the thermal treatment were covered by scales that had to be removed.
Further, this ensures that the samples have a uniform initial condition before shot peening.

Then, some specimens from each series were submitted to the shot peening treatment in a
Guyson International Euroblast 4PF Blast Cabinet® machine (Guyson International Ltd., Skipton, UK).
Saint-Gobain ZirPro Zirshot® Y300 ceramic beads (300 µm diameter and 700 HV, SEPR-Saint-Gobain
ZirPro, Le Pontet CEDEX, France) were used as shots. Almen intensity was set at 10A, using an impact
angle of 90◦, and 98% coverage and defined as “full coverage”. The time necessary to achieve this
level of coverage was obtained using the Avrami equation [27]. The choice of the Almen intensity was
driven by previous studies where an increase in fatigue resistance for duplex stainless steels had been
already achieved using similar treatment parameters but different blasting mediums [28,29].

Table 2 shows the data of the Avrami equation. The autoregressive (AR) parameter was obtained
after 1 s of blasting exposure. The coverage after 1 s of SP was determined using image processing,
five images were taken for each sample in different areas [27]. The results of the coverage after 1 s of
SP and its uncertainty are reported hereafter in Table 2. Using these data to solve the Avrami equation,
the exposure time necessary to achieve full-coverage has been calculated. An experimental aspect,
which may have influenced the variation of the time to full-coverage, is the distance from the SP nozzle.
Indeed, the initial dimensions of the samples were quite similar (approximately 25 × 25 × 10 mm3),
but during the heat treatment they experienced a different hot-oxidation and, consequently, scale
formation. Thereafter, all samples were polished with a 400-grit diamond abrasive (Ra around 12 µm),
since the surface of the specimens after thermal treatment were covered by scales that had to be
removed. Further, this ensures that the samples have a uniform initial condition before shot peening.
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Table 2. Avrami equation parameters.

Sample Average Coverage
after 1 s of SP

Coverage Standard Deviation
after 1 s of SP AR Coeff. t (98%) [s]

CD 65 3.0 1.05 3.71
A36 89 3.7 2.18 1.79
A72 67 2.9 1.10 3.57

A210 83 3.9 1.75 2.24
A360 77 4.1 1.45 2.69
S1300 60 3.3 0.92 4.28
S1400 73 2.6 1.31 2.98

2.3. Optical Microscopy

Specimens have been prepared for optical microscopy using Beraha’s tint etch, following the
standard ASTM E407-07 [30]. The solution composition is here reported: H2O 100 mL, HCl 20 mL,
0.6–1.0 g of K2S2O5 and 2–10 g (NH4F) HF. This chemical etching highlights the biphasic microstructure
of the investigated alloy, differently coloring the α-ferrite and γ-austenite. Afterwards, following the
ASTM E1245-13 [31] and ASTM E1382-10 [32] standards, the quantitative metallographic analysis
was performed. The specimens were electrochemically etched at 10 V for 15 s with oxalic acid
solution (10 g of H2C2O4 in 100 mL of H2O 100 mL). This etch allowed the observation of twins
within the austenitic phase, which were counted following the ASTM E1245-13 and ASTM E1382-10
standards [31,32].

2.4. Austenite Volume Fraction Measurements via X-ray Diffraction

The optimization of the properties of the super duplex stainless steels was obtained with the
proper control of the chemical composition and processing conditions, to obtain about an equal
proportion of the austenite and ferrite [23]. For the sake of clarity, the microstructure was featured
through the volume fraction of the austenitic phase, expressed as a percentage [33].

Austenite volume fraction of the samples was measured with a Stresstech Xstess 3000 G3R®

diffractometer (Stresstech Oy, Vaajakoski, Finland) to evaluate any possible percentage variation
related to the shot peening process. These tests were performed using Kα-Chromium radiation
coupled with a Vanadium filter and following the ASTM E975-13 standard [34].

2.5. Residual Stresses Measurements via X-ray Diffraction

Residual stresses were measured with a Stresstech Xstess 3000 G3R® apparatus (Stresstech Oy,
Vaajakoski, Finland), to evaluate the residual stresses. These tests were performed using the Kα-
Chromium radiation coupled with a Vanadium filter and following the ASTM E2860-12 standard [35].
The measurements were performed according to the SAE International standard HS-784/2003 Residual
Stress Measurement by XRD [36].

A depth profile of the residual stresses was drawn using electropolishing, following the ASTM
E1558-14 standard [37]. This operation was performed by means of an electro-polishing facility,
removing step by step the thin layers of material, using acetic acid (CH3COOH) as an electrolyte.
The results of the in-depth residual stress measures were corrected using the method described by
Moore and Evans [38]. The thickness that was removed was checked with a micrometer (Mitutoyo
Italiana S.r.l., Lainate, Italy).

2.6. Vickers Microhardness

Vickers microhardness tests were performed following the ASTM E92-03 standard [39].
The hardness of the different phases was measured using a 100 gf load with a loading time of 15 s.
On the other hand, the surface hardness was measured through a 200 gf load with an indentation time
of 15 s.
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2.7. Scanning Electron Microscope Analysis

The local chemical composition of the two constituent phases of the samples was acquired through
a scanning electron microscope (SEM) Zeiss EVO 50® (Carl Zeiss Microscopy GmbH, Jena, Germany,
using dispersive X-ray microanalysis (SEM-EDS, Carl Zeiss Microscopy GmbH, Jena, Germany) and
secondary electron detector (SEM-SE, Carl Zeiss Microscopy GmbH, Jena, Germany).

This analysis examines the distribution of each alloying element between the ferritic and austenitic
phase, which is crucial to optimize the mechanical and corrosion resistance properties [23,24].

2.8. Roughness

Roughness measurements were performed on the surface of the shot peened samples, using a
stylus Mahr PGK MFK-250® tester (Mahr GmbH, Göttingen, Germany) with a tip radius of 2 µm
with a vertical measure range of ±250 µm. The data were collected following the UNI EN ISO
4288-2000 standard [40]. The translational speed during the measurement was set at 0.5 mm/s along
an exploration length of 5.6 mm. The base length was 0.8 mm and the total evaluated length was
4.0 mm. Data were filtered using a Gaussian filter function with a wavelength cutter of 0.8 mm.
From the surface profiles, obtained with the optical microscopy, it is possible to evaluate the surface
roughness through the fractal dimension of the surfaces along 1 mm of the surface profile. The images
were processed by Image Pro Plus® software (version 4.5, Media Cybernetics Inc., Rockville, MD,
USA), using a ruler-counting method evaluation of fractal dimension.

2.9. Salt Spray Fog Tests

The corrosion resistance of the specimens was evaluated via salt spray fog tests, which were
executed for 168 h following the ASTM B117-16 standard [41]. The chamber temperature was set at
35 ± 2 ◦C and the sprayed solution was prepared by dissolving 50 g/L of NaCl in distilled water.
The solution pH was controlled to be between 6.5 and 7.2 and its flux, feeding the chamber, was equal to
1–2 mL/h. Afterwards the corrosion resistance properties of the samples were evaluated by controlling
the mass variation as prescribed by UNI EN ISO 9227-12 [42]. The measuring instrument is featured
by an error equal to 0.1 mg.

3. Theory and Calculation

3.1. Shot Peening Coverage

In recent years, models have been developed to theoretically predict and control the coverage
percentage of the shot peening processes. The most famous model was developed by Kirk and
Abyaneh. This model, supported by theoretical and practical evidence, asserts that, as the amount of
peening increases, the coverage points to an exponential approach that reaches 100%. According to this
evidence, Avrami’s simplest equation (Equation (1)) is employed to relate the coverage to the amount
of peening, expressed as [43]:

Ct% = 100 ∗ [1 − e−A∗t] (1)

where Ct% is the coverage after a time t and A corresponds to the indent rate. This parameter is also
given by (Equation (2)) [43]:

A = −ln[(100 − Ct0%)/100] (2)

where Ct0% is the coverage percentage measured after a shot peening process during t0. Through the
coverage percentage measured after a fixed time, it is possible to calculate the indent rate A and, then,
the time t, needed to reach the desired coverage.

The SAE J2277 standard [44] sets a target for coverage, defined as “full coverage”, being equivalent
to 98% actual coverage [43,45].
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3.2. Austenite Volume Fraction Measurements via X-ray Diffraction

Measurements of austenite content through XRD are based on the calculation of the diffraction
peak areas of both the ferritic and austenitic phase, since these area are proportional to the
volumetric content of each phase. Thus, the austenite content can be calculated using the equation
(Equation (3)) [46]:

Vγ = (1 − Vc) ∗

1
q
∗

q

∑
j=1

Iγj

Rγj

/ 1
p
∗

p

∑
j=1

Iαi
Rαi

+

1
q
∗

q

∑
j=1

Iγj

Rγj

 (3)

where Vγ is the austenite content, VC is the carbides content, q is the number of austenitic peaks
(hkl), Iγj is the area of the j−peak of austenite and Rγj is a theoretic parameter of the area under the
intensity graph for the austenitic phase, which depends on the interplanar spacing (hkl), the Bragg
angle, the crystalline structure, and the composition of the measured phases. In parallel, p is the
number of ferritic peaks (hkl), Iαi is the area of the i−peak of ferrite, and Rαi is a theoretic parameter of
the area under the intensity graph for the ferritic phase, which depends on the interplanar spacing
(hkl), the Bragg angle, the crystalline structure and the composition of the measured phases.

To obtain reliable results it is crucial that the diffraction peaks fit. In this work, the evaluation of
the diffraction peaks of the austenitic phase at 130 and 80 degrees was carried out by using a parabolic
function to reduce the background noise and the Gauss-function to fit the curve. For the ferrite phase
diffraction the PearsonVII-function was used to fit the peaks at 156.4 and 106.1 degrees, and a linear
function was used for noise reduction [46,47].

Table 3 shows the parameters used in the austenite measurements. As XRD intensity is influenced
by the presence of preferred orientations, the effect of textures should be corrected to estimate more
precisely the volume fractions of the phases. However, it would not affect the comparison between the
data collected before and the after shot peening process. Since the comparison among the different
samples is treated mainly qualitatively and the crystallographic texture effect on XRD austenite content
measurement would affect only the cold drawn “CD” samples, it may be neglected.

Table 3. Parameters used in the X-ray diffraction (XRD) measurements [48].

Phase (hkl) 2θ [◦] R Poisson’s Coefficient Young’s Modulus [MPa]

Ferrite
200 106.1 18.92

0.28 220,264211 156.4 183.13

Austenite
200 80 26.42

0.28 207,039220 130 51.54

3.3. Residual Stresses Measurements via X-ray Diffraction

Residual stresses were measured via XRD with Kα-Chromium radiation (2θ = 156.1◦, 30 kV,
6.7 mA) for α-phase (211) and with Kα-Chromium radiation (2θ = 128.8◦, 30 kV, 6.7 mA) for γ-phase
(220). The stresses were determined by the sin2 Ψ method, measuring 11 angles, and 1 mm2 of the
irradiated area. For the ferrite diffraction peak at 156.1◦, a pseudo-Voigt-function was employed to fit
the peak and a parabolic function for noise reduction. The diffraction peak of the austenitic phase at
128.8◦ degrees was carried out by using a parabolic function to reduce the background noise and the
Gauss-function to fit the curve. The average penetration depth of Kα-Chromium radiation is about
5 µm for ferrite and 10 µm for austenite [49–53].

3.4. Alloying Elements Partitioning

As previously mentioned, the properties of super duplex stainless steels are optimized whenever
a proper control of the chemical composition is reached. This means not only a control on the overall



Materials 2018, 11, 1038 7 of 21

composition, but also a control in the partitioning of the alloying elements between the two main
constituent phases. To evaluate the distribution of the alloying elements a partition coefficient PX

γ/α

has been used. This partition coefficient is given by Equation (4):

PX
γ/α = [Xγ]/[Xα]. (4)

where Xγ is the concentration of the alloying element X (expressed as wt %) within the austenitic
phase and, on the other hand, Xα is the concentration of the alloying element X (expressed as wt %)
within the ferrite [23].

3.5. Surface Roughness Fractal Analysis

Using the surface profiles obtained through optical microscopy, it is possible to evaluate the surface
roughness through the fractal dimension of the surfaces. The original images of the cross-section
(5 images of a width corresponding to approximately 1 mm of the surface profile) are processed by
Image Pro Plus® software (version 4.5, Media Cybernetics Inc., Rockville, MD, USA). This software
applies a ruler-counting method to the evaluation of the fractal dimension for the surface profiles.

The surface profile is covered with rulers of length d. If the profile is completely covered with N
rulers, the fractal geometry shows the following relationship Equation (5):

N(d) = µd−D (5)

where D is the fractal dimension and µ is a positive constant [54,55].

3.6. Full Width at Half Maximum (FWHM)

XRD techniques are able to detect and separate the contribution of microscopic stresses,
or microstresses, within the crystals. Microscopic stresses result from imperfections in the crystal
lattice and are without direction. Thus, microstresses vary from point to point within the crystal lattice,
broadening the diffraction peak, due to the alterations in the lattice spacing. Then, microstresses can
be determined from the diffraction peak breadth. In this work, the width of the diffraction peak has
been calculated from the width of the function fitted to the diffraction-peak profile during macrostress
measurement. Then, it has been quantified precisely as the width at half the height of the diffraction
peak (Full Width at Half Maximum, FWHM). This quantity is assumed as an index of the hardening of
the material [56,57].

4. Results

An investigation of the behavior of AISI F55 (UNS S32760) super duplex stainless steel, dealing
with a mechanical surface treatment, such as shot peening, has been performed. The obtained data
identifies how microstructural features affect corrosion behavior and are affected by this process.

4.1. Optical Microscopy

Optical microscopy reveals the complexity of the microstructure featuring this steel grade.
The thermal treatments drastically modify the microstructure. Cold drawn samples present the
typical “pancake” microstructure (Figure 1B). S1400 samples show the austenitic phase contouring the
ferritic grains as allotriomorphs and within the grains as Widmanstätten γ-austenite plates (Figure 1D).
S1300 samples present a microstructure characterized by roundish austenitic grains dispersed within
the ferritic matrix (Figure 1C). The annealing treatment triggers the secondary austenite precipitation
(Figure 1E), followed by the growth of the precipitates with ongoing thermal treatment (Figure 1F).
The static recovery of the ferritic grains is reported to occur between 210 s/mm (Figure 1G) and
360 s/mm (Figure 1H) of the holding time. Moreover, the effect of the deformation by the performed
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shot peening surface treatment can be detected by observing the distortion of the sub-surface austenitic
grains (Figure 1A).

Materials 2018, 11, x FOR PEER REVIEW  8 of 21 

 

performed shot peening surface treatment can be detected by observing the distortion of the sub-
surface austenitic grains (Figure 1A). 

 
Figure 1. Sample microstructure through optical microscopy after Beraha’s tint etch: Surface section 
of the sample annealed at 1080 °C for 210 s/mm (A); Core section of the cold drawn reference specimen 
(B); The solution annealed at 1300 °C (C); The solution annealed at 1400 °C (D) and the samples 
annealed at 1080 °C for 36 s/mm (E); 72 s/mm (F); 210 s/mm (G) and 360 s/mm (H). 

4.2. Austenite Volume Fraction Measurements via X-ray Diffraction 

The austenite content of the samples measured via XRD in the same area before and after the 
shot peening process is reported in Table 4, where TTγ% is the austenite amount (%) after the thermal 
treatment. The data evinces a strong decrease of the austenitic phase volume fraction after the shot 

Figure 1. Sample microstructure through optical microscopy after Beraha’s tint etch: Surface section of
the sample annealed at 1080 ◦C for 210 s/mm (A); Core section of the cold drawn reference specimen
(B); The solution annealed at 1300 ◦C (C); The solution annealed at 1400 ◦C (D) and the samples
annealed at 1080 ◦C for 36 s/mm (E); 72 s/mm (F); 210 s/mm (G) and 360 s/mm (H).

4.2. Austenite Volume Fraction Measurements via X-ray Diffraction

The austenite content of the samples measured via XRD in the same area before and after
the shot peening process is reported in Table 4, where TTγ% is the austenite amount (%) after the
thermal treatment. The data evinces a strong decrease of the austenitic phase volume fraction after
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the shot peening process, revealing the capacity of this treatment to induce phase changes in the
steel microstructure.

Table 4. Austenitic phase volume fraction measured via XRD technique in the same areas of the
specimens, before and after shot peening process.

Sample

Thermal Treatment Shot Peening ∆ ∆/(TTγ%)

% Austenite % Uncertainties % Austenite % Uncertainties % Austenite Ratio

[Vol %] [Vol %] [Vol %] [Vol %] [Vol %]

CD 55.3 2.3 38.1 1.7 −17.2 ± 4.0 −0.31 ± 0.03
A36 54.6 1.8 47 3.9 −7.6 ± 5.7 −0.14 ± 0.02
A72 47.7 3.4 33 3.7 −14.7 ± 7.1 −0.31 ± 0.06
A210 45.9 2.5 41 1.3 −4.9 ± 3.8 −0.11 ± 0.01
A360 53.7 2.7 23.5 2.2 −30.2 ± 4.9 −0.56 ± 0.08
S1300 31.8 2.5 25.6 1.4 −6.2 ± 3.9 −0.19 ± 0.03
S1400 37.3 1.7 25.3 2.1 −12 ± 3.8 −0.32 ± 0.04

4.3. Residual Stresses Measurements via X-ray Diffraction

The depth profiles of residual stresses induced by the shot peening treatment have been recorded
and are reported in Figures 2 and 3.
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Figure 2. Depth profiles of the residual stresses induced by shot peening treatment within the ferritic
phase: CD, S1300, S1400 samples (A) and A36, A72, A215, A360 (B).
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Figure 3. Depth profiles of the residual stresses induced by shot peening treatment within the austenitic
phase: CD, S1300, S1400 samples (A) and A36, A72, A215, A360 (B).

4.4. Vickers Microhardness

Another beneficial effect of shot peening is the increase in surface hardness, which is responsible
for the better behavior of the processed product in some working conditions, such as fretting or erosion.
The increase in surface hardness achieved through the shot peening process was measured via Vickers
microhardness tests and the results are reported in Figure 4. All the samples show a strong increase
in surface hardness, more than 100 HV. The highest increase was found in the solubilized samples,
around 200 HV, giving the surface hardness near 500 HV.
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Figure 4. Surface hardness before and after shot peening treatment.

Furthermore, through the Vickers microhardness tests, the hardness of the two main constituent
phases have been evaluated. The results are reported in Figure 5. The ferritic phase presents a
higher hardness with respect to the austenite phase in every specimen, except in the solubilized at
1400 ◦C samples. In the latter case, the two phases display similar Vickers microhardness values.
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This uniformity in the mechanical properties can be related to the similar chemical composition of the
ferritic and austenitic phases and, consequently, to solid solution hardening.
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4.5. Scanning Electron Microscope Analysis

Table 5 shows the local chemical composition of the two constituent phases, ferrite and austenite,
obtained by SEM-EDS analysis. Each alloying element preferentially redistributes in one of the phases.
Their behavior is extremely important to optimize the final properties of this steel grade, both in
terms of the mechanical and corrosion resistance properties. For instance, strong mis-balances of the
alloying elements may trigger galvanic corrosion micro-couples. Thus, a correct partitioning should be
achieved. In Figure 6, the partitioning coefficient of the main alloying element, calculated as reported
in Equation (4), has been plotted. It can be observed that samples solubilized at 1400 ◦C result in
the most mixed composition, which feature partitioning coefficients closer to the unity value than
other specimens.

Table 5. Chemical composition measured within austenitic and ferritic phases.

Sample Phase % Fe % Cr % Ni % Mo % W % Cu % Mn

CD
γ 62.14 24.13 8.52 3.19 0.61 0.78 0.63

α 60.46 27.01 5.91 4.74 0.89 0.55 0.44

A36
γ 61.51 25.05 8.06 3.76 0.86 0.33 0.45

α 60.53 26.59 5.11 5.2 1.39 0.44 0.74

A72
γ 60.10 22.87 9.05 4.28 1.82 1.11 0.77

α 58.50 24.18 5.31 8.12 2.06 1.07 0.76

A210
γ 61.15 24.5 7.95 3.65 1.48 0.71 0.57

α 58.61 26.6 4.80 7.15 1.65 0.54 0.65

A355
γ 61.75 24.76 7.71 3.52 1.42 0.53 0.32

α 57.37 26.13 4.48 8.49 1.69 1.36 0.48

S1300
γ 61.22 24.21 7.85 3.03 1.36 1.36 0.98

α 59.17 26.04 6.61 5.52 1.60 0.47 0.59

S1400
γ 61.19 24.38 7.41 3.89 1.44 0.81 0.88

α 59.56 25.64 6.99 4.77 1.53 0.82 0.70
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Figure 6. Alloying element partitioning between the austenite and ferrite as stated in Equation (4).

4.6. Roughness

Since shot peening is a mechanical surface process, it modifies the surface morphology.
Thus, roughness parameters after the shot peening of the samples were measured by means of a
stylus Mahr PGK MFK-250® tester (Mahr GmbH, Göttingen, Germany). In Table 6 the resulting data
are presented, following the UNI EN ISO 4287-1996 standard [58]. It is interesting to underline the
absence of any relationship, which could be conjectured, between the surface hardness of the samples
and their final roughness. Further, it must be highlighted that the smoothest surface after shot peening
is obtained in solubilized at 1400 ◦C samples. The same results are given by the fractal dimensions
data, which can include hook-shaped indentations, evincing the surface damages induced by the shot
peening process.

Table 6. Surface roughness test results.

Average
Roughness

Ra Rq Rz Rmax Rp Rv Fractal
Dimension[µm] [µm] [µm] [µm] [µm] [µm]

CD 3.5 ± 0.2 4.6 ± 0.21 22.9 ± 1.7 27.6 ± 4.6 13.1 ± 1.4 9.7 ± 1.0 1.018 ± 0.0010
A36 3.7 ± 0.12 4.5 ± 0.16 19.7 ± 1.9 23.7 ± 2.8 11.9 ± 1.9 7.7 ± 0.4 1.023 ± 0.0034
A72 3.8 ± 0.13 4.7 ± 0.16 21.3 ± 1.2 26.7 ± 3.7 12.7 ± 1.1 8.5 ± 0.7 1.015 ± 0.0010

A210 3.7 ± 0.26 4.6 ± 0.27 20.4 ± 2.5 24.6 ± 2.5 12.4 ± 1.3 8.0 ± 0.8 1.020 ± 0.0011
A360 3.9 ± 0.13 4.6 ± 0.34 21.1 ± 0.8 27.5 ± 1.7 11.9 ± 0.6 9.3 ± 1.0 1.018 ± 0.0030
S1300 3.7 ± 0.13 4.6 ± 0.12 20.7 ± 1.3 26.5 ± 3.9 12.5 ± 1.0 8.2 ± 1.0 1.018 ± 0.0021
S1400 3.5 ± 0.15 4.3 ± 0.16 20.6 ± 0.7 24.2 ± 1.5 11.3 ± 0.5 9.0 ± 0.3 1.013 ± 0.0018

4.7. Salt Spray Fog Tests

Finally, the effect of the shot peening treatment on the pitting corrosion resistance properties of
the steel were checked through a salt spray fog test. The results and their projection after one year
of exposure are given in Table 7. The not univocal effect of the shot peening process on the pitting
corrosion resistance properties of the investigated steel should be highlighted. All the samples display
a good pitting corrosion resistance after the thermal treatment, closer to the behavior of the commercial
cold drawn reference. In detail, the cold drawn reference and the thermally annealed A36 samples
increased their weight after the salt spray fog test, which is related to oxidation phenomena. Almost all
the specimens show a worsening of their corrosion resistance after the shot peening treatment. On the
other hand, the weight of the solubilized S1400 and the annealed A360 samples do not vary after the
corrosion tests. Furthermore, after a visual inspection of the surface by optical microscopy, corrosion
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products have not been detected on the solubilized at 1400 ◦C sample, proving its consistent increase
in pitting corrosion resistance.

Table 7. Results of the salt spray fog tests.

Sample
Thermal Treated—∆ Weight Shot Peened—∆ Weight

1 Week Exposure
[g/(mm2 × Week)]

1 Year Projection
[g/(mm2 × Week)]

1 Week Exposure
[g/(mm2 × Week)]

1 Year Projection
[g/(mm2 × Week)]

CD 0.10 – −1.12 −58.65
A36 0.07 – −0.52 −27.06
A72 −0.23 −11.85 −0.75 −38.96

A210 −0.15 −7.66 −0.59 −30.66
A360 −0.11 −5.68 0.00 –
S1300 −0.10 −5.13 −0.92 −47.86
S1400 −0.13 −6.74 0.00 –

5. Discussion

The optical microscopy analysis (Figure 1) shows the typical complex microstructure of AISI
F55-UNS S32760 super duplex stainless steel, including the secondary austenite precipitates present in
their morphologies: martensitic-shear precipitation and Widmanstätten structures [26]. The distortion
of the sub-surface austenitic grains demonstrates the deformation induced by the shot peening, which is
a purely mechanical surface treatment. The presence of any other phase different from the former
ones (austenite and ferrite), especially the most detrimental ones in this kind of steel (σ and χ) [23–25],
have not been detected by optical microscopy, neither before or after the shot peening treatment [59].

However, the austenitic content after shot peening treatments, measured via XRD analysis,
reveals a large decrease of the austenite content after the shot peening treatment (Table 4).
Thus, the occurrence of a stress/strain-induced microstructural modification has been identified.
The martensitic phase can be generated from the austenite by deformation through two mechanisms.
At room temperature, the martensitic transformation is ruled by stain-induced mechanisms [59,60].
Although it has a low stacking fault energy, austenite in duplex stainless steel is usually not prone
to strain-induced martensite formation, since the duplex microstructure modifies the mechanisms of
deformation. On the other hand, the decrease in the austenite volume fraction, measured by XRD but
not detected by optical microscopy, coupled with the absence of any other phase nucleation, proves the
generation of strain-induced martensite through the shot peening treatment [59–61].

This strain-induced martensite enhances the austenite work hardening and usually affects the
corrosion resistance, since it increases the number of active anodic sites at the surface [60,61].

Further, in-depth profiles of the residual stresses measured by XRD have been drawn for each
specimen (Figures 2 and 3). All the samples show the presence of compressive residual stresses at the
surface and in a thin layer under the surface, due to the shot peening treatment.

Residual stresses measured in the inner areas of the samples in the ferritic phase testify also to the
presence of the residual stresses given by the previous thermo-mechanical history of the specimens.
In detail, the residual stresses of the CD sample are related to the cold-forming processes, featuring
this specimen. On the other hand, the residual stresses in the core of the annealed A36, A72, A210,
and A360 samples are generated by the secondary austenite precipitation process, which occurred
during the thermal treatment. Indeed, this precipitation generates compressive stresses within the
ferritic matrix, due to the military character of the martensitic-shear and Widmanstätten precipitation
processes. Further, with the ongoing of the annealing treatment, the relaxation of these residual stresses
is observed. On the other hand, thermally generated residual stresses have not been detected within
austenite, since its low stacking fault energy promotes recrystallization processes and the consequent
annihilation of these stresses [62–64].
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As a result, the samples, which are mainly affected by the shot peening treatment, are solubilized
at 1300 ◦C and at 1400 ◦C. Indeed, they experience a larger increase in the compressive residual stresses
at the surface in the ferritic phase. Consequently, this results in a larger enhancement of the surface
hardness in comparison to the other investigated conditions. This consideration should be extrapolated
without the contribution of the austenitic phase, since it would result in marginal change, which is
expected by micromechanics [65–67]. As expected, this trend is observed in the increase in surface
hardness (Figure 4).

Furthermore, these results, which display high surface compressive residual stresses even after
an annealing thermal treatment, are related to two main reasons. The first is the thermal path of
the treatment. The very high temperature of the treatment followed by the water quench achieves
very high cooling rates, generating residual stresses in the material. The second reason is related to
the high temperature phase transformations of AISI F55-UNS S32760 Super Duplex Stainless Steel
displacive precipitations, the recrystallizations that not occur at the same time for the 2 main constituent
phases, and the different stress-strain partitioning that occurs between the two phases. [21,25,26,65–67].
In addition to the data presented in this work, two other sets of XRD measurements were made on
samples prepared following exactly the same experimental and thermal paths: the first at around
200–300 µm depth and the other one much deeper on the samples sections. These two sets of measures
have been made with two different XRD devices, one at Universidad de Oviedo and the other at
Politecnico di Milano. Both of the obtained results are in accordance with the data presented in this
work. These two sets of results identify the depth measure limits.

Focusing on the penetration depth of the shot peening treatment, it can be observed that this
surface mechanical treatment affects a thin superficial layer. In detail, this layer is around 20–30 µm
deep, and even less in the sample annealed at 1300 ◦C (10–12 µm deep).

Regarding the shape of the residual stresses depth profiles, further considerations should be
highlighted. The compressive residual stress state induced by the shot peening can be described by two
overlaid phenomena. First, Hertzian pressure generates compressive residual stresses with a maximum
below the surface. Second, the surface layer undergoes plastic stretching, leading to residual stresses
with the maximum at the surface itself. The predominant effect depends upon the strength of the
peened material. The substrate material and its microstructure may also contribute to the compressive
residual stresses depth profile through a third process: stress/strain induced martensite transformation.
The constraint, given by the volume dilation and exerted by the surrounding material, leads to a
further deepening of the compressive residual stress values, moving the compressive residual stresses
peak within the subsurface region, where the maximum Hertzian pressure is reached [48,65,68,69].

The compression residual stresses peaks occur in the subsurface region, due to the initial surface
hardness of the samples (Figure 4) at the threshold values of 300–350 HV. The specimens solubilized
at 1300 ◦C and at 1400 ◦C follow this behavior for both the constituent phases. On the other hand,
A210 sample, which has the higher surface hardness, does not display the same behavior. In detail,
its austenitic phase clearly shows the maximum of its compressive residual stresses profile located at
the surface. This behavior is demonstrated by the very little quantity of strain induced martensitic
transformation occurring in this sample, which results not sufficient to shift the maximum of the
compressive residual stresses to the subsurface region.

Focusing on the corrosion resistance properties, the experimental results show an evident
difference among the tested samples (Table 7). First, the significant chromium, nickel, and molybdenum
content of this alloy (Table 5) must be underlined, resulting in a strong capability to counteract external
degradation attacks, which is typical of the investigated steel grade. Assuming this, in the test
environment the surficial degradation of the metallic alloy is caused by three mechanisms: generalized
corrosion, pitting corrosion, and galvanic corrosion between the two constituent phases. The collected
data describe the overall phenomenon [70,71].

Before the shot peening treatment, specimens show a very low corrosion rate and, consequently,
a very high pitting corrosion resistance. A slight increment in weight after the salt spray fog test has
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been recorded by the samples CD and A36. This behavior can be linked to generalized corrosion
and the development and the thickening of the surface passive film on the surface. Thus, the pitting
phenomena on these samples has not been recorded and has not been identified by visual inspection
via optical microscopy. On the other hand, this visual inspection has detected the presence of corrosion
products. Then, the projection at one year of exposure for these samples is not meaningful, since over
such a long time-interval the pitting corrosion is expected to be trigged.

In general, after the shot peening treatment, the specimens become damaged by the chloride-rich
environment, showing a lower pitting corrosion resistance than the thermally treated samples. This can
be related to the surface defects generated by the surface mechanical treatment, which would act as
initiation sites for the pitting phenomena. The presence of strain-induced martensite increases the
number of active anodic sites at the surface. Further, the cold-worked surface layer shifts the corrosion
potential of the austenite, which is the nobler phase to the anodic direction, decreasing the overall
corrosion resistance of the alloy [17].

On the other hand, the samples S1400 and A360 are not affected by the degradation phenomena
in the gravimetric tests. Also, the visual inspection via optical microscopy does not record the presence
of any pitting phenomena on these samples. However, corrosion products have been detected on the
surface of the sample annealed for 360 s/mm and shot peened. Again, the projection at one year of
exposure for these samples is not meaningful, since over such a long time-interval the pitting corrosion
is expected to occur [19]. Then, the data assigned to the solubilized at 1400 ◦C and shot peened sample
display the best behavior in a chloride-rich environment, appearing in contrast with those collected for
all the other shot peened samples. This result can be explained considering different aspects.

First, the solubilized at 1400 ◦C sample achieved quite a pristine surface after the mechanical
surface treatment, as observed by the fractal analysis (Table 6). Indeed, in this case the absence of
cracks and hook-shaped defects prevents the formation of narrow crevices, which actuate as pitting
corrosion initiation sites (Figure 7) [72,73].
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Figure 7. Surface sections of the shot peened samples previously annealed at 1080 ◦C for 36 s/mm
(above) and solubilized at 1400 ◦C for 72 s/mm (below): cracks and hook-shaped defects, which act as
pitting corrosion initiation sites, have been highlighted.

Further, the compressive residual stresses induced by the shot peening increase the duplex
stainless steels pitting corrosion resistance. These three effects may be responsible for the increased
corrosion resistance of the samples. First, compressive residual stresses in the surface layer have
a beneficial contribution to the generation and growth kinetics of the passive film, improving the
electrochemical corrosion resistance. Further, with the increasing compressive stresses, the corrosion
potential becomes nobler because the stress field has been proven to enhance the Cr/Fe ratio in the
passive film [17]. Finally, compressive residual stresses lead to the reduction of the derogatory effects
of inclusions on the treated surface [59] and prevent pit initiation on the inclusions at low potential
without changing the pitting potential [59], enhancing the corrosion resistance [74–78].

However, these features do not completely explain the good results obtained by the specimen
solubilized at 1400 ◦C also under the mechanical point of view. Micromechanics highlight different
aspects, which could have significant results for this aim. First, the austenitic phase is the most
attracted by a mechanical treatment. Second, homogeneity at the surface plays a key role for both
the mechanical and corrosion resistance properties [23]. Thus, to obtain it after the shot peening
process, the initial microstructure must be as uniform as possible, by focusing mainly on austenite
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as previously stated [79,80]. Taking in account all these aspects, the sample solubilized at 1400 ◦C
displays the most suitable initial microstructure. Indeed, it appears as the most homogeneous in terms
of austenite morphology and distribution (Figure 1), the mechanical properties of the two constituent
phases (Figure 5), and also the chemical element distribution between the two phases (Table 5 and
Figure 6).

Further, this specimen is also the most homogeneous in the energy dissipation modes, featuring
its microstructure and displaying impact energy storage, provided by the shot peening process.
Indeed, the materials continuum may store the energy conferred by the blasting medium impact,
generating imperfections within the crystal lattice. These imperfections result in microscopic stresses
and can be measured through the Full Width at Half Maximum (FWHM) of the XRD spectra.
The collected data are grouped in Figure 8. Microscopic stresses are without direction, but, since they
are generated by a directional process such as shot peening, their presence should be limited to achieve
the maximum homogeneity within the microstructure. The depth profiles of the FWHM values reflect
the trend of the residual stresses, to which are linked [56,57]. Microstresses measured at the surface
within the ferritic phase are quite similar for all the samples with narrow data scattering. Further, since
ferrite is less prone to deformations, these microstresses are less significant [65–67]. On the other
hand, results from the austenitic phase of the surface samples show a broadening, which increases the
significance of the data. The solubilized at 1400 ◦C sample results are less affected by this phenomenon,
demonstrating the tendency of this microstructure to accommodate energy in a different manner.
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A further method used by the microstructure to accommodate strains and to store the energy
given by the impact of the blasting medium is the generation of staking faults. For face centered
cubic (f.c.c.) lattices, such as austenite, one of these mechanisms is the generation of twins. Twins are
2-dimensional defects; they intrinsically create anisotropy in the surrounding microstructure [81].
Thus, to achieve a homogeneous microstructure their presence should be limited.

However, twins may be thermally generated; thus, benchmark values for each sample should
be measured to assess the increase, due to the shot peening process [82]. The number of twins per
area has been counted, using oxalic acid electrochemically etched micrographs, in both regions: near
the surface in the mechanically affected layer and in the core of the samples. In Table 8, the collected
data are shown. The increase in twins concentration at the samples surface evinces their “mechanical”
nucleation, which is related to the storage of the impact energy of the blasting medium.

Table 8. Number of twins per area.

Sample
Core Surface ∆

[n◦ Twins/mm2] [n◦ Twins/mm2] [n◦ Twins/mm2]

CD 1379 3013 1633
A36 143 416 273
A72 70 102 32

A210 40 126 86
A360 165 488 323
S1300 701 1431 729
S1400 0 0 0

The completely different behavior of the sample solubilized at 1400 ◦C can also be highlighted.
This is due to the austenitic grain morphology of these specimens. Indeed, it is composed only by
allotriomorph austenite and Widmanstätten austenite plates. In the first morphology, twins cannot
be generated because of the presence of grain boundaries, which are too close. In the latter case,
twins cannot be generated since the Widmanstätten austenite plates are generated by the surrounding
defects and a set of periodic dislocations share the same direction, nearly parallel to the close-packed
directions [83,84]. This behavior ensures a more uniform and homogeneous microstructure with
respect to the other samples, in which these 2-dimensional defects intrinsically create anisotropy.

Finally, the last possible energy dissipation mode featuring these microstructures is the strain
induced martensitic transformation. Since it is a 3-dimensional process, it intrinsically results in the
most uniform and homogeneous outcome. As reported in Table 4, the specimens solubilized at 1400 ◦C
widely exploit this energy dissipation phenomenon to store the impact energy provided by the shot
peening process. Thus, its microstructure results are the most homogeneous, considering this aspect.

6. Conclusions

Specimens in F55-UNS S32760 super duplex stainless steel have undergone different preparatory
thermal treatments in order to investigate the effect of an annealing thermal treatment or a
higher temperature solution thermal treatment, on the final properties of the shot peened samples.
The working parameters of the shot peening treatments were defined by previous studies, to obtain
the higher fatigue resistance.

All the shot peened specimens obtained the generation of the surface compressive residual stresses
and a surface hardness increase. Further, the 1400 ◦C solution thermal treatment results in the best
initial condition before the shot peening treatment for corrosion resistance. This can be pointed out as
a result of several features of the combination of improvements:

• The higher beneficial effect developed by the shot peening process, in terms of compressive
residual stresses;

• The depth and the profile’s shape and the mechanically affected layer;
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• The surface hardness increase;
• The surface roughness decrease;
• The higher pitting corrosion resistance.

These results can be explained via micromechanics assumptions, which would define as the best
initial condition as the most homogeneous one, in terms of the microstructure. The 1400 ◦C solution
thermal treatment ensures the achievement of this condition, considering many aspects:

• The microstructure morphology;
• The mechanical properties of the two composing phases;
• The chemical elements distribution within the phases;
• The energy dissipation modes exploited by the microstructure.

Author Contributions: Conceptualization, A.F.C. and I.F.P.; Methodology, A.F.C. and L.B.P.M.; Formal Analysis,
A.F.C. and L.B.P.M.; Investigation, A.F.C.; Data Curation, A.F.C., S.B. and I.F.P.; Writing-Original Draft Preparation,
A.F.C.; Writing-Review & Editing, A.F.C., S.B. and I.F.P.; Supervision, I.F.P. and C.M.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Taro, M.; Chaise, T.; Nélias, D. A methodology to predict the roughness of shot peened surfaces. J. Mater.
Process. Technol. 2015, 217, 65–76. [CrossRef]

2. Nascimento, M.P.; Souza, R.C.; Pigatin, W.L.; Voorwald, H.J.C. Effects of surface treatments on the fatigue
strength of AISI 4340 aeronautical steel. Int. J. Fatigue 2001, 23, 607–618. [CrossRef]

3. Miao, H.Y.; Larose, S.; Perron, C.; Levesque, M. An analytical approach to relate shot peening parameters to
Almen intensity. Surf. Coat. Technol. 2010, 205, 2055–2066. [CrossRef]

4. Olsson, C.O.A.; Boström, M.; Buslaps, T.; Steuwer, A. Strain profiling of a ferritic-martensitic stainless steel
sheet—Comparing synchrotron with conventional X-ray diffraction. Strain 2015, 51, 71–77. [CrossRef]

5. Llaneza, V.; Belzunce, F.J. Study of the effects produced by shot peening on the surface of quenched and
tempered steels: Roughness, residual stresses and work hardening. Appl. Surf. Sci. 2015, 356, 475–485.
[CrossRef]

6. Pedrosa, P.D.; Rebello, J.M.A.; Cindra Fonseca, M.P. Fatigue influence on the residual stress state in shot
peened duplex stainless steel. Int. J. Mech. Aerosp. Mech. Eng. 2017, 11. [CrossRef]

7. Chen, M.; Liu, H.; Wang, L.; Wang, C.; Zhu, K.; Xu, Z.; Jiang, C.; Ji, V. Evaluation of the residual stress and
microstructure character in SAF 2507 duplex stainless steel after multiple shot peening process. Surf. Coat.
Technol. 2018, 344, 132–140. [CrossRef]

8. Torres, M.A.S.; Voorwald, H.J.C. An evaluation of shot peening, residual stress and stress relaxation on the
fatigue life of AISI 4340 steel. Int. J. Fatigue 2002, 24, 877–886. [CrossRef]

9. Fernández Pariente, I.; Guagliano, M. About the role of residual stresses and surface work hardening on
fatigue ∆Kth of a nitrided and shot peened low-alloy steel. Surf. Coat. Technol. 2008, 202, 3072–3080.
[CrossRef]

10. Hur, D.H.; Choi, M.S.; Lee, D.H.; Song, M.H.; Kim, S.J.; Han, J.H. Effect of shot peening on primary water
stress corrosion cracking of Alloy 600 steam generator tubes in an operating PWR plant. Nucl. Eng. Des.
2004, 227, 155–160. [CrossRef]

11. Tekeli, S. Enhancement of fatigue strength of SAE 9245 steel by shot peening. Mater. Lett. 2002, 57, 604–608.
[CrossRef]

12. Wang, S.; Li, Y.; Yao, M.; Wang, R. Compressive residual stress introduced by shot peening. J. Mater. Process.
Technol. 1998, 73, 64–73. [CrossRef]

13. Palacios, M.; Bagherifard, S.; Guagliano, M.; Fernández Pariente, I. Influence of severe shot peening on wear
behaviour of an aluminium alloy. Fatigue Fract. Eng. Mater. Struct. 2014, 37, 821–829. [CrossRef]

14. Almangour, B.; Yang, J.-M. Improving the surface quality and mechanical properties by shot-peening of 17-4
stainless steel fabricated by additive manufacturing. Mater. Des. 2016, 100, 914–924. [CrossRef]

http://dx.doi.org/10.1016/j.jmatprotec.2014.10.016
http://dx.doi.org/10.1016/S0142-1123(01)00015-9
http://dx.doi.org/10.1016/j.surfcoat.2010.08.105
http://dx.doi.org/10.1111/str.12121
http://dx.doi.org/10.1016/j.apsusc.2015.08.110
http://dx.doi.org/10.1999/1307-6892/63124
http://dx.doi.org/10.1016/j.surfcoat.2018.03.012
http://dx.doi.org/10.1016/S0142-1123(01)00205-5
http://dx.doi.org/10.1016/j.surfcoat.2007.11.015
http://dx.doi.org/10.1016/j.nucengdes.2003.09.002
http://dx.doi.org/10.1016/S0167-577X(02)00838-8
http://dx.doi.org/10.1016/S0924-0136(97)00213-6
http://dx.doi.org/10.1111/ffe.12210
http://dx.doi.org/10.1016/j.matdes.2016.08.037


Materials 2018, 11, 1038 19 of 21

15. Almangour, B.; Yang, J.-M. Integration of heat treatment with shot peening of 17-4 stainless steel fabricated
by direct metal laser sintering. JOM 2017, 69, 2309–2313. [CrossRef]

16. Jayalakshmi, M.; Ramachandra Bhat, B.; Udaya Bhat, K. Effect of shot peening coverage on surface
nanostructuring of 316L stainless steel and its influence on low temperature plasma-nitriding. Mater. Perform.
Charact. 2017, 6, 561–570. [CrossRef]

17. Vignal, V.; Delrue, O.; Heintz, O.; Peultier, J. Influence of the passive film properties and residual stresses
on the micro-electrochemical behavior of duplex stainless steels. Electrochim. Acta 2010, 55, 7118–7125.
[CrossRef]

18. Peyre, P.; Scherpereel, X.; Berthe, L.; Carboni, C.; Fabbro, R.; Béranger, G.; Lemaitre, C. Surface modifications
induced in 316L steel by laser peening and shot-peening. Influence on pitting corrosion resistance. Mater. Sci.
Eng. A 2000, 280, 294–302. [CrossRef]

19. Azar, V.; Hashemi, B.; Rezaee Yazdi, M. The effect of shot peening on fatigue and corrosion behavior of 316L
stainless steel in Ringer’s solution. Surf. Coat. Technol. 2010, 204, 3546–3551. [CrossRef]

20. Al-Obaid, Y.F. The effect of shot peening on stress corrosion cracking behaviour of 2205-duplex stainless
steel. Eng. Fract. Mech. 1995, 51, 19–25. [CrossRef]

21. Ciuffini, A.F.; Barella, S.; Di Cecca, C.; Gruttadauria, A.; Mapelli, C.; Mombelli, D. Isothermal
austenite—Ferrite phase transformations super duplex stainless steels. Metals 2017, 7, 368. [CrossRef]

22. Dehghan-Manshadi, A.; Barnett, M.R.; Hodgson, P.D. Microstructural evolution during hot deformation of
duplex stainless steel. Mater. Sci. Technol. 2017, 23, 1478–1484. [CrossRef]

23. Charles, J.; Chemelle, P. The history of duplex developments, nowadays DSS properties and duplex market
future trends. In Proceedings of the Duplex World Conference, Beaune, France, 13–15 October 2010.

24. Ciuffini, A.F.; Barella, S.; Di Cecca, C.; Gruttadauria, A.; Crugnola, S.; Mapelli, C. Local pitting corrosion
resistance evaluation in large forged UNS-S32760 super duplex stainless steel parts of a sphere valve for the
oil & gas industry. Metall. Ital. 2017, 10, 33–45.

25. Nilsson, J.O. Super duplex stainless steels. Mater. Sci. Technol. 1992, 8, 685–700. [CrossRef]
26. Southwick, P.D.; Honeycombe, R.W.K. Decomposition of ferrite to austenite in {26Cr 5Ni} stainless steel.

Met. Sci. 1980, 7, 253–261. [CrossRef]
27. Miao, H.Y.; Demers, D.; Larose, S.; Perron, C.; Lévesque, M. Experimental study of shot peening and stress

peen forming. J. Mater. Process. Technol. 2010, 210, 2089–2102. [CrossRef]
28. Real, E.; Rodríguez, C.; Belzunce, F.J.; Sanjurjo, P.; Canteli, A.F.; Fernández Pariente, I. Fatigue behaviour of

duplex stainless steel reinforcing bars subjected to shot peening. Fatigue Fract. Eng. Mater. Struct. 2009, 32,
567–572. [CrossRef]

29. Sanjurjo, P.; Rodrguez, C.; Fernández Pariente, I.; Belzunce, F.J.; Canteli, A.F. The influence of shot peening
on the fatigue behaviour of duplex stainless steels. Procedia Eng. 2010, 2, 1539–1546. [CrossRef]

30. ASTM E407-07(2015)e1, Standard Practice for Microetching Metals and Alloys; ASTM International:
West Conshohocken, PA, USA, 2015. [CrossRef]

31. ASTM E1245-03(2016), Standard Practice for Determining the Inclusion or Second-Phase Constituent Content of
Metals by Automatic Image Analysis; ASTM International: West Conshohocken, PA, USA, 2016. [CrossRef]

32. ASTM E1382-97(2015), Standard Test Methods for Determining Average Grain Size Using Semiautomatic and
Automatic Image Analysis; ASTM International: West Conshohocken, PA, USA, 2015. [CrossRef]

33. Miranda, M.A.R.; Sasaki, J.M.; Tavares, S.S.M.; De Abreu, H.F.G.; Neto, J.M. The use of X-ray diffraction,
microscopy, and magnetic measurements for analysing microstructural features of a duplex stainless steel.
Mater. Charact. 2005, 54, 387–393. [CrossRef]

34. ASTM E975-13, Standard Practice for X-ray Determination of Retained Austenite in Steel with Near Random
Crystallographic Orientation; ASTM International: West Conshohocken, PA, USA, 2013. [CrossRef]

35. ASTM E2860-12, Standard Test Method for Residual Stress Measurement by X-ray Diffraction for Bearing Steels;
ASTM International: West Conshohocken, PA, USA, 2012. [CrossRef]

36. SAE International Standard HS-784/2003, Residual Stress Measurement by X-ray Diffraction; SAE International:
Warrendale, PA, USA, 2003.

37. ASTM E1558-09(2014), Standard Guide for Electrolytic Polishing of Metallographic Specimens; ASTM International:
West Conshohocken, PA, USA, 2014. [CrossRef]

38. Moore, M.G.; Evans, W.P. Mathematical correction for stress in removed layers in X-ray diffraction residual
stress analysis. SAE Trans. 1958, 66, 340–345. [CrossRef]

http://dx.doi.org/10.1007/s11837-017-2538-9
http://dx.doi.org/10.1520/MPC20160079
http://dx.doi.org/10.1016/j.electacta.2010.06.050
http://dx.doi.org/10.1016/S0921-5093(99)00698-X
http://dx.doi.org/10.1016/j.surfcoat.2010.04.015
http://dx.doi.org/10.1016/0013-7944(94)00213-2
http://dx.doi.org/10.3390/met7090368
http://dx.doi.org/10.1179/174328407X239019
http://dx.doi.org/10.1179/mst.1992.8.8.685
http://dx.doi.org/10.1179/030634580790426418
http://dx.doi.org/10.1016/j.jmatprotec.2010.07.016
http://dx.doi.org/10.1111/j.1460-2695.2009.01360.x
http://dx.doi.org/10.1016/j.proeng.2010.03.166
http://dx.doi.org/10.1520/E0407-07R15E01
http://dx.doi.org/10.1520/E1245-03R16
http://dx.doi.org/10.1520/E1382-97R15
http://dx.doi.org/10.1016/j.matchar.2004.12.009
http://dx.doi.org/10.1520/E0975-13
http://dx.doi.org/10.1520/E2860-12
http://dx.doi.org/10.1520/E1558-09R14
http://dx.doi.org/10.4271/580035


Materials 2018, 11, 1038 20 of 21

39. ASTM E92-82(2003), Standard Test Method for Vickers Hardness of Metallic Materials; ASTM International:
West Conshohocken, PA, USA, 2003. [CrossRef]

40. UNI EN ISO 4288:2000, Geometrical Product Specifications (GPS)–Surface texture: Profile Method–Rules and
Procedures for the Assessment of Surface Texture; UNI: Milano, Italy, 2000.

41. ASTM B117-16, Standard Practice for Operating Salt Spray (Fog) Apparatus; ASTM International:
West Conshohocken, PA, USA, 2016. [CrossRef]

42. UNI EN ISO 9227:2017, Corrosion Tests in Artificial Atmospheres–Salt Spray Tests; UNI: Milano, Italy, 2017.
43. Walker, R. Shot Peening Coverage Requirements. Shot Peener 2012, 26, 24–34.
44. SAE International standard J2277, Shot Peening Coverage Determination; SAE International: Warrendale, PA,

USA, 2013.
45. Bagherifard, S.; Ghelichi, R.; Guagliano, M. On the shot peening surface coverage and its assessment by

means of finite element simulation: A critical review and some original developments. Appl. Surf. Sci. 2012,
259, 186–194. [CrossRef]

46. Su, Y.Y.; Chiu, L.H.; Chuang, T.L.; Huang, C.L.; Wu, C.Y.; Liao, K.C. Retained austenite amount determination
comparison in JIS SKD11 steel using quantitative metallography and X-ray diffraction methods. Adv. Mater.
Res. 2012, 482–484, 1165–1168. [CrossRef]

47. Hosseini, S.B.; Karlsson, B.; Vuoristo, T.; Dalaei, K. Determination of stresses and retained sustenite in carbon
steels by X-rays—A round robin study. Exp. Mech. 2011, 51, 59–69. [CrossRef]

48. Olsson, C.O.A. Residual stress in the duplex stainless steel sandvik SAF 2205 after annealing and tumbling.
Metall. Ital. 2017, 9, 13–20.

49. Macherauch, E. X-ray stress analysis. Exp. Mech. 1966, 140–153. [CrossRef]
50. Johansson, J.; Odén, M.; Zeng, X.-H. Evolution of the residual stress state in a duplex stainless steel during

loading. Acta Mater. 1999, 47, 2669–2684. [CrossRef]
51. Fry, A.T.; Lord, J.D. Measuring residual stresses in stainless steel recent experiences within a VAMAS exercise.

In Proceedings of the Denver X-ray Conference (DXC) on Applications of X-ray Analysis, Denver, CO, USA,
27–31 July 2009; pp. 312–319.

52. Fitzpatrick, M.E.; Fry, A.T.; Holdway, P.; Kandil, F.A.; Shackleton, J.; Suominen, L. Practice Guide
No. 52—Determination of Residual Stresses by X-ray Diffraction—Issue 2, Measurement Good; National Physical
Laboratory: Teddington, UK, 2005.

53. Feng, Q.; Wu, X.; Jiang, C.; Xu, Z.; Wu, L. Surface layer investigation of a shot-peened duplex stainless steel
utilizing X-ray diffraction. J. Mater. Eng. Perform. 2013, 22, 2005–2011. [CrossRef]

54. Amada, S.; Yamada, H. Introduction of fractal dimension to adhesive strength evaluation of plasma-sprayed
coatings. Surf. Coat. Technol. 1996, 78, 50–55. [CrossRef]

55. Amada, S.; Hirose, T. Influence of grit blasting pre-treatment on the adhesion strength of plasma sprayed
coatings: Fractal analysis of roughness. Surf. Coat. Technol. 1998, 102, 132–137. [CrossRef]

56. Prevéy, P.S. Metals Handbook 10. X-ray Diffraction Residual Stress Techniques; American Society for Metals:
Materials Park, OH, USA, 1986; pp. 380–392.

57. Noyan, I.C.; Cohen, J.B. Residual Stress Measurement by Diffraction and Interpretation; Springer: New York, NY,
USA, 1987.

58. UNI EN ISO 4287:2009, Geometrical Product Specifications (GPS)–Surface Texture: Profile Method–Terms,
Definitions and Surface Texture Parameters; UNI: Milano, Italy, 2009.

59. Calliari, I.; Pellizzari, M.; Zanellato, M.; Ramous, E. The phase stability in Cr-Ni and Cr-Mn duplex stainless
steels. J. Mater. Sci. 2011, 46, 6916–6924. [CrossRef]

60. Tavares, S.S.M.; Da Silva, M.R.; Pardal, J.M.; Abreu, H.F.G.; Gomes, A.M. Microstructural changes produced
by plastic deformation in the UNS S31803 duplex stainless steel. J. Mater. Process. Technol. 2006, 180, 318–322.
[CrossRef]

61. Feng, Q.; Jiang, C.; Xu, Z. Surface layer investigation of duplex stainless steel S32205 after stress peening
utilizing X-ray diffraction. Mater. Des. 2013, 47, 68–73. [CrossRef]

62. Wang, Y.D.; Peng, R.L.; Wang, X.-L.; McGreevy, R.L. Grain-orientation-dependent residual stress and the
effect of annealing in cold-rolled stainless steel. Acta Mater. 2001, 50, 1717–1734. [CrossRef]

63. Cruise, R.B.; Gardner, L. Strength enhancements induced during cold forming of stainless steel sections.
J. Constr. Steel Res. 2008, 64, 1310–1316. [CrossRef]

http://dx.doi.org/10.1520/E0092-82R03
http://dx.doi.org/10.1520/B0117-16
http://dx.doi.org/10.1016/j.apsusc.2012.07.017
http://dx.doi.org/10.4028/www.scientific.net/AMR.482-484.1165
http://dx.doi.org/10.1007/s11340-010-9338-2
http://dx.doi.org/10.1007/BF02326143
http://dx.doi.org/10.1016/S1359-6454(99)00149-4
http://dx.doi.org/10.1007/s11665-013-0479-1
http://dx.doi.org/10.1016/0257-8972(94)02391-3
http://dx.doi.org/10.1016/S0257-8972(97)00628-2
http://dx.doi.org/10.1007/s10853-011-5657-7
http://dx.doi.org/10.1016/j.jmatprotec.2006.07.008
http://dx.doi.org/10.1016/j.matdes.2012.12.042
http://dx.doi.org/10.1016/S1359-6454(02)00021-6
http://dx.doi.org/10.1016/j.jcsr.2008.04.014


Materials 2018, 11, 1038 21 of 21

64. Moen, C.D.; Igusa, T.; Schafer, B.W. Prediction of residual stresses and strains in cold-formed steel members.
Thin-Walled Struct. 2008, 46, 1274–1289. [CrossRef]

65. Jia, N.; Wang, Y.D.; Peng, R.L. Micromechanical behaviors of duplex steel: In situ neutron diffraction
measurements and simulations. J. Phys. Condens. Matter. 2008, 20, 104259. [CrossRef]

66. Bugat, S.; Besson, J.; Pineau, A. Micromechanical modeling of the behavior of duplex stainless steels.
Comput. Mater. Sci. 1999, 16, 158–166. [CrossRef]
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