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Pure iron and its biocompatible and biodegradable alloys have a high potential to be used for temporary
load bearing medical implants. Nevertheless, the formation of passive iron oxide and hydroxide layers,
which lead to a considerably low degradation rate at the physiological environment, has highly restricted
their application. Herein we used numerical and experimental methods to evaluate the effect of severe
shot peening, as a scalable mechanical surface treatment, on adjusting the performance of pure iron
for biomedical applications. The developed numerical model was used to identify the range of peening
parameters that would promote grain refinement on the pure iron surface. Experimental tests were then
performed to analyze the gradient structure and the characteristics of the interface free surface layer cre-
ated on peened samples. The results indicated that severe shot peening could notably increase the surface
roughness and wettability, induce remarkable surface deformation and grain refinement, enhance surface
hardness and generate high in-depth compressive residual stresses. The increased surface roughness
besides the high concentration of micro cracks and dislocation density in the grain refined top layer pro-
moted pure iron’s degradation in the biologically simulated environment.
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Statement of Significance: Biodegradable metallic materials with resorbable degradation products
have a high potential to be used for temporary implants such as screws, pins, staples, etc. They can elim-
inate the need for implant retrieval surgery after the damaged tissue is healed, and result in reduced
patient suffering besides lowered hospitalization costs.

Pure iron is biodegradable and is an essential nutrient in human body; however, its application as
biomedical implant is highly restricted by its slow degradation rate in physiological environment. We
applied a scalable surface treatment able to induce grain refinement and increase surface roughness.
This treatment enhances mechanical performance of pure iron and accelerates its degradation rate, pav-
ing the way for its broader applications for biomedical implants.

© 2019 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Temporary implants including fixation plates and wires, pins,
screws, nails, staples and cardiovascular stents have the provi-
sional function to provide mechanical support, keep the damaged
parts together during the healing process or, in the case of stents,
provide a transitory scaffold into the narrowed arterial vessel
awaiting vessel remodelling. Usually, once the damaged tissue is
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healed, retrieval surgery is planned to remove these redundant
metallic parts to avoid later stage complications and chronic
inflammation. In these cases, biodegradable materials that can sta-
bilize the damaged tissue and gradually dissolve with non-toxic
degradation products, ideally with a pace that matches that of
the tissue regeneration or remodelling, seem as a superlative solu-
tion. Considering the inadequate mechanical strength of
biodegradable polymeric materials and adverse effects of their
degradation products, biodegradable metallic materials have
attracted collective scientific interest. Being among the essential
nutrient elements playing vital roles in many biochemical
reactions in the human body, magnesium, and iron are considered
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as the most promising degradable metals to be used in vascular,
orthopedic and craniofacial applications. However, uncontrolled
and non-uniform degradation have primarily limited their applica-
tion as a temporary implant material. Magnesium, in particular,
has an extremely rapid degradation rate combined with the exces-
sive hydrogen evolution and inadequate fatigue performance,
which can result in premature failure [1-4]. Pure iron, on the other
hand, has a slow degradation rate characterized with local pitting
that highly hinders its application as bio-implant despite adequate
strength and ductility (close to 316L) [5,6], and significant biocom-
patibility. The degradation products of iron, i.e., iron-oxides,
hydroxides, carbonates, and phosphates, have been reported to
be non-toxic and cytocompatible to multiple cell types [7]. The
degradation of pure iron rate is so slow that it imparts a reaction
similar to that of permanent implants. For instance, pure iron car-
diovascular stents were reported to remain almost intact one year
after implementation [8], whereas they require a degradation per-
iod of around 12-24 months [9]. Thus, appropriate approaches
should be considered to modulate the degradation rate to meet
the clinical requirements for biofunctionality and biosafety of
these materials.

Most studies on modulating the degradation rate of iron based
materials have focused on the metallurgical design of alloys trying
to include elements that would induce the desired electrochemical
potential [10-12]. Effects of fabrication method and microstruc-
tural texture caused by plastic deformation have also been investi-
gated in this regard [13,14]. Porous iron structures were infiltrated
by biodegradable polymers for degradation rate by inducing local
acidic condition through polymer hydrolysis [15]. Surface treat-
ments and coatings were sourced to modify the functionality of
iron based materials in the biological environment. Relatively uni-
form and accelerated degradation rate were achieved by depositing
micro patterned Au disc and Pt films on pure iron samples that
served as a cathode to induce micro galvanic corrosion with the
iron substrate [16,17]. There are also multiple surface coatings that
despite enhancing biocompatibility, resulted in increased corro-
sion resistance and thus were not able to fulfil the requirements
for clinical application of iron based materials [18-20]. Notwith-
standing the promising results of some of the routes above, still,
the sufficiently low degradation rate is not achieved for pure iron
[6,17].

In this study, we use numerical and experimental approaches to
investigate the potential effects of severe shot peening (SSP) on the
microstructural and mechanical properties as well as electrochem-
ical behaviour of pure iron. SSP is a low-cost surface treatment dur-
ing which small spherical media accelerated by compressed air
impact the target surface. The multiple impacts induce high strain
at elevated strain rates, generate compressive residual stress,
increase the surface roughness, and result in surface grain refine-
ment down to nano regime [21,22]. Ultrafine and nano grains
induced by various severe plastic deformation methods have been
found to promote biocompatibility and biofunctionality of metallic
materials [23-27]. Our previous studies demonstrated that the
application of SSP on a wide range of metallic materials can
enhance general mechanical performance [28-32], and inhibit bac-
terial adhesion while maintaining biocompatibility without induc-
ing cytotoxicity [2,27,33]. Herein we evaluated the role of SSP in
modulating the mechanical properties and biodegradability of pure
iron for the first time. Pure iron has been investigated by impact
based surface treatments mainly focusing on the mechanism of
grain refinement. Ultrasonic shot peening (USSP) [34], surface
mechanical attrition treatment (SMAT) [35-37], and Nanopeen-
ing® [38,39], have been applied to pure iron mainly to verify the
extent of grain refinement, its role on nitriding mechanism and
local mechanical behavior [39]. The results indicated that these
treatments can induce surface grain refinement with random crys-

tallographic orientations. The grain refinement process initiated
through the formation of dense dislocation walls and dislocation
tangles, which transform into sub-boundaries paving the way for
the creation of highly misoriented new grain boundaries
[35,36,40].

The foremost challenge for this study was to identify the apt set
of SSP parameters that would result in surface grain refinement on
pure iron. The main SSP process parameters are Almen intensity
and surface coverage. Almen intensity is an index of kinematic
energy of the shot stream and is measured as the curvature of a
shot peened thin strip of SAE 1070 steel. Surface coverage is
defined as the ratio of the plastically deformed surface area to
the whole target area [41]; these parameters substantiate the
repeatability and control of the peening process. Therefore, we first
developed a numerical model of the SSP process to identify the
main process parameters that could facilitate grain refinement of
pure iron. Based on the results of the simulation different combina-
tions of shot peening parameters with higher potential to promote
grain refinement were selected. The samples were then shot pee-
ned and characterized regarding the effect of the applied SSP treat-
ments on their physical, mechanical and electrochemical
properties.

2. Numerical analysis and experimental procedure
2.1. Finite element simulation of the shot peening process

Numerical simulation of shot peening was implemented using
finite element (FE) code ABAQUS Explicit 6.12 to develop 3D mod-
els of single and multiple shot impacts. The model consisted of a
cubic body (5 x 5 x 2.5 mm?) representing the target material
and half-spherical bodies to model the shots. The Impact area
was represented by a square (0.5 x 0.5 x 1 mm?) located at the
centre of the target top face and was meshed with fine elements
defined using arbitrary Lagrangian-Eulerian (ALE) adaptive mesh
strategy. The size of the elements was studied through mesh con-
vergence analysis to ensure the independency of the results from
element size. The smallest element size was adopted for each set
of the treatment parameters taking into account the dimple size
affected by the corresponding shot diameter and velocity. The tar-
get mesh was set up by C3D8R 8-node linear brick elements with
reduced integration and hourglass control. The shots were mod-
elled as analytical rigid bodies, considering the much higher hard-
ness of ceramic shots with respect to the target material. The
Johnson-Cook material model (Eq. (1)) was used to account for
the effect of plastic strain on material hardening. The parameters
of the constitutive material model are reported in Table 1, where
€ is the equivalent plastic strain, € = €/€, is the dimensionless
plastic strain for €, =1.0s"!, and T'" is the homologous
temperature.

0 =[A+Be"[1+Clné[1 —T™ (1)

T — Troom

T*m _
Tmelt - Troom

)

In Eq. (2), T is the temperature at each time instant, T, is the
room temperature and T is the melting temperature of the
material. A, B, n, C, m are material constants [42]. In shot peening
simulation the strain rate sensitivity is normally neglected. The
bottom face of the cubic body was fully constrained, and semi-
infinite elements were used to cover all the side faces of the target
to avoid the reflection of propagating shear waves. Penalty contact
model was considered between the shots and target material with
an isotropic Coulomb friction coefficient of 0.2. The friction coeffi-
cient refers to the experimental measurements for stainless and
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Table 1
Johnson-Cook parameters for pure iron [41]

A [MPa] B [MPa] n m
175 380 0.32 0.55 1811

Melting temp [K]

medium carbon steel sliding against a high toughness ceria stabi-
lized zirconia [43]. Velocity in the vertical direction was assigned
as initial boundary condition to the shots, to simulate the impact
angle considered in the experiments. More details on the devel-
oped FE model are available at [44,45].

2.2. Material and shot peening treatments

Samples were cut out of Armco® pure iron (99.89%) sheets of
5 mm thickness. Based on the results obtained from FE analysis,
different sets of peening parameters were considered as the
promising ones to model both conventionally used parameters
for this material and also those that would promote grain refine-
ment, as listed in Table 2. The main treatment parameters were
gradually intensified to enhance the kinetic energy transmitted
to the target material. Zirconia beads, ABZ100 (100-150 pm diam-
eter) and ABZ850 (850-1180 um diameter) were used as peening
media to avoid contaminating the target material. Glass beads of
AGB6 (53-74 um diameter) were used just in one case to repeen
the SSP treated sample and obtain more regular surface morphol-
ogy with less sharp indentations. The samples were ultrasonically
cleaned in acetone for 10-15 mins before each characterization
test.

2.3. Surface characterization

Multiple experiments were planned to describe the surface
characteristics of the treated samples. Qualitative surface morphol-
ogy characterization was performed by a Zeiss EVO50 scanning
electron microscopy (SEM) on random areas of one sample from
each series. Quantitative surface roughness measurements were
performed using a Mahr Perthometer with MFW-250 probe (tip
diameter of 5 um). Sampling and cut-off length, as well as the fil-
tering technique, were selected following EN ISO 4287 standard.
Two samples were considered per each series and measurements
were performed on three different random zones of each sample.
The most widely used surface roughness parameters arithmetic
mean (R,), root mean square (R,), maximum height of the profile
in the sampling length (R,), and maximum height of the profile
within the evaluation length, that is five times the sampling length,
(R;) were measured according to the definitions of ISO 4287
standard.

Sample’s original microstructure and o-ferrite grain size were
measured by image analysis of multiple images taken from the

ground, polished and chemically etched sample. For this purpose,
the sample was first impregnated in hot mounting resin, ground
sequentially by SiC papers up to 2500 grit size and subsequently
mirror polished using polycrystalline diamond aqueous suspension
up to 1 pum. Then it was chemically etched using Nital 2% etchant.
The etched sample was observed in the bright field using a Leitz
Aristomet optical light microscope (OM).

Considering that the physiological solutions are aqueous based,
wettability of the treated samples was verified through water con-
tact angle (WCA) measurements performed using sessile drop
technique. Two samples were considered per each series position-
ing small droplets of distilled water (0.7 ul) on four random posi-
tions to verify the treatments’ homogeneity. The measurements
were performed at room temperature.

2.4. Bulk material characterization

In-depth effect of surface treatments on microstructural fea-
tures was evaluated through sample’s cross-section, prepared
using the same series of grinding, polishing and chemical etching
method mentioned for top surface observation. The etched sam-
ples were then observed using OM in bright field mode.

To study the in-depth deformation state and grain refinement in
the surface layer of the shot peened samples, electron backscatter
diffraction (EBSD) analysis was performed on the samples’ cross
section. The samples were mechanically ground with a final polish-
ing step using colloidal silica. A high-resolution SEM Hitachi SU70
equipped with an EBSD system was used. The inverse pole figure
(IPF) maps were obtained using an acceleration voltage of 20 kV.
Two magnifications were chosen to highlight the most significant
differences between the bulk and the shot-peened surface. EBSD
analysis was carried out on the NP, SPP5 and SSP2 samples, i.e.,
the samples having the extreme cases and the intermediate one
regarding the shot peening parameters.

Microhardness measurements were performed in depth using a
Leica-VMHT40A microhardness tester with HV0.5 indentations on
three paths starting from the treated surface towards the inner
parts, following ASTM E384 standard.

X-ray diffraction measurements were used to obtain the distri-
bution of residual stresses in depth. AST X-Stress 3000 portable
X-ray diffractometer (CrKor radiation (A=2.2898A)), sin?({r)
method, was used at a diffraction angle (260) around 156° corre-
sponding to 211-reflex scanned with a total of 6 tilts in the range
of —45° to 45° along three rotations of 0°, 45° and 90° with con-
stant step size of 0.028°. Electropolishing steps were performed
by Struers LectroPol5 using an electrolytic solution of 94%
CH5COOH, 6% HClO,4 on a circular opening of 1cm? A precision
Mitutoyo micrometer assured 0.02 mm depth at each removal
step. Each measurement provided the mean value of residual stres-
ses within the scanned volume, considering both the irradiated
surface area and the penetration depth of the X-Ray. The latter is

Table 2

Shot peening parameters.
Sample Shot type Almen intensity (0.001 in.) Surface coverage% Repeening

Shot type Coverage%

NP - - - - -
CSP AZB100 6N 100 - -
SSP1 AZB100 15N 1000 - -
RSSP1 AZB100 15N 1000 AGB6 100%
SSP2 AZB100 15N 5000 - -
SSP3 AZB850 8-10A 1000 - -
SSP4 AZB850 14-16A 2000 - -
SSP5 AZB850 14-16A 6000 - -

NP: not peened; CSP: Conventionally shot peened; SSP: Severely shot peened; RSSP: Repeened severely shot peened.
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affected by mass absorption coefficient (114.57 cm?/g) and the
material density p (7890 kg/m>). The penetration depth for pure
iron was calculated for 99% intensity to be around 20 um.

2.5. Electrochemical and degradation characteristics

Electrochemical impedance spectroscopy (EIS) was performed
to obtain information about corrosion behavior of NP, CSP and
SSP5 samples on a potentiostat VSP Biologic SAS, FR. Samples from
NP series were ground by an emery paper p1000 to ensure same
surface roughness across the measured area. SSP5 was selected
among the SSP treated samples, based on the results obtained
through the microstructural characterization tests, as will be dis-
cussed later. Standard three-electrode cell system was used with
the following configuration: sample was set as working electrode,
Pt electrode as counter electrode and saturated calomel electrode
served SCE (+0.242 V vs. SHE) as a reference electrode. Measure-
ments were performed at various exposure times up to 216 h to
observe changes in electrochemical behaviour. The testing solution
of 0.9% NaCl was used at 37 °C. This solution, known as physiolog-
ical saline, simulates the concentration of chlorides in the human
body environment and has been commonly used to mimic physio-
logical fluids in biodegradation analysis of various material types
[46-48]. The frequency range of EIS was set from 100 kHz to
10 mHz. Mean value of the applied sinusoidal potential was equal
to open circuit potential (OCP) value and the amplitude were set to
10 mV. Obtained Nyquist plots were analyzed by the equivalent
circuit method using EC Lab V10.34 software. Fig. 1 illustrates
equivalent circuits used for the evaluation of Nyquist diagrams.
Randels circuit (left) was used for diagrams with one capacitance
loop; it suggests homogeneous electrochemical behavior across
the measured surface. Circuit (in the middle) was used for dia-
grams with two capacitance loops, which indicates the occurrence
of areas with different electrochemical behavior. The third circuit
(on the right) was used for the diagrams with occurrence of War-
burg impedance represented as a straight line with 45°angle. The
parameter Ry represents the resistance of the solution. Constant
phase element (CPE) replaces the capacitor in circuits. R, is repre-
senting charge transfer resistance and R, is the resistance of cor-
rosion products. For a better interpretation of the data, the final
resistance of surface has been designated as Rsym. The measure-
ments were repeated at least three times per series. Before every
electrochemical measurement, the samples from CSP and SSP5 ser-
ies were pickled in a solution consisting of 36% hydrochloric acid
(740 ml), hexamethylenetetramine (6g) and deionized water
(260 ml) to remove the surface oxide layer. Hexamethylenete-
tramine is an effective inhibitor, which protects the iron substrate
from corrosion attack in acid and humid environments by redirect-
ing the anodic reaction from the iron substrate to the dissolution of
oxides formed on the surface. A detailed description of its function
can be found elsewhere [49]. Potentiodynamic polarization tests
were performed on the samples to verify the effect of the pickling
step. In addition, cross section morphologies after 216 h of immer-
sion in 0.9% NaCl at 37 °C were studied through SEM and optical

CPE, -
RS
—
R

ct

light microscope ZEISS AXIO Imager.Z1M with camera AxioCam
MRc5 and software AxionVisionRel 4.5.

2.6. Statistical analysis

All reported data refer to arithmetic means and standard devi-
ations for at least three independent measurements, unless speci-
fied. Two-tailed student T-test was used to define statistical
significance between data of multiple series.

3. Results
3.1. Numerical simulation

Initially, a single impact model was developed to perform mesh
convergence analysis, after validating the correspondence of the
indent size induced by the impacts with the available empirical
models [50]. The results were used to define the step time required
to obtain stabilized residual stress in the substrate after each
impact. The multiple impact model was then developed using dif-
ferent combinations of peening parameters varying the Almen
intensity and surface coverage. A Python code was developed to
consider the randomness of the impact positions during the peen-
ing process within the target area until the defined coverage was
achieved.

Fig. 2a represents the multiple impact model and a representa-
tive von-Mises stress contour in the impact area. Fig. 2b shows the
in-depth distribution of residual stresses obtained from the FE
analysis for a set of parameters corresponding to CSP treatment
compared with the experimentally measured data. Residual stress
data were extracted from the simulation averaging the values
within the target area first at each layer and then in depth to con-
sider the penetration depth of the X-ray beam. A good agreement
can be observed with the in-depth distribution, while the stress
values close to the surface are different from the experimentally
measured data. The model was then used to assess the effect of
Almen intensity and surface coverage on grain refinement. The
experimental data have identified specific threshold values for
equivalent plastic strain (PEEQ) as the required deformation condi-
tion to induce grain refinement in multiple severe plastic deforma-
tion techniques. Umemoto et al. [51] estimated the threshold value
as a minimum required plastic strain of >7; later, Valiev suggested
the required range to be >6-8 [52], that is correlated with the for-
mation of predominantly high-angle grain boundaries. Considering
PEEQ as an indicator for the initiation of nanocrystallization, we
used these limit values to identify the process parameter combina-
tions that would be more efficient in promoting PEEQ increase.

The results as presented in Fig. 3, show how the variation of sur-
face coverage (while fixing the rest of process parameters), would
affect the PEEQ evolution. Increasing surface coverage from 100%
to 1000%, resulted in eight times higher surface PEEQ. The increase
of Almen intensity from 6N to 8A and 16A for a fixed coverage of
100% also significantly increased the depth and maximum value
of PEEQ on the top surface layer. Considering that reaching the

Ry Y

Fig. 1. The equivalent circuit used for the analysis of Nyquist diagrams.
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Fig. 2. a) FE model used for multiple impact analysis representing the rectangular substrate and the impinging shots and a qualitative distribution of von-Mises stress at the
central impact area b) in-depth distribution of residual stresses compared with the experimentally measured data for CSP series.
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Fig. 3. a) Variation of PEEQ trend as surface coverage increases for a constant Almen intensity of 8-10A corresponding to the SSP3 treatment b) variation of PEEQ trend as

Almen intensity increases, keeping the surface coverage fixed at 100%.

threshold PEEQ values is computationally costly, we used these
indications, particularly the effect of surface coverage, to design
our experimental campaign. Based on the observed trends, differ-
ent sets of parameter combinations were planned in a way to pro-
mote the accumulation of plastic strain in the top surface layer. For
the SSP series, minimum surface coverage of 1000% was considered
while increasing the Almen intensity up to 14-16A to combine the
stimulating effect of both parameters.

3.2. Surface characterization

Morphological top surface observations, as presented in Fig. 4,
provide a qualitative indication of the effect of process parameters
on the surface state. CSP series have a similar morphology to the
as-received material, considering the low Almen intensity of the
process. However, by notably increasing the Almen intensity and
surface coverage for SSP treatments, a higher density of overlap-
ping dimples can be observed caused by the successive impact of
the shot stream. For the SSP4 and SSP5 treatments, the size of
the dimples increased due to the higher diameter the media com-
pared to all other series (850 um vs. 150 um).

The variation of surface roughness parameter R,, between dif-
ferent series of samples, is shown in Fig. 5a and b. The rest of the
parameters showed a quite similar trend (Fig. S1 in the supplemen-
tary data). NP and CSP series represented a quite similar surface
roughness, while there was a sharp increase for the SSP treated
samples starting from SSP1 caused by the notable change in the
process parameters. The results for SSP1 and RSSP1 series indicate
that the repeening process with mild parameters effectively
reduced the surface roughness after SSP1 treatment. In the case

of SSP3 series, a sudden drop was observed in the roughness char-
acteristics; the highest roughness was caused by SSP5 treatment,
which was characterized by the combination of highest Almen
intensity and surface coverage.

Surface wettability data represented the effect of shot peening
in general in promoting the interaction of the substrates with the
water droplet, inducing hydrophilic characteristics. The highest
wettability was obtained for SSP5 series. The SSP1 and RSSP1 sam-
ples showed distinctly different water contact angles. Also, a clear
distinction was observed between wettability of NP and CSP series,
despite quite similar surface roughness.

3.3. Bulk material characterization

Cross-sectional observation of different sets of samples pre-
sented in Fig. 6(b-i) represent the microstructural evolution
induced by the kinetic energy of the shot peening treatment. In
Fig. 6(b-i), as the Kkinetic energy of the process rises, through
increasing Almen intensity and/or surface coverage, the thickness
of the layer with modified grain structure increased. The highest
kinetic energy of treatments SSP4 and SSP5 induced a dense sur-
face layer of 40 um and 50 pm respectively.

EBSD analysis indicated some complication in the data indexing
and interpretation of areas affected by shot peening treatment due
to the high deformation state and notable grain refinement in the
near surface area. There are few data points close to the surface
that could not be indexed, besides the voids due to the polishing
artifacts that can be distinguished in the bulk. However, the overall
observation of the IPF maps clearly indicated the difference in the
depth of the grain refined zones on the cross-section of the sam-
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Fig. 5. Variation of surface roughness parameters among treatments a) R, b) R, c) Water contact angle data measured on samples’ surface, the inserts refer to the water
droplet on NP (right) and SSP5 (left) samples. (Data = mean * St. Dev.; N = 6 for roughness and N = 8 for WCA, ***p-value < 0.001, **p-value < 0.01, *p-value < 0.05).

ples. The non-uniform colours in the IPF map indicate higher strain
level in the grains. In the NP sample (Fig. 7a), the absence of grain
refinement and deformation near the surfaces is clear at both mag-
nifications. For the shot peened samples, the obtained IPF maps
highlighted the non-uniform width of the strained layer thickness
across the section. In the case of the SSP2 sample (Fig. 7b), an aver-
age minimum thickness of 20-25pum was considered for the
affected layer beyond which the grain size remained the same as
the bulk material; while for the SSP5 sample (Fig. 7c) the IPF
map highlighted a much thicker affected zone estimated to have
a minimum average depth of 50 pm. It is noteworthy that the IPF

map in Fig. 7f is characterized by an overall strained microstruc-
tural configuration, suggesting an even deeper affected layer that
is highly strained.

Fig. 8c exhibits the variation of microhardness from the treated
surface towards the core material for all series. The NP series
demonstrate an almost constant microhardness along the depth.
The microhardness variation of surface treated samples, on the
other hand, had a common trend as expected for shot peened
material; the highest values were observed on the top surface
and gradually decreased to reach the core material microhardness.
The treatment with the highest kinetic energy, i.e., SSP5 affected a
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Fig. 6. a) Top surface OM observation of core material microstructure and near-surface cross-sectional OM observation of b) NP c) CSP d) SSP1 e) RSSP1 f) SSP2 g) SSP3 h) SSP4
i) SSP5 samples.

Fig. 7. IPF maps with different magnifications for a) NP b) SSP2 and c) SSP5 samples. White arrows indicate an estimation of the highly deformed and grains refined layer.
Black voids in the material indicate the non-indexed areas and the ones inside the bulk can be caused by the polishing artifacts.
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Fig. 8. In-depth distribution of a) residual stresses b) FWHM and c) microhardness
values for all series.

depth of almost 600 um with higher microhardness values with
respect to the base material.

XRD measurements were performed to measure the distribu-
tion of residual stresses as well as FWHM parameter in depth
(Fig. 8a-b). FWHM, the width of the diffraction peak at half the
maximum intensity, is known as an index of grain refinement,
microstrain, and hardness, as well as instrumental broadening.
The effect of the latter is taken out by calibrating the XRD machine
using strain free compact powder standard samples. The highest
on-surface residual stress was obtained for CSP sample, while
these series showed the smallest affected thickness with compres-
sive residual stresses among all peened series. SSP1 and RSSP1
samples represented a similar distribution of residual stresses
apart from the slightly higher depth of compressive residual stres-
ses in RSSP1 series. The highest thickness was obtained for SSP4
and SSP5 series with a depth of 0.36 mm and 0.41 mm respec-
tively. The maximum value of compressive residual stress regard-
less of the process parameters, was around 300 MPa for all series;
however, the depth at which this stress reached was affected by
the process parameters. Regarding the FWHM parameter, all sam-
ples represented a descending trend as the measurement point got
further from the treated surface until it reached that of the base
material, indicating the gradual grain refinement and work hard-
ening effect of the applied treatments. Considering the different
trends, increasing the Almen intensity and surface coverage led

to a higher on-surface FWHM value and a thicker layer with FWHM
higher than the base material.

3.4. Electrochemical and degradation characteristics

Three series of samples were selected based on the mechanical
characterization data: SSP5 as the most promising SSP treated ser-
ies, CSP as a reference to compare with the conventional treatment
and NP as a control for as-received material. Measured potentiody-
namic curves, shown in Fig. S2, and the data provided in Table S1
show that pickling solution successfully removed the oxide layer
from CSP and SSP5 samples with higher values of corrosion density
obtained after the pickling step. Nyquist diagrams of NP, CSP and
SSP5 series measured in 0.9% NaCl at 37 °C are plotted in Fig. 9.
The electrochemical characteristics are listed in Table 3 and the
polarization resistance Ry, obtained using the equivalent circuit
method after various exposure times are shown in Fig. 10.

In case of NP samples, Ry gradually increased from 528 Q.cm?
after one hour of exposure up to a maximum value of 905 Q.cm?
after 96 h; however, the polarization resistances seemed to
decrease at higher exposure times to 848 Q.cm? measured after
216 h. The CSP samples represented slightly lower Ry, (508 Q.
cm?) compared to NP samples after one hour of exposure. A similar
increasing trend of Rgy;,, was observed here; however, the maxi-
mum resistance of 1172 Q.cm? was reached after 48 h. In the next
exposure times, decreased Rg,m Of 885 Q.cm? was measured after
168 h. CSP samples showed different electrochemical behaviour
compared to NP series at 216 h, where a higher Rg,, value
(921 Q.cm?) compared to NP series was obtained. The SSP5 sam-
ples reached the highest Ry, value among all series after 1h
(658 Q.cm?) of exposure. Also, in this case, an intensive increase
of Rgym values took place up to a maximum of 1051 Q.cm? after
96 h. This maximum value is lower compared to the peak of CSP
series but higher compared to that of NP ones. In the following
stages, the polarization resistance of SSP5 sample decreased to
the value of 710 Q.cm? at 216 h. It can be seen that this is the low-
est value compared to NP and CSP samples at the same exposure
time.

Fig. S3 represents the surface of NP, CSP and SSP5 samples after
48 h of exposure in 0.9% NaCl at 37 °C. Fig. 11 shows the represen-
tative top view and cross-sectional morphologies of NP, CSP and
SSP5 samples at the last time point after 216 h. After 48 h exposure
the grain boundaries start to appear on the surface of the NP sam-
ple with small amount of corrosion products. The surface of the
CSP sample is observed to be almost fully covered by corrosion
products; while very small zones free of corrosion products could
be still spotted. The SSP5 surface was locally covered by accumu-
lated corrosion products also around the few microcracks.

The extent of areas without the presence of corrosion products
are larger compared to those observed on CSP surface. The obser-
vations after 216 h exposure, indicate that the surface of the NP
sample remained almost free of corrosion products confirming
the low rate of iron transformation and degradation. The cross-
sectional observations also confirmed less localized corrosion on
the NP samples; whereas for the shot peened samples represent
an increased thickness of the corrosion product layer. The top view
observations of the shot peened samples (Fig. 11a-c) showed a
much rougher surface morphology compared to the NP sample
that was mainly induced by the original surface roughness caused
by shot peening. In the case of CSP samples, corrosion products
formed quite uniformly distributed on the whole exposed surface,
confirmed both by the top and cross-sectional observations. The
distribution of corrosion products on SSP5 sample seemed less uni-
form compared to CSP series; this can be attributed to the multiple
overlapping surface defects and cavities on its surface that served
as potential corrosion sites. The top surface observation shows
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Fig. 9. Nyquist diagrams of a) NP, b) CSP and c¢) SSP5 samples measured in 0.9% NaCl at 37 °C.

the corrosion products were formed at a higher extent around/
inside these defects. The cross-sectional observation of SSP5 sam-
ples showed some regions where the corrosion products were sep-
arated from the substrate. The Energy-dispersive X-ray
spectroscopy (EDS) analysis performed on the surface of treated
samples did not indicate any significant difference in the surface
composition of the different samples. This negated the presence
of any ceramic traces that could have remained on the surface from
the fragmentation of the ceramic shots. At any rate, although the
possible residuals of ceramic could have acted as the cathodic site
in a micro galvanic corrosion, the difference between the surface
area covered by the potentially embedded particles and the metal-
lic surface was so high that any possible effects could be very mar-
ginal and negligible; also keeping in mind that minimal amounts of
ceramic could be totally covered by corrosion products at the ini-
tial phases of corrosion.

4. Discussion
In this study, we proposed SSP as a scalable and low-cost

mechanical surface treatment with a high potential to modulate
microstructural, mechanical and degradation behaviour of pure

iron. The developed FE model served as a predictive tool to identify
the influence and the range of the primary process parameters that
would uphold grain refinement. The model was validated through
comparison with experimental residual stress measurements. The
slight difference of the on-surface stresses between the numerical
and experimental data could be partially related to the significant
surface roughness of specimens. The high points in the rough sur-
face contribute more to the XRD pattern and can introduce some
errors to the measurements on the first layers. The error decreased
on sub-surface points where a smoother surface was obtained by
electropolishing. To induce high PEEQ values on the surface layer
without introducing major surface defects, the experimental
parameters were selected using a minimum surface coverage of
1000% for SSP treatments, while maintaining the Almen intensity
in the range used in the FE simulations. This was to take into
account the effect of excessively high Almen intensity in increasing
the density of surface defects and microcracks.

Qualitative SEM observation of the surface morphology indi-
cated multiple overlapping dimples on the top surface of the trea-
ted samples; the width of the dimples enlarged as the media size,
and Almen intensity increased. Quantitative surface roughness
measurements also indicated a notable increase in the surface
roughness as the kinetic energy of the process increased. The peen-
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Table 3
Electrochemical characteristics of NP, CSP and SSP5 series after various exposure times in 0.9% NaCl at 37 °C.
NP R, (Q.cm?) Rep (Q.cm?) Rer (Q.cm?) Rsum (©.cm?) CPE1 (F.s"1) CPE2 (Fs" 1) nl n2 W (Q.s'?)
1h 56+2 - 528 35 528 35 4.30E-04 + 0.3E-04 - 0.79 £0.12 - -
2h 571 - 578 +27 578 +27 5.80E-04 + 0.5E-04 - 0.72£0.13 - -
4h 55+1 - 629 + 41 629 * 41 5.90E-04 + 0.3E-04 - 0.73 +0.08 - -
8h 57+2 - 67139 656+ 39 5.50E-04 + 0.2E-0.4 - 0.68 +0.04 - 39+5
12h 57+1 - 677 +13 677 £13 6.90E-04 * 0.2E-0.4 - 0.69 +0.03 - 24+3
24h 57+1 - 750 27 750 £ 27 9.80E-04 * 0.6E-0.4 - 0.71 0.04 - 191
48h 56+1 - 82071 820+71 1.17E-03 + 0.03E-0.3 - 0.57 0.02 - -
96 h 55+1 - 905+112 905 £ 112 1.16E-03 * 0.03E-0.3 - 0.58 +0.02 - -
168 h 55+3 - 856 + 79 85679 1.26E-03 £ 0.09E-0.3 - 0.61£0.03 - -
216 h 58+2 - 848 + 29 848 + 29 8.50E-04 + 1.1E-0.4 - 0.74 +0.06 - -
CSP R (Q.cm?)  Rep (Qcm?)  Rer (Qcm?)  Reum (Qcm?)  CPE1 (Fs™ 1) CPE2 (F.s"') nl n2 W (Q.s5'?)
1h 58 1 - 508 + 59 508 + 59 8.70E-04 * 1.1E-04 - 0.74 £0.07 - -
2h 58 1 - 663 * 66 663 * 66 1.21E-03 £ 0.11E-03 - 0.71£0.03 - -
4h 58 +1 - 755+ 95 755+ 95 1.18E-03 + 0.06E-03 - 0.65 +0.03 - 44 +5
8h 57 +2 - 813+ 46 813 +46 8.50E-04 * 0.5E-04 - 0.66 +0.04 - 619
12h 55+2 - 84161 841+ 61 9.70E-04 + 0.5E-04 - 0.73 £0.02 - 31+4
24h 54 +2 - 847 + 45 847 + 45 4,50E-04 + 0.4E-04 - 0.73 £0.06 - 34+3
48h 54+1 7210 1100 * 255 1172 + 265 3.57E-06 * 0.5E-06 3.86E-03 + 1.2E-03  0.63+0.01 0.59 +0.04
96 h 55+2 49 2 1098 + 241 1147 £ 243 226E-03+ 0.13E-03  3.90E-03 * 1E-03 0.75 £ 0.04 0.58 +0.03 -
168h 541 51+3 834+188 885+ 191 1.34E-03 * 0.07E-03 5.78E-03 £ 1.8E-03  0.91£0.05 0.61+0.02 -
216h  55%2 38 +2 883 +150 9214152 4,60E-04 + 1.1E-04 4,65E-03 + 1.5E-03 092+ 003  0.63 004 -
SSP5 R, (Q.cm?) Rep (€2.cm?) Rer (Q.cm?) Reum (Q.cm?) CPE1 (Fs" 1) CPE2 (Fs" 1) nl n2 W (Q.s'?)
1h 56+ 1 - 658 * 41 658 + 41 2.80E-02 + 0.43E-02 - 0.79 £0.11 - -
2h 571 - 734+ 61 734 £61 2.50E-02 + 0.39E-0.2 - 0.67 £0.04 - -
4h 55+ 1 - 864 + 126 864 + 126 4,67E-03 + 0.12E-03 - 0.65 £0.01 - -
8h 56 +2 - 9374139 937 +139 6.97E-03 + 1.2E-03 - 0.69 +0.03 - -
12h 56 +2 - 951+115 951+115 6.40E-03 + 0.6E-03 - 0.68 +0.06 - -
24h 56 + 2 - 997 £ 40 997 +40 5.34E-03 * 0.33E-0.3 - 0.66 £ 0.03 - -
48h 55+1 - 1020 190 1020 * 190 3.59E-03 + 0.64E-0.3 - 0.61+0.06 - -
96 h 54 +2 - 1051 141 1051 141 3.64E-03 + 0.51E-03 - 0.58 +0.03 - -
168 h 53+1 - 768 + 69 768 £ 69 3.40E-03 + 0.41E-0.3 - 0.58 £0.03 - -
216 h 531 - 710 + 44 710+ 44 3.16E-03 + 0.22E-03 - 0.59 + 0.02 - -
1600 ing that the surface treatments led to a rather uniform effect
despite the randomness of the multiple impacts. Shot peening,
1400 1 generally, upheld the interaction of the samples with the water
droplet. The highest wettability among all the treated series,
1200 1 ° observed on SSP5 series, could be due to the combination of grain
- refinement and the increased surface roughness; since these two
E 1000 + I aspects are known to have a synergistic contribution in surface
S 7 - S ~— I wettability [33]. The increasing trend of wettability was disrupted
j 800 4 F sl I with the two exceptions: RSSP1 and SSP3 series. Being selected to
(il o™ be a quite mild peening process just to slightly flatten the highest
600 4 peaks, repeening is not expected to affect the grain size, as con-
] — firmed in our previous studies [2,33]. Thus, the decrease in WCA
400 o CSP for RSSP1 compared to SSP1 series could be largely attributed to
SSPS the reduced surface roughness. However, the SSP3 series, show
200 . . : : increased WCA despite lower surface roughness that abruptly
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Fig. 10. Electrochemical characteristics of NP, CSP, and SSP5 series after various
exposure times in 0.9% NaCl at 37 °C.

ing media characteristics highly affected the dimple size and there-
fore the surface morphology and roughness, considering that an
apparent drop in the trend was observed as the peening media
dimension changed from 150 um to 850 um. This observation
implied the importance of the peening media choice, independent
from other parameters that affect the kinetic energy of the peening
process.

Surface wettability measurements were performed using dis-
tilled water droplets as a valid choice to simulate the interaction
with aqueous physiological solutions [53-55]. The analyses indi-
cated quite similar results on random surface locations highlight-

drops due to the noted change of shot diameter with respect to
the previous series. Moreover, NP and CSP samples showed a quite
different WCA but similar surface roughness parameters. Thus, it
seems that there is not a direct trade-off between surface rough-
ness and WCA. That could be justified by the different morphology
of the sample’s surface that is not necessarily projected in standard
surface roughness parameters. Comparison of surface morpholo-
gies presented in Fig. 4, reveals a more smooth surface morphology
within the dimples for SSP3 series compared to the other samples.
The same goes for NP and CSP series that present quite different
surface morphology but comparable roughness data. As reported
in previous studies, the surface features that determine surface
morphology, seem to have a more significant role in dictating the
interaction of the material with the surrounding environment, par-
ticularly with the wetting media and proteins present in the bio-
logical environments, compared to the roughness parameters
defined based on amplitude parameters [33,56]. These standard
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20 pm

Fig. 11. Representative top (top row) and cross-sectional (bottom row) morphologies of a) NP, b) CSP and c¢) SSP5 samples after 216 h of exposure in 0.9% NaCl at 37 °C.

parameters, although widely used, are not able to provide an accu-
rate description of the surface morphology including the formation
of irregularities and their spatial distribution. Thus, we postulate
that these morphological differences could have been responsible
for the deviation in the trend of WCA variation as the kinetic
energy of the process increases.

Top surface microstructural observation of the as-received
material, shown in Fig. 6a (NP), represented a homogeneous struc-
ture of equiaxed crystals. Image analysis performed on 100 indi-
vidual grains randomly selected on 10 different samples provided
original grain size estimation around 42 + 6 um; this was also con-
firmed by EBSD analysis. In the cross-sectional micrographs, all the
shot peened series exhibited a quite dense and highly deformed
top surface structure, the thickness of which enlarged as the
kinetic energy of the applied process increased. The highest thick-
ness was measured to be around 50 pm for SSP5 treatment that
had the highest kinetic energy. The IPF maps obtained from the
EBSD analysis underlined the highly strained microstructural state
of the near-surface layer for the shot peened samples. The apparent
increase in the depth of the grain refined layer by increasing the
kinetic energy of the process from SSP2 to SSP5 again indicated
the importance of the choice of shot peening parameters.

The grain refinement process is dictated by the plastic deforma-
tion mechanism and dislocation activities that are known to be
affected by the lattice structure and the magnitude of the stacking
fault energy. Depending on these characteristics, polycrystalline
materials will accommodate plastic strains by triggering multiple
dislocation activities, including sliding, accumulation, interaction,
tangling, and spatial rearrangement [35]. In pure iron, as a material
with a high stacking fault energy, experimental observations under
large plastic strain have revealed that dense dislocation walls and
dislocation tangles are formed inside the grains. The latter creates
individual dislocation cells in the original grains separated by
dense dislocation walls and tangles. Upon further plastic deforma-
tion, these features will transform into sub-boundaries with small
misorientation through annihilation and rearrangement. The sub-
grain boundaries will later evolve into high angle grain boundaries,
splitting the coarse grains into smaller size ones [35,57]. The
dimension of dislocation cells generated inside the original grains

is a function of the acting shear stress [58]. Thus, it is expected that
increased shear stress, results in increased lattice dislocation den-
sity, smaller dislocation wall spacing and therefore more refined
cell sizes. There are indications that multidirectional impacts
obtained in USP treatment may promote the grain refinement pro-
cess. The positive effect of shear strain in the form of tilted angle
adopted in micro-percussion tests is also reported to emphasize
the significant role of shear bands induced by shearing contact pro-
cess during repetitive inclined indentation in grain refinement of
pure iron [59]. Accordingly, it is expected that the combination
of shearing contact with normal impact could promote the
microstructural transformation of pure iron during SSP treatment.
Further investigations are in course to validate this hypothesis.

The microhardness results indicated that increasing the kinetic
energy of the shot peening process, led not only to higher surface
hardness but also to a higher depth of the altered zone depending
both on the applied intensity and coverage. Following the Hall-
Petch equation, the significantly increased surface microhardness
can be due to the notable grain refinement compared to the inner
areas [60]. The quite similar trend of SSP1 and RSSP1 series con-
firmed that the slight repeening process did not affect the micro-
hardness of the material but just influenced the surface
topography.

In-depth distribution of residual stresses was highly affected by
shot peening parameters. The maximum compressive residual
stress value observed for all SSP treatments was similar and higher
than the yield stress of the material (Table S2 and Fig. S4). The yield
strength of the material should limit the equivalent von-Mises
residual stresses induced in the material. The difference observed
between the residual stresses and the yield stress of pure iron
could be attributed to the strain hardening happening in the sub-
surface layer due both to the not perfectly elasto-plastic static
behavior of the material and to the loading-unloading cycles that
the material underwent during the multiple sequential impacts.
The hardening induced by the sensitivity of pure Fe to the strain
rate could also lead to increased local yield strength. This could fur-
ther displace the limit for the maximum equivalent stress that can
be reached for the material. It is also to be noted that the state of
the stress in-depth is tri-axial and the third component that cannot
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be measured by XRD, might also contribute in decreasing the
equivalent residual stress in depth compared to what we calcu-
lated by just in-plane stress components. While the maximum
compressive residual stress is not influenced by the SSP parame-
ters, the depth with compressive stresses is strongly affected due
to the different global amount of energy introduced in the material
by each set of process parameters.

Compressive residual stresses are particularly of utmost inter-
est for their ability to reduce crack propagation rate under cyclic
loading and are known to highly promote fatigue strength
[28,29,61]. Refined grain size, on the other hand, is expected to
defer crack initiation or alter the crack initiation mechanism and
hence improve the fatigue strength [62]. Contrary to the latter
parameters that are expected to enhance fatigue performance,
the increased surface roughness and surface defects generated in
the topmost layers can deteriorate the fatigue performance. Previ-
ous results have indicated that the adverse effect of surface defects
and surface roughness can be overshadowed by the deep residual
stress field and the grain refined layer [2]; however, detailed fati-
gue tests should be performed to assess the synergistic effect of
all these parameters in the fatigue performance of the SSP treated
pure iron.

FWHM is affected by variation in microstructure and stress—
strain accumulation; it can be regarded as a cumulative index of
plastic deformation, dislocation density, and hardness [63]. Higher
Almen intensity and surface coverage were found to result in
increased on-surface FWHM and a thicker layer characterized with
higher FWHM than the base material. The declining trend of
FWHM with the highest value on the top surface for all samples
can be regarded as an indication of gradient grain size and the
reduction in the extent of work hardening.

The Nyquist diagrams and the values of polarization resistance
for all samples indicated continuously increasing resistance in the
early exposure times, followed by a drop in the resistance at later
stages. This trend can be attributed to the interaction between the
sample’s surface and the electrolyte, which led to the creation of
corrosion products. The corrosion product layer could act as a bar-
rier against aggressive chloride ions contained in the electrolyte,
and lead to an increase in the Rq,, values. After reaching a critical
point, the values of Ry, started to decrease till the end of the mea-
surements. This could be explained by possible occurrence of sur-
face defects and micro-cracks in the corrosion product layer
through which electrolyte was able to penetrate towards the iron
substrate. We postulate that as the exposure time increased, the
thickness and weight of the corrosion product layer was enlarged
because of ongoing anodic reaction. However, this assumption
should be quantitatively verified by adapting an efficient weight
loss measurement strategy.

The main difference of corrosion behaviour between the sam-
ples, however, was the Rg,, variation in both the growing and
declining phases that are more notable for shot peened series;
for example, SSP5 sample reached the highest values of Ry, after
each time point up to 24 h. Shot peening is known to lead to nota-
ble surface deformation, increased dislocation density, and induc-
tion of compressive residual stresses. It is well known that these
factors can adversely affect the corrosion resistance of material
as they highly increase the surface activity [2,64]. CSP cross section
(Fig. 11e), illustrates the presence of a quite uniform layer of corro-
sion products, which protects the substrate against harmful chlo-
ride ions and therefore increases the corrosion resistance,
showing higher Ry, compared to the NP series at the early stages.
Faster growth of corrosion products takes place on SSP5 sample
giving rise to higher surface protection at the early stages. Then
again, the rapid growth of corrosion products leads to earlier
attainment of their critical weight, resulting in earlier detachment
and felling of the products and thus uncovering the samples’ sur-

face. This is also confirmed by the cross-sectional observation of
SSP5 sample (Fig. 11f) where the corrosion product layer does
not exhibit a uniform distribution through the sample’s surface.
After this time point, the Ry, values of SSP5 sample tend to
decline progressively showing the lowest corrosion resistance.
These observations can be directly attributed to the kinetic energy
of the shot peening process. Unlike the CSP sample, the surface
layer of SSP5 has a higher surface roughness (Fig. 5a-b) and con-
tains numerous defects and microcracks. The latter can offer addi-
tional space for electrolyte permeation and act as preferential
corrosion sites amplifying the active surface area. Anodic reactions
were promoted at the peaks of rough surface/outside surface
cracks, filling the latter with corrosion products. Continuous corro-
sion reactions on the surface layer and inside the surface micro-
cracks can promote delamination of the corrosion products and
thus expose the underlying layer once again to the corrosive envi-
ronment. As this cycle continued, the SSP treated sample demon-
strated a lower corrosion resistance compared to the other series.
Indeed considering the scatter range in the corrosion resistance
data, there is no significant difference in Ry, between different
series especially at lower exposure times. We assume that the high
scatter could have been due to the randomness in the surface irreg-
ularities of the shot peened series, as the NP sample, in most cases
showed lower scatter range compared to the shot peened ones.
However, the scatter ranges tend to become more limited at higher
exposure times. For the last time point, differences of 17% and 20%
could be detected between SSP series and the results for NP and
CSP series respectively.

As reported in Table 3, the parameter n varied within the range
of 0.57-0.9 for all of the measurements. Therefore the capacitor
had to be replaced by a constant phase element CPE. It is also nec-
essary to point out that the CPE behavior can be characterized
between Warburg impedance (n = 0.5) and capacitor (n = 1). Varia-
tion of CPE across all time points for all the samples is shown in the
Fig. 12. According to the Amirudin and Thierry [65], Aq parameter
represents an electrochemically active area or delaminated area
and it is given by ratio in Eq. (3), where Cyis the double layer capac-

itance and Cg is the area-specific double-layer capacitance of the
uncoated metal.
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If we consider that the electrochemically active area is in direct
relation with Cq (in our case replaced by CPE), then it can be stated
that at initial exposure times, CPE of NP, CSP and SSP5 followed the
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Fig. 12. Variation of CPE for NP, CSP and SSP5 samples after various exposure times
in 0.9% NaCl.
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same trend as the roughness measurements; i.e. the highest rough-
ness resulted in the highest electrochemically active area mea-
sured for SSP5 and the lowest value obtained for the NP sample.
During exposure, CPE of SSP5 sample was drastically decreased
in the first 4 h due to the coverage of rough surface caused by ano-
dic reaction concentrated on the surface peaks. In this case, the for-
mation of corrosion products was concentrated in the dimple areas
where cathodic reaction took place. The CPE of the CSP specimen
did not change significantly up to 48 h of exposure. After 48 h,
the layer of corrosion products was sufficiently compact and thus
the second semicircle was detected (the presence of second time
constant) for CSP sample. This appearance could be related to the
continuous coverage of the surface by corrosion products. It is sup-
ported by the increment of CPE values observed at the final expo-
sure times. In the case of NP sample, an increase (although not so
significant as in the case of CSP) took place due to the larger area of
the surface caused by etching-like corrosion process (Fig. S5).
Whole grains were attacked by the corrosive environment, and this
is probably the reason why corrosion products were not clearly
observed at the end of measurement on NP sample and that the
surface displayed an etched-like morphology with the very limited
appearance of corrosion products (Fig. S5). The different behavior
observed in the case of CSP and SSP5 samples could be due to
the compressive residual stresses in the surface layer, which com-
pressed the grains together. Moreover, the grain size in the top sur-
face layer of the shot peened series was quite small, and thus
probable etching was not as observable as in case of NP series. At
certain exposure times in case of NP and CSP samples, diffusion
processes were observed at the low-frequency region of Nyquist
diagrams due to the detection of a straight line with a slope of
45°, According to [66] this could be due to the fact that oxidizing
or reducing potentials were held long enough to cause the deple-
tion of the species in front of the electrode.

The results of the electrochemical tests are in good agreement
with a study on the effect of sand blasting on corrosion resistance
of pure iron, where the sand blasted samples showed significantly
different electrochemical behaviour compared to the bare iron
after three days of immersion in simulated body fluid [64]. We pos-
tulate that the deciding factors in the accelerated corrosion are i)
the induced surface morphology and increased surface roughness
that amplify the exposed surface (including dimples and microc-
racks) and ii) the presence of grain refined layer characterized by
a high dislocation density and high electrochemical activity that
promotes rapid formation of a protective corrosion product layer.
Besides, the adhesion of this protective layer is troubled with the
high surface roughness, and its fast growth fuels its breakdown
and detachment from the substrate. The effect of these parameters
on the degradation mechanism is highly symbiotic making it quite
complex to distinguish the individual role of each factor. Increased
surface roughness is recognized to amplify the effective area and
active sites for electrochemical reactions. The increased dislocation
density induced by plastic deformation is considered to reduce the
energy barrier for electrochemical reactions [67]. In a previous
study, we slightly removed the rough surface layer of SSP treated
AZ31 samples to separate the effect of reduced grain size from that
of surface roughness and surface defects on corrosion resistance.
The results highlighted the defining role of surface morphology,
as the ground samples showed lower corrosion current density
compared to the rough surfaces [2]. There is no evidence of a uni-
fied theory in the literature on the role of grain refinement in cor-
rosion behaviour, as multiple contradicting data evidence the
defining role of the preparation technique, thermal history, corro-
sive environment, material composition and purity on the corro-
sion behaviour of nanocrystalline materials [68,69]. There is a
general agreement, however, increased dislocation density and
grain boundary density in the grain refined layer can increase the

surface activity the number of nucleation sites [70,71]. Depending
on the environmental, material and process factors, the enhanced
surface reactivity will either result in increased degradation or pas-
sivation [69].

There are some speculations also on the role of residual stresses
on altering the free energy state of plastically deformed materials
and their degradation behaviour. There are studies indicating the
role of compressive residual stresses in reducing the current den-
sity of passivation [72] and increasing corrosion cracking resis-
tance due to the crack closure effect [73]; while other studies
report no apparent effect of residual stresses in the degradation
behaviour [2,70]. Its effect is recognized as a competition between
enhancing the surface reactivity and reducing the risk of defect for-
mation in the oxide layer [69]. The data in the literature suggest
that the effect of residual stresses can be dependent on their type
and extent the inducing treatment, alloy type and the corrosive
environment [70]. Another parameter that could potentially affect
the corrosion behaviour and oxide formation is grain orientation
and texturing [69,74]. Performing an optimized annealing heat
treatment that would relax the residual stresses and cause grain
recrystallization could potentially eliminate the effect of all param-
eters and make it possible to study the sole effect of surface rough-
ness on the corrosion behaviour. Defining this annealing cycle and
evaluating its functionality is the subject of future studies.

This increased degradation rate of pure iron can promote its
wider application for hard tissue implants, particularly for thin ele-
ments such as cardiovascular temporary stents, where the thick-
ness of the affected layer by SSP can be comparable to the wall
thickness of the implant; it should be also considered that the
depth of the grain refined layer, the work hardened and the layer
affected by compressive residual stresses can be modulated by
the suitable choice of process parameters and thus can be adjusted
to some extent to the target geometry. Our previous studies have
confirmed no cytotoxicity effects induced by SSP on different bio-
compatible metallic materials; furthermore, the induced surface
roughness was found effective in promoting osteoblast adhesion
and spreading while hindering early stage gram-positive bacteria
adhesion. However, if planned to be used for cardiovascular appli-
cations, the interaction of the SSP induced surface roughness on
pure iron with endothelial cells should be investigated to rule
out any risk of cytotoxicity or thrombosis.

5. Conclusions

Severe shot peening results in the formation of a plastically con-
tinuous, elastically homogeneous, interface free gradient grain
structure in metallic surfaces. The range of the peening parameters
that would promote grain refinement on pure iron was identified
using a detailed finite element model of the process, considering
accumulated plastic strain as the indicative parameter of grain
refinement. Based on the finite element results, multiple sets of
parameters that would amplify the kinetic energy of the treatment
were considered to experimentally obtain grain refinement. The
effect of the gradient surface layer was investigated on the
mechanical and electrochemical performance of pure iron samples.
The obtained results indicated that severe shot peening, applied
with proper parameters, can induce significant surface grain
refinement, surface work hardening and deep compressive residual
stresses in the top surface layer of pure iron. These characteristics
can indicate improved mechanical performance for pure iron, par-
ticularly under cyclic loading. The surface wettability of the severe
shot peened samples was substantially increased compared to the
as-received material thanks to the synergistic effect of the surface
morphology and the refined grain structure. The degradation rate
of severe shot peened pure iron was accelerated especially at
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higher exposure times. The quite high surface roughness induced
by severe shot peening enhanced the active surface area exposed
to the corrosive environment. The surface micro-cracks acted as
preferential corrosion sites; furthermore, the grain refined surface
layer was found to be more electrochemically active and thus
prone to the rapid formation of a corrosion product layer over time.
Under longer exposure times, the high extent of corrosion at the
surface led to the breakdown and detachment of the protective
layer. Thus the substrate was exposed to the corrosive environ-
ment again, and consequently, the corrosion rate was accelerated.
Whereas, the as-received material, exhibited a stable uniform cor-
rosion product layer firmly adhered to its rather smooth surface.

Based on the obtained results, severe shot peening can be recog-
nized as an efficient surface treatment able to enhance mechanical
performance and accelerate the degradation rate of pure iron
boosting its broader application for hard tissue implants. Our pre-
vious studies have confirmed no cytotoxicity effect induced by sev-
ere shot peening on different biocompatible metallic materials;
furthermore, the induced surface roughness was found effective
in promoting osteoblast adhesion and spreading while hindering
early stage gram-positive bacteria adhesion.
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