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Abstract

Magnesium alloys are considered as a suitable choice for temporary biodegradable implants due
to their biocompatible and biodegradable properties, able to avoid a second surgery when implant
removal is needed. Nevertheless, nowadays one of the shortcomings of magnesium-based
materials is their poor corrosion resistance and the associated high corrosion rate. This fact
considerably hinders their application in biomedical field. The aim of this work is to induce a
severe plastic deformation on the upper layer of the AZ31 Mg alloy in order to modulate its
surface properties to slow down the kinetics of the corrosion damage. Specimens were submitted
to conventional and severe shot peening treatments at room temperature, 240°C (near
recrystallization temperature) and 360°C (above recrystallization temperature); the specimens
were then analyzed in terms of grain refinement, surface roughness, work hardening, and residual
stresses. Potentiodynamic polarization tests were also performed to evaluate the influence of the
shot peening treatments on the specimens’ corrosion resistance. The results evidenced surface
roughness as the most influential factor in corrosion behavior, although for the specimens with
similar roughness, also the effect of grain size is notable.
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1 Introduction

Magnesium alloys have attracted considerable interest in a wide range of applications due to their
low density, high specific strength, and stiffness [1]. The low formability and poor mechanical
properties of pure magnesium at room temperature have brought more attention to various
magnesium alloys that can present a combination of improved mechanical properties and
corrosion resistance [2-3]. Aluminum (Al), Calcium (Ca), Zinc (Zn), Zirconium (Zr), Strontium
(Sr), and rare earth elements (REEs) such as Yttrium (YY), Gadolinium (Gd), Lanthanum (La), and
Dysprosium (Dy), are the most commonly used alloying elements, with high potential in
improving the performance of magnesium-based materials [3].

During the last decades many researchers have focused on taking benefit from the superior
characteristics of magnesium-based materials to be used for biomedical implants, replacing
stainless steel or titanium alloys that are currently used for bone tissue applications [4, 5].
Magnesium stiffness is much closer to that of the natural bone compared to the currently used
metallic biomaterials and thus it would reduce the stress shielding effect, which is a notable
advantage from the point of view of bone-metal interface stability [6, 7]. In addition to being bio-
compatible, magnesium is also biodegradable, and its degradation products, not only are non-
toxic, but also have been reported to exhibit positive effects on bone growth: the release of
Mg?* into the fracture site is reported to help bone fracture healing, due to the capacity of
magnesium to promote CGRP-mediated osteogenic differentiation [8]. Magnesium is already
present in the body as an essential element for many biochemical functions, and its excess can be
easily eliminated by the urine [9]. Due to their biodegradable and biocompatible properties,
magnesium alloys have been considered as a suitable choice for temporary biodegradable
implants such as cardiovascular stents [10] and fixation plates, avoiding the need to a second
removal surgery [11]. Nevertheless, the poor corrosion resistance of the magnesium-based
materials in physiological environment that has considerably hindered the expansion of their
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application in biomedical field [3]. The significantly high and uncontrolled corrosion rate will
cause unexpected and fast degradation of the magnesium implant, leading to fast degradation
before the healing of the broken bone tissue [12]. In addition, magnesium’s fast degradation can
create local gas cavity, which can be damaging for bone healing and cause pain for the patient
[13-15]. In the case of stents, it is expected that bubble generation would lead to embolism; this
could induce serious risk for the survival of the patient.

Therefore, although magnesium alloys present interesting characteristics for orthopedic
applications because of their high specific ratio, biodegradability and biocompatibility, their rapid
degradation are nowadays a notable limit on their wider application. Multiple approaches,
including chemical [16-19] and mechanical [20, 21] surface treatments, have been suggested to
address the fast degradation issue of magnesium-based materials. A general idea, which has
attracted the researcher’s attention, is to focus on controlling the surface layer properties, since
corrosion, stress corrosion cracking and other damage mechanisms can be highly controlled by
modulating the surface characteristics of the material. Chemical approaches focus on alloying
techniques that minimize corrosion between different phases; also, creating protective coating
layers have been suggested and investigated in an attempt to control and delay the degradation
rate [3].

Besides, different studies have also demonstrated that microstructural characteristics particularly
grain dimension, can influence corrosion resistance. Although there are some contrasting results
in this case [22], many studies have shown that smaller grain dimensions can lead to higher
resistance to corrosion because of the higher amount of grain boundaries that act as corrosion
barriers [23-24]. Kovaci et al. studied the effect of severe plastic deformation induced by different
shot peening treatments on the corrosion behavior of an AISI 4140 low-alloy steel [25].
Electrochemical analyses methods indicated that the corrosion resistance of the material increased
with the increasing shot peening intensity due to grain refinement and formation of sub-grains.
On the other hand, corrosion resistance of the WE43 Magnesium alloy was analyzed in 0.9%
NaCl solution after applying different shot peening treatments [26]. Corrosion current density of
the shot-peened samples were reduced by 16%—32%, contributing to increase the corrosion
resistance of the material. This was because the residual compressive stresses induced on the
metal surface by shot peening treatments, contributed to increase the passivation film (MgOH,)
density, which could protect magnesium alloys substrate against being destructed.

The effect of shot peening on corrosion behavior of 316L stainless steel was investigated by Azar
et al. in Ringer’s solution [27]. They indicated that increasing the shot peening time promotes the
break-down potential of the passive layer to increase and corrosion current density and corrosion
rate in the passive region to decrease (in comparison to non-treated samples), what contributed to
improve pitting corrosion resistance.

Severe plastic deformation methods are well known to be able to induce grain refinement in
metallic materials. Among these processes, shot peening (SP) applied with high energy
parameters (also known as severe shot peening (SSP)) has been recognized to be able to obtain
notable grain refinement down to ultrafine and nano regime on the surface top layer of the treated
metals. SP consists of impacting a flux of spherical shots against the metallic surface, inducing
compressive residual stress field and work hardening of the upper layer of the material, while
increasing surface roughness [28-31]. In SSP treatment the Kinetic energy of the process is
enhanced, by increasing the Almen intensity of the shot stream and the exposure time of the
components to the shot flux; these parameters promote the favorable condition for grain size
refinement on the top surface layer of material [32-34].

With the aim of modifying surface properties in magnesium alloys, several researchers have
applied standard shot peening treatments to various magnesium alloys with controlled parameters.
In all cases positive effects regarding improved mechanical properties have been reported [35-
37]. However, based on the reported data, the choice of process parameters in terms of shot size,
shot material, velocity and surface coverage are of great importance in case of magnesium alloys,
as these materials have shown a significant sensitivity exhibited in the form of a saturation limit
over which higher process parameters would result in reduced mechanical performance [38].
Previous studies have disclosed a limited depth and extent of residual stresses as well as the
thickness of the layer of material that can be affected by standard shot peening at room



temperature, using the optimized treatment parameters [35, 39]. Regarding the application of SSP,
a recent study performed by some of the authors showed notable grain refinement on the surface
of AZ31 alloy specimens [35]. Also in this case, the thickness of the affected layer was reported
to be less than expected. Indeed, the hexagonal close-packed network (HCP) microstructure of
magnesium-based materials is recognized to impede the possibility to activate most of slipping
planes except the ones of basal planes, at room temperature. Consequently, twinning becomes the
more prevalent and favorable deformation mechanism; this explains the poor formability and
plastic deformation of magnesium at room temperature. It is expected that higher temperatures
will tackle this problem by allowing prismatic and pyramidal planes to slip, as higher temperature
is supposed to reduce their critical resolved shear stress (CRSS) [40]. In this regard, Huang et al.
[39], reported that at higher temperatures, Mg-9Gd-2Y alloy specimens can be more plastically
deformed and even less damaged by shot peening; this higher tendency to deform, can also offer
the chance to use higher Almen intensity on magnesium alloys, and extend the threshold
saturation limit where the sudden drop in fatigue strength improvement is reported to occur for
shot peened magnesium-based materials.

According to the above mentioned issues, in this work AZ31 magnesium alloy, considered of
interest in aircraft, automotive [41] and biomedical [3] industry was subjected to shot peening
treatments using different Kinetic energies that can be categorized as conventional and severe
treatments both at room temperature, at 240°C (near recrystallization temperature) and at 360°C
(over recrystallization temperature). The treated specimens were critically analyzed with the aim
to assess the changes introduced in their surface layer in terms of roughness, grain structure, work
hardening, residual stresses, and thickness of the affected zone, depending on the treatment
conditions. Corrosion behavior was also studied by means of potentiodynamic polarization curves
and the obtained data were discussed in relation with the changes introduced in the material.

2 Experimental procedure

2.1 Material and specimens

Specimens of AZ31 magnesium alloy were cut from a cold rolled sheet of 6 mm in thickness
(Alfa Aesar GmbH, GE), with parallelepiped geometry of 20x20x6 mm®. The nominal chemical
composition of the alloy is presented in Table 1.

Table 1. Chemical composition of AZ31 (% in weight)
Mg Al Zn Mn Si Cu Ca Fe Ni
97 25-35 | 0.7-13 0.2 0.05 0.05 0.04 0.005 0.005

Initially all the specimens were annealed at 400°C for 10 h in order to attain microstructural
homogenization. Then, the specimens were submitted to traditional SP and SSP treatments under
different temperatures of room temperature (RT), 240°C and 360°C.

2.2 Warm shot peening treatments

The specimens were submitted to different shot peening treatments with varied amounts of kinetic
energy (conventional and severe treatments). Taking into account the deformation limit of the
material (HCP crystalline network [39, 40]), the shot peening treatments were performed at
various temperatures to assess the possibility of increasing the thickness of the affected layer, by
increasing the thermal energy. The considered treatment temperatures include 240°C,
corresponding to the recrystallization temperature, [39] and 360°C, above the recrystallization
temperature. Room Temperature treatment (RT) was also performed to serve as a reference.
Specimens were heated by means of Joule effect and the temperature was continuously controlled
during the treatment by a thermocouple that was connected to a temperature control device. To
maintain the temperature constant at the chosen value, current steps were controlled using a
regulator device. Figure 1 shows an image of the home-built specimen heating device.



Sample and Thermocouple

Temperature control

Figure 1. Home-built system developed to perform warm SP treatments

The specimens were shot peened in an air blast SP machine, using Zirshot Y 300 shots, under an
Almen Intensity of 10A and three different levels of coverage: 100% (2s) (conventional), 500%
(7s) and 1000% (14s); the last two sets of parameters correspond to severe treatments. All these
parameters are of great importance in the SP process, as they are directly related to the total kinetic
energy transmitted to the material and thus, will have an important influence on the induced
plastic strain. SP parameters are listed in Table 2. Chemical composition, average diameter,
density and hardness of Zirshot Y300 shots are also shown in Table 3.

Table 2. Shot peening process parameters

Almen : 0
Treatment Shot Intensity Coverage | Time (s) | Temperature (°C)
. Zirshot o - 240"
Conventional Y 300 10A 100% 2s RT; 240; 360
Zirshot 0 20
Severe 500 Y 300 10A 500% 7s RT; 240; 360
Severe 1000 Z\;rgggt 10A 1000% 14s RT; 240; 360

Table 3. Chemical composition (wt.%) and mechanical properties of shots

Chemical composition | Diameter | Density Hardness
(%owt) (mm) (g/cm?®) (HV)
. ZrO; >75% -
Zirshot Y300 Si0,<25% ~0.3 4.6 1000

2.3 Microstructural characterization

Microstructural changes induced by the SP treatments on the AZ31 specimens were observed
using an optical microscope (Nikon Epiphot 300). The SP treated specimens were cut through
their cross section with the aim to analyze the microstructure from the surface to the inner core of
the material. Then, they were mounted in resin for a better handling, after which they were
metallographically prepared (ground up to 1200 SiC paper and polished with 6 and 1 um diamond
paste), followed by etching with Picral reagent (70 ml ethanol, 10 ml picric acid and 10 ml water).
The average grain sizes in the base material and also in the upper zone of the affected layer were
determined following the standard ASTME112 (standard test methods for determining average
grain size). Besides, in order to determine the thickness of the affected layer of the treated
specimens, five measurements were performed, and the average and standard deviation were
obtained.



2.4 Roughness

Surface roughness measurements were performed on all specimens using a Diavite DH-6
roughness tester. Measurements were performed in eight random positions and directions over a
length of 4.8 mm using a cut-off length of 0.8 mm following standard DIN4786.

2.5 Vickers microhardness profile

A Vickers microhardness profile was obtained on the cross section of all the SP treated specimens,
in order to determine the depth and magnitude of the hardening due to the plastic deformation
induced by each SP treatment. Measurements were performed by means of a microhardness tester
Buehler Micromet 2100 applying a force of 25 gf during 15s (the load was applied gradually at a
constant rate of 0.1 N/s).

The measurements were performed from the surface to the bulk of the material until hardness
stabilization was attained, leaving a prudential distance between measurements to avoid abnormal
results, as suggested by the standard ASTME92 (standard test methods for Vickers hardness and
knoop hardness of metallic materials). The diagonals of the indentation marks were measured by
optical microscope.

2.6 Residual stress and FWHM measurements

The residual stresses induced by different SP treatments performed on the AZ31B specimens were
measured by means of X-ray diffraction using the unit X STRESSTECH 3000-G3R. The Cr-Ka
radiation with a wavelength of 0.2291 nm was used, and the measurements were performed on
the diffraction planes {1 0 4}, associated to a diffraction angle, 26, approximately equal to 152,4°.
The sen®y method was employed, in which the residual stress is determined according to Equation

1
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‘E’> and ‘v’ are the elastic constants (elastic modulus and Poisson’s coefficient) of the
corresponding Mg alloy in the measured crystallographic plane, taken as 45 GPa and 0.35
respectively, ‘d’ is the interplanar spacing of the selected diffraction plane {hkl}, ‘y’ the tilt
(rotation) angle and ‘@’ the angle in the plane of the specimen. Diffraction peak detection was
performed in 9 positions of the tilt angle, v, uniformly distributed between -45° and 45°, with an
exposure time of 30 seconds in each position. The measurement was performed in three direction
of the ¢ angle, -45°, 0° and 45° and the average value was obtained. All the parameters employed
in the residual stress measurements are shown in Table 4.

Table 4. Parameters used in the residual stress measurements.

Measurement mode y modified Radiation filter Kp Vanadium
Maximum Voltage (kV) 30 Maximum Intesity (mA) 6.7
Exposure time (s) 50 Colimator diameter (mm) 1
. o 9 points between Goniometer rotation
Tiltangle v (*) -45/+45 (Measurement direction) ¢ (°) 45,0, 45
Noise reduction Parabolic Peak fit method Pseudo-Voigt

In order to define the in-depth residual stress profiles, thin layers of material were progressively
removed by electropolishing in a Buehler PoliMat machine using a solution of 94% acetic acid
and 6% perchloric acid under a voltage of 3 V. The width of the removed layer after each
electropolishing stage was measured using a Mitutoyo micrometer, and this procedure was
repeated until the residual stress became inexistent.

Additionally, the FWHM parameter (full width at half maximum) of the diffraction peaks was
simultaneously measured. This parameter is related to grain distortion, dislocation density, and
residual microstrains. FWHM can be considered as a work hardening index [42].



2.7 Corrosion tests

The corrosion behaviour of AZ31 specimens under different SP treatments was evaluated by
means of potentiodynamic polarization tests carried out in Ringer’s aqueous solution
(concentration in g/l: 8.6 NaCl, 0.3 KCI and 0.33 CaCl,, with pH~=7), simulating the chloride
concentration in the human body environment. The tests were conducted at room temperature
using a typical three-electrode cell with an Ag/AgCI electrode as a reference electrode, Pt as a
counter-electrode and the specimen as working electrode.

After the Shot-Peening treatments, shot-peened samples were ultrasonic cleaned in ethanol in
order to remove contaminants from the Shot Peening process and rests of the ceramic medium.
Immediately, the specimens were directly submitted to potentiodynamic polarization tests after
the SP treatments (without modifying their surface topography after the treatments). In a second
batch, some of the SP treated specimens (500% at RT and 360°C) were electropolished for some
seconds (depending on the specimen surface topography) just to remove the highest peaks on the
surface and attain a similar surface roughness to the one previously determined in the not-peened
specimen (No-SP). Therefore, it would be possible to evaluate the influence of grain size, without
the surface roughness interference, on the corrosion behavior of the SP treated
specimens. Electropolishing process was conducted (in 94% acetic acid and 6% perchloric acid
solution) without modifying any other surface property.

The potentyodinamic polarizations were performed from -100 to +200 mV vs. Ag/AgCl with
respect to the open circuit potential (OCP) at a scan rate of 1 mV/s. A circular area of
approximately 1 cm? was exposed to the electrolyte solution. The measurements were repeated
two times per specimen using an Ivium PocketSTAT potentiostat.

The corrosion rate, CR, (in mm/year) was calculated using Faraday’s law according to
ASTMG102 (Standard practice for calculation of corrosion rates and related information from
electrochemical measurements) as indicated in Equation 2:

Leorr - EW

CR [mm/year] = 3.27-1073 - 2

Where: “leo’ is the corrosion current density (WA/cm?), ‘p’ is the density of the metal (g/cm®) and
‘EW’ is the alloy equivalent weight.



3 Results

3.1 Microstructural characterization

Microstructure of the base material, as-received, and annealed at 400 °C for 10 h, is shown in
Figure 2. A complete microstructural homogenization is attained after the annealing stage. The
effects of the previous cold rolling and forming process have been practically removed due to the
annealing. The optical micrographs present an equiaxed grain microstructure, with an average
grain size of 537 um.

@ | ©)
Figure 2. Microstructure of AZ31 alloy: a) as received (100x), b) after annealing at 400 °C for 10 h (100x)

The microstructure of the top surface layer of the SP treated specimens are shown in

along with the measurements of the thickness of the affected depth. Average values are presented
in Table 5.

In order to better observe the grain refinement extent in the affected zones, a detailed view is
shown in Figure 4 and the average measurements of the grain sizes are collected in Table 6.
Having a look to the micrographs, it is possible to observe that the conventional SP treatments
(100% coverage) performed at RT resulted in top layer with a considerably refined grain (GS less
than 4 um) up to a depth of around 60 um. However, when increasing the surface coverage and
applying SSP treatments (500 and 1000% coverage), the thickness of the affected depth
approximately doubles (around 120 um). Within this depth, a notable grain refinement was
attained, forming a thick layer of ultrafine grains. Nevertheless, the changes induced under 500
and 1000% coverage levels were rather similar, which reveal the deformation threshold of the
material at RT.

After the conventional SP treatment performed at 240°C, the affected depth increased by around
40% compared to the same coverage at RT. Grain refinement was also attained although grain
dimension was slightly bigger compared to the same treatment applied at RT (9 pm vs. 4 yum).
On the other hand, the SSP treatments at 240°C also induced a remarkable grain refinement (grains
around 10-11um); however, the grain dimension of these specimens was larger than those
obtained at RT for the same coverage levels (10-11 vs. ultrafine grains). The thicknesses of the
affected layers were measured to be quite similar to those obtained by the same treatments at RT
(around 120 um depth). In these cases, it is postulated that the higher amount of energy
transmitted to the material (because of higher temperature) could have influenced the
recrystallization process.

For the sample subjected to conventional SP treatments performed at 360°C, the thickness of the
affected zone was also two times higher than the same treatment at RT, and grain refinement was
observed; however, also in this case, the grain size (13 pum) was slightly higher than lower
temperature treatments (4 um for RT and 9 um for 240°C). Nevertheless, the thickness of the
affected layer for the SSP treated specimens at 360°C was much higher compared to the previous
series at RT and 240°C (around 400 pm vs. 120 um for RT and 120 pm for 240°C). It is also to
be noted that the specimens subjected to SSP at 360°C, exhibited a significant increase in the grain



dimension (77-85 um), even bigger than coarse grain. The cause may be the excess of thermal
and mechanical energy, which lead to a notable recrystallization.

COVERAGE

100% 500% 1000%

Figure 3. Microstructure of etop surface layer of AZ31 Mg alloy after different SP treatments.
Thickness of affected layer (200x); 360°C-500% and 360°C1000%: 100x)

Table 5. Thickness of the affected layer after different SP treatments, measured from the optical micrographs in

Coverage
100% 500% 1000%
. RT 615 12116 123+10
Affected layer thickness 240°C 8625 120413 12521
(] 360°C | 12246 | 415662 | 404+23
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500% 1000%

100%

240°C

360°C

Table 6. Average grain size (in um) of the top surface layer of all the series, measured from the optical micrographs in

Figure 4
. Coverage
Grain Size [um] 100% 500% 1000%
RT 3.6+£0.2 Ultrafine Ultrafine
Temperature 240°C 9.2+1.0 10.2+2.0 11.8+1.4
360°C 13.2+1.7 77.5+10.8 | 85.4+12.1

According to the presented results, it is possible to observe that plastic deformation induced
notable grain refinement on the AZ31 specimens. Grain refinement was more remarkable under
severe treatments at RT. Severe parameters also led to the highest thickness of the affected layer,
although the effects were not proportional to the amount of kinetic energy. Grain refinement and
thickness of the affected layer seem to reach a limit value, as also reported in [40] for the same
alloy.

Conventional SP treatment at higher temperatures led to an increase in the thickness of the
affected layer compared to RT treatments; the specimens treated at higher temperatures also
induced grain refinement, although the grain dimensions were slightly higher than those obtained
at RT. The thickness of the affected zone and grain dimension increased with temperature.



On the other hand, SSP at higher temperatures implies an excess of mechanical and thermal
energy (these treatments are longer than conventional ones, and for this reason, specimens are
under temperature effects for longer time); therefore, a different trend is observed regarding grain
recrystallization in these specimens depending on the applied temperature. At 240 °C, near
magnesium recrystallization temperature, the thickness of the affected zone is quite similar to the
one obtained at RT. Nevertheless, grain dimension is quite larger (~10 um vs. ultrafine grains for
RT series treated at the same coverage). On the other hand, at 360 °C, above the magnesium
recrystallization temperature, the same SSP treatment induces a recrystallization with larger
grains, around 77-85 pum, higher than the grain dimension observed in the material core. The
thickness of the affected layer in these specimens exceeded 400 pum.

3.2 Roughness

The arithmetic mean roughness parameter (R.) obtained after the conventional and severe SP
treatments are presented in Table 7 and Figure 5. R, values increased with coverage level, and
also with temperature treatment for the same amount of mechanical energy (same coverage level).
This effect is attributed to the promoted ductility at higher temperatures.

In addition, some series, those with smaller and larger grain sizes (500% coverage at RT and at
360°C respectively), were electropolished (EP) in order to reduce surface roughness caused by
the SP process to attain surface roughness values close to that of the not-peened (No SP)
specimens (R,~2um). Accordingly, the effect of grain size on corrosion behaviour, avoiding
surface roughness contribution, could be evaluated as discussed later. After electropolishing, Ra
values decreased from 8.8 to 3 um the 500% sample treated at RT and from 12.1 to 3 um in the
500% sample treated at 360°C.

Table 7. Roughness (Rs) evolution depending on the surface treatment

Temperature Roughness parameter
Surface treatment N
Q) Ra (pm)
No SP 20+0.14
RT 7.9+0.82
100% coverage 240 10.1 £ 0.88
360 12+0.71
8.8+0.14
RT 3.0 (after EP) £ 0.12
500% coverage 240 11.1+£0.61
12.1+£0.14
360 3.0 (after EP) £ 0.10
RT 240°C 360°C
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Figure 5. R, roughness evolution under the different applied SP surface treatment
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3.3 Microhardness profile

Vickers microhardness profiles obtained from the surface to the bulk of all the shot-peened
specimens are shown in

Figure 6. Additionally, Table 8 gathers the values of the hardness peak and the hardened depth.

The hardness of the annealed samples is 60 HV (the same as the shot peened sample’s core
material).
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Figure 6. Vickers microhardness profile of the SP specimens at (a) RT, (b) 240°C and (c) 360°C
According to the obtained results, it is possible to observe a considerable increment of hardness
in the upper layer of the specimens treated at RT. This effect was more notable under the highest
coverage levels. The surface hardness increments were gquantified as 23%, 38% and 65% for
100%, 500% and 1000% coverage, respectively. The thickness of the affected zone at RT seemed
to be practically (constant around 300 um) and not affected by the coverage level.

However, in the case of warm treatments, an equilibrium between work hardening induced by
Kinetic energy and the softening due to the high temperature seemed to take over. In fact, at 240
°C, only in the case of a maximum coverage level (1000%) a slight increment of hardness is
noticed, until a depth of 150 um. At 360 °C, independently of the applied coverage level, the
hardening effects were null, even noticing a slight softening in the topmost layer of 150 um thick.

Table 8. HV values at the surface and hardened depth for all the series obtained from the microhardness profiles

Treatment Coverage HV pesk Depth of the
Temperature hardened layer [um]

100% 74452 350
RT 500% 83+6.2 350
1000% 99+4.7 300

100% 61+2.9 50

240°C 500% 64+3.9 100
1000% 70£4.0 150

100% 58+4.1

360 °C 500% 58+3.9
1000% 60£2.6

12



3.4 Residual stress profile

The obtained in-depth residual stress profiles, shown in Figure 7, represent the average stress
(measured in three directions of -45, 0 and 45°) along the affected layer of the AZ31 after different
SP treatments. The residual stress levels induced in the specimens was very small after
conventional and severe SP treatments at RT (<70 MPa in all cases), if compared with different
materials submitted to similar treatments [28-35]. These values were further decreased after warm
SP. However, the thickness of the affected layer increased after SSP treatments.
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Figure 7. Residual stress profile of the SP specimens at (a) RT, (b) 240 °C and (c) 360 °C
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3.5 FWHM profile
FWHM profiles (Figure 8), serve as an index for hardening [42], and are in accordance with the
microhardness trends shown in

Figure 6. Thus, again the specimens treated at RT exhibit a considerable hardening (Figure 8(a))
at all coverage levels; while specimens treated under higher temperatures did not experience any
noticeable change, regardless the applied coverage.
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Figure 8. FWHM profile of the SP specimens at (a) RT, (b) 240°C and (c) 360°C
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3.6 Corrosion tests

Figure 9 compares the potentiodynamic polarization curves of the AZ31 specimens under
different treatments: not-peened (No SP) and SP treatments at different temperatures (RT, 240
°C and 360 °C) under different coverage levels (100% in Figure 9(a) and 500% in Figure 9(b)).
The specimens treated under the highest coverage (1000%) were not considered for corrosion
tests as the induced microstructural changes in these specimens were similar to those achieved in
specimens treated with 500% coverage. The obtained corrosion parameters are listed in Table 9,
where ‘lcor is the corrosion intensity, ‘Ecor’ is the corrosion potential, ‘CR’ is the corrosion rate
and ‘Ba” and ‘B¢’ are the slopes of the anodic and cathodic polarization curves, respectively.
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Figure 9. Potentiodynamic polarization curves of AZ31 specimens in Ringer s solution.
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(@) Coverage level of 100% at RT, 240 °C and 360 °C and (b) Coverage level of 500% at RT, 240 °C and 360°C

Table 9. Electrochemical corrosion parameters obtained by Tafel extrapolation analysis of the measured
Potentyodinamic curves on AZ31 specimens under different SP treatments

Corrosion parameters

Coverage | Temperature lor Ecor CR Ba Be
[UA/cm?] | [mV] [mm/year] [mV] [mV]

No SP 29 -1509 0.66 65 155

RT 120 -1538 2.74 40 90

100% 240°C 126 -1506 2.87 60 168
360°C 141 -1538 3.22 59 158

RT 251 -1424 5.72 45 110

500% 240°C 316 -1438 7.20 46 112
360°C 355 -1423 8.10 42 100

As a summary, corrosion results obtained for surface coverages of 100% and 500% under RT,
240°C and 360°C, are presented in Figure 10 after the aforementioned SP treatments.
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10 4 ............................... >§< ............................... ...............................
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NoSP ~ SP100% SP500%  SP100% SP500% ~ SP 100% SP 500%

Surface Treatment

Figure 10. Corrosion rate (in mm/year) obtained under the different surface treatments on the AZ31 specimens

The results indicate that corrosion rate (CR) of all SP treated specimens (both at 100 and 500%
coverage), is much higher that the not-peened specimen, regardless the treatment temperature (see
Figure 10). This fact might be explained due to the highest surface roughness values (see Figure 5)
induced by the SP treatments, as will be further discussed. In addition, the comparison of the SP treatments
indicates that under a coverage level of 100%, the corrosion rate remained practically constant (between 2.7
and 3.2 mm/year) for all the employed treatment temperatures. However, with the application of a coverage
level of 500%, the corrosion rates were much higher, and increased considerably with the treatment
temperature, as can be seen in Figure 10.

4 Discussion

To evaluate the SP effect on the corrosion properties of the AZ31 specimens, surface properties
such as: surface roughness, grain size and residual stresses must be taken into consideration.
Firstly, surface roughness (R.) generated after SP treatment on the surface layer due to the severe
plastic deformation is known to play an important role on the corrosion behavior, as also
confirmed in Figure 11. These data reveal that regardless the coverage (100 or 500%) and the
treatment temperature (RT, 240 °C or 360 °C), R, parameters of all SP treated series were always
higher than 7 um. This high surface roughness is known to contribute to the increase the corrosion
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rates (CR) for these series with respect to the not-peened ones (Ra~2um). The results confirm
that the smoothest surface finish induced lower corrosion rate thanks to the lower number of active
sites for preferential local corrosion [43, 44].
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Figure 11. Effect of roughness (Ra) on corrosion resistance of AZ31 Mg alloy

Secondly, to study the effect of grain size caused by the SP treatment on the corrosion resistance,
the surface roughness effect was separated, without altering the internal layer properties of the
AZ31 specimens, by means of a slight electropolishing process. Hence, series with notable
differences in grain dimension were selected to evaluate the influence of grain size on corrosion
behavior; i.e., RT at 500% coverage and 360 °C at 500% coverage, which have ultrafine and 70
um grains close to the surface, respectively. After the electropolishing process, surface roughness
(Ra) of the specimens decreased from 8.8 to 3 um for RT at 500% coverage series and from 12.1
to 3 pum for 360 °C and 500% coverage specimens (see Figure 11), being quite similar to the
surface roughness determined in the not-peened series (2 um). Therefore, the corrosion behavior
of these specimens could be directly compared to find the contribution of their distinctive grain
size, eliminating the effect of the surface roughness, as they exhibited quite similar R, values.
Potentiodynamic polarization curves before and after the electropolishing process for series RT
at 500% coverage and 360 °C at 500% coverage series are shown in Figure 12. The obtained data
from these curves are represented in Table 10 and Figure 13.
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Figure 12. Potentiodynamic polarization curves of AZ31 specimens in Ringer’s solution before and after
electropolishing (EP)
Table 10. Electrochemical corrosion parameters obtained by Tafel extrapolation analysis of the measured
Potentyodinamic curves on AZ31 specimens under 500% coverage before and after electropolishing (EP) compared to
the not-peened (No SP) specimen

Corrosion parameters
Coverage | Temperature | Roughness, leor Ecor CR Ba Be
Ralbm] | rua/em?] | [mV] | [mmiyear] [mV] [mV]
No SP 2.0um 29 -1509 0.66 65 155
ARerSP >\ g | 424 572 45 110
RT R,=8.8um
SPHEP> 1 o0 |.s25 | 045 31 92
R,=3um
500% After SP >
ter 355 | -1423 8.10 42 100
o R,=12.1um
360°C SP+EP >
" 36 -1500 0.82 46 98
R,=3um
9
8.10
g e i bessssssssss ~

Corrosion Rate, CR [mm/year]
(6]

4
3
0 I i 7
No SP SP: 500% at RT SP:500% at RT + EP  SP: 500% at 360°C  SP: 500% at 360°C + EP

Figure 13. Corrosion rates in Ringer’s solution before and after electropolishing (EP)

Table 11 summarizes Ra parameters, grain dimension and CR of the not-peened specimen, RT-
500% +EP and 360 °C-500% +EP series, respectively.

Table 11. Comparing the characteristics of the specimens after the electropolishing process

Treatment Ra GS CR
[um] [um] [mm/year]
No SP 2.0 53 0.66
SP: 500% at RT + EP ~3.0 UF 0.45
SP: 500% at 360°C + EP | ~3.0 775 0.82

According to these results, the corrosion behavior of the series with a coverage of 500%, shot
peened both at RT and 360°C, improved notably after the applied electropolishing step; the
corrosion rates of these series decreased from 5.72 to 0.45 mm/year and from 8.10 to 0.82
mm/year, respectively (Figure 13). These results highlight the crucial role of surface roughness
on the corrosion behavior of AZ31 specimens.

Regarding the effect of grain dimension, RT-500%+EP specimen with ultrafine grains showed
the best corrosion resistance (0.45 mm/year), while corrosion rate of the 360°C-500 %+EP
specimen with an average grain size around 77.5um was slightly higher, i.e., 0.82 mm/year (see
Table 11).
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Besides, it is also important to mention that the series with ultrafine grains (RT-500%+EP)
showed a corrosion rate of 0.45 mm/year, even lower that the not-peened specimens which
exhibited a corrosion rate of 0.66 mm/year and GS of 53um. The influence of grain dimension on
CR can be explained by considering the increased grain boundaries density as a consequence of
grain size reduction; the higher number of grain boundaries have been reported to act as corrosion
barrier efficient in inhibiting the corrosion [45, 46], as demonstrated in decreased corrosion rates
(CR) presented in Table 11.

On the other hand, the corrosion resistance of the 360 °C-500 %+EP specimens was not improved
with respect to the not-peened (No SP) series, presumebly due to its higher grain size (77.5 um)
and consequently, the lower grain boundaries density (less barriers to inhibit corrosion).

These data analisys have been also represented in Figure 14. The results show the important
influence of grain dimension on corrosion behavior for specimens with similar surface roughness.
Consequently, it is observed that grain refinement and the resultant ultrafine grains can contribute
to improving corrosion resistance.
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Figure 14. Effect of grain size on corrosion resistance of AZ31 Mg alloy

Another important parameter, which could also influence the corrosion behavior of the specimens,
is the residual stresses field induced by the SP treatments. Some authors [22, 37] have revealed
that residual stresses induced by SP might play a key role on corrosion behavior, contributing to
an increased in corrosion rate. According to the presented results, the residual stresses induced in
the surface layer of AZ31 specimens were barely significant, being very close to zero MPa (Figure
7), also in agreement with previous studies [35]. Therefore, it is assumed that their contribution
to corrosion behavior could be neglected in this work.

According to the obtained results, the SP treatments might be an effective method to improve the
corrosion resistance of AZ31 Mg alloy; however, the process parameters and the resultant surface
topography play a significant role on determining the corrosion resistance of the treated
specimens.
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5 Conclusions

On the basis of the obtained results, the following conclusions can be drawn:

- Shot peening and severe shot peening treatments, performed at room temperature, 240 °C and
360 °C modified the microstructure of the top surface layer of the AZ31 specimens. Severe shot
peening at room temperature induced significant refinement of the grains size in the upper
surface layer; whereas at temperature 240°C a less notable refinement occurred. The thickness
of the affected layer was similar for the treatments performed at room temperature and at 240°C.
Nevertheless, severe shot peening performed at 360°C induced a remarkable grain growth.

Microhardness and FWHM measurements showed a notable work hardening effect (hardened
depth around 300-400 pm) in the shot peened specimens treated at room temperature, which
increased with the applied coverage. When increasing the treatment temperature, the hardening
effect dropped and vanished at 360 °C. A possible cause may be the equilibrium between the
work hardening effect generated by the high energy impacts and the softening induced by high
temperature.

Investigating the corrosion behaviour of fine-grained AZ31 magnesium alloy in Ringer Lactato
solution indicated that, in the initial conditions, the corrosion rate of the shot peened specimens
(100 and 500% coverage) was much higher compared to the not-peened material. This effect is
explained due to the high surface roughness caused by the multiple high energy impacts during
shot peening. The series with higher surface roughness showed higher corrosion rates.

Under similar surface roughness conditions, the influence of grain dimension on corrosion
behavior was found to be notable. In particular, corrosion rate decreased for the series of the
same surface roughness but with smaller grain size. The best results were obtained for the
treatment performed with 500% coverage at room temperature followed by an electropolishing
step applied to decrease the surface roughness.

On the base of the previous points, it can be concluded that grain refinement caused by the severe
plastic deformation induced by shot peening treatments shows the potential to improve the
corrosion behaviour of AZ31 Mg alloy. Further investigations are needed to orient the choice of
the optimal treatment parameters and to define the most appropriate post-processing in view of
obtaining the desired surface finishing
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