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emphasized in the literature that using the SPD, con-
spicuous improvement in the strength of magnesium
alloys are obtained.®>® Among these SPD techniques,
high pressure torsion (HPT), multi-axis forging, and
equal-channel angular pressing (ECAP) are frequently
employed.'® However, the SPD techniques mentioned
above are only suitable for bulk materials, not for sheet
metals, especially in the localized regions. Additionally,
these methods are not feasible because they are very
complex, time consuming, and also have high initial
costs.” To overcome these disadvantages, a technique
derived from Friction Stir Welding (FSW) and called as
Friction Stir Process (FSP) has been developed.!' In
recent years, FSP has gained attention as a solid-state
material processing technology that improves mechani-
cal properties by altering the microstructure of mechan-
ical parts.'”” In this technique, a rotating tool, be
composed of a probe and a shoulder, immersions into
the plate and moves with traversal speeds and constant
rotational in the ambitioned direction. Also, the plate is
moved around the tool from front to back. Previously,
FSP technology has been extensively studied to enhance
the mechanical properties of titanium alloys,'*'* cop-
per alloys,'>'® aluminum alloys,'””'® and steel.'**°
Apart from these materials, limited study has been per-
formed on FSP of magnesium alloys. In one of them,
the effect of FSP on microstructure of AZ91 magne-
sium alloy is investigated, and achieved homogeniza-
tion and grain refinement of the untreated alloy.?' The
effects of FSP on the formability and mechanical fea-
tures of Mg AZ31B alloy were previously examined in
another work (Venkateswarlu et al.?®). A remarkable
improvement in the mechanical properties and form-
ability is determined owing to more homogenization of
the base material.”> Besides, various studies have been
performed in the literature on the biocompatibility of
magnesium alloys.??

AZ31B alloys stand as new generation of biodegrad-
able and bioresorbable metallic materials for consum-
able bio implant applications owing to their good
biocompatibility and high similarity to the mechanical
properties of human bone.*** In addition, Mg ion is
the fourth most abundant and needed cation in the
human body and highly essential to promote bone cells
activation and proliferation.> It also favors strength,
mineralization, and growth of bone,?® through osteoin-
tegration. Mg is also essential for the biosynthesis and
genetic stability of nucleic acid materials and serves as
a stabilizer on DNA and RNA structures by interacting
with phosphate groups as counter ions thereby neutra-
lizing the negative charges.>”*®

Mg alloys exhibit bone-like physico-chemical and
biological properties, which are essential requirements
for implant materials.”’> As Mg implants are biodegrad-
able and gradually decompose in the body environ-
ment, they are more suitable materials for short-term
implants, excluding the need for secondary surgical
interventions.*® Nevertheless, high degradation rate of
Mg alloys in the physiological environment limits their

suitability for long-term clinical applications.*! Such
degradation locally increases alkalization and free Mg
ions, eventually reducing the in vivo integration rate
between the tissue and Mg implant.>* However, surface
modification techniques have provided favorable con-
ditions to control the degradation rate of Mg alloys
and increase surface biocompatibility without changing
bulk properties. Therefore, the selection of Mg implant
resurfacing processes and materials that impart corro-
sion resistance and stimulate the biological response of
the living tissue surrounding the implants has gained
great importance.

The present study thus aimed to examine the effect
of FSP on the improvement of mechanical and wear
properties of AZ31B alloy as well as monitoring the
cytotoxicity of the modified alloy. This study is consid-
ered as a pilot study and as a result of the satisfactory
findings given in results and discussion section, it is
planned to carry out the optimization studies for the
FSP on AZ31B alloys in future studies. In this context,
the mechanical evaluation consisting of micro-hardness
testing, tensile testing, and fractography was per-
formed. Furthermore, ball-on-disc type tribotester was
used to investigate the tribological features of the base
material and FSPed alloy under ambient air and simu-
lated body fluid (SBF) solution. In addition, the wear
rate on the surfaces in both environments was deter-
mined by optical profilometer. The wear mechanisms
of the materials were investigated as a result of SEM
and EDS analysis. In addition, the biocompatibility of
both the base material and FSPed AZ31B alloy implant
biomaterials were determined by cell biocompatibility
tests performed by MTT test to understand whether
the base material and FSPed specimens have cytotoxi-
city properties for human cells.

Material and method

Material and process

AZ31B alloy plates (Al ~3, Zn ~ 0.8, Mn ~ 0.2,
Si ~ 0.1, and bal. Mg)** having dimensions of
100 X 25X 5 mm® was used as base material in this
study. AZ31B plates subjected to the Friction Stir
Process (FSP) were fixed by the shoes on the upper
table of the hydraulic assembly given in Figure 1. In
this hydraulic loading mechanism, there are hydraulic
pistons and four guide shafts placed on the fixed
lower table. The movable upper table, which is
mounted on the guide shafts, can be moved in the
direction of the tool axis owing to the hydraulic pis-
ton. In order to keep the tool pressure balanced in
every part of the table, four opposing springs were
placed on the movable table. The advance direction
of the AZ31B alloy plates was vertical to the FSP
direction. FSP process was performed on the base
material using a specified tool with a rotational speed
of 45mmXxmin~', traversing at 1000 rpm, and pres-
sure force of SkN. The tilt angle of FSP tool was kept
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Figure 1. Detail view and application schematic of the friction
stir process setup.

constant at 2°. FSP was performed using A tungsten
carbide (WC) tool consisted of a shoulder with the
diameter of 18 mm and the 30° cone angle. The WC
tool with 18 mm diameter used in FSP is illustrated in
Figure 2(a). In addition, the temperature of the
AZ31B alloy was controlled and kept between 40°C
and 60°C by cooling during FSP. After FSP treat-
ment, specimens were chemically etched with natal 10
pet for microstructure evaluations.™

Mechanical and tribological tests

After the FSP was performed, the specimens were taken
from the process areas of the AZ31B plate to investigate
the mechanical and tribological properties as shown in
Figure 2(b).

Hardness values of the base material and the speci-
mens obtained from FSPed zone were determined using
Vickers micro-hardness tester (Struers Duramin 3,

Denmark) under 10gr constant load and 10s dwell
time.

The tension test samples were taken from the FSPed
zone parallel to the process direction by wire-electron
discharge machine (EDM). Tensile tests were per-
formed using the shape of a dog-bone sample which in
accordance with the ASTM ES8 with dimensions shown
in Figure 2(c). The tests were performed employing a
tensile tester (Instron-3382, USA) at 1 X 10 s~ ! strain
rate. The fracture surfaces of the tensile specimens were
investigated using SEM (Zeiss EVO LS10, Germany).

The tribological tests were carried out using
DUCOM (TR-201, India) ball-on disc tribometer
under the condition of ambient air and in simulated
body fluid (SBF).>* The ion concentration of SBF is
shown in Table 1. The sliding speed was set as 100 rpm
with the diameter of 8 mm and the sliding distance was
~25.12m and the applied constant normal load was
I N. The topography of wear path and volume of
wear were determined by an optical profilometer
(NANOFOCUS, pscan Custom, Germany). The wear
rates of the samples were calculated using the Archard
formula (1).

W = V/(Pxd) (1)

In related formula, W, V, P, and d is stated the wear
rate (mm’/N.m), wear volume (mm?), applied constant
normal load (N), and distance of sliding (m), respec-
tively. SEM investigation was carried out to determine
the main wear mechanisms of friction surfaces. Also,
map-EDS examination was carried out from worn sur-
face and specimens’ surface for chemical analyses.

Cell culture, MTT assay and statistical analyses

EN ISO 10993-5 was used as a standard for MTT
assay to analyze cytotoxicity. Before MTT assay,
human gingival fibroblast (hGF) (ATCC, PCS-201-
018™) cells were cultured in DMEM media including
10% fetal bovine serum and %1 Penicillin-
Streptomycin at 37°C incubator with 5% CO, humidi-
fication. Cells were initially seeded into 96-well plates.
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Figure 2. The schematic of the geometry of tool used in friction stir process (a), location of test samples taken from the FSPed

plate (b), and the tensile test specimen dimensions (c).
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Table I. lon concentrations of SBF.3*
Na* K+ Mg?* Ca®* HCO3; HPOS pH
SBF 1420 5.0 1.5 2.5 4.2 1.0 7.4

After they reached 80% confluency, base material and
FSPed AZ31B alloy specimens were dipped into the
wells, each three of wells was incubated with materials
for 24, 48, and 72h. Control cells were not incubated
any of materials, but media only was refreshed. After
incubations, base material and FSPed AZ31B were
removed carefully, cells were proceeded with MTT pro-
tocol for cytotoxicity. MTT (3-(4,5-Dimethylthiazol-2-
yD)-2,5-Diphenyltetrazolium Bromide) is a yellowish
soluble tetrazolium salt and this is used for colorimetric
analysis to detect cell viability through redox potential
of the cells. MTT is converted by viable cells so that
these cells convert yellow to blue-purple, however dead
cells cannot use MTT resulting in persistent yellowish
appearance.” MTT protocol briefly was applied as fol-
lows: (1) media removal after taking out the materials,
(2) washing wells with 1xPhosphate-Saline Buffer
(PBS) for two times, (3) 190 ul of media and 10 pl of
MTT addition to each well followed by the incubation
for 2h at 37°C, (4) removal of media including MTT
followed by 200l of dimethylsulfoxide addition to
each well and incubation at room temperature over-
night in the dark and on shaker, and (5) The day after
cells were spectrophotometrically read at 570 nm using
a microplate reader, as previously performed.*® Viable
cells are supposed to have higher absorbances as possi-
ble, and the absorbance differences between treated
and untreated cells conclude if the application of mate-
rials is cytotoxic or not. Absorbances were then statisti-
cally analyzed by SPSS software (Version 23) using
Post-hoc of UNIANOVA test (univariate analysis
of variance) for pair comparisons. Significance levels
used were p < 0.05(*), p < 0.01(**), p < 0.001 (**%*)
and p < 0.0001(¥**%*).

Results and discussion

Microstructure analyses

Figure 3 shows the microstructure of FSP treated and
untreated zone of the AZ31B alloy. As can be seen in
this figure, the grain structure of the AZ31B alloy can
be clearly seen in the untreated region. However, the
flow direction under tension in the material is clearly
visible, in the FSP treated region. It is seen from the
positions of the flow lines that these flows occur in a
very narrow range. It is known that the grain structure
becomes too thin to be visualized in an optical micro-
scope with the high tension applied in such a narrow
area. Therefore, grain refinement in the structure is
revealed by XRD analysis which is given in Figure 4.
According to the analysis of X’Pert Software, the
FWHM (Full Width at Half Maximum) of the peaks
are broadened. It is known that the increase in the
widths (FWHM) values of the peaks obtained in the
materials is a sign that the grain size decreases.’’ Ge
and Xiang have observed similar results.” In addition,
it was determined that the secondary phase provided
by the precipitated Mgl7Al112 structure was formed in
the structure after the FSP treatment.’ Apart from this
phase, other phases are formed in the same «-Mg struc-
ture in both specimens.

Mechanical properties

Figure 5 presents the micro-hardness values of base
material and FSPed AZ31B alloy. As scen, FSP
enhanced the micro-hardness of the base material from
65 HVq g1 to 76 HV( o;. This improvement on the hard-
ness value is attributed to complex material flow and
extreme plastic deformation phenomena.*® The increase
in dislocation density and grain refinement by the rea-
son of the extreme plastic deformation on the alloy sur-
face with FSP improved the hardness, approximately
~17%. According to the literature, one of the main
reason for the increase is the strengthening of the

Figure 3. Optical microscope image of FSP treated and untreated zone of AZ3 B alloy.
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Figure 4. XRD graph of the FSP treated and untreated zone of
AZ3IB alloy.

second phase provided by the Mg;,Al;, structure which
is shown in Figure 4 precipitated in the processed
zone.’

Figure 6 presents the stress-strain curves of the base
material and FSPed alloy. As Figure 6, the yield and
tensile strength of the AZ31B alloy is enhanced in the
FSP zone compared to the base material.

As seen in Figure 6, while the maximum tensile
strength value is 253.6 MPa for the base material, this
value reaches 291.8 MPa for the FSPed alloy. This
shows that ~16% increase in tensile strength is
achieved.

The considerable situation here is that the amount of
increase is close to the amount of increase in hardness
strength.** Owing to the FSP, the effect of the second
phase and grain boundary strengthening mechanisms
mentioned above becomes more evident due to the
reduced basal tissue density on the surface, and it con-
tributes to the enhancement of the yield strength.*’ The
reduction in tensile ductility seen in the FSPed specimen
compared to the base material is related to the strain
hardening properties. In the literature, the decrease in
the hardenability of strain in the FSPed specimen is
attributed to the enhanced the density of dislocation.*!
It is clearly known that the primary hardening mechan-
ism of polycrystalline materials is that microstructural
barriers and other dislocations in the internal structure
prevent the dislocation movement.** It is seen that the
level of decrease in the deformation ability of the
FSPed alloy is at an acceptable level according to the
studies in the literature.*’
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Figure 5. Micro-hardness values of specimens untreated and
FSPed AZ31B alloy.
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Figure 6. Strain-Stress curves of the base material and FSPed
alloy.

The fracture surface of the tensile-tested specimens
is given in Figure 7. As seen in Figure 7(a), the base
material exhibits a large number of dimples indicating
the ductile fracture. On the contrary, the FSPed speci-
men (Figure 7(b)) presents both dimples and cleavage
facets. For the FSPed alloy, some dimples contain pre-
cipitates, which expresses mixed ductile/brittle fracture.
Besides, the river patterns are observed for the FSPed
alloy’ fractured surface. This pattern is presented the
more cleavage brittle fracture properties compare to
base material. SEM images of the fracture surfaces of
the specimens are in accordance with the findings of
the tensile test.

Tribological properties

The coefficient of friction (CoF) curves of the speci-
mens under dry sliding (ambient air condition) and in
SBF are illustrated in Figure 8. Under both conditions,
the FSPed alloy exhibits lower CoF values compared
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Figure 7. SEM fractographs of the (a) base material, and (b) FSPed specimens after the tensile test.

to the base material. In addition, the CoF values of the
specimens are lower in the wear tests carried out in
SBF solution. It is seen that the fluctuations in the CoF
curve of the materials in the ambient air conditions are
high intensity and frequency. In the tribological tests
carried out in SBF solution, the graphic fluctuations of
the materials are more stable and regular than in other
condition. This is attributed to the adhesive contact
between the AZ31B alloy and the counter body sur-
face.** Similar results were obtained with the studies
carried out in the SBF environment in the literature.*’
The friction coefficient graphs were more fluctuant due
to the accumulation of oxide particles on the surface
Huang et al. indicated that in the presence of the SBF,
the CoF fluctuations are more stable than air in the
wear tests.*> In the tribological tests performed in the
SBF solution, the particles move away from the contact
area with the effect of centrifugal force. Owing to the
FSP, the CoF decreased due to the homogeneous dis-
tribution and fine microstructure formed on the alloy
surface.*® In addition, the increase in hardness and
plastic deformation strength can be shown as the rea-
son for the decrease in CoF value.

The optical profilometer illustrations of wear paths
under ambient air and in SBF solution are shown in
Figure 9. According to Figure 9, the depth and of the
wear path are more explicit and larger than other
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Figure 8. The CoF graphs of specimens tested under ambient
air and SBF conditions.

condition in the tribological tests carried out under
ambient air. However, as seen in Figure 9 (Figure 9(c)
and (d)), the wear performance of FSPed specimens is
higher than in the base material (Figure 9(a) and (b)).
The wear rate values obtained as a result of optical pro-
filometer examinations are shown in Figure 10.
According to the relevant figure, it is observed that the
wear performance of the AZ31B alloy is improved
applying the FSP. This said increase is ~14% in both
environments. This observed increase is associated with
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Figure 9. The optical profilometer image of worn path of specimens: (a) base material-ambient air, (b) base material-SBF, (c) FSPed-

ambient air, and (d) FSPed-SBF.
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Figure 10. The wear rate of specimens: (a) base material-
ambient air, (b) base material-SBF, (c) FSPed-ambient air, and
(d) FSPed-SBF.

the homogenization of the alloy microstructure and its
improved resistance to plastic deformation owing to
the FSP.*’ Archard’s law of wear states that hardness
and rate of wear are inversely proportional as seen in
Figures 5 and 10. In addition, it is seen that the wear
rate is lower in the tests carried out in SBF. In both
base material and FSPed alloy, the wear rate value in
the SBF solution medium is ~26% less than in ambi-
ent air. The reason for this is the rapid cooling of the
micro welds formed due to the adhesive characteris-
tic.*> Thus, the dominant wear mechanism turned
into the adhesive wear to plastic deformation in SBF
solution.

Table 2 shows the chemical composition obtained
from the surfaces and detailed worn surfaces of the spe-
cimens. It is observed that there is a higher amount of
oxygen on the surface of the FSPed alloy compared to

the base material. This situation is caused by oxidations
that occur with temperature during the FSP.*® Besides,
the Zn ratio in the FSPed AZ31B alloy is higher than
the untreated alloy (1.3%), with a value of 2.4%. For
the case of FSPed alloy, obtained percentage of Zn
ratio of 2.4 is suitable with the literature.** According
to the table, it is seen that the amount of oxygen in the
wear trace (6.8%) increased in the wear test carried out
under ambient air condition on the base material. In
the FSPed specimen, the amount of oxygen caused by
friction heat in the ambient air condition increased up
to 14%. This increase in oxygen is less in the SBF solu-
tion. While the oxygen content is 7.3% in the SBF solu-
tion on the base material wear path, this value is 9.2%
for the FSPed alloy. This situation is attributed to the
low level of oxidation on the surface due to rapid cool-
ing of the friction heat in the wear tests performed in
the SBF solution and the hasty rupture of micro-
welding.>

Figure 11 presents the SEM images of the wear paths
of base material and FSPed alloy under both condi-
tions. These SEM investigations provide a deeper con-
ception of the effect of FSP on wear features. The wear
mechanism of the base material in ambient air is the
consist of larger scratches, wrinkles, and delamination
which indicated the adhesive wear characteristics
(Figure 11(a)).”' The scratches on the surface are
formed as a result of the wear particles getting stuck
between the mating surfaces due to the breaking of the
micro weld connections formed in the said adhesive
characteristic.>® It is observed that the worn surface of
the base material in SBF solution (Figure 11(b)) has
smoother and shallower scratches compared to the
ambient air. This is because of the micro-welding joints
break relatively easily and early due to the rapid cooling
of the frictional heat between the mating surfaces in the
SBF solution.*’ In the detail view enclosed in the yellow
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Table 2. Chemical composition of specimens’ worn surfaces under ambient air and SBF conditions (wt%).

Mg Al Zn o
Base Material Surface 90.4 35 1.3 4.8
Base Material Worn Surface Ambient Air 88.9 33 1.0 6.8
Base Material Worn Surface SBF 87.5 39 1.3 7.3
FSPed Surface 85.1 3.6 2.4 8.9
FSPed Worn Surface Ambient Air 79.8 3.6 24 14.2
FSPed Worn Surface SBF 87.2 3.2 0.4 9.2
Figure 11. SEM images of worn surfaces of specimens: (a) base material-ambient air, (b) base material-SBF, (c) FSPed- ambient air,

and (d) FSPed-SBF

box, it is seen that the weld joints are present and that it
is insipid compared to the experiments carried out in
ambient air. However, the presence of wear debris is
also few and far between, compared to Figure 11(a). It
is possible that the wear debris are separated from the
wear path by dispersing into the SBF solution with the
effect of the rotating speed. Although the wear path of
the FSPed alloy in ambient air (Figure 11(c)) exhibits a
similar wear characteristic with the base material, the
breaking of the adhesive bonds seen in detail view has
become difficult owing to the higher plastic deforma-
tion strength. However, even with high hardness, abra-
sive scratches appear to be present. Compared to the
base material, less deep scratches occur, that is confirm-
ing Figure 10. The difference between the wear path of

the FSPed alloy in the SBF solution and the ambient
air is shown in Figure 11(d). Unbroken adhesive bonds
and prominent abrasive scratches in Figure 11(c) are
almost non-existent here. It has a very smooth and
superficial wear path compared to the base material in
Figure 11(b). This observed situation is in full agree-
ment with the wear rate values given in Figure 10.
Figure 12 presents the surfaces of the counter body
under both wear test conditions. These images support
the statements of the wear characteristic in all speci-
mens. It is seen that the base material and FSPed alloy
are plastered on the counter body surface under the
ambient air (a and ¢). It is seen that more distinct plas-
tering occurs on the counter body of the base material.
This situation can be explained by the decrease in



