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Corrosion resistance of AZ31 alloy after treatment with
high current density impulse or/and laser irradiation in
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INTRODUCTION

Magnesium alloys are the most promising materials
for biomedical application as temporary bioresorb-
able implants, which do not require the process of
implant removal [EI, E]. The high corrosion rate of
Mg alloys has hindered their wider use in orthope-
dic applications. The high current density impulse
(HCDI) method [E] or laser irradiation (LI) sur-
face treatment can be used to reduce the corrosion
rate of magnesium alloys [@].

The treatment of metals and alloys by using
the HCDI method can change their structure, dislo-
cation movements and oriented microstructure [E].
Obviously, this will affect the mechanical properties
of the material and the rate of corrosion. Babutsky et
al. [E] showed that the use of pulsed current den-
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sity up to 3.0 kA/mm? for aluminum 5182 and 5754
alloys only slightly increases the corrosion resistance.

The laser shock peening (LSP) method makes it
possible to change the surface microstructure and
residual stresses of metals and their alloys [E]. For
example, the LSP treatment of AZ31B alloy changes
the residual surface stress from tensile to compres-
sion, and the latter already contributes to increase
in the corrosion resistance of magnesium. Ge et al.
[ﬁ] found that the LSP treatment of AZ31B alloy not
only alters residual stress, but also forms a refined
grain structure. This has a positive effect on the cor-
rosion resistance of AZ31B alloy in a simulated
body fluid. Jana et al. [E] showed that the treatment
of AZ31 alloy surface with laser irradiation (LI) in-
creased its corrosion resistance by about 3 times in
a 5 wt.% NaCl solution. In addition, its localised cor-
rosion is more pronounced without laser treatment,
compared with that after laser treatment.
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The study aims at investigation of the corrosion
resistance of AZ31 alloy after the high current den-
sity impulse and/or laser irradiation treatment of
AZ31 alloy to improve its application in biomedicine.

EXPERIMENTAL

Commercial AZ31 foil (Mg-2.46A1-0.81Zn, wt.%)
was used as a substrate. The surface of AZ31 foil
with dimensions of 21 mm X 21 mm X 0.25 mm
(Sigma-Aldrich) was pre-cleaned, applying 2500
grit paper. After polishing and wiping with acetone
(HPLC Plus grade, Sigma-Aldrich), specimens were
subjected to ultrasonication for 10-15 min in iso-
propanol and drying under nitrogen flow. A pulsed
current generator consisting of a power supply with
a capacitor (5.2 mF) and an integrated oscilloscope
(Tektronix DPO 3052) was used for the HCDI treat-
ment of AZ31 alloy. As shown in the previous po-
tentiodynamic studies of AZ31 foil in Hank’s solu-
tion, the optimal high current density pulse (HCDI)
mode is 1800 A/mm? at 0.5 ms. A nanosecond laser
(Baltic HP, Ekspla) working at a fundamental wave-
length of 1064 nm, a pulse duration of 10 ns, a pulse
energy of 60 yJ, a pulse repetition rate of 10 kHz

and an average optical power of 6.0 W were used in
bidirectional hatch patterning. The setup of the ex-
periment is shown in Fig. a. The scanning of a la-
ser beam on the sample surface was performed with
a galvo scanner (Scangine 14, Scanlab). The Gauss-
ian beam spot radius on the sample was w = 23 um
(1/€* level). Laser beams scanning in spiral trajec-
tory on the sample surface at a constant speed of
460 mm/s caused an overlapping laser beam spot
(Fig. Elb). The pulse overlap distance was Ax =46 um.
The hatch distance between two advanced lines in
bidirectional trajectory was Ay = 23 pm. The Gauss-
ian beam laser fluence in the center of the beam
was F = 7.2 J/cm®. The Gaussian beam overlap in
y direction was 50% at Ay = w,. XRD patterns of
AZ31 samples were measured using an X-ray dif-
fractometer SmartLab (Rigaku) equipped with
a 9 kW rotating Cu anode X-ray tube. The graz-
ing incidence (GIXRD) method was used in the 26
range 15-75°. The angle between the parallel beam
of X-rays and the specimen surface (w angle) was
adjusted to 0.5°. Phase identification was performed
using the software package PDXL-2 (Rigaku) and
ICDD powder diffraction data-base PDF-4+ (2021
release). The crystallite size was calculated using

Fig. 1. Experiment setup and a bidirectional laser beam scanning procedure. (a) Principal scheme of the laser pat-
terning experiment with a focused beam: LB, laser beam; XM and YM, x- and y-mirrors controlled by galvanomet-
ricmotors; TL, telecentric ~theta lens; MS, magnesium sample; xyz, coordinate system. (b) Schematic representa-
tion of a bidirectional scan pattern (BSP) with an indicated scanning direction by black arrows, and overlapping
beam spots (OBS) with red dots indicating irradiation spots (IS), 2w, is the laser spot diameter on the sample,
Ax is the pulse overlap distance and Ay is the hatch distance
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the graphical Halder-Wagner method implement-
ed in the PDXL software package (Rigaku). The ap-
proach is based on the graphical representation of
the linear relationship (B/tan6)* vs B/(tan6 sin0)
plot (where { is the XRD peak physical broadening
and 0 is the diffraction angle).

An optical microscope and dual-beam system
Helios Nanolab 650 (SEM) equipped with an ener-
gy-dispersive X-ray spectrometer (EDX) (Oxford
Instruments, X max 20 mm?* detector, INCA 4.15
software) were used for the investigation of sample
surface. The corrosion characteristics were deter-
mined by open circuit potential monitoring (OCP)
and the potentiodynamic polarisation (PDP) tech-
nique using a P/G/FRAsystem Solartron 1280C (Am-
etek, Inc.). All the tests were performed at a tempera-
ture of 37°C in a naturally aerated Hank’s balanced
salt solution (HBSS) from Sigma-Aldrich Chemie
GmbH, whose composition was as follows (g L™):
0.185CaCl x2H,0,0.097MgSO,,0.4KCL0.06KH_PO,,
0.35 NaHCO,, 8.0 NaCl, 0.048 Na HPO,, 1.0 glucose
and 0.011 Phenol Red, pH 7.2-7.6. An Ag/AgCl elec-
trode in a saturated KCI solution was used as refer-
ence and the potentials all through the paper were
referred to this electrode. The tested surface area of
the working electrode was 0.5 cm?” The Tafel polari-

sation curves were measured in the potentiodynamic
mode at a potential scan rate of 1 mV s7".

The immersion corrosion tests of AZ31 alloy
in Hank’s solution were performed using a glass
tube with 60 ml volume pressed through a rub-
ber gasket to the 2.83 cm?surface of the sample
exposed to the solution. All immersion contain-
ers were kept at 37.5 £ 0.5°C in the furnace for
up to 72 h. Samples were weighed before and after
the exposure. The ratio of the solution volume to
the specimen area was 20 mL cm™ according to
the ASTM G31-72 standard. The immersion so-
lution was refreshed every 3 days. The samples
were removed from the solution at a certain time,
gently rinsed with distilled water and dried in air
for observation. The corrosion products were re-
moved in chromic acid solution (180 g/l) at room
temperature for 30 min, then washed with ethanol
and finally dried in air.

RESULTS AND DISCUSSION

The XRD profiles of the untreated AZ31 alloy, and
the ones treated with HCDI, LI and HCDI-LI are
shown in Fig. a—c. The obtained diffraction peaks
are rather broad, which indicates that the Mg-Al

Fig. 2. XRD patterns of AZ31 alloy depending on the treatment method. (a) Survey spectra, (b) a zoomed-in view of Mg-Al peaks and

(c) a zoomed-in view of Mg0 peaks
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phase (ICDD#04-003-5035) is composed of small
crystallites with an average size of 20.6 + 0.3 nm.
After the LI treatment, the Mg-Al crystallites in-
crease up to 23.8 = 0.5 nm, the HCDI treatment
practically does not affect the size of the crystal-
lites. Meanwhile, after the HCDI-LI treatment of
AZ31 alloy, the size of Mg-Al phase crystallites
decreased to 16.2 + 0.3 nm. After the AZ31 alloy
treatment with HCDI, LI and HCDI-LI, the Mg-Al
diffraction peaks maintain their positions, indicat-
ing that the phase composition of the alloy does not
change (Fig. b). This means that the structure of
AZ31 alloy does not change and no solid solution
of the changed chemical composition is formed. An
increase in the intensity of the cubic structure MgO
(ICDD # 00-004-0829) peaks at 2 theta = 42.91 and
62.31 ° (200 and 220) as compared to that of the un-
treated alloy sample was observed for the laser-treat-
ed samples. The integral area of the MgO peaks at
peak (200) is quite similar (LI treatment 490 and
HCDI-LI 522 cps. deg., respectively), indicating that
the HCDH treatment does not significantly affect
MgO formation, as opposed to the laser treatment.
The resulting MgO diffraction peaks are quite broad,
indicating that the MgO phase consists of small crys-
tallites (Fig. @c).

The optical images of AZ31 alloy after the po-
tentiodynamic investigation are shown in Fig. E
These pictures show black traces of local corro-
sion (Fig. Ha—d). In the case of untreated AZ31
alloy, the local corrosion foci are grouped along
the perimeter resembling crack corrosion (Fig. Ha).
Meanwhile, in the case of HCDI treatment the lo-
cal corrosion sites were more evenly distributed
on the surface of AZ31 alloy (Fig. Hb). The surface
treatment of AZ31 alloy with laser irradiation (LI)
changes the type of localised corrosion. It resem-
bles evenly distributed pitting corrosion. The local
corrosion of HCDI-LI treated samples is similar to
that of only laser irradiated ones (Fig. Ec).

Figure éa shows the open circuit potential of
the untreated AZ31, HCDI and LI, and HCDI-LI
treated samples in the Hank’s solution for 3600 s.
The OCP curves of untreated and HCDI treated
AZ31 samples during the first 100 s rapidly in-
crease to a maximum and reach a stable potential,
followed by potential fluctuations. The OCP curves
of LI and HCDI-LI treated samples gradually in-
crease and do not reach a stable potential. The OCP
after 3600 s for untreated, HCDI and LI, and HC-
DI-LI treated samples are -1.50, -1.50, —1.48, and
-1.57 V, respectively.

Fig. 3. Optical images of AZ31 alloy after potentiodynamic tests in Hanks solution:
(a) untreated and treated (b) with HCDI, (c) with LI, (d) with HCDI-LI
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Fig. 4. Evolution of the open circuit potential (a) and potentiodynamic curves (b) for AZ31 foil obtained in Hank’s solution: (1) untreated

and treated (2) with HCDI, (3) with LI, (4) with HCDI-LI

Three groups of characteristic parameters, such
as the corrosion potential (E_ ), corrosion cur-
rent density (i ) and cathodic Tafel slope (Bc)
were obtained by fitting the polarisation curves
(Fig. @b). These data are listed in Table 1. Nota-
bly, the HCDI treated samples showed the high-
est corrosion potential (-1.38 V), followed by
the untreated AZ31 (-1.39 V), and the E__ of LI
and HCDI-LI treated samples were the lowest
ones (-1.44 V, -1.52 V). Moreover, the polarisa-
tion curves of the untreated, HCDI and LI treated
samples demonstrate similar patterns of cathodic
kinetics, indicating that HCDI and LI have a lit-
tle effect on the cathodic kinetics of AZ31 alloys.
The polarisation curves showed that the HCDI-LI
treated sample had a much lower cathodic current
density in the cathodic region. This means that
hydrogen evolution from the surface of HCDI-LI
treated sample is less intensive than that from
the other samples. A slower cathodic reaction on
the surface is one of the reasons for a lower cor-

rosion rate of HCDI-LI treated samples. Follow-
ing the anodic polarisation curve of untreated
AZ31 alloy, a small sign of passivity with increas-
ing current densities at potentials above the E_
can be seen (Fig. Hb, Curve 1). For the HCDI and
LI treated surfaces, corrosion current quickly
increased with a slight increase in potential in
the anodic direction. These results suggest that
the localised corrosion occurred and the surface
of coatings lost its protective function at the cor-
rosion potential (E_ ) or even more negative E
values. While for the HCDI-LI treated sample
emergence of passivation indicated that a stable
oxide film was formed on the surface of the alloy,
which had a good corrosion resistance, the anodic
current density slowly increased from the corro-
sion potential (E_ ) to approximate —1.44 V. Then
the corrosion current density quickly increased
from -1.44 to -1.37 V, indicating the occurrence
of the localised corrosion. Moreover, the localised
corrosion potential (breakdown) on the HCDI-LI

Table 1. Data of the AZ31 alloy obtained from potentiodynamic curves

Sample Eoce/V after 3600 s E.on/V fcor/PA cm2 | B.
Untreated AZ31 -1.50 -1.39 11.4 -212.5
HCDI treated -1.5 -1.38 1.4 -233

LI treated -1.48 -1.44 18 -214
HCDI-LI treated -1.57 -1.52 -154
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Fig. 5. SEM images of the surfaces of AZ31 alloy after the immersion in Hank’s solution (with corrosion prod-
ucts): (a) untreated for 0 h, (b) treated with HCDI-LI for 0 h, (c) untreated for 24 h, (d) treated with HCDI-LI for 24 h,
(e) untreated for 72 h and (f) treated with HCDI-LI for 72 h. (a, b, ¢, d, e, f) lower and higher magnifications

sample was more positive than its corrosion po-
tential, therefore the localised corrosion could
not occur spontaneously. The corrosion current
density calculated by extrapolating the cathod-
ic region of the Tafel curve of untreated AZ31,
the ones treated with HCDI, LI and HCDI-LI are
11.4, 11.4, 18 and 4 pA/cm?, respectively. These
data support the evidence that the HCDI-LI treat-
ment increases the corrosion resistance of AZ31
alloy in Hank’s solution.

The SEM images of the surfaces of AZ31 alloy are
shown in Fig. E The AZ31 alloy after the treatment
with HCDI-LI shows a strongly developed surface
(Fig. Eb) as compared to that of the untreated AZ31
alloy (Fig. Ea). Such surfaces are reputed to promote
biomineralisation and bone biointegration [E].

The long-term corrosion behaviour of untreated
and HCDI-LI treated AZ31 alloy samples was in-
vestigated by immersion in Hank’s solution (Fig. Ec,
d, e, f). After 24 h of immersion, the content of Ca
and P increased due to the deposition of Ca-contain-
ing phosphates from the solution on the surface of
the untreated and treated samples (Fig. Ec, d), (Ta-
ble 2). It should be noted that the cracks in the un-
treated sample are significantly wider than those in
the sample treated with HCDI-LI (Fig. Hc, d). This
indicates that a thicker layer of corrosion products
is formed on the surface of the untreated specimen,
which results in the formation of larger cracks due
to internal stresses. This assumption is also con-
firmed by the data obtained by Tkac et al. [@].
The layer of corrosion products on the HCDI-LI
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Table 2. EDX results after the immersion of AZ31 alloy in Hank’s solution

Element, at.%
Sample

Mg Al In 0 (a P
AZ31 untreated 9746 223 030 0.00 0.00 0.00
AZ31 treated (HCDI+LI) 58.07 091 0.16 4086 0.00 0.00
AZ31 untreated after immersion for 24 h 4230 123 0.19 4649 453 527
AZ31 treated (HCDI+LI) afterimmersionfor24h 3934 123 0.11 46.73 648 6.10
AZ31 untreated after immersion for 72 h 1880 0.61 0.05 61.20 10.63 8.71
AZ31 treated (HCDI+LI) afterimmersionfor72h  15.12 046 0.05 63.13 11.70 9.54

treated surface is significantly more compact
(Fig. Hd) as compared to the untreated AZ31 alloy
surface (Fig. Ec). This agrees well with the results ob-
tained by Wu et al. []. In addition, larger grains of
Ca phosphates are formed on the surface of the un-
treated sample (Fig. Ec). Meanwhile, fine grains are
formed on the surface treated with the HCDI-LI
method (Fig. Ed). This dependence remains even af-
ter 72 h of immersion in Hanks’ solution (Fig. Ee, f).

In our case, as shown in Table 2, the Ca/P atomic
ratio of untreated AZ31 alloy after 24 h of immer-
sion is 0.86, and the Ca/P atomic ratio of HCDI-LI
treated AZ31 is 1.06. Meanwhile, after 72 h of im-
mersion, the Ca/P atomic ratios of treated with
HCDI-LI and untreated AZ31 alloy are 1.22 and
1.23, respectively. It should be mentioned that
the theoretical Ca/P atomic ratio of hydroxyapatite
(HA) is 1.67 [@]. However, both the values after
immersion were lower than the theoretical value of
HA. Hence, the formed coating was identified to be
Ca-deficient HA (CDHA) [[L3]. Dorozhkin et al. [[L4]
determined that the CDHA in the range of 1.33 to
1.55 for the Ca/P atomic ratio induced the formation
of a new bone tissue in vivo.

The data obtained in a long-term corrosion study
of AZ31 alloy, suggest that the average corrosion rate
of untreated AZ31 is approximately 0.55 mg/cm?/day.
Whereas, after AZ31 alloy was treated with HCDI-LI,
its average corrosion rate was 0.15 mg/cm?/day. Such
a result is very promising, bearing in mind the fact
that the corrosion rate of all Mg alloys in vivo is on
average about 2.5 times slower than that in vitro [@].

CONCLUSIONS

This article presents a new method of AZ31 alloy
treatment in order to increase its corrosion resist-
ance. The XRD data obtained reveal that the high

current density impulse (HCDI) and laser irradia-
tion (LI) treatment of AZ31 alloy makes it possi-
ble to obtain Mg-Al crystallites of the smallest size
(16.2 nm) as compared to those of the untreated
AZ31 alloy (20.6 nm).

The data of the electrochemical analysis of
AZ31 samples suggest that the highest corro-
sion resistance (i = 4.0 pA cm™) was observed
for the AZ31 samples treated with HCDI-LI as
compared with that of untreated AZ31 samples
(i, = 11.4 yA cm™). The treatment of AZ31 al-
loy by using the HCDI-LI method is an efficient,
low-cost and environmentally friendly process
that can also be applied for biomaterials. The suc-
cessive treatment of AZ31 alloy by two methods
(HCDI-LI) makes it possible to achieve two
goals: to increase the surface area and to enhance
the corrosion resistance.
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AZ31 LYDINIO, APDOROTO AUKSTO TANKIO
SROVES IMPULSU ARBA / IR LAZERIO
SPINDULIUOTE, KOROZINIS ATSPARUMAS
HANKSO TIRPALE

Santrauka

Siame straipsnyje pristatéme nauja metoda, kuris gali
pagerinti AZ31 lydinio atsparumg korozijai. Palygino-
me AZ31 lydinio folijos, apdorotos didelio srovés tan-
kio impulsu (HCDI), lazeriu (LI), ir HCDI-LI su neap-
dorotos folijos biodegradacija. AZ31 lydinio, apdoroto
HCDI-LI metodu, biodegradacijos greitis buvo mazes-
nis nei neapdoroto lydinio, apdoroto HCDI arba LI. Tai-
gi pagerintas AZ31 lydinio, apdoroto HCDI-LI metodu,
atsparumas korozijai leidzia jj naudoti medicininiais
tikslais.
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