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Abstract: The stress corrosion cracking behavior of Mg—3wt.%Zn—0.2wt.%Ca (MZC) alloy and fluoride (MgF>)
coated Mg—3wt.%Zn—0.2wt.%Ca alloy (MZC-MF) for bone implant applications was investigated using slow strain-
rate tensile (SSRT) tests in simulated body fluid (SBF). The results show that MgF» coating could significantly improve
the corrosion resistance and prolonged fracture failure time of MZC alloy. MgF, coating also greatly reduced the stress
corrosion cracking sensitivity of MZC alloy in SBF. Compared to MZC alloy, stress corrosion cracking sensitivity index
(Isec) of MZC-MF alloy decreased by 21% (ultimate tensile strength, UTS), 22% (time to failure, #), 23% (elongation
after fracture, J), 7% (reduction ratio of cross-sectional area after fracture, ¢) and 15% (inner product work, 4), respectively.
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1 Introduction

Magnesium (Mg) alloys are attracting
significant attention for their potential application
as temporary biodegradable implants due to
good biocompatibility, mechanical compatibility,
promotion of osteogenic function, and antibacterial
function.

However, the disadvantages are that the
chemical properties of Mg alloy are active causing
the degradation rate to be too fast, which is
difficult to meet the clinical requirements [1,2]. It
should be noted that during the service process, the
implanted device will inevitably be affected by
the physiological load from the surrounding
environment [3—5]. For example, the cardiovascular
stent not only bears the shear stress produced by

blood flow but also is subject to the cyclic load
caused by the beating of the heart [2]. The
synergistic effect of load and physiological
corrosion medium will lead to stress corrosion
cracking (SCC) [2,6,7] or corrosion fatigue (CF)
[8,9] of Mg alloy. At present, many studies on the
stress corrosion cracking behavior of magnesium
alloys have been focused on alloys containing
aluminum or heavy rare earth, which are known
neurotoxic or hepatotoxic elements, and the stress
corrosion cracking test has been conducted in
3 wt.% NaCl solution or distilled water. Among
various Mg-based alloy systems, Mg—Zn—Ca alloy
has advantages in biocompatibility, mechanical
properties, [10—12].
However, according to the reports, Mg—Zn—Ca
alloys exhibited greater SCC sensitivity than the
commercial AZ91D alloy [2,13,14]. CHOUDHARY
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and RAMAN [14] investigated the stress corrosion
cracking behavior of AZ91D alloy and
Mg—3wt.%Zn—1wt.%Ca magnesium alloy in the
physiological environment using a slow strain rate
tensile test (SSRT). The results show that the
Mg—-3Zn—1Ca alloy is more prone to stress
corrosion cracking than the AZ91D alloy at a
certain strain rate, which may be attributed to the
fact that the Mg—3Zn—1Ca alloy is more prone to
pitting and localized corrosion than the AZ91D
alloy.

It is reported that surface coating can improve
stress corrosion resistance. For example, JAFARI
et al [15] reported that common hydroxyapatite
(HAp) coating containing multi-walled carbon
nanotubes (MWCNT) was applied on AZ31 Mg
alloy and the slow strain rate test (SSRT) was used
to study the stress corrosion resistance of Mg alloy
in simulated body fluid (SBF). The results showed
that the SCC sensitivity of AZ31 Mg alloy
decreased from 26.8% of HAp coating to 9.8% of
HAp/MWCNT coating. MgF> coating was widely
used in the anticorrosion of medical Mg alloy
because of its non-toxic, chemical inert, and simple
preparation process. COOPER et al [16] reported
that MgF, coating can significantly improve the
corrosion resistance of Mg alloy and induce
osteoblast proliferation. According to the results
of LI et al [17], MgF>-coated screws have good
corrosion resistance in vivo and in vitro, especially
in the early implanted stage. However, to the best of
our knowledge, studies on MgF, coating has been
mainly focused on its degradation behavior in the
stress-free state of the simulated physiological
environment, and scant reports are available
exploring the influence of MgF, coating on the
stress corrosion resistance of medical Mg alloy.
Thus, it is necessary to understand the effect of
stress on the degradation behavior of magnesium
alloy with coating, such as stress corrosion cracking
sensitivity and fracture failure mode.

In this study, MgF, coating was prepared on
the surface of Mg—3wt.%Zn—0.2wt.%Ca (MZC)
alloy. Microstructure, mechanical performance,
corrosion behavior, stress corrosion cracking
sensitivity, and fracture failure mode of MgF,-
coated Mg—Zn—Ca alloy were systematically
investigated. This research could provide an SCC
experimental foundation for the development of
MgF,-coated Mg alloy for orthopedic applications.

2 Experimental

2.1 Materials preparation

High-purity magnesium ingots (99.99 wt.%),
pure zinc granules (99.99 wt.%), and magnesium—
calcium intermediate alloy (25 wt.% Ca) were used
as raw materials. As-cast Mg—3wt.%Zn—0.2wt.%Ca
alloy was prepared by vacuum melting and was
extruded into a sheet at 593 K with the extrusion
ratio of 13:1. The extrusion speed was 2 mm/s.

A plate tensile specimen was machined with
the dimensions shown in Fig. 1. For the electro-
chemical corrosion test, the rectangular specimen
with a size of 10 mm %X 10 mm x 3 mm was cut
from the extruded sheet, and ground up to 3000
grits with SiC sandpaper.
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Fig. 1 Dimensions of SSRT test specimen (unit: mm)

2.2 Coating preparation and characterization

During the HF coating process, the specimen
was immersed in a 20% hydrofluoric acid solution
with a ratio of 25 mL/cm? at 310 K in a water bath
for 6 h, and then rinsed with deionized water three
times and dried. The MZC alloy after fluorination
treatment is denoted as MZC-MF and optical image
is shown in Fig. 2.

Fig. 2 Optical image of MgF»-coated MZC alloy

A scanning electron microscope (Quanta FEG
250, FEI, USA) with an energy dispersive
spectroscopy (X-act one, Oxford, UK) was utilized
to observe and analyze the surface and cross-
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sectional morphology as well as the composition of
MgF, coating. The phase constitutions of the
coating were characterized by X-ray diffraction
(XRD, Rigaku D/max/2500PC) with a step size of
0.02° and a dwelling time of 1 s.

2.3 Electrochemical measurements

According to ASTM-G 102—2015, electro-
chemical measurements were carried out in the SBF
solution (with the composition of SBF given in
Table 1) by an electrochemical workstation
(Zennium, Zahner, Germany) with a standard
three-electrode system (graphite as the control
electrode, saturated calomel electrode as the
reference electrode and the specimen as the
working electrode). The working electrodes were
MZC specimens and MZC-MF specimens,
respectively, and the exposed area is 1 cm? in the
solution. After the open circuit potential was
recorded for 1800s, the potential dynamic
polarization was performed at a scanning rate of
1 mV/s. The voltage range was set as self-corrosion
potential £500 mV. The Tafel curve was fitted by
the Tafel extrapolation method to obtain the
corrosion potential (@corr) and corrosion current
density (Jeorr).

Table 1 Chemical composition of SBF

Ingredient Content/(g-L ™)
NaCl 6.5453
NaHCO; 2.2683
KCl 0.3728
Na,HPO4:7H,O 0.2681
MgCl-6H,0 0.3050
CaCl2H,O 0.3676
NaySO4 0.0711
(CHOH);CNH, 6.0570

2.4 Slow strain-rate tensile (SSRT) tests

SSRT tests were used to determine the stress
corrosion sensitivity (SCC) of MZC and MZC-MF
specimens in air and SBF, respectively. According
to ASTM-G 129—Y2021, plate tensile specimens
with gauge dimensions of 25 mm (length), 4 mm
(width), and 3 mm (thickness) were tested under
a nominal strain rate of 6.7x1077s™! using a
mechanical test system (DDL—020—-050, Sinotest,
China). The schematic diagram of the device is

shown in Fig. 3. To gain a constant surface area
exposure and avoid micro-galvanic corrosion with
other components in the solution, the rest of the
specimen beside the gauge section was wrapped
with 704 silicone rubber. After the test, the fracture
surface was cleaned with chromic acid and then was
observed with a scanning electron microscope.
Otherwise, at least three replicate specimens were
tested to ensure the accuracy of the experimental

data. The SCC sensitivity index (Iscc) was
calculated using Eq. (1) [18,19]:
I..=(1-X/X,)x100% (1)

where X represents ultimate tensile strength (UTS),
time to failure (#), elongation after fracture (9),
reduction ratio of the cross-sectional area after
fracture (¢), or inner product work (4) in SBF, and
Xo represented above five parameters in air. These
five parameters were selected to fully understand
the stress corrosion behavior of Mg alloy in a
corrosion environment, especially, inner product
work. Its physical meaning is the area enclosed by
the stress—strain tensile curve of the material and
the abscissa, which is obtained by the integration
method. The value of Iscc was in the range of 0—1,
and the higher value expressed the greater
sensitivity to SCC.

Machine
cross-head

SBF outlet
=
SBF inlet
=
Heater
SBF
Water bath

Fig. 3 Schematic diagram of SSRT test device

After the fracture of the specimens through the
SSRT test, the concentration of Mg?" in different
corrosion media was detected. 15 mL corrosion
medium was taken out for the determination of
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Mg*" concentration by inductively coupled plasma
optical emission spectroscope (ICP-OES, Vista-
MPX, Thermo Scientific, USA). The calculation
formula of corrosion rate (¥c) is as follows [20]:

— Cy 'V

Ve = S-t 2
where Cy, represents the Mg?* concentration; V'
represents the volume of corrosion medium; S
represents the surface area of the SSRT specimen
exposed to the solution and ¢ represents the
exposure time in solution.

3 Results and discussion

3.1 Coating characterization

Figure 4(a) displays the surface microstructure
of MZC specimens. Some large grains with strip
shapes were distributed in the matrix, indicating
that the dynamic recrystallization of the alloy was
not complete maybe due to the smaller extrusion
ratio. Figure 4(b) displays the line scanning of the
MgF, coating, which revealed that the average
coating thickness was around 2 mm. Figure 4(c)
shows the MgF, coating microtopography. It could
be seen that a small number of irregular pores and
micro-crack were formed on the surface of the
MgF; coating, and spot scanning of the MgF»
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coating as shown in Fig. 4(d) revealed that the
existing elements were mainly Mg, F, O, and C. The
following reaction occurred on the MZC alloy
surface during the fluorination process [21]:

Mg+2HF-H,O—MgF,(s)+H2(g)+H.0 3)

XRD pattern of the MgF, coating is shown in
Fig. 5, which revealed that the MgF, coating was
mainly composed of the MgF, phase. Combined
with Fig. 4(c), EDS analysis showed that the atomic
ratio of F element to Mg element was less than 2.
The presence of carbon and oxygen may come
from the hydrocarbons in the air, but part of the
oxygen may derive from the aqueous solution of
hydrofluoric acid. It was possibly speculated that
there was some Mg(OH), in the MgF, coating.
VERDIER et al [22] believed that oxygen may
come from hydroxide, and MgF, coating was a
mixture of Mg(OH), and MgF,.

3.2 Electrochemical properties

The dynamic potential polarization curves of
MZC specimens and MZC-MF specimens in SBF
are shown in Fig. 6. Electrochemical data, including
self-corrosion potential (¢corr), self-corrosion current
density (Jeorr), and polarization resistance (R;), were
measured by Tafel extrapolation of anode and
cathode polarization lines, as listed in Table 2. The

Element wt.% at%

(0] 3.83 3.83
F 4536 50.38
Mg Mg 49.75 41.15

C 1.06 2.03

F Total  100.00 100.00
0 2 4 6 8
E/keV

Fig. 4 SEM image showing surface microstructure of MZC alloy (a), EDS line scanning of cross-section of MZC-MF

specimens (b), surface topography (c), and EDS spectrum of white point of MgF, coating (d)
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Fig. 5 XRD pattern of MgF, coating
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Fig. 6 Potentiodynamic polarization curves of MZC
specimens and MZC-MF specimens in SBF

Table 2 Electrochemical derived from

polarization curves

parameters

Specimen  @eor/V Jeon/(Arcm™2)  Ry/(kQ-cm?)
MZC -1.72 8.85x1074 2.33
MZC-MF -1.40 2.75%1073 96.73

cathodic polarization curve represents the evolution
of cathodic hydrogen reduction by water, while the
anode curve represents the anodic dissolution of
Mg [23]. As can be seen from Fig. 6, the overall
shape of the polarization curve was not changed,
which manifested that the coating did not affect
the corrosion mechanism of the MZC alloy.
Furthermore, the @cor of MZC-MF specimens in
SBF was increased by 0.32 mV. The positive shift
of @cor means that the thermodynamic tendency of
electrochemical corrosion is reduced. Higher
corrosion potential and a lower corrosion current
density represent a lower corrosion rate [24,25].

Compared to bare alloys, the Jeor was decreased by
an order of magnitude, from 8.85x107* to
2.75x1075 A/em?. These results clearly showed that
the MgF, coating greatly improved the corrosion
performance of the MZC alloy. Although SBF
contains a variety of anions, such as HCOj, SOf,
and CI, the presence of these ions increases the
possibility of corrosion of the Mg alloy [8]. The
dense and chemically stable MgF, coating
effectively acts as a barrier to block corrosive ions
from contacting the Mg matrix. The increase in
corrosion resistance would greatly reduce the initial
corrosion rate of the implant. It is of important
significance in maintaining sufficient mechanical
strength in the early stage of bone tissue healing
and delaying the premature loss of mechanical
properties in the late implantation period.

3.3 Stress corrosion cracking behavior

Figure 7 shows the stress—strain curve of the
SSRT test in air and SBF for MZC and MZC-MF
specimens. It can be seen that the mechanical
properties of the MZC alloy dropped sharply in the
corrosive environment compared with those in the
air. The tensile curve of MZC specimens in SBF
had a fracture failure before the yield point, and the
mechanical attenuation of MZC-MF specimens
occurred after the yield point. Table 3 gives the
SSRT results of MZC and MZC-MF specimens in
air and SBF.

The stress corrosion cracking sensitivity index
(Isec) of the UTS, #, J, ¢, and A4 is shown in Fig. 8,
according to Table 3. For the specimens with
lower SCC sensitivity, the /s value is lower. On the

t;/h
30 0O 2|0 4|0 6.0 8|0 1(.)0
250
< 200 F
(=9
2
% 150 -
=1
)
100 +
© MZC in air
50 + -'- MZC in SBF
> MZC-MF in SBF
0 5 10 15 20
Strain/%

Fig. 7 Stress—strain curves of SSRT tests for different
specimens in air and SBF
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Table 3 SSRT results of MZC alloy with and without MgF, coating

Specimen UTS/MPa t/h 6/% /% A/(10%]-m™3)
MZC in air 253.25+4.15 93.78+6.52 18.60+1.41 16.37+1.45 4137.00+358.23
MZC in SBF 206.20+6.72 47.67+6.36 8.20+0.62 5.144+0.53 1075.39+135.54
MZC-MF in SBF 214.20+5.84 57.80+4.17 10.50+0.50 5.904+0.45 1527.36+146.33
0.8 ) = UTS Table 4 Mg?* concentration of MZC and MZC-MF
0.7} ; ® 3 specimens in SBF after SSRT fracture (mg/L)
s x*
06l X * ¢ SBF MZC MZC-MF
X B 34.92 53.75+5.12 43244351
L, 05¢ )
g
0.4 )f 1.0
03F
0.8
0.2F ] s
0.1 o (‘“E 0.6r
MZC MZC-MF :0
Sample E 04+
Fig. 8 Variation of I (described in terms of UTS, #, J, ¢, BN
and A) 02Ff
contrary, the /s value tends to be 1, meaning higher 0
SCC sensitivity. It can be seen from Fig. 8 that the MzC Samol MZC-MF
ample

presence of magnesium fluoride decreases the SCC
sensitivity of MZC alloy. In this work, the MgF,
coating is dense and closely combined with the
matrix, which can greatly delay the crack initiation
and extension during the service process. Therefore,
MZC-MF alloy exhibited lower stress corrosion
susceptibility index compared to the specimen
reported in Refs. [14,26].

After the fracture of the specimens through the
SSRT test, the concentration of Mg?*" in different
corrosion media was detected, as listed in Table 4.
According to the Mg?" concentration in the solution,
the average corrosion rate (¥c) in different
corrosive environments was calculated in Fig. 9.
Because of the existence of a certain concentration
of Mg*" (about 34.92 mg/L tested by ICP-OES) in
SBF, the calculation of Vc needs to deduct. In SBF,
MZC-MF specimens had a lower V¢ than MZC
specimens. The existence of magnesium fluoride
prolonged the fracture time of the MZC alloy in a
corrosive environment and increased the corrosion
resistance.

From the above analysis, the MgF, coating
could reduce the SCC sensitivity of the MZC
alloy, so it was necessary to analyze the fracture
morphology of the specimens in detail. The typical

Fig. 9 Average corrosion rate of MZC specimens and
MZC-MF specimens in SBF after SSRT fracture

fracture morphologies of different specimens after
SSRT in air and SBF are shown in Fig. 10. It is
shown that during the SSRT test of MZC specimens
in air, a small part of cleavage surface and dimple
were observed on the fracture surface, indicating
ductile and brittle mixed fracture morphology, as
shown in Figs. 10(a—c). However, in SBF, it is
observed that fracture surface was relatively flat, as
shown in Figs. 10(d, f). At high magnification, the
fracture surface showed a transgranular fracture and
secondary crack, which belongs to brittle fracture
(Figs. 10(d, e)). Also, high magnification of the
corrosion position showed that there were many
corrosion holes around the white particles
(Fig. 10(e)), which was related to the micro
galvanic corrosion between the second phase and
the Mg matrix. Otherwise, there were some big
corrosion pits around the fracture. Pitting was
considered to be the most common inducement of
stress corrosion cracking of magnesium alloy [27].
Fracture analysis confirmed that the bare MZC
alloy had significant stress corrosion cracking in the
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{ ) . B’ _
Fig. 10 Fracture characteristics of MZC specimens and MgF,-MF specimens for SSRT in air ((a—c)), in SBF (bare MZC
alloy (d—f); MgF> coated alloy (g—i)) (White circle indicates corrosion secondary crack, the arrow indicates the

corrosion pit, and the white box indicates local amplification)

corrosion solution, and the hydrogen embrittlement
(HE) effect may be the main reason for the strength
and plasticity loss of the specimens. However, there
were also corrosion cracks and corrosion pits on the
fracture surface of the coating specimens, but the
number was reduced, especially in SBF (as shown
in Figs. 10(g, 1)). Figure 10(h) shows the partially
enlarged image of removing corrosion products in
Fig. 10(g). The images showed that the corrosion
was still dominated by pitting, indicating that the
MgF; coating did not change the corrosion mode of
the MZC alloy.

The fracture characteristics of the SSRT test
showed that the corrosion pits caused by local
corrosion or galvanic corrosion were the common
stress concentration points. It was the main cause of
SCC crack initiation (as shown in Figs. 10(d, g))
with several cracks that were perpendicular to the
direction of application protruding in white arrows.

The fracture morphology and EDS analysis of
MZC-MF specimens as shown in Fig. 11, mainly
contained Ca, P, Mg, O, and other trace elements,
indicating that the structure was mainly composed
of Mg(OH), and Ca—P precipitates. It may be

deduced that the deposited and loose Mg(OH), and
Ca—P precipitates cannot completely prevent the
reaction between the solution and the Mg [28], and
the release of gas accumulated to a certain extent to
break through the binding of the film, which proves
that hydrogen assisted fracture is the main failure
mechanism of the coating specimens.

In the early stage of SCC, the MgF, coating is
closely combined with the substrate, which can
inhibit the corrosion. Under the action of stress, the
matching degree between the dense coating and the
substrate gradually decreases, promoting the growth
of microcracks, and leading to the increase of
galvanic corrosion. Therefore, the dissolution of
anode makes the mechanical strength of the
specimens decrease. At the same time, part of the
hydrogen generated by the reaction is discharged
into the air through the solution, and part of the
hydrogen gathers at the crack tip, and then diffuses
in the matrix in the form of atoms along the grain
boundaries, dislocations, and other defects, as well
as low energy surfaces [29], resulting in a sharp
decline in the mechanical strength and ductility of
the specimens in Fig. 12. The mixing mechanism of
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Fig. 11 Morphology (a) and element distribution (b—1) of MZC-MF specimens for SSRT in SBF
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anodic dissolution and hydrogen-induced cracking
is the main reason for stress corrosion fracture of
the MZC alloy. It is clear from the existing
literature [30] that the coating does not play a key
role in the crack growth stage, but its contribution is
limited to the crack initiation stage.

4 Conclusions

(1) MgF2 coating could significantly improve

Corrosion products
MgF, coating

Microcracks
<— Pitting pit

Fig. 12 Schematic diagram of SCC failure of MZC-MF specimens

the stress corrosion resistance of MZC alloy.

(2) MgF, coating could greatly reduce the
stress corrosion cracking sensitivity of MZC alloy
in SBF. Compared to MZC alloy, stress corrosion
cracking sensitivity index (/i) of MZC-MF alloy
decreased by 21% (UTS), 22% (¢), 23% (), 7% (¢)
and 15% (A4), respectively.

(3) The coating of magnesium fluoride on
the surface delayed the anodic dissolution and
hydrogen-induced embrittlement.
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MgF; & B3 Mg-Zn—Ca &8 & 1E
PRI R D T 2T A RIS

EFEL FTML, MRS, NERA

1. REFTRE MERSE TR, Kid 300384;
2. b KRS MRELS S TRE2ABE, R 300401;
3. MRS SR R TIE S SLIR =, RE 300384;

4, REHTRY: DR E RIS Bz R~iEhL, KE 300384

W OE: KRN AR R IR 7 E ST Mg—3wt.%Zn—0.2wt.%Ca( i & 7 F)MZC) & & Al E AL B (MgF2) % 2
Mg-3wt.%Zn—0.2wt.%Ca &4 (MZC-MF) ¥ B /7 JE il T 24T RHATIT 9T 85 FR W, MgF2 iR/Z ] DL B3RS MZC
A SRR (SBE) H (7 F55 ol 1tk 2 4 L W 2 AT F] o« MgFa %2 B R B AIK MZC &4 178 SBF R [F1R 7 J& ikt
BUBME, NI T S BURERE R (Isce) 7 I BR IS 21% (UTS), 22% (t), 23% (9), 7% (@) F 15% (4).

X927 Mg-Zn—Ca &4 BAEERE: MEMEURTE; RS MmAR: Wiz ks

(Edited by Bing YANG)



