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Abstract

Mechanical integrity of biodegradable magnesium alloys implant remains an issue in bio-chemical and corrosive
environment of human body because of their unacceptably high degradation rate. Therefore, understanding of
simultaneous effect of stress and corrosive environment, i.e., stress corrosion cracking (SCC) of these alloys in
physiological environment is essential before their actual use. To establish the SCC susceptibility, slow strain rate
testing (SSRT) was carried out on the tensile specimens of a magnesium alloy, AZ91D in modified simulated body
fluid (m-SBF) and air at different strain rates. Fracture surfaces of tested specimens were analysed using scanning
electron microscopy (SEM) in order to examine the features of SCC. The alloy was found to be susceptible to SCC.
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1. Introduction

Titanium alloys and stainless steels have been widely used as body implants due to their excellent
mechanical properties. However, the degradation products of these alloys may be toxic to the human
body, and may cause long term adverse effects. Moreover, mechanical properties of these alloys differ
vastly from those of human bone, which may cause stress shielding problem [1]. Furthermore, when
these implants are used as temporary devices such as pins and screws, they remain as a foreign body to the
human tissues even after the completion of healing process, and are commonly removed by a second
surgery. The second surgical procedures not only increase the health care costs, but also increase the
patient’s morbidity. Degradable biocompatible implants, which dissolve in physiological environment
after a certain time of functional use, can be an appropriate solution. Thus, magnesium as a biodegradable
implant material is an attractive candidate because they possess mechanical properties similar to those of
human bone with significant biodegradability and biocompatibility [2]. However, in spite of the highly
advantageous properties of magnesium and its alloys, they have found little application as body implants.
The major limitation is the high corrosion rate of magnesium alloys in the physiological environment [2,
3]. As aresult of corrosion-assisted degradation, magnesium alloys may lose their mechanical integrity in
aggressive physiological environment before tissues have sufficient time to heal. Hence, before their
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application as biodegradable implant, it will be essential to ensure the mechanical integrity of an alloy, at
least until the temporary device (e.g., stents, pins and screws) has served its purpose.

An implant employed for the repair of a fractured bone must have sufficient strength to sustain and
transmit the loading actions resulting from joints and muscular forces. The presence of mechanical
loading along with corrosive physiological environment poses further complications, such as stress
corrosion cracking (SCC), which is believed to be the most dangerous form of corrosion-assisted failures.
SCC may be a particular concern for devices with sharp contours such as pins and screws that are used for
securing orthopaedic implants. Stress corrosion cracks may propagate undetected to a sudden catastrophic
failure. Such sudden failures caused by SCC of an implant may have serious consequences such as
troublesome removal of failed device and painful irritation or inflammation of surrounding tissues. In the
past, many instances of fracture due to stress corrosion cracking of metallic implants of stainless steels,
titanium alloys and Co-Cr alloys have been reported [4, 5].

Magnesium alloys have also been reported to be susceptible to SCC in chloride environment [6-8].
However, there are only a few reports on SCC of magnesium alloys in physiological environment [9].
This study will investigate the SCC behaviour of AZ91D magnesium alloy in physiological environment
using slow strain rate testing (SSRT) technique. SSRT experiments were performed at a range of strain
rates followed by extensive fractography, in order to arrive at a robust conclusion on the SCC of a
magnesium alloy in physiological environment.

2. Experimental
2.1. Materials and methods

Specimens were machined out of an as-cast AZ91D (Al: 8.8 wt%, Zn: 0.79 wt%, Mn: 0.21wt%)
magnesium alloy billet. Typical dimension of round tensile SSRT specimen was 20mm (gauge length)
and 3mm (gauge diameter). SSRT experiments were carried out in modified simulated body fluid (m-
SBF) maintained at temperature 36.5 + 0.5 °C using a water bath and a heater. The m-SBF solution is
composed of 5.403 g/l NaCl, 0.504 g/l of NaHCO;, 0.43 g/l of Na,CO; 0.225 g/l of KCI, 0.23 g/l of
K,HPO,.3H,0, 0.31 g/l of MgCl,.6H,0, 100ml of 0.2M NaOH, 17.892 g/l of HEPES, 0.29 g/I of CaCl,,
0.07 g/l of Na,SO4 and, 15ml of IM NaOH. The m-SBF solution was buffered with 2-(4-(2-
hydroxyethyl)-1-piperazinyl) ethanesulfonic acid (HEPES) at a physiological pH of 7.4 [10].

2.2. Slow strain rate testing (SSRT)

The SSRT experiments were carried out at a range of strain rates (1.2 x 107 to 4.3 x 107 s ") in m-
SBF and air environments. In order to quantify the stress corrosion cracking susceptibility of AZ91D
alloy in m-SBF, SCC susceptibility indices (/scc) were calculated for ultimate tensile strength (UTS) and
time-to-failure (#). /scc was defined as a ratio of a given property in corrosive environment (m-SBF) and
the corresponding value in an inert environment (air). A low /gcc index corresponds to high SCC
susceptibility, and when the /5cc index approaches unity this means that there is no effect due to the test
environment (i.e., the alloy is highly resistant to SCC in the particular test environment).

2.3. Fractography
To establish the intergranular and/or transgranular mode of SCC, fractography of the failed specimens

was performed using scanning electron microscopy (SEM) after cleaning of corrosion products. Cleaning
of fracture surfaces was performed using a solution of 20% CrO; and 10% AgNOs.
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3. Results and discussion
3.1. Slow strain rate testing

Stress vs. time plots for the tests conducted in m-SBF and air at different strain rates are presented in
Fig. 1. It is evident from stress-time curves that the UTS and ¢, were lower in m-SBF solution as compared
to air at all the strain rates, which may be indicative of SCC. The values of UTS and t, of specimens tested
in m-SBF and air environments, as derived from SSRT experiments are shown in Table 1.
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Fig. 1. Stress vs. time plots in m-SBF and air at different strain rates: (a) 1.2 x 107s” (b) 2.2 x 10757, and (c) 43 x 107 5!

The SCC susceptibility indices for AZ91D obtained at different strain rates are presented in Fig. 2. At a
strain rate of 1.2 x 107 s™', AZ91D showed highest SCC susceptibility in m-SBF. I approached to
unity when strain rate was higher, i.e., 4.3 x 107" s". Based on SCC susceptibility indices at all strain
rates (Table 1), it can be deduced that AZ91D alloy suffered a significant SCC at lower strain rates, i.e.,

1.2 x107s"and 2.2 x 107 s, while alloy is significantly SCC resistant at higher strain rates i.e. 4.3 x
107s™".

Table 1. Summary of SSRT results and calculated susceptibility indices at different strain rates

UTS (MPa) Time-to-failure (h)
Strain rate (s™) m-SBF Air Iscc m-SBF Air Isce
1.2 %107 86.79 179.13 0.48 53.58 162.67 0.33
2.2 x107 86.34 166.35 0.52 28 56.25 0.49
43 %107 118.03 155.9 0.76 17.92 22.83 0.78
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Fig. 2. Variation of SCC susceptibility indices (described both in terms of UTS and time-to-failure) with strain rate
3.2. Fractography

Typical fractographs of the AZ91D alloy tested in air are shown in Fig. 3. A higher magnification
fractograph (Fig. 3b) revealed the dimple formation and also occasional feature of brittle fracture (the
latter may be the fracture associated with secondary phase particles of the alloy (predominantly, S-
phase)). These features of the air-tested specimens are consistent with those reported in the literature [6,
7].

Fig. 3. Representative fractograph of all specimen tested in air: (a) overall fracture surface, and (b) evidence of ductile dimples

The fractographs for the specimens tested at strain rate 1.2 x 107 s and 2.2 x 107 s in m-SBF
solution are shown in Fig. 4 and 5. The overall fracture surfaces show considerable amount of pitting
along the circumference at both the strain rates (Fig. 4a and 5a). The higher magnification fractographs
(Fig. 4b and 5b) reveal the distinctive features of SCC, i.e., transgranular cracking along with a few
secondary cracks. The fractographs confirm that these alloys suffered a significant SCC, which is
consistent with their low susceptibility indices at strain rates 1.2 x 107 s™ and 2.2 x 107 s (Table 1).
However, the fractographs of the specimen tested in m-SBF at a higher strain rate, i.e., 4.3 x 107 s (Fig.
6a and 6b) show the features similar to those of the specimens tested in air (Fig. 3a and 3b). On the basis
of the fractographic features and their high susceptibility indices, it is suggested that specimen tested in
m-SBF at strain rate 4.3 x 107 s did not undergo SCC.
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Fig. 4. Fractograph of specimen failed in m-SBF at strain rate 1.2 x 107 s™': (a) overall fracture surface of specimen, (b) fractograph
showing tansgranular cacks and a few secondary cracks

Fig. 5. Fractograph of specimen failed in m-SBF at strain rate 2.2 x 107 s™': (a) overall fracture surface of specimen, (b) evidence of
trangranular cracking

Fig. 6. Fractograpﬁ of specimen failed in m-SBF at strain rate 4.3 x 107 s": (a) Gverall fracture surface of specimen, (b) fractograph
revealing mechanical overload failure (ductile dimples)

Many authors reported [11, 12] that the stress-corrosion cracking of Mg-Al alloy is usually
transgranular, but instances of intergranular cracking or mixture of both are also known. Transgranular
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SCC of Mg is associated with conditions causing electrochemical breakdown or mechanical rupture of
protective films at the crack surface, which allows hydrogen to enter the metal substrate. Furthermore, it
is likely that the transgranular SCC in AZ91D alloy is consistent with mechanism involving hydrogen
[13].

4. Conclusion

The main conclusions of this study are:
e AZ91D alloy is susceptible to SCC in m-SBF solution in the regime of low strain rates.
e  Fractographic evidences showed mostly transgranular cracking along with a few localized
secondary cracks.
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