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Abstract

The complex interaction between physiological stresses and corrosive human fluids can lead to the premature failure of metallic
biomaterials due to the development of Environmental Assisted Cracking (EAC) processes. In this paper, the EAC phenomenon is
analysed through a Theory of Critical Distances based methodology, which has been validated in other materials and aggressive
environments, and the apparent crack propagation threshold in notched conditions is estimated. Notch-like defects, which are
frequently found in aggressive environments, may present higher values of crack propagation thresholds than those exhibited in
cracked components. The knowledge of this higher material performance makes it possible to address the problem avoiding
oversizing or unnecessary replacements in biomaterials, which leads to an improvement in the quality of life of the people carrying
these materials.

In this study, the susceptibility of AZ31 magnesium alloy to EAC and the evolution of the apparent crack propagation threshold
have been analysed. The aggressive environment used was Simulated Body Fluid (SBF). The main conclusion is that the Theory
of Critical Distances predicts the behaviour of this biomaterial in notched conditions and subjected to the aggressive environment
being studied.
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1. Introduction

In the last few decades, life expectancy, which has been gradually increasing, has led to a growth in surgeries for
the implantation of medical devices (Ginebra et al. (2006)). The most important surgery is the orthopedic one, which
also has the highest annual growth rate (Long and Rack (1998), Long (2008)). The most commonly used materials in
this area are metals (i.e. stainless steel, titanium and cobalt-chromium alloys, Chen and Thouas (2015)) that have a
permanent-implant character. The use of these materials is motivated by their good mechanical properties and
corrosion resistance, which means that they are frequently used for bone healing and reparation of damaged tissues
(Albrektsson et al. (1981), Hanawa (2010)). The fundamental aspects to be analysed in permanent implants are the
difference in the modulus of elasticity between these materials and the bones, while the appearance of long-term
complications should be considered. Some implants have to be removed once the healing process has ended (Engh
and Bobyn (1988), Jacobs et al. (1998)). However, the surgeries necessary to remove them increase the healthcare
costs and the emotional stress of the patient. For this reason, biodegradable materials are currently being studied,
Magnesium (Mg) and its alloys being considered good candidates for biomedical applications (Li and Zheng (2013),
Peron et al. (2017), Hénzi et al (2009)). Despite their highly attractive properties, Mg and its alloys have not yet been
used as implant materials due to their high corrosion rates in the physiological environment, which can lead to a loss
of mechanical integrity and hydrogen diffusion which may be too fast for the bone tissue to accommodate. In addition,
in orthopedic applications, the implant materials must have a good resistance to Environmental Assisted Cracking
(EAC), since the mechanical loads of the human body and its movements are combined synergistically with aggressive
environments such as human fluids.

Environmental Assisted Cracking (EAC) has been identified as the cause of failure of several traditional implants
(Jafari et al. (2015), Teoh (2000), Akahori et al. (2000)). This phenomenon is particularly dangerous because it leads
to fast, sudden and catastrophic failures under conditions of mechanical loads lower than the yield stress of the
material.

In this context, it has been proved that Mg and its alloys are susceptible to the aforementioned EAC phenomena.
Therefore it is important to develop implants that guarantee a good resistance both to EAC as well as to the mechanical
loads of the human body (Jafari et al. (2017), Jafari et al. (2018)). However, most studies have focused on improving
the electrochemical properties of Mg and its alloys, while research on the behaviour of Mg against EAC is very limited.
In fact, different procedures to improve its corrosion resistance have been established over the last few years, from
alloying to surface modification techniques; only a few of these have been evaluated considering their susceptibility
effects when facing EAC (Mohajernia et al. (2018)).

These studies of the EAC in the field of human health need to guarantee the integrity of the components precisely,
since very conservative results will lead to a greater health expenditure on surgical procedures and a higher personal
cost for the patients.

Nomenclature

Mg Magnesium
EAC  Environmental Assisted Cracking
TCD  Theory of Critical Distances

L Critical Length
Kmat Fracture Toughness of the Material
6o Inherent Stress

PM Point Method

LM Line Method

KNuma  Apparent Fracture Toughness

p Notch radius

SBF Simulated Body Fluid

CSE  Calomel Saturated Electrode

KMgac Apparent crack propagation threshold in an aggressive environment for notched components
Kieac  Crack propagation threshold in an aggressive environment
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Pq Load for the beginning of the crack propagation
a Crack Length

In structural integrity assessments of the components used as prostheses the appearance of defects is a common
finding. If these defects have a certain degree of rounding or blunting on their edge, they should be considered as
notches rather than cracks. The perception of them as cracks will lead to imprecise and overconservative results of
their resistance to cracking in the environmental conditions studied. This fact shows the need to implement analysis
methodologies that take into account the real behaviour of the notched components.

The Theory of Critical Distances (TCD) has been used for the analysis of the EAC in notched components in
aggressive environments typical of the oil and gas extraction and transportation industry, or the power generation
industry (Gonzalez et al. (2019a), Gonzalez et al. (2019b)). In this work, the application of the TCD methodology will
be carried out to study its phenomenon in other aggressive materials and environments, as is the interaction of Mg and
corrosive fluids in the human body.

2. Theory of Critical Distances

The Theory of Critical Distances (TCD) groups a set of methodologies that employ the mechanics of continuous
media together with a characteristic parameter of the material named critical length, L, to predict the behaviour of
components in the presence of notches, or other stress concentrators different from cracks, for fracture and fatigue
assessments (Taylor (2007)). TCD was first postulated in the mid-twentieth century (Neuber (1958), Peterson (1959))
but it has been during the last 20 years that this methodology has advanced significantly to provide answers to different
engineering problems (e.g., Susmel and Taylor (2008), Susmel and Taylor (2010), Cicero et al. (2012)). The
aforementioned length parameter, L, is the critical distance and, for fracture analysis follows equation (1):

2

L= 1(K’”a‘f) (1)
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where Kpma is the fracture toughness of the material and oy is the inherent stress, which is usually greater than the
elastic limit of the material but requires calibration.

The two simplest and most used methodologies of TCD are the Point Method (PM) and the Line Method (LM);
LM is the one employed in this work. The Line Method establishes as a failure criteria, equation 2, that the average
stress from the notch tip along a length equal to 2L reaches the value of oy (Figure 1):

1 (2L
— = 2
o), o(r)dr = a, )

This method is able to predict the apparent fracture toughness (KNua() for U-shaped notches when combined with
the linear-elastic stress distribution in the notch tip proposed by Creager-Paris (1967), which coincides with the stress
distribution at imaginary crack tip displaced a distance equal to p/2 along the x-axis, located in the bisector plane of
the notch and originated at its tip, p being the radius of the notch (equation (3)).

o) K 2(r+p)
== 3 3)
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Equation (4) then allows KNy to be predicted by the PM in fracture assessments as a function of the fracture

toughness of the material, K., the notch radius, p, and the critical distance, L.

p
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Fig. 1. Definition of the Line Method.
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3.1. Material and Aggressive Environment employed

3. Materials and Methods

The material employed in this work was the AZ31 Magnesium alloy, whose microstructure as received is shown
in Figure 2. It consists of a homogeneous matrix o with a grain size of 13.2 + 8 pm (Peron et al. (2019)). A tensile test
was performed in order to obtain the mechanical properties of the material, together with the Stress-Strain graph, that
are shown Table 1 and Figure 3, respectively:

Fig. 2. Microstructure of AZ31 alloy (Peron et al (2019)).
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Fig. 3. Tensile curve of AZ31 alloy.

Table 1. Mechanical properties of AZ31 alloy.
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o, (MPa) 64 (MPa) E (MPa) Comax (%) Konat (MPa-m"?)
190.30 238.80 31000 12.21 23.75

The aggressive environment used corresponds to a solution that simulates the human fluid, known as SBF
(Simulated Body Fluid) prepared by the method of Kokubo Takadama (2006), that requires the following reagents in
the given quantities for 1000 ml of dissolution (Table 2):

Table 2. Reagents for 1000 ml of SBF preparation

NaCl  NaHCO; KCl K,HPO4-3H,O0  MgCl,6H,O0  CaCl, Na,SO4 ((HOCH,)3CNHy) IM- 4,7,9pH
(Tris) HCI pattern
8.035g  0.355g  0.225g 0.231g 0.311g 0.292g  0.072g 6.118¢g 39ml -

It must be ensured that the solution remains colourless, transparent and without any sediment at the bottom of the
containers at any time. The temperature and pH must remain between 36 + 1.5 °C and 7.40 respectively.

In order to analyse the phenomenon of EAC, the specimens employed in this work have been continuously
cathodically charged to a constant potential of -200 mV vs Calomel Saturated Electrode, SCE; for this purpose a
potentiostat was used. The schematic representation of the test setup is shown in Figure 4.
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Fig. 4. Schematic of the experimental setup.
3.2. Methodology for EAC analysis based on the TCD

In this work, the Point Method has been used through the expressions proposed for the evaluation of the EAC
(Gonzélez et al. (2019a), Gonzalez et al. (2019b)), where the apparent crack propagation threshold in an aggressive
environment for notched components, KNigac, is linked to the crack propagation threshold in aggressive environment,
Kieac, the notch radius, p, and critical distance, L, by equation (5):

D
Kiac = Kigac ’1 + il (5)

Therefore, it is necessary to determine the crack propagation threshold in an aggressive environment (Kigac), by
means of precracked specimens and the calibration of the parameter L (critical length) to be able to estimate KNigac
for any possible notch radius.

The tests for the determination of both Kipac and KNigac will be carried out by means of precracked 25mm thick
C(T) specimens with different notch radii, p. The test were performed at a rate of 6-10"® m/s in an horizontal slow rate
testing machine while the applied load and the COD were continuously recorded.
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The ISO 7539 standard (2015) allows the calculation of the crack propagation threshold in an aggressive
environment from the load for the beginning of the crack propagation, Pg, in EAC processes. The expression used to
determine this parameter is the following one:

_ Py a
Kipac = Wf (W) (6)

where B, By and W are geometric parameters (thickness, net thickness and width) of the C(T) specimen used and f
(a/w) is a geometric factor that depends on the crack length, a, whose equation for C(T) specimen is:

. (i) _ [(2 +7) (0.886 +4.647; —(113_322()%3/)2 +1472 (37) —56(37) )]

Figure 5 shows the experimental set-up performed for the slow strain rate tests carried out.

(M

Fig. 5. Experimental set-up performed for the slow strain rate tests carried out

As recommended by the standard ISO 7539, the tests must ensure that the crack or notch is submerged in the
solution during its execution and, as previously mentioned, the temperature of the solution must remain in the range
36.5 + 1.5 °C, with that temperature being controlled by a thermometer connected to a resistor. Prior to the test, the
specimens were exposed to the environment for 48h before starting to apply the mechanical loading.

Cracked specimens were firstly precracked by fatigue, while notched specimens were machined with four different
notch radii of 0.25mm, 0.50mm, 1.00mm and 2.00mm for this work. To achieve greater accuracy and reproducibility
in the tests, two of them have been performed per condition.

4. Results

The results of the tests are gathered in Table 3. From these KNieac results, according to LM, it is possible to predict
the values of the apparent crack propagation threshold in an aggressive environment for notched components for a
given notch radius. For this, Kigac was considered as the average of the two values from tests on cracked specimens
(i.e., Kieac=13.85 MPa'm'?), and the least squares methodology was used to derive Leac (Lgac being the fitting
parameter).

According to the least squares fitting, Leac=0.465 mm. Thus, using equation (5), LM provides KNjac predictions
represented together with the experimental results in Figure 6.

As can be observed, the experimental results showed an increase in the KNgac as the notch radius increased. This
behaviour is correctly defined by the predictions that LM provides. The increase in the crack propagation threshold of
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precracked specimens (Kigac=13.85 MPa-m'?) compared to the one from a notched specimen of 2.00 mm of radius
(KNigac=18.65 MPa-m'2) was close to 35 % when considering average values.

Table 3. Experimental results.

p (mm) PQ (KN) KNIEAC (MPa-m”Z)
7.33 13.73
Crack (0.00)
8.33 13.96
9.12 15.75
0.25
9.41 16.25
9.53 16.46
0.50
10.38 17.94
10.56 18.24
1.00
10.60 18.31
9.86 18.12
2.00
10.44 19.18

AZ31 SBF 6:108m/s
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Fig. 6. Experimental results and predictions of KNgac provided by the LM.
5. Conclusions

In this work, the AZ31 Mg alloy has been studied for use as biomaterials in human implants. Its behaviour has been
analysed in an aggressive environment that simulates human fluids and in the presence of notches of different radii.
The Theory of Critical Distances has been used in the form of the Line Method to predict the behaviour of the material
against the Environmental Assisted Cracking typical from the combination of stresses, aggressive environment and
susceptible material.

AZ31 alloy experienced a clear notch effect, manifested as an increase in the value of the apparent crack propagation
threshold (KNigac) as the notch radius grows. This increase is close to 35% when comparing the smallest notch radii
(crack) and the largest radii studied (p = 2.00 mm).

The Environmental Assisted Cracking proposed methodology analysis based on the Theory of Critical Distances,
specifically on the Line Method for this work, has been used together with the value of the critical distance that
provided the best least squares fit, Leac=0.465mm, accurately reproducing the behaviour of the material in the analysed
conditions.
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