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Abstract

Magnesium and its alloys have recently attracted great attention as potential materials for the manufacture of
biodegradable implants. Unfortunately, their inadequate resistance to the simultaneous action of corrosion
and mechanical stresses in the human body have hampered their use as implant materials. This work aims at
evaluating the Stress Corrosion Cracking (SCC) susceptibility of the AZ31 Mg alloy after being machined
under cryogenic cooling. The SCC behaviour was evaluated by means of Slow Strain Rate Tests (SSRTs) in
Simulated Body Fluid (SBF) at 37 °C. Prior to testing, a full characterization of the machined surface
integrity, including microstructural observations, residual stress, nano-hardness measurements and surface
texture analysis was carried out together with the assessment of the corrosion properties through
potentiodynamic polarization curves. In addition, the morphology of the fracture surfaces after SSRTs was
analysed by means of 3D optical profiler and Scanning Electron Microscopy (SEM). The improved corrosion
resistance due to the increased extension of the nano-surface layer and to the compressive residual stresses
represents the reason of the reduced SCC susceptibility of cryogenically machined AZ31 samples as
compared to dry machined ones.
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1. Introduction

During the past years life expectancy has been continuously increasing, leading to an incessant growing
number of people undergoing surgical procedures involving the implantation of medical devices [1]. Among
these procedures, the orthopaedic sector experiences the highest growth. In Australia, for example, bone
fractures represent about 54% of the injury hospitalisations [2]. The materials currently used in orthopaedic
surgery are permanent metallic materials, such as stainless steel, titanium, and cobalt-chromium alloys [3].
Because of their high strength and good corrosion resistance, they have been widely used as load-bearing
implants for bone healing and repair of damaged tissues [4-6]. The key problems with these permanent
implants are however two-fold. Firstly, the great difference in elastic modulus of these materials compared to
that of human bone results in the occurrence of the stress-shielding phenomenon. This is a consequence of
stress distribution changes between the bone and the implant [7—13]: bones adapt to the reduced stress field
according to the Wolft’s law [14], resulting in the bone either becoming more porous (internal remodelling)
or thinner (external remodelling), increasing the possibility of implant failure. Secondly, due to the arise of
long-term complications [15-19], the permanent implant must be removed when the healing process is
completed. However, the additional surgeries necessary to remove the implant cause an increase in costs to
the health care system, as well as emotional stress to the patient. In order to solve these drawbacks,
biodegradable metallic materials have been studied, in particular Mg and its alloys [20-22]. Mg has in fact
low density and an elastic modulus in mechanical compatibility with natural bone, minimizing the risk of the
stress shielding phenomenon [20]. In addition, Mg is highly abundant in the human body [23]. Indeed, it is



essential for the metabolism in many biological mechanisms, being a cofactor for many enzymes [24], and
Mg?" ions resulting from the degradation process are reported to aid the healing process and the growth of
tissue. Despite their highly attractive properties, Mg and its alloys have not yet been used as implant
materials because of their high corrosion rates in physiological environments, which may result in a loss of
mechanical integrity and in hydrogen evolution at a rate that is too fast for the bone tissue to accommodate.
In addition, in orthopaedic applications, the implant must possess adequate resistance to failure when the
corrosive human body fluid acts concurrently with the mechanical loading characteristics of the human body.
Corrosion-assisted cracking phenomena, such as stress corrosion cracking (SCC) and corrosion fatigue (CF),
were in fact reported to cause the failure of several traditional implants [25-28]. In particular, SCC is
particularly dangerous because it leads to a sudden and catastrophic failure under mechanical loadings
otherwise considered safe, and Mg and its alloys are particularly susceptible [29-31]. Therefore, it is
important to develop Mg-based implants granting both strength and corrosion resistance in the human body
without causing corrosion-assisted cracking phenomena.

Most studies focused on improving their electrochemical properties, whereas improving their resistance to
corrosion-assisted cracking is overlooked. In fact, while different procedures have been applied in recent
years to improve their corrosion resistance (alloying, surface modification, ...), yet few of them have been
assessed regarding their effects on the susceptibility to corrosion-assisted cracking phenomena. Mohajernia
et al. [32] reported that hydroxyapatite coating containing multi-walled carbon nanotubes reduced the
corrosion current density of AZ31 alloys by three orders of magnitude. In addition, they reported the
elongation to failure of AZ31 samples subjected to slow strain rate tests (SSRT) in simulated body fluid
(SBF) at 37 °C to be increased about 70% with the application of the coating. These results agree with those
obtained by Chen et al. [33]. The authors coated Mg-4Zn-0.6Zr-0.4Sr with a composite coating consisting of
a poly (lactic-co-glycolic acid) (PLGA) superimposed to a micro-arc oxidation (MAQ) layer and they
reported this composite coating to increase the elongation to failure of the bare alloy subjected to SSRT in
modified simulated body fluid (m-SBF) at 37 °C from 5% to 11%. Again, the corrosion rate was reduced by
three orders of magnitude. However, when cyclic loading is applied, the presence of coatings might result to
be detrimental for the fatigue life of the implants due to the formation of cracks in the coating (due to elastic
modulus mismatch) that acts as stress concentrators and also due to the generally higher surface roughness of
the coated samples compared to the polished uncoated counterparts [34]. Alternatively, alloying has been
reported as a valuable solution to improve the corrosion resistance of Mg and to mitigate the corrosion-
assisted cracking phenomena. For instance, Kannan et al. [35], compared the SCC susceptibility of three
different rare earth (RE)-containing alloys, namely ZE41, QE22 and EV31A, with that of AZ80 alloy. They
suggested that rare-earth elements in Mg alloys can improve the SCC resistance significantly, being EV31A
alloy the most resistant to SCC compared to the other alloy. The beneficial effect of RE was found also by
Choudhary et al. [36]. According to their findings, a lower SCC susceptibility was observed for RE-
containing alloys, i.e. WZ21 and WE43 compared to Mg-Zn-Ca alloy (ZX50). However, some RE elements
were reported to be toxic for the human body [37], and in general alloying may introduce elements that lead
to adverse biological reactions. In recent years, mechanical processing inducing severe plastic deformation
(SPD) have been investigated as an alternative to alloying and coating techniques. Again, broad attention
was given to the effect of SPD techniques on the corrosion properties, whereas very few on the SCC
susceptibility. Equal channel angular pressing (ECAP) has been extensively studied as method to reduce the
corrosion rate due to its capability to induce a very fine and homogeneous microstructure. Sunil et al. [38]
reported a better degradation behaviour of AZ31 alloy after four passes of ECAP compared to the annealed
counterparts. These results agree with those obtained by Zhang et al. [39], where a decrease in the corrosion
current density was obtained increasing the number of passes of ECAP. In addition, ECAP treated AZ61
alloys were reported to be characterized by an elongation to failure 30% higher than the as-cast material [40].
However, conventional SPD techniques such as ECAP require multiple deformation passes to accumulate
large strain in the material, and suitable processing routes are also necessary to refine the material



microstructure down to ultrafine grains [41]. Recently, machining has been studied as an effective method to
achieve SPD. In fact, compared with the conventional SPD techniques, machining has been reported to
impose higher level of strain into the workpiece material in just a single stage operation [42]. Furthermore,
the use of liquid nitrogen as coolant during turning has recently shown to further improve the functional
performance and product life [43]. Orthogonal cutting trials with different cutting tools with two edge radii
were carried out under both dry and cryogenic conditions in [44]. Results showed that cryogenic machining
using a large edge radius tool led to a thicker grain refinement layer, larger compressive residual stresses,
and stronger intensity of basal texture compared to the dry machined condition. The effect of the improved
surface integrity on corrosion resistance was evaluated by the same Authors in [45], in which optical
inspection of the machined surfaces after immersion in saline solution was evaluated. It was stated that the
degree of corrosion was correlated with the extension of the sub-surface featureless layer formed after
turning: since cryogenic machining maximized the thickness of the layer, it led to the best corrosion
behaviour. A step forward was made by Bruschi et al. [46], who investigated the effect of feed and cooling
conditions on the corrosion resistance of the machined AZ31 Mg alloy. The corrosion resistance was
measured through potentiodynamic polarization curves in Simulated Body Fluid (SBF) at body temperature.
A reduction up to an order of magnitude in the corrosion current density was found in the case of cryogenic
machining regardless of the adopted feed. These improvements were associated to a wider nano-crystalline
layer formed on the surface along with the generation of a more compressed surface.

These findings show that cryogenic machining is a viable path forward, but the mechanisms by which the
SCC resistance improves, i.e. the microstructural reasoning behind such gains in performance, remain yet to
be discovered. Here, AZ31 samples were machined under cryogenic cooling, and afterwards subjected to
Slow Strain Rate Tests (SSRTs) at a strain rate of 3.5-10¢ s'. The samples were immersed for the whole
duration of the tests in SBF at 37 °C. The behaviour of dry machined samples was also investigated as a
reference, reporting a higher SCC susceptibility. In support to a complete understanding of the different
behaviour shown by dry and cryogenically machined samples, the authors carried out a full characterization
of the surface integrity, including microstructural observations, residual stress, nano-hardness measurements
and surface texture analysis, an evaluation of the corrosion behaviour through potentiodynamic polarization
curves, and an analysis of the fracture surfaces after SSRTs with a Scanning Electron Microscope (SEM) and
a 3D optical profiler.

2. Materials and methods

2.1. Material

AZ31 magnesium alloy was supplied in form of commercially available bars. The samples were cut and
prepared for microstructural analysis using SiC papers for grinding and colloidal silica for final polishing.
The grain structure was revealed by etching using a solution of alcohol (95 ml), picric acid (5 g), and acetic
acid (10 ml) for 10 s. The microstructure was examined using a Leica DMRE™ Optical Microscope (OM).
The microstructure of the material in the as-received condition is shown in Figure 1 and consists of a quite
homogeneous a matrix. The initial grain size was measured by linear intercept method and resulted equal to
24.1 £4 pm.
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Figure 1. Microstructure of the AZ31 alloy in the as-received condition.

2.2.Machining tests

To carry out SSRTs, cylindrical dog-bone-shaped samples, whose dimensions are reported in Figure 2 a,
were used according to the standard [49]. The samples were machined on a Mori Seiki NL 1500™ CNC
lathe equipped with an experimental setup devoted to the delivery of liquid nitrogen, specifically designed
and described in detail in a previous work by the Authors [47], and herein reported in Figure 2b. To obtain
the dog-bone shape of the samples, the machining operations were subdivided into two steps, namely a
roughing and a finishing pass. For the roughing pass, the following machining parameters were employed:
depth of cut (d) equal to 1 mm, cutting speed (Vc) of 80 m/min, and feed (f) equal to 0.2 mm/rev, whereas for
the finishing pass the parameters were: depth of cut equal to 0.25 mm, a cutting speed of 100 m/min, and a
feed equal to 0.1 mm/rev.

The surface integrity and corrosion performances after machining were evaluated on cylindrical samples
manufactured using the same machining parameters applied for the realization of the dog-bone samples.
During all the machining operations, the workpiece was grabbed by the counter spindle of the lathe with a
pressure of 1.30 kN to avoid vibrations.

Spindle

( B :
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AZ31 dog-bone
sample

Figure 2. (a) Geometry and dimensions of the samples for SSRTs; (b) Experimental setup for the
realization of the dog-bone samples in dry condition.

2.3.Surface integrity characterization

After machining, the cylindrical samples were cut along their section and prepared for microstructural
characterization using the same procedure described in §2.1. The measurements of the machining-induced
Severe Plastic Deformed (SPD) layers were carried every each 10 um on three different OM images at
1000X magnification.



Samples were also extracted from the machined workpieces for Transmission Electron Microscopy (TEM)
analysis and nano-hardness measurements. The cross-sectional TEM samples were prepared using a FE[™
Nova 200 dual-beam Focused Ion Beam (FIB) system. The TEM lamellas were then ion-milled with a 30 kV
beam and finally polished at 5 kV. After reaching a thickness of ~100 nm, a Fischion™ NanoMill was used
to further clean the FIB damaged surface at both sides. Selected Area Diffraction (SAD) and Bright Field
(BF) TEM imaging were performed at 300 keV using a Hitachi™ HF3300 TEM.

The nano-hardness at the surface of the machined samples was measured with a diamond Berkovich indenter
tip using the Hysitron™ TriboIlndenter 800 load- and depth-sensing nano-indenter system [8]. A minimum of
20 nano-indentations was performed for each sample with a maximum load of 5 mN and data acquisition
frequency of 5 Hz.

The residual stresses were determined with CuKa-radiation using the (2,1,3) interference lines. The
measurements were performed using a Spider™ X GNR portable diffractometer working at 30 KV and 90
uA. The analysis was based on the sin2y-method for which the lattice spacings d were measured at five -
angles between —35° and +35°. For the calculation of residual stresses at the characterization site, Young's
modulus and Poisson’s ratio were assumed to be 45 GPa and 0.25, respectively. The counting time for each
of the five measures at different y-angles was 500 s. The depth distribution of the residual stresses was
determined by electrolytic removal of thin surface layers and subsequent X-ray measurements. For
electrolytic polishing, we used a solution of 90 ml of water, 730 ml of ethanol, 100 ml of butoxyethanol and
78 ml of perchloric acid working at 18 V for 30 s at 20°C.

The machined surface textures were measured using a Sensofar™ Plu-Neox optical profiler with a 20x
magnification Nikon™ confocal objective. To inspect surface defects, confocal images were acquired with
the same objective.

2.4. Corrosion performances evaluation

Potentiodynamic polarization tests were carried out on an Amel™ 2549 potentiostat, making use of a
standard three-electrodes cell, where the machined cylindrical samples were the working electrode, a
saturated Calomel electrode (SCE) the reference electrode, and a platinum electrode the counter electrode.
The samples were immersed in SBF solution, whose composition is reported in Table 1. The temperature
was set to 37+1°C to reproduce the human body conditions. The potentiodynamic polarization curves were
obtained applying a potential from -2 V to -1.3 V at a scan rate of 0.5 mVs!. The corrosion potential and
corrosion current density were determined using the Tafel extrapolation method, according to the ASTM G5-
14 standard. The tests were repeated three times for each machining condition.

Reagents Amount
NaCl 8.035¢
NaHCO; 0355¢g
KCl 0.225¢g

K;HPO,3H,0 0231¢g
MgCL-6H,0 0311¢g
1.0y-HCI 39 ml

CaCl, 0.292 ¢
Nast4 0.072 g
Tris 6.118 g

Table 1. Reagents and their quantities for preparation of 1000 ml of the SBF solution according to [48].

2.5.Slow strain rate tests (SSRT)



The SSRT experiments were carried out on the machined dog-bone samples at a strain rate of 3.5-10° s in
SBF solution at body temperature (37 = 1°C). The strain rate value was chosen in order to make the AZ31
alloy susceptible to SCC according to [35]. A schematic representation of the experimental set-up is shown
in Figure 3. The sample was immersed for the whole duration of the test and the SBF solution was constantly
changed by means of a pumping system. The SBF solution container was immersed in a water bath, whose
temperature was constantly monitored by a thermometer. When the temperature was below its set value, a
commercial resistance heating element placed inside the water bath automatically turned on until the desired
temperature was reached again. In addition, while carrying out the SSRTs, the area of the specimen exposed
to SBF was restricted to its gauge length using Teflon tapes wrapping the rest of the specimen, thus
maintaining a constant area of exposure to the corrosive solution as well as avoiding the possibility of
galvanic effect with other components of the testing set-up. For sake of comparison, also SSRTs in air were
carried out.

Machine
cross-head

SBF outlet

SBF inlet

Figure 3. Schematic representation of the SSRT set-up.

The samples were cleaned with ethanol prior to testing. It is worth noting that, differently from other works
on this field [29,31,49], the gauge length of the specimen was not grounded prior to testing, in order to avoid
the removal of the surface features induced by the cryogenic machining. SSRTs were repeated three times
for reproducibility.

In order to quantify the AZ31 SCC sensitivity, the susceptibility indices /yrs and I, were calculated
according to Eq. (1) and Eq. (2) [36]:

_ UTSair B UTSSBF
lors =1

(1

air

and



I = €air ~ €sBF (2)
Sair

where UTS is the Ultimate Tensile Strength and ¢ the elongation at failure, both evaluated during tests

conducted in SBF solution and air. When the value of the susceptibility index approaches zero, the material

is considered to be highly resistant to SCC, namely the greater the index the greater the susceptibility to

SCC.

2.6. Characterization after SSRT

The specimen fracture surfaces after SSRTs were cleaned by immersion for one minute in a solution
prepared using 50 g chromium trioxide (CrOs), 2.5 g silver nitrate (AgNO;3) and 5 g barium nitrate
(Ba(NOs).) in 250 ml distilled water, as suggested by [50]. The specimens were then washed with distilled
water and finally ultrasonically cleaned in acetone for 10 min. The fracture surfaces were observed by means
of a FEI™ QUANTA 450 SEM in Secondary Electron (SE) mode. The topography of the surface fractures
was also measured using a Sensofar Plu Neox™ with a confocal 20X objective.

Finally, the fractured specimens were cut along their longitudinal section. The microstructure was observed
by using the same experimental approach described in § 2.1.

3. Results
3.1.Surface integrity

Figures 4a and 4b show the micrographs of the samples machined under dry and cryogenic conditions,
respectively. From these images, it can be seen that machining introduced an SPD layer close to the surface
irrespective of the cutting conditions. Such layers consisted of ultrafine grains highly deformed along the
cutting direction, characterized also by the presence of slip bands. The extension of the SPD layer increased
by 24% with cryogenic cooling compared to dry cutting.
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Figure 4. Optical images (a and b), BF TEM micrographs and SAD patterns (c and d) of the dry (on the left)
and cryogenic (on the right) machined samples.

To further characterize the SPD layers, high-magnification TEM bright field images were captured on Zone
1 of Figure 4 a and b and shown in Figure 4 ¢ and d.

In both cases, a grain refinement upon a nanoscale was achieved, but its extension depended heavily on the
cooling condition. In the case of cryogenic machined samples, the nanoscale layer was almost five times
thicker than in the dry cut samples. In fact, the SAD pattern of the dry cut samples revealed the presence of
micrometre sized grains just below the nanolayer. On the contrary, the SAD pattern of the cryogenic cooled
samples assumed a ring-like shape since the nanoscale layer was much wider.

As a consequence of the different microstructural features close to the machined surface, the mechanical
properties of the material were altered. The nano-hardness values measured at the machined surface showed
a very significant increase compared to the bulk value (1.35 GPa), achieving the values of 2.09 + 0.5 GPa for
the dry samples and 2.12 £ 0.2 for the cryogenic cooled ones. Coherently, no sensible differences in nano-
hardness were found between the dry and cryogenic cooled samples since both showed the presence of the
nanoscale layer at the machined surface (see Figure 4).

Figure 5 reports the axial residual stresses as a function of the distance from the machined surface. A totally
compressive residual stress was found in the case of cryogenic cooling condition, while a tensile residual
stress state was found in the case of dry cutting. Actually, the peak of residual stress was 270 MPa (tensile)
in dry condition, and decreased to -143 MPa (compressive) in cryogenic condition. After approximately 200
pm from the machined surface, a null state of stress was achieved regardless of the adopted cooling
condition.
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Figure 5. Axial residual stresses as a function of the cooling strategy.

Figure 6 shows the confocal images of the two surfaces machined using the two adopted strategies: no
relevant differences can be seen in terms of average surface roughness Sa as a consequence of the application
of liquid nitrogen during cutting. However, the density of tears was drastically increased in the case of dry
cutting. It is worth nothing that the presence of defects is usually not revealed by surface roughness
measurements [51].

(um)

Figure 6. Machined surfaces images and relative surface roughness.

3.2.Corrosion behaviour

The potentiodynamic polarization curves of the AZ31 cylindrical samples plotted on a semi-logarithmic
scale are shown in Figure 7. The related kinetic and thermodynamic corrosion electrochemical characteristics
are reported in Table 2. Compared to the dry condition, cryogenically machined samples showed an
improved corrosion resistance, namely an ennoblement of corrosion potential E.,» and a reduction of
corrosion current density ico- of an order of magnitude. It is worth noting that the corrosion current density is
directly related to the corrosion rate by the Faraday’s law, which expresses the material loss of the implant
during its permanence into the human body. This implies that the application of liquid nitrogen during
cutting leads to a reduced corrosion rate.
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Figure 7. Potentiodynamic polarisation curves for the AZ31 cylindrical samples in SBF solution at 37°C.

Ecorr (V/SCE) Icorr (uA/cm?)
Dry -1.87£0.015 10+ 4
Cryogenic  -1.79 £0.025 2+0.5
Table 2. Electrochemical corrosion data extrapolated from Figure 6.

3.3 Stress corrosion cracking behaviour

The engineering stress-strain curves for the dry and cryogenic machined AZ31 samples tested in air and in
SBF are reported in Figure 8 a and b, respectively. In addition, Table 3 compares the UTS and elongation at
failure values obtained from the curves in Figure 8.
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Figure 8. Engineering stress-strain curves of dry (a) and cryogenic (b) machined AZ31 samples tested in air and SBF
at 37°C and strain rate of 3.5-10° s,

Manufacturing In Air In SBF
strategy UTS (MPa) Elongation at UTS (MPa) Elongation at
failure (%) failure (%)
Dry 256.3+ 8.7 245+0.7 2333+19 6.1+0.3

Cryogenic 253.6£5.6 242+0.5 2353+1.0 7.8+0.2




Table 3. Mechanical properties from Figure 4.

The machining cooling strategy did not influence the AZ31 mechanical properties when tested in air, since
the mechanical behaviour of both dry and cryogenic machined samples is characterized by an elasto-plastic
behaviour which resemble the one found by [52]. On the other hand, the considerably reduced elongation at
failure when testing in SBF indicates that the alloy suffered embrittlement in SBF regardless of the adopted
cooling strategy during cutting. It is however worth noting that cryogenic cooling led to a less pronounced
reduction of elongation at fracture compared to the case of dry cutting.
To quantify the SCC susceptibility of the dry and cryogenic-machined samples, the Juzs and I, indices were
evaluated and are reported in Figure 9.
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Figure 9. SCC indices for the dry and cryogenic machined samples.

The SCC indices of the cryogenic machined sample are, in general, lower than the ones of the dry machined
sample. However, the Iurs and the I, values for the dry machined sample are almost 23% and 11% higher
than those of the cryogenic machined sample, respectively. This suggests that a higher resistance to SCC in
SBF is provided when AZ31 is machined under cryogenic cooling which will be further analysed in section
4.

3.4 Fracture surfaces

Figure 10 shows the macroscopic appearance of the cryogenic machined samples after SSRTs. Clearly, the
fracture in air exhibits rougher features typical of a ductile fracture; on the contrary, the samples tested in
SBF appear smooth and characterized by secondary cracked zones.

Figure 10. Photos of the cryogenic machined samples after SSRTs in: a) air; b) SBF at body
temperature.

A more detailed investigation is given in Figure 11, which reports the surface topographies and SEM images
of the samples of Figure 10. The overall view of the fracture surface confirms the ductile nature of the failure



in the case of air testing, characterized by a significant amount of dimples, while the sample tested in SBF
shows mix mode fracture features, namely ductile and brittle fracture characteristics. An additional
confirmation of that is given by the z-range of the height of the surface texture shown in Figure 11 a and d,
which is considerably higher in the case of air testing, in relation to a more ductile behaviour.

Finally, the surface fracture appearance is completely different: in the case of SBF condition, both
transgranular and intergranular cracks are evident, which are absent in the case of air testing (compare Figure
11 fwith Fig. 11 ¢).

It is worth underlining that these considerations about the fracture features after testing in air and SBF are
true irrespective of the adopted cooling conditions and, for the sake of brevity, the outcomes from the dry
machined samples are not reported here.
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Figure 11. AZ31 samples after cryogenic machining and SSRT in air and SBF: (a) and (d) topographies of the overall
fracture surface; (b) and (e) SEM images of the overall fracture surface; (c) and (f) magnified images of the zones
highlighted in (b) and (e).
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Figure 12. AZ31 samples after dry and cryogenic machining and SSRT in SBF at 37°C: (a) and (d) topographies of
the overall fracture surface; (b) and (¢) SEM images of the overall fracture surface; (c¢) and (f) magnified images of the
zones highlighted in (b) and (e).

Figure 12 shows the comparison between the fracture surfaces after SSRT in SBF as a function of the
machining cooling strategy. The topographies of the overall fracture surface (Figure 12 a and d) clearly
demonstrated the sequence of the rupture. The large crack observed on the circumferential areas of the
samples contributed considerably to the fracture: this crack propagated and, finally, when a critical SCC
crack length was achieved, mechanical overloading took over, leading to the fracture of the sample. At a
higher magnification (Figure 12 c and f), cleavage-like features and grain boundary cracking were observed,
with a predominance of the former. Evidence of this is reported in Figure 13, where optical micrographs of
the fractured specimens are reported.
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Figure 13. Optical micrographs of the AZ31 magnesium alloy after SSRTs in: a) dry; b) cryogenic
conditions.

The fractographies of the specimens machined with different cooling strategies were similar, indicating that
the susceptibility to SCC was independent of the application of liquid nitrogen. However, the tendency to
pitting and localized corrosion at the sample circumference of the dry machined sample is considerably
greater than that of the cryogenic machined one, as it can be seen from the tilted views of the gauge section
of the samples reported in Figure 14. In fact, in the case of the dry sample, denser and deeper secondary
cracks were evident, which contribute to a faster mechanical failure of the sample acting as stress
concentrators.

Surface cracks
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Fig.14. SEM fractographies of the gauge section of (a) dry and (b) cryogenic machined AZ31 samples after SSRTs in
SBF.

4. Discussion

In this study, cryogenically machined samples have been proved to yield higher resistance to SCC in SBF
compared to dry machined ones. The susceptibility indices /yrs and /¢ of cryogenic machined samples were
in fact decreased up to approximately 23% and 11%, respectively, compared to those of dry machined,



indicating a strengthened response to the synergistic application of mechanical load and corrosive
environment. The examination of the fracture surfaces after SCCTs revealed that this improvement was not
due to a different mechanism for corrosion crack propagation. The failure mechanisms of both dry and
cryogenically machined samples are in fact a combination of transgranular and intergranular cracking, with a
predominance of the former (Figures 11 and 13). The reasons of this improvement are instead based on the
increase in corrosion resistance because of cryogenic machining. SCC of Mg alloys is widely attributed to
the combination of two mechanisms, namely the anodic dissolution and cleavage-like fracture due to
hydrogen embrittlement [53]. The rupture of the protective Mg(OH), film due to the anodic dissolution or to
mechanical loads allows the hydrogen evolved from the corrosion process to enter into the matrix and to
embrittle the material, leading to a premature fracture [27]. In particular, pitting was reported as main
precursor for the initiation of SCC cracks [54,55]. The reduced tendency to pitting and localized corrosion of
the cryogenically machined samples (Figure 14) thus represents one of the reasons for the reduced SCC
susceptibility, together with a lower corrosion rate (Figure 7). As the subsequent SCC crack propagation is
governed by hydrogen embrittlement, and since hydrogen evolution is intimately associated with Mg
dissolution (the dissolution of one Mg atom generates one hydrogen gas molecule [20]), a lower corrosion
rate leads to a reduction of material embrittlement, and thus to a higher resistance to SCC.

The modified material corrosion performances are related to the machining-induced surface integrity
changes. TEM analyses gathered in Figure 4 reported that the cryogenic treatment provides a surface
nanolayer almost five times thicker than that after dry machining. These results agree with those obtained by
Pu et al. reporting a wider nanocrystalline region in cryogenically machined AZ31B alloy than in the dry
machined counterparts [45]. The wider extension of both the SPD and nano-crystalline layer in the case of
cryogenic cooling can be explained as follows: during machining, the material is subjected to high strain at
very high strain rate inducing the fragmentation of original grains by dislocation movements [56]. With the
application of liquid nitrogen, this effect is emphasized since the temperature is greatly reduced. From a
corrosion perspective, the thicker the nanocrystalline region, the lower the corrosion rate as nanoscale-sized
grains reduce the corrosion rate [57,58] due to an accelerated formation of a passivating oxide film at grain
boundaries [59]. An improved passive film renders the surface more electrochemically stable with a higher
Electron Work Function (EWF), and the higher the EWF, the lower the corrosion rate.

The wider surface nanolayer induced by the cryogenic machining is not the only important variable that
improves the corrosion resistance. As it can be seen from Figure 5, cryogenic machining induces a
compressive state of stress, contrarily to what happened in dry machining. Residual stresses can usually be
divided into the sum of two parts, one mechanically induced, and one thermally induced. During cutting, the
material removal process itself is responsible for generating a compressive state on the workpiece, whereas
the friction yields a tensile state of stress. However, the application of cryogenic cooling allows minimizing
the tensile part of the residual stresses, leading to a compressive stress distribution at the machined surface. It
is widely known that a tensile state of stress facilitates nucleation of micro-cracks as soon as corrosion is
triggered [60,61], whereas compressive residual stresses are reported to increase the corrosion resistance. In
particular, Denkena and Lucas reported the corrosion rate of a Mg-Ca alloy to be improved by a factor of
approximately 100 [62]. The presence of a compressive state leads also to the formation and growth of a
strengthened passive film since it narrows the interatomic distance of atoms, making the formation, growth
and maintenance of the passive film easier [63]. Therefore, due to surface compressive residual stresses, the
cryogenic machined samples showed lower corrosion current densities than the dry machined counterparts,
leading to a superior ability to resist to the action of a mechanical loading in a corrosive environment.

Another reason for the improved corrosion resistance is surface texture. Although cryogenic machining was
found to have no sensible influence on the surface roughness (Figure 6), a different effect was reported on
the presence of surface defects. The density of tears in fact drastically increased in the case of the dry
condition. Tears are machining defects usually attributed to the entrapment of chip particles or material



coming from the wear of the insert [64]. During cutting, these particles are dragged along the surface,
causing scratches. In the case of cryogenic cooling, the wear of the tool is sensibly decreased due to the
inhibition of the tool wear adhesion phenomena, a thermally activated mechanism. In addition, friction is
reduced due to the increase of hardness of the mating interfaces compared to the dry condition [65]. This
leads to a lower generation of particles coming from the wear of the tool, and therefore, less surface defects
strengthening the resistance of the surface to corrosive attacks and reducing the SCC susceptibility.

5. Conclusions

In this study, the effect of cryogenic cooling during machining on the stress corrosion cracking (SCC)
susceptibility of the AZ31 Mg alloy was assessed. SSRTs at a strain rate of 3.5-10° s! were carried out in
SBF at 37°C. In addition, potentiodynamic polarization tests, a full characterization of the surface integrity
prior to testing and fracture surfaces analyses were carried out.

The main findings can be summarized as follows:

e Cryogenic machined samples were characterized by lower SCC susceptibility in SBF at body
temperature than dry cut samples. This enhancement was attributed to the improved corrosion
performances of the cryogenic machined samples due to the presence of a wider nanocrystalline
layer, resulting in a faster formation of passivating surface oxides, and to the presence of
compressive residual stresses instead of tensile.

e The analysis of the morphologies of the fracture surfaces after SSRTs proved that the use of liquid
nitrogen during machining did not alter the AZ31 response mechanisms to SCC, being the fracture
characterized by the presence of both intergranular and transgranular cracks, with the predominance
of the latter. However, the analysis of both the fracture surface and the gauge section evidenced that
cryogenic machined samples were less prone to pitting and localized corrosion, decreasing the SCC
susceptibility.

It can be concluded that the cryogenic machining is an effective method to decrease the AZ31 sensitivity to
SCC, and, therefore, can be considered a viable pathway for the fabrication of biodegradable implants with a
prolonged durability inside the human body.
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