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ABSTRACT

COMPOSITION — PROCESSING — MICROSTRUCTURE —PROPERTY RELATIONSHIPS OF THE
ZINC-MAGNESIUM SYSTEM FOR ABSORBABLE BIOMEDICAL IMPLANT APPLICATIONS

By
David Hernandez Escobar
Absorbable metals have the potential to serve as the next generation of temporary medical implants
by safely dissolving in the human body upon vascular tissue healing and bone regeneration. Their
incorporation in the market could greatly reduce the need and risks associated with additional
surgeries and other complications often related to permanent devices. Despite the extensive
research on magnesium (Mg) and iron (Fe) based alloys over the last two decades, they have not
exhibited an optimal combination of mechanical properties, biocompatibility, and controlled
degradation rate for absorbable implant applications. Zinc (Zn) and Zn-based alloys have recently
emerged as an alternative, as they have demonstrated an attractive combination of in vivo
biocompatibility and degradation behavior. However, their mechanical properties are generally

insufficient for load-bearing implant applications.

In this dissertation, Zn-xMg (x = 3, 10, 30 wt.%) hybrid samples were synthesized for the first
time using high-pressure torsion (HPT) to mechanically bond pure Zn and Mg disks. These
samples were characterized to investigate their processing-microstructure-property relationships.
The effects of HPT on the microstructural and hardness evolution were systematically studied in
all the materials, with special emphasis on the regions of highest plastic deformation. The effects
of post-deformation annealing (PDA) on the Zn-3Mg hybrid were also investigated. Also, an as-
homogenized Zn-3Mg (wt.%) alloy was HPT-processed and subjected to PDA, and the
microstructure and hardness evolution was compared with that of the Zn-3Mg hybrid. In addition,

four different biodegradable coatings (based on zinc phosphate (ZnP), collagen (Col), and Ag-



doped bioactive glass nanoparticles (AgBGN)) were synthesized by chemical conversion, spin-
coating, or a combination of both, on the as-homogenized Zn-3Mg alloy substrates. The effects of
the coatings on the in vitro degradation behavior, cytocompatibility, and antibacterial activity were

evaluated.

A significant microstructural refinement was obtained after HPT processing for 30 turns, reaching
equiaxed grains of ~ 200 nm in both the Zn-3Mg hybrid and alloy. Unlike in the alloy, HPT
induced the nucleation of Mg2Zn11 and MgZn, intermetallic compounds, as well as the formation
of supersaturated solid solutions in the hybrid, both of which led to maximum hardness values in
the range of ~ 220-230 HV. PDA resulted in both an increased hardness (up to ~ 250 HV) and
strain rate sensitivity. A plastic deformation model is proposed to explain the strain-hardening
behavior of the hybrid after PDA, which suggested an enhanced strength-ductility relationship.

This was consistent with the strain rate sensitivity results from nanoindentation.

In vitro degradation of ZnP coated samples for 21 days immersion showed a controlled weight
loss over time associated with a decreased corrosion rate, while maintaining a physiological pH
range of 7.5-7.6. The uncoated, ZnP coated, and Col-AgBGN coated sample extracts led to higher
cell viability over 6 days culture, which generally increased with extract concentration. In addition,
the Col-AgBGN coated samples led to ~ 31 % bacterial viability, compared to the ~ 65-75 % of

the other samples, hence, indicating a strong antibacterial effect.

Overall, the insights gained from this dissertation enabled a better understanding of the
composition-processing-microstructure-property relationships of the Zn-Mg system and served as
a roadmap for the design of hybrid materials with enhanced mechanical properties. Moreover, the
synthesis of biodegradable coatings has potential to tailor the Zn-Mg materials for specific

biomedical implant applications.
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Figure 22: (a) Experimental setup for the assessment of bacteria viability in suspension; (b) key to
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Figure 31: EBSD maps of the as-homogenized Zn-3Mg alloy after HPT processing for 30 turns
near the sample periphery: (a) image quality map of the scanned area and corresponding (b) Zn
IPF map, (c) Mg2Zn11 IPF map, (d) Zn phase map, and (e) Mg2Zn11 phase map. The principal IPF
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TOE 30 TUIMNIS. ¢ttt b bbbttt e e e bbb bt s bt bt e st e s e b et e nbesbenbenre s 103

Figure 34: HV values measured at the cross-section over the radius of the Zn-3Mg alloy sample
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same distance from the center, and the error bar represents their standard deviation. ............... 104
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and at the mid-thickness plane of the horizontal surface (c) after 15 turns, (d) after 30 turns. [174]
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Figure 51: SE-SEM images corresponding to the cross-sections of the Zn-3Mg hybrids after HPT
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Figure 61: Evolution of the average HV values across the diameter of the Zn-3Mg hybrids after
HPT for 1, 5, 15, and 30 turns. This plot is generated with the same HV values shown in Figure
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4, 2.5-10-4, 5.0-10-4, and 1.0-10-3 s-1, (b) strain rate sensitivity, m, obtained from the hardness
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99.7Zn-0.2Mg (at. %). The transition region between the two compositions is highlighted in yellow
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Figure 79: Evolution of the average HV values across the dimeter of the Zn-3Mg hybrids after
HPT for 1, 5, 15, and 30 turns. This plot is generated with the same HV values shown in Figure
76. Each data point corresponds to the average of four different HV measurements collected at the
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days culture in cell culture medium during the preliminary in vitro proliferation assay. Cells were
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seeded at three different densities: 2.5-10%, 5-10% and 1-10* cell/lcm?. The scale bar presented is
common for all images and equivalent to 500 LM........ccooiiiiiiiii e 171

Figure 89: In vitro proliferation of 7043L hMSC (passage 4) measured by CCKS8 assay after 2, 4,
7, and 9 days culture in cell culture medium. Error bars indicate standard deviations between
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Figure 91: In vitro proliferation of 7043L hMSC (passage 6) measured by CCKS8 assay after 2, 4
and 6 days culture in 10-fold, 6-fold, and 4-fold extract dilutions (corresponding to 10 %, 16.7 %
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Figure 92: SE-SEM images showing MRSA adhesion to the surface of the Zn-3Mg alloy samples
with different coatings, after 7 days incubation in an initial bacteria suspension of 107 CFU/mL in
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1. INTRODUCTION

1.1. Motivation

Over the last two decades, the field of biomedical implants has attracted considerable attention due
to its potential to improve human life (both quality and longevity) by replacing damaged hard and
soft tissues, such as bone, cartilage, blood vessels, or even entire organs [1]. Metallic implants
have been widely used as orthopedic and vascular devices, as well as tissue engineering scaffolds,
due to their high strength and fracture toughness compared with polymers and ceramic materials.
Traditional metallic biomaterials with high corrosion resistance, such as stainless steel, titanium
alloys, cobalt-chromium alloys, and tantalum, are typically considered for permanent implant

applications [2].

However, in many cases, the function of the implant is temporary and, thereby, not needed after
full recovery. Moreover, the permanent presence of the implant in the body upon healing can
develop multiple complications. For instance, the release of metal ions from the implant device
over time can lead to the accumulation of trace metals in the surrounding tissues, which can, in
turn, trigger a chronic inflammatory response. In such circumstances, a second surgery may be
necessary for implant extraction and/or replacement, resulting in additional injury, expense, and
discomfort, as well as an extra risk of infection [2,3]. In addition, implant failure can occur in bone
fixation devices due to the stress-shielding effect, which refers to the fact that implants carry most
of the mechanical load, impeding load transfer to the bone tissue, which is necessary to stimulate
new bone formation [4,5]. This occurs when the stiffness of the implant material is substantially
higher than the bones to be replaced, which is often the case of the metals typically used for

permanent applications.



Absorbable metals offer the opportunity to design temporary implant devices able to overcome the
above-mentioned limitations related to the existing corrosion-resistant metals used for permanent
implant applications. Absorbable metal implants are expected to maintain the mechanical integrity
during tissue healing and then, corrode gradually and safely over time, while progressively
transferring the mechanical load to the healed tissue [6,7]. Therefore, absorbable metal implants
must be designed to have a balance between strength and corrosion resistance in a physiological

environment, while maintaining their biocompatibility during the degradation time.

In the last decade, iron (Fe) and magnesium (Mg), both pure and alloyed, have been extensively
studied as potential absorbable metals for biomedical applications [8,9]. However, the large
number of research studies with these material systems has noted several major limitations in terms
of their suitability for clinical applications. On the one hand, Fe and Fe-based alloys generally
exhibit corrosion rates substantially below the clinical needs, which unnecessarily prolongs the
exposure time of the organism to the implant after the healing and recovery period [10]. In addition,
the corrosion products of Fe tend to be stable in the physiological environment, resulting in long-
term retention causing metabolic complications, rather than promoting cells to integrate around
the degrading implant [11]. On the other hand, Mg and Mg alloys typically exhibit insufficient
mechanical strength, as well as excessive corrosion rates in physiological environments. The latter
issue is particularly detrimental, as it leads to the formation of hydrogen gas pockets near the
implant, compromising its structural integrity during the healing period [12]. Therefore,
recognizing the substantial research efforts and knowledge gained over the years on Fe and Mg
alloys for implant applications, the biomedical field is still in need of metallic materials able to

satisfy the demanding set of requirements of absorbable medical implant applications.



In 2013, zinc (Zn) emerged as an alternative material to overcome the challenges of Fe and Mg for
absorbable medical implant applications, mainly due to its moderate corrosion rate in simulated
body fluid [13]. The following are some aspects that make Zn and Zn-based alloys especially

attractive for use in temporary clinical applications:

- Similar to Fe and Mg, Zn is an essential trace element in the human body, critical for a
significant number of metabolic activities and cellular functionalities, including cell
growth, proliferation, and differentiation. Thus, the Zn ions released from the implant
during degradation are expected to integrate into the normal metabolic activity of the host
without causing toxic side effects [2,14].

- The standard electrode potential of Zn is -0.76 V, which is between that of Mg (-2.37 V)
and Fe (-0.44 V). This indicates that Zn exhibits moderate corrosion rates (faster than the
slowly degrading Fe and its alloys, but slower than the rapidly degrading Mg), and this is
caused by the corrosion products forming passive layers of moderate stability [13,15]

- Ingeneral, Zn and Zn alloys are easier to cast and process compared to Mg and Fe alloys

due to their low melting points, low chemical reactivity, and good machinability [13,16].

The feasibility of producing Zn and Zn-alloys with desirable corrosion rates and biocompatibility
has been demonstrated in numerous research studies, both in vitro and in vivo, as summarized in
section 2.1.1. Nevertheless, limitations of pure as-cast Zn include its low strength (i.e., UTS < 20
MPa) and elongation-to-failure (ef < 0.5%) [17]. The mechanical properties of Zn have been
improved considerably over the last several years by alloying and thermomechanical processing,
as reported in recent reviews [18,19]. However, there are still a number of Zn-based alloys with
interesting combinations of corrosion behavior and biocompatibility but insufficient mechanical
properties for load-bearing applications. This motivated the investigation of high-pressure torsion

3



(HPT) in this dissertation, which is a severe plastic deformation processing method capable of
obtaining ultrafine-grained microstructures with mechanical properties not generally achievable
from conventional deformation processes [20]. Moreover, ultrafine-grained materials have shown
potential to overcome the typical strength-ductility tradeoff [21] through the application of post-
deformation annealing (PDA) [22]. Despite the numerous SPD-processed metals and alloys
investigated over the last several years, few studies have focused on enhancing the mechanical
properties of biocompatible materials for biomedical applications [23]. In addition, recent works
have demonstrated that HPT can be used to synthesize metal hybrids, from mechanical bonding of
dissimilar bulk materials, with heterogenous microstructures leading to high strength and enhanced

plasticity [24,25].

Therefore, the overarching goal of this dissertation was to investigate the feasibility of HPT
processing to produce Zn-Mg hybrids (with various compositions), which may be attractive for
biomedical implant applications, and to examine the effect of HPT and PDA on their
microstructural and hardness evolution. In addition, different biocompatible coatings (based on
zinc phosphate (ZnP), collagen (Col), and Ag-doped bioactive glass (AgBGN)) were synthesized
on a Zn-3Mg alloy substrate with the objective to tune the corrosion properties, cell viability, and
antibacterial activity. These coatings are anticipated to be applicable to the Zn-Mg HPT hybrids
as well. The insights gained during this work are expected to guide future researchers towards a

further exploration of the Zn-Mg HPT hybrid system for absorbable implant applications.



1.2. Work performed and dissertation structure

In this dissertation, a series of Zn-xMg hybrids (x = 3, 10, 30 wt.%) were synthesized by HPT, for
the first time, from mechanical bonding of Zn/Mg/Zn disks with various thicknesses to match the
targeted compositions. The hybrid samples were HPT-processed at room temperature (RT) for up
to 30 turns at 1 rpm, with 6 GPa applied pressure. The effect of HPT on the microstructural and
hardness evolution was studied in the three hybrid compositions, with particular attention to the
regions of highest accumulated plastic strain near the sample periphery. The effect of Mg
concentration on the HPT-processed microstructures and hardness was evaluated. The effect of
PDA (200 °C, 1h) on the microstructure and hardness of the Zn-3Mg hybrid after 30 turns was also
investigated. A cast-then-homogenized Zn-3Mg (wt.%) alloy was also processed by HPT for 30
turns and subjected to PDA, and the microstructure and hardness evolution was compared with

those of the hybrid with an equivalent nominal composition and processing history.

In addition, four different biocompatible coatings (i.e., ZnP, ZnP-Col, Col, Col-AgBGN ) were
synthesized in the cast-then-homogenized Zn-3Mg (wt.%) alloy using either a chemical
conversion method, a spin-coating technigue, or a combination of both. The in vitro degradation,
cytocompatibility, and antibacterial behavior of the different coated substrates were assessed and
compared to that of the uncoated sample. A flowchart outlining the materials and characterization

techniques used in this dissertation is provided in Figure 1.
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Figure 1: Flowchart of the materials studied and the characterization techniques used in this
dissertation. All compositions are in (wt.%). The following acronyms were used: HPT: high-
pressure torsion; N: number of HPT turns; PDA: post-deformation annealing; SEM: scanning
electron microscopy; EDS: energy-dispersive X-ray spectroscopy; EBSD: electron backscattered
diffraction; TEM: transmission electron microscopy; XRD: X-ray diffraction; HV: Vickers
hardness; APT: atom probe tomography; ZnP: zinc phosphate; Col: collagen; AgBGN: Ag-doped
bioactive glass nanoparticles.

In Chapter 2, a background on absorbable Zn-based alloys for biomedical applications is presented,
including their biocompatibility from in vitro and in vivo studies, their common alloying systems
and microstructures, as well as mechanical properties. The research gaps and novel opportunities
for the development of absorbable Zn-based alloys are also presented. A review of the current
understanding of the HPT processing of hybrid metals, including their major microstructural and

mechanical properties, is also provided.



In Chapter 3, the materials and experimental procedures used are described. The experimental
setup used for the synthesis of the HPT hybrids and the processing parameters are presented. The
details of the sample preparation for microstructural characterization and micro-mechanical
testing, as well as the parameters used for the analysis of the results, are provided. The protocols
developed for the synthesis of the different biodegradable coatings, and the details for the in vitro

characterization performed are also provided.

In Chapter 4, the results from the microstructural characterization, micro-mechanical testing, and
in vitro studies are provided. The grain size, orientation, and texture were characterized using SEM
and EBSD. The compositions were measured using EDS, XRD, TEM, and APT. TEM was also
used to investigate the ultrafine-grained structure and the distribution and morphology of the
nanosized intermetallic phases. The Vickers hardness (HV) and distributions were measured in all
the samples, whereas nanoindentation load-displacement tests were performed on the Zn-3Mg
hybrid after HPT and HPT+PDA. The hardness (H) and strain rate sensitivity (m) were measured
from nanoindentation. The surface morphology for all the coated samples was analyzed by SEM.
The in vitro degradation behavior of the ZnP coated and uncoated samples were evaluated from
immersion testing, and the corrosion rates were estimated from weight loss measurements. The
cell viability of the uncoated, ZnP, and Col-AgBGN samples was evaluated from indirect contact
proliferation assays with sample extracts. The antibacterial viability was assessed in the uncoated
and all coated samples by their capability to resist bacteria colonization. The characteristics of
bacteria attached to the sample surfaces were investigated by SEM, and live/dead staining was

combined with confocal laser scanning microscopy (CLSM) to analyze bacteria viability.



In Chapter 5, a discussion of the effects of HPT and PDA on the microstructure and the hardness
evolution of the studied materials is presented. The differences between the microstructure,
composition, texture of each material are discussed in relation to their processing history and the
resulting hardness evolution. The effects of HPT and PDA on the microstructural and hardness
evolution of the Zn-3Mg alloy and the Zn-3Mg hybrid are also discussed. In addition, hardness
was plotted as a function of accumulated strain to investigate the strain hardening capability during
HPT, and this is the first time that such work has been reported for HPT hybrids. Based on the H-
m relationship obtained from nanoindentation after HPT + PDA, a plastic deformation model
leading to the suggested enhanced strength-ductility was proposed to explain the roles of the
different domains observed in the heterogeneous microstructure. From the in vitro work, the
uniform degradation behavior of the ZnP sample is discussed in relation to its enhanced corrosion
resistance. The increased cell viability of the tested samples, in particular, that of the Col-AgBGN
sample, is discussed in relation to their ionic release. Lastly, the characteristics of bacteria attached
to the sample surfaces are related to their live/dead ratios and discussed together with the viability

of planktonic bacteria.

In Chapter 6, the conclusions are presented, and potential future work is suggested. It is expected
that the microstructural and micro-mechanical characterization of the Zn-Mg HPT hybrid system,
as well as the in vitro studies performed in this research, will serve future researchers to continue

gaining insights and making progress in this area.



2. BACKGROUND AND LITERATURE REVIEW

2.1. Zinc-based absorbable alloys for biomedical applications

This section summarizes the current state-of-the-art pertaining to absorbable Zn-based alloys, as
well as the future challenges and opportunities facing Zn-based alloys with respect to satisfying
the demanding clinical benchmark for absorbable medical applications. An overview of their
biocompatibility, both in vitro and in vivo, as well as their microstructures and mechanical

properties, are presented.

2.1.1. Biocompatibility of absorbable Zn-based alloys

Zn plays a fundamental role in multiple functions in the human body, including cell division, cell
growth, and wound healing [26]. Moreover, Zn deficiency has been linked to the impairment of
physical growth and development in infants and young adults, a greater risk of infection, a loss of
cognitive function, memory, and behavioral problems, as well as learning disability [27,28]. For
mature adults, the recommended daily intake (RDI) of Zn is 8-20 mg/day, which is lower than that
for Mg (240-420 mg/day) and similar to that for Fe (8-18 mg/day) [29]. An excess of Zn above
the recommended daily intake (RDI) may cause toxicity and detrimentally affect different organs,
such as the brain, heart, and liver, or systems like the respiratory, epidermal, skeletal, and immune
systems [18]. Zn is mainly found in animal proteins, nuts, whole grains, legumes, and yeast, and
it is released from food as free ions that are absorbed in the small intestine [30]. Zn is mainly
present in the human body as Zn?*, and its optimal concentration in eukaryotic cells is about 10
ng/L. Apoptosis (i.e., cell death) can be triggered when Zn levels fall below 0.06 ng/L, whereas
toxic effects can be induced when Zn levels rise above 60 ng/L [31]. Despite the toxicity concern,

Zn is relatively harmless compared to other metal ions, and healthy individuals are at a higher risk
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of suffering from Zn deficiency than from Zn intoxication [14], since only high Zn overdoses (i.e.,
10 times greater than the RDI dose) generally lead to acute toxicity [32]. In fact, Zn supplements
are often prescribed by physicians to meet the minimum RDI dose and prevent consequences
associated with Zn deficiency [33]. In light of the development of absorbable Zn-based implants,
the release of Zn?* ions during degradation must be considered as an extra source of Zn, and
maintained within the physiological levels mentioned above to ensure adequate tissue

regeneration.

After implantation of Zn-based materials, Zn?* is released to the bloodstream, coming into contact
with different types of cells, whose interactions influence cell adhesion, viability, proliferation,
differentiation, and gene expression [34]. The cytocompatibility of Zn and Zn-based alloys have
been studied, both in vitro and in vivo, as they are being targeted for future applications as bone

implants and vascular implants.

In an in vitro cytotoxicity evaluation of absorbable Zn-3Mg (wt%), Murni et al. [35] reported that
the alloy extract at a concentration of 0.75 mg/mL (0.49 ppm Zn and 10.75 ppm Mg) exhibited
adjustable cytotoxic effects on human osteoblast cells. In a comparative study of Zn exposure to
three vascular cell types, Shearier et al. [36] determined the LDso values (i.e., lethal dose that
causes the death to 50% of the cells or animals in a study) of 50 uM for human dermal fibroblast
(3.5 ppm), 70 puM for human aortic smooth muscle cells (4.5 ppm), and 265 pM for human
endothelial cells (17.5 ppm). This demonstrated a dose-dependent effect of Zn on cell spreading
and migration, suggesting that both adhesion and cell mobility may be hindered by free Zn?* above
a certain threshold. Similar concentration-related effects in different cellular environments have
been reported in other works. For example, Krones et al. [37] reported that a Zn?* concentration
of 5.4 uM significantly increased cell viability and proliferation of pig pulmonary artery
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endothelial cells, whereas 153.8 uM inhibited both cellular responses. Similarly, Ma et al. [38]
showed that concentrations of Zn?* below 80 uM promoted cell viability, proliferation, adhesion,
and migration of human coronary artery endothelial cells, whereas higher Zn?* concentrations led
to opposite cellular responses. Interestingly, Zhu et al. [39] investigated the biological responses
of human bone marrow mesenchymal cells (hMSC) to Zn and found that Zn exposure significantly
enhanced hMSC growth, osteogenic differentiation, extracellular matrix production, and mineral
deposition. The outcome of the latter work is particularly important since hMSC was the cell line
used for the in vitro cell work in this dissertation. In addition to the beneficial effects of Zn?* for
different cell lines at specific concentrations, the antibacterial potential or Zn?* has been also
identified in several Zn alloys against pathogens related to implant sepsis failure, such as E. coli,
P. aeruginosa, and S. aureus. The ability of Zn?* to bind with bacterial DNA and to damage the
bacterial membrane, assist Zn-based alloys in fighting bacteria colonization and biofilm formation

[40,41].

Animal studies have shown the outstanding in vivo biocompatibility of Zn-based implants, both in
bone tissues and vascular tissues, as observed in Figure 2 (a-c) and (d-f), respectively. The
following works show examples of bone tissue implants. Xiao et al. [42] performed implantations
of pure Zn and Zn-0.05Mg (wt%) in a rabbit femoral shaft and showed a uniform degradation rate
with no inflammatory response for up to 6 months (Figure 2 (a)). New bone tissue formation was
observed at the bone/implant interface, and strong antibacterial activity was found against E. coli
and S. aureus [42]. After inspection of the in vivo degradation behavior of Zn pins implanted in
rat femur condyle for 1 month, Su et al. [43] reported that the corrosion products formed a
segmental layer, not uniformly distributed over the implant surface (Figure 2 (b)). This was related

to the mixed static/circulation conditions of the bone tissue environment. Upon implantation of
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Zn-1X (wt%) (X = Mg, Ca and Sr) pins in a mouse femoral shaft for up to 2 months (Figure 2 (c)),
Li et al. [44] showed that the pins induced osteogenesis (i.e., new bone formation and remodeling)

and no inflammation was observed around the surgical site [44].

In order to assist the in vivo evaluation of absorbable vascular devices, Pierson et al. [11] proposed
a simplified approach consisting of inserting a wire through the blood vessel, thereby simulating
the service conditions of a stent. Bowen et al. [45] examined the degradability of pure Zn wire in
the abdominal aorta of rats and showed that the wire remained intact for 4 months before the
corrosion rate accelerated. The corrosion products, which consisted of Zn oxide interspersed in Zn
carbonate (Figure 2 (d)), did not provoke restenosis (i.e., harrowing of the vascular vessel) [45].
Furthermore, a correlation between the in vivo corrosion of a pure Zn stent implanted in rabbit
abdominal aorta and the artery healing process was reported by Yang et al. [46] for a 12 month
implantation study (Figure 2 (e)). A uniform corrosion layer between the Zn stent surface and the
vascular lumen tissue after 1 month implantation in abdominal rabbit aorta was observed by Su et
al. [43] (Figure 2 (f)). No additional connective tissue was found at the material-host interface,

indicating excellent biocompatibility of the Zn stent.

Overall, in vitro and in vivo studies of Zn and Zn-based alloys have demonstrated a promising
physiological response, which may able to overshadow the detrimental side effects associated with
permanent implants (i.e., stress shielding, trace metal accumulation in the surrounding tissue, and
the need of a second surgery for implant removal/replacement). Therefore, Zn and Zn-based alloys
exhibit potential to be used as the next generation of absorbable biomedical implants for both bone
and vascular applications. However, some inconsistencies between in vitro and in vivo degradation
mechanisms and biocompatibility of Zn, as well as the effect of different microenvironments, have
yet to be completely understood [36].
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(yellow background) reported in the literature.
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Figure 2 (cont’d)

(a) histological section and elemental distributions of Zn implanted in a rabbit femoral shaft for 3
and 6 months (blue arrows indicate original cortical bone, red arrows indicate newly formed bone
and green arrow indicate the interface between original and newly formed bone), (b) cross-
sectional BSE view and corresponding elemental mapping of a Zn pin after 1 month implantation
in a rat femur condyle, (c) histological section of a mouse femoral shaft from Zn-1Mg, Zn-1Sr and
the sham control group after 2 months implantation under fluorescent microscopy (green
fluorescence indicates new bone formation, scale bar: 500 um, (d) cross-sectional BSE view of a
Zn wire after implantation in an abdominal aorta of a rat for 4.5 months, (e) histological sections
of abdominal aorta after 1, 3, 6, and 12 months implantation of Zn stents, (f) cross-sectional BSE
view and corresponding elemental mapping of Zn stent after 1 month implantation in a rabbit
abdominal aorta. Adapted from [42—46].

2.1.2. Microstructures of absorbable zinc-based alloys

Most commercial Zn-based alloys belong to two categories based on the Zn-Al system: ZA (Zn-
Al) and Zamak (Zn-Al-Mg-Cu) alloys [47]. Despite the wide selection of alloys having good
mechanical and corrosion properties, the alloys targeted for biomedical application must be
designed with non-toxic elements. Consequently, ZA and Zamak alloy series cannot be used as
they contain large amounts of Al, which is considered potentially toxic by the FDA [48], as it has
been reported to be harmful to osteoblasts and neurons [49], and also associated with dementia
[50] and Alzheimer disease [51]. Acceptable alloying elements used for developing biomedical
Zn-based alloys include nutrient elements present in the bone matrix (e.g., Mg, Ca, and Sr) and
other essential elements in different human physiological activities (e.g., Cu and Mn). A summary
of the microstructures reported from Zn-based alloys targeted for medical purposes is given below,
in relation to the region of interest in their corresponding equilibrium phase diagrams, see Figure

3.
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Figure 3: Equilibrium binary phase diagrams showing regions of interest for the development of
Zn-based absorbable alloys: (a) Zn-Mg, (b) Zn-Ca, (c) Zn-Sr, (d) Zn-Cu, and (e) Zn-Mn. Adapted
from [18,52]

According to the portion of Zn-Mg phase diagram shown in Figure 3 (a), the maximum solubility
of Mg in Znis about 0.1 (wt. %) at 364 °C, and it becomes nearly negligible at RT. Consequently,
minimal additions of Mg to Zn lead to the formation of the Mg2Zn11 intermetallic compound.
Mostaed et al. [53] synthesized Zn-xMg alloys (x = 0.15, 0.5, 1 and 3 wt. %) by casting at 500 °C,
and annealing at 350 °C followed by water quenching for microstructural homogenization. The
resulting alloys were extruded to obtain mini-tubes with similar dimensions to real vascular stents.
As expected from the Zn-Mg phase diagram, the microstructures of hypoeutectic Zn-0.15Mg, Zn-

0.5Mg, and Zn-1Mg alloys consisted of Zn grains embedded in a eutectic matrix of Zn and
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Mg2Zn11, whereas the eutectic Zn-3Mg alloy exhibited a fully-eutectic microstructure with
alternate Zn and Mg2Zn11 lamellae. Increasing the Mg content in the former Zn-Mg alloys led to a
decrease in grain size [53], which was consistent with the trend reported by Jin et al. [54] from
extruded and drawn Zn-Mg alloys containing 0.08, 0.005, and 0.002 (wt. %) Mg. Further additions
of Ca and Sr to the Zn-Mg system led to finer grain sizes and more homogenous microstructures

containing additional precipitates phases, namely CaZniz and SrZni3 [17,55].

As observed in the portion of the Zn-Ca and Zn-Sr phase diagrams presented in Figure 3 (b) and
(c), respectively, neither Ca nor Sr are soluble Zn, such that small additions of Ca to Zn and Sr to
Zn lead to the formation of CaZniz and SrZn1z intermetallic phases, respectively. The Zn-1Ca and
Zn-1Sr (wt. %) alloys were studied by Li et al. [44], who reported that the as-cast microstructures
consisted of Zn dendrites in a eutectic matrix of Zn and CazZni3 for the Zn-Ca alloy, and Zn and
SrZnqs for the Zn-Sr alloy. Further additions of Sr to the Zn-1Ca alloy and subsequent extrusion

and rolling produced a more homogenous and fine-grained microstructure [17].

Based on the portion of the Zn-Cu phase diagram shown in Figure 3 (d), Cu has a maximum
solubility of about 2 (wt. %) in Zn at 423 °C, and at that composition-temperature combination, an
eutectic reaction forms a mixture of the Zn and CuZns phases. Binary Zn-xCu (x = 1, 2, 3, and 4
wt. %) alloys were investigated by Tang et al. [56] and Niu et al. [16] for absorbable cardiovascular
applications. The as-cast microstructures consisted of dendritic CuZns phase embedded in a
primary Zn matrix, with an increasing dendritic volume fraction at higher Cu concentrations. Small
additions of Mg to the Zn-Cu system resulted in a more homogeneous and fine-grained

microstructure containing CuZns and Mg2Zni1 phases [57].
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Lastly, according to the portion of the Zn-Mn phase diagram presented in Figure 3 (e), Mn has a
maximum solubility of 0.8 (wt. %) in Zn at 416 °C, and a solid solution of the Zn and MnZn3
intermetallic phases forms at that temperature due to an eutectic reaction. Sun et al. [58] obtained
Zn-XxMn binary alloys (x = 0.2, 0.4, and 0.6 wt. %) and reported that the Zn-0.2Mn alloy showed
only Zn-rich phases, whereas the MnZnys intermetallic phase was identified in the Zn-0.4Mn and
Zn-0.6Mn alloys. Sotoudeh Bagha et al. [59] fabricated biocompatible Zn-xMn (x = 4, and 24 wt.
%) alloys via powder metallurgy and reported microstructures consisting of nano-sized crystallites

with MnZn13 and MnZns second phases.

2.1.3. Mechanical properties of absorbable Zn-based alloys

Naturally, there is not an ideal combination of mechanical properties (i.e., YS, UTS, &f, hardness,
etc.) that can satisfy the demands of all absorbable implant devices. Thus, the desired set of
mechanical properties is application-specific and can differ significantly among different
applications. For example, the desired mechanical requirements of absorbable metal stents
proposed by Bowen et al. [45] were: YS >200 MPa, UTS > 300 MPa, and f > 18%. The inherently
poor mechanical properties of as-cast Zn (i.e., UTS <20 MPa, f < 0.5% [17]) are well below the
mechanical benchmark for vascular stents, and presumably also for other load-bearing biomedical
applications. Therefore, the mechanical properties of pure Zn have been improved by two main

routes: alloying and thermomechanical processing.

Alloying is typically the preferred choice to enhance the mechanical properties through solid
solution strengthening and precipitation hardening. Nevertheless, the effect of thermomechanical
processing on the mechanical properties of Zn-based alloys has also been extensively explored in

the literature. Traditional wrought processes like rolling, extrusion, and drawing, as well as
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advanced metal forming techniques such as hydrostatic extrusion and equal-channel angular
pressing, have been studied. The mechanical properties of absorbable Zn-based alloys subjected
to different thermomechanical processes were tabulated in a recent review article [18]. The plots
in Figure 4 (a) and (b) aim to provide a visual representation of the effects of alloying and the

processing method, respectively, on the resulting mechanical properties of Zn-based alloys.
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Figure 4: Plot of UTS vs. & from absorbable Zn-based alloys (a) as a function of the alloying
elements and (b) as a function of the processing method. All plotted values correspond to the
references given in Table 2 of [18]. Red dashed lines indicate the mechanical benchmark values
for absorbable vascular devices (i.e., UTS = 300 MPa, & =18%), such that the top-right quadrant
of the plot contains alloys fulfilling both criteria. Note that open symbols in (a) represent binary
systems, and filled symbols of the same color represent associated ternary systems. Note also that
symbols of different colors in (b) refer to different processing techniques. [18]
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Alloying with Mg was reported to have the greatest impact on enhancing the UTS, whereas Mn
and Cu alloying led to the highest &f values for the absorbable Zn-based alloys studied [18]. As
observed in Figure 4 (a), only three Zn-Mg alloys (containing between 0.1-1.2 wt.% Mg) exceeded
the mechanical benchmark established for vascular implant materials [45], suggesting that Zn-Mg
binary alloys are, to date, the best candidates from the mechanical standpoint. Regarding the
influence of the number of alloying elements, the addition of any new element to a Zn-X binary
alloy, given the same processing conditions, generally increased the UTS but decreased the e.

Similarly, increasing the alloy content also led to an increased UTS at the expense of ¢[18].

Overall, thermomechanical processing (i.e., extrusion, rolling, drawing) led to a better combination
of mechanical properties (i.e., higher UTS and &f) as compared to their as-cast counterparts. For
instance, the UTS and &r of as-cast Zn-1Sr [44] were simultaneously enhanced from 171 MPa and
2%, to 264 MPa and 10.6% by hot- extrusion, and to 230 MPa and 19.7% by hot-rolling [18]. As
observed in Figure 4 (b), the three Zn-Mg alloys fulfilling the mechanical benchmark were
processed by extrusion, extrusion + drawing, and hydrostatic extrusion. Therefore, extrusion-based
techniques were deemed as the most effective deformation processes to increase the mechanical

properties of Zn-based alloys [18].

Ultimately, it should be emphasized that temporary medical devices, such as stents, wires, pins,
plates, or screws, may differ significantly in terms of their morphology, mechanical constraints,
and desired degradation rates. Consequently, it is essential to identify the mechanical requirements
on a case-by-case basis and account for the progressive deterioration of the mechanical properties

as the implantation time advances to prevent catastrophic failure of the implant during service.
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2.1.4. Research gaps and novel strategies for the design of absorbable Zn-based alloys

Future absorbable Zn-based implants may not only overcome the serious concerns associated with
permanent implants (i.e., stress shielding, trace metal accumulation on surrounding tissues, the
need for a second surgery for implant replacement/removal), but also outperform the absorbable
metals currently used for temporary applications (i.e., Mg and Fe alloys) [18]. Although a large
number of in vitro and in vivo works have shown potential for Zn-based alloys, further research is

needed before they can be considered for absorbable medical implant devices.

To date, the majority of research works have focused on conventional processing techniques, such
as extrusion or rolling, in which considerable knowledge has been established over the years.
However, as noted from Figure 4, the best combination of UTS and & was achieved by hydrostatic
extrusion, which belongs to the family of severe plastic deformation (SPD) techniques. SPD
processing offers the opportunity to overcome the so-called “paradox of strength and ductility”
[21] by producing materials with ultrafine-grained microstructures that have been associated with
a simultaneous enhancement of the UTS and &f [20,21,60,61]. Nevertheless, few studies have
reported SPD-processed materials suitable for absorbable medical applications; hence, this is an
avenue to be explored. In this dissertation, Zn-xMg (x = 3, 10, 30 wt. %) materials were
investigated for the first time after processing by HPT, which is considered the most promising
SPD technique in terms of grain refinement. The hypothesis is that the microstructural refinement

during HPT can significantly improve the strength of the different Zn-Mg compositions evaluated.

Bowen et al. [45] sparked the interest in Zn-based alloys for temporary implant applications in
2013 after their article “Zinc exhibits ideal physiological corrosion behavior for bioabsorbable

stents”. Ever since, multiple studies have consistently demonstrated the promising potential of Zn
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and Zn-based alloys for bone and vascular implant applications for a wide variety of animal
models, as summarized in section 2.1.1. However, most in vitro works identified a concentration-
dependent effect of Zn?* on cell behavior (i.e., adhesion, viability, proliferation, and
differentiation), above which the Zn or Zn-based materials were cytotoxic. This contradicting
phenomenon between in vivo and in vitro may result from radically different Zn?* concentrations
between both types of tests. Based on the current studies, it is suggested that the static conditions
of in vitro tests facilitate the accumulation of Zn?* at the cell culture, whereas the in vivo dynamic
conditions (i.e., continuous blood flow) allows for a distribution of Zn?* through the bloodstream,

leading to a significantly lower Zn?* concentration at the implantation site.

In addition, as mentioned earlier, the RDI of Zn is relatively low compared to that of Mg, such that
rapid degradation of the Zn-based implant could lead to systemic toxicity. Thus, controlling the
burst release of Zn?* could be key to minimize the risk of Zn toxicity, and one way to do this is by
designing coatings able to tune the degradation rate. Therefore, in this dissertation, a zinc
phosphate (ZnP) coating was developed on a Zn-3Mg (wt. %) substrate with the goal of reducing
the corrosion rate; hence, decreasing the Zn?* release rate and enhancing the in vitro
biocompatibility. Additional coatings containing collagen (Col) were synthesized for promoting
cell adhesion, and the latter was combined with ZnP giving a ZnP-Col coating with the idea to
obtain the dual effect of both individual coatings. Lastly, a coating based on Ag-doped bioactive
glass nanoparticles (AgBGN) was obtained with the aim of improving the biocompatibility and

antibacterial properties simultaneously.
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2.2. Processing of metal hybrids by high-pressure torsion

This section highlights the potential of SPD processing techniques before focusing on the HPT
method. The use of HPT principles to synthesize different types of metal hybrids is then presented,

followed by a summary of their microstructural characteristics and mechanical properties.

The application of SPD methods is today a well-established strategy for the fabrication of bulk
ultrafine-grained (UFG) materials having grain sizes within the nanometer (10-100 nm) and sub-
micrometer (100-1000 nm) ranges [62]. SPD processes encompass a series of metal forming
techniques, in which large plastic strains are applied through high hydrostatic pressure, usually at
RT, leading to accumulated strains > 4-6 [20]. Some of the major advantages of SPD methods are
their ability to produce significant grain refinement without changing the overall dimensions of
the sample. The resulting UFG microstructures, characterized by large volume fractions of high-
angle grain boundaries (HABS), are ultimately responsible for the unique physical, mechanical and
functional properties of SPD-processed materials, and are difficult to obtain from traditional

deformation methods [63].

The scope of traditional thermomechanical processes, such as rolling, extrusion, forging, swaging,
and drawing, is often limited by the strength-ductility tradeoff typically observed in engineering
materials, which may be strong or ductile, but rarely both at once [61]. Unlike these deformation
processes, SPD-processed materials with high fractions of HABs are considered interface-
controlled materials [20] and have demonstrated superior mechanical properties (i.e., UTS, &,
fatigue, hardness, superplasticity) [64-67] and functional properties (i.e., electrical conductivity,
magnetic resistance, hydrogen storage, superconductivity) [68—72] in a wide range of UFG metals

and alloys.
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2.2.1. High-pressure torsion: principles, equations, and hybrid systems

High-pressure torsion (HPT) [73] is one of the most established SPD processes, together with
equal-channel angular pressing (ECAP) [74] and accumulative roll bonding (ARB) [75]. The
foundations of HPT granted Bridgman the Nobel prize in 1946 [73], and it is considered the most
efficient SPD technique in terms of grain refinement. During HPT, a disk-like shaped specimen
(typically 10 mm diameter and 1 mm thickness) is subjected to a large hydrostatic pressure (usually
6 GPa) and severe torsional straining simultaneously, as shown schematically in Figure 5 (a). In
this unconstrained HPT setup, the lack of lateral constraints prevents a uniform applied pressure,
thereby leading to a continuous decrease in sample thickness during processing, as observed in

Figure 5 (c).

Unconstrained HPT Quasi-constrained HPT

(a) P

Figure 5: Schematic set up of (a) unconstrained HPT and (b) quasi-constrained HPT, where P
indicates the applied pressure and o indicates the rotational speed. The appearance of the
peripheral cross-section of samples produced by (c) unconstrained HPT applied to pure Cu for 5
turns and (d) quasi-constrained HPT applied to pure Fe for 5 turns. Adapted from [76].
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In contrast, a constrained version of HPT would theoretically lead to pure torsion deformation
under hydrostatic pressure without altering the sample geometry. However, such an idealized
constrained setup assumes a frictionless condition at the sample, which is practically impossible
to achieve in real conditions [77]. Thus, quasi-constrained HPT, such as that sketched in Figure 5
(b), which includes a cylindrical cavity in each anvil that is slightly shallower than the sample, is
the most frequently used setup. As a result, a small amount of material flows out of this cavity, as
shown in Figure 5 (d), ensuring a uniform sample thickness over the majority of the sample

diameter under a nearly ideal hydrostatic pressure during torsion [76].

The concurrent action of compressive and shear stresses introduces a significant amount of point
and line defects within the specimen, which enhances atomic diffusion even at RT [78]. As shown
in Equation 1, the shear strain (y) in the disk specimen during HPT can be expressed in terms of
the number of rotations (N), the distance from the center of the disk (r), and the disk thickness (h)
[79]. The equivalent Von Mises strain (geq) can be then calculated using Equation 2 for y < 0.8,

and Equation 3 for y > 0.8 [80,81]:

_ 2mNr Equation 1
Y=y
_ Y _ 2mNr Equation 2
feq = 5= 17 (fory < 0.8) q

Eeq = (%) lnl /(1 + Y:z) + %l (for y = 0.8) Equation 3

Despite the significant grain size refinement achieved by HPT, often to the nanoscale range (1-

100 nm), the resulting strengthening increase is limited by a steady-state regime reached at strain
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values of about 8-10 [82]. Thereby, the saturation of grain size refinement, which results in an
increase of strength and hardness during HPT, has been demonstrated in multiple metals and alloys
with homogenous microstructures before HPT processing [83-85]. Consequently, in an attempt to
delay the saturation regime and promote additional strengthening mechanisms, HPT principles
have been used to promote solid-state reactions between dissimilar metals through direct
mechanical bonding at RT. The feasibility of this approach to synthesize HPT metal hybrids has
been investigated in numerous metal systems, including Al-Cu [86-88], Al-Mg [25,89-95], Al-Fe
[25], Al-Ti [25], Cu-Ta [96], Fe-V [97,98], and V-Zr [99]. These HPT hybrids are defined as
metal-based composites, comprised of at least two elements, whose final properties are determined
by their unique UFG microstructures achieved through mechanical bonding of dissimilar bulk

metals by HPT processing.

Despite the promising mechanical properties reported from the above-mentioned HPT hybrid
systems, none of them are appropriate for absorbable biomedical implant applications due to their
toxicity. Therefore, the same experimental approach was used to explore the Zn-Mg HPT hybrid
system in this dissertation, with the goal of improving the mechanical properties beyond those

reported from current absorbable Zn-based alloys, which were summarized in section 2.1.3.
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2.2.2. Synthesis of HPT metal hybrids: origin, limitations, and latest trends

This section describes the origin of the mechanical bonding of dissimilar bulk metals via HPT, the
different sample formats used to obtain HPT hybrids, current limitations associated with the HPT

processing, and the latest trends for synthesizing metal hybrids using HPT.

The idea of mechanically bonding different metals via HPT originated from the experimental setup
used in ARB, which is a popular SPD technique that was introduced at the beginning of section
2.2.1. In ARB, a single multilayered metal sheet can be produced from individual metal sheets
stacked on top of each other, which are rolled, cut in half, restacked, and rolled again for multiple
cycles. One disadvantage of the ARB process is that it requires continuous supervision during
processing to ensure good material bonding (i.e., surface brushing and decontamination between
rolling cycles). Thus, despite its feasibility to produce UFG multilayered metal hybrids, the
inherent microstructural and mechanical anisotropy between the rolling and transverse planes of
ARB sheets [100] motivated the research of alternative SPD processes capable of overcoming the
latter issues. The accumulated plastic strain during HPT is generally higher than that for ARB

[101], thereby resulting in a more efficient production of metallic hybrids at RT.

Unlike that for conventional HPT processing of pure metals and alloys, where a single disk is used
(Figure 6 (a)), the fabrication of HPT hybrids offers a wide variety of sample formats, like those
sketched in Figure 6 (b-d), for obtaining tailored microstructures and mechanical properties. The
feasibility to produce mechanical bonding between dissimilar bulk metals through HPT at RT was
first demonstrated by two independent research groups in 2011: Sun et al. [102] (through the
combination of Cu/Zr, Cu/Ni, and Cu/Ag half disks) and Miyazaki et al. [103] (through the

combination of Ag/Ni and Nb/Zr half disks). Both groups used the experimental setup illustrated
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in Figure 6 (c). The combination of four alternate quarter disks of Al-6061 alloy and Cu, as seen
in Figure 6 (b), was reported by Bouaziz et al. [104], where 1 turn under 2.5 GPa resulted in the
joining of the two materials into a single bulk disk with an average grain size (GSave) ranging
between 100-200 nm. Solid-state reactions at RT were reported from HPT hybrids for the first
time by Oh-ishi et al. [86] from mechanical bonding of two alternate Al and Cu half disks (Figure
6 (c)) after 1, 10, and 100 turns with 6 GPa. The previous work [86] led to the formation of
nanoscale Al-Cu intermetallic phases, namely Al.Cu, AlCu, and Al4Cug, as well as the dissolution
of Al in the Cu matrix due to the enhanced atomic diffusion. The former studies demonstrated that
HPT was not only capable of successfully achieving mechanical bonding between different metals
and alloys into compact samples, but also imposing significant microstructural changes. However,
given the complexity associated with the arrangement of the quarter-disks and half-disks in the

HPT anvils before processing, alternative less-complex sample formats were investigated.
Conventional HPT HPT hybrid processing
(a) (b) .‘ (c)

Figure 6: Sample formats used in (a) conventional HPT and (b-d) HPT hybrid processing: (b)
quarter-disk, (c) half-disk and (d) stack-disk.

(d)

A more straightforward approach to producing HPT hybrids was introduced by Ahn et al. [95] in
2015, which consisted of stacking different metal disks without any surface adhesion or brushing
treatment prior to HPT processing. This sample format was developed for three metallic disks
stacked in an A/B/A sequence, where the top and bottom material (A) was different from that in

the center (B), as sketched in Figure 6 (d). The first HPT hybrid system that was processed using
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this format was the Al-Mg, and was subjected to 6 GPa for 5, 10, and 20 turns. Similar to the Al-
Cu HPT hybrid system mentioned earlier, the resulting Al-Mg HPT hybrids exhibited a nanosize-
grained structure containing nanoscale Al-Mg intermetallic compounds, namely AlsMg. and
Al12Mgy7 [95]. After this study demonstrated the combined potential of HPT and the multilayered
approach to producing bulk hybrid samples containing UFG microstructures with a relatively
simple experimental setup, several other metal systems have been explored. The HPT hybrid
systems investigated to date using this sample format were the ones mentioned earlier, namely Al-
Cu [86-88], Al-Mg [25,89-95], Al-Fe [25], Al-Ti [25], Cu-Ta [96], Fe-V [97,98], and V-Zr [99].
The stacking approach in Figure 6 (d) is now routinely used to produce metallic hybrids due to
their versatility and adaptability for use by almost all metal systems without the need for a binder.
The ease of controlling the final composition, by adjusting the thickness and/or the number of the
disks in the stacking sequence, makes HPT an attractive approach for synthesizing this type of

metal hybrids.

Nevertheless, one of the main disadvantages of the HPT-processed samples is their limited
dimensions, which typically are 10 mm in diameter and 1 mm in thickness. Large applied pressures
are required to prevent sliding between the sample and the anvils during torsional straining.
Thereby, increasing the sample dimensions increases the forces required. After investigating the
effect of the applied pressures, between 1 and 9 GPa, on HPT processing, Zhilyaev et al. [105]
concluded that 6 GPa was reasonable to provide uniform grain sizes and hardness values across
the HPT-processed sample, and thus, 6 GPa is now used in most studies. Moreover, two conditions
must be met simultaneously in order to obtain HPT samples with uniform UFG microstructures.
First, the saturation strain (i.e., strain value above which the grain size remains constant) must be

achieved. Second, a certain thickness (t) to diameter (d) ratio, t/d, must be obtained to achieve both
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axial and radial microstructural homogeneity. This ratio depends on the sample composition, and

thus, cannot be universally applied to all materials [76].

In order to overcome the reputation of HPT as a merely academic curiosity, significant efforts over
the last years have focused on upgrading the HPT machinery for producing larger samples. The
torque required to enable torsional straining of the sample under fully plastic flow is proportional
to d*, where d is the sample diameter, such that more powerful motors are required for samples
with larger dimensions. Consequently, the anvil diameters must be increased accordingly to
withstand higher torques [77]. To date, the largest HPT-processed samples (60 mm diameter and
12 mm thickness) were produced using a machine with 10,000 kN maximum loading capacity and
130 KN-m maximum torque [106]. The feasibility of scaling up the dimensions of A/B/A type HPT
hybrids was investigated recently in the Al-Mg system [94], and it was concluded that the
microstructures and hardness of the upscaled samples (25 mm diameter and 2 mm thickness) were
similar to those of the conventional samples (10 mm diameter and 1 mm thickness) after 10 and
20 turns. Other researchers have focused on adapting the HPT principles into novel techniques that
enable continuous processing, which is key for industrial applications, while maintaining the
exceptional grain refinement. Such efforts have resulted in the development of novel SPD
techniques like high-pressure sliding [107], high-pressure compressive shearing [108], and

continuous high-pressure torsion [109].

In addition to the sample formats described earlier to process HPT hybrids from mechanical
bonding of bulk materials, other works have used HPT to consolidate materials in the form of
powders [110] and machining chips [111]. In both cases, the material is filled into the cavity
formed between the HPT anvils to produce compact samples. These setups enable a wide variety
of compositions in powder form and the recycling of chips.
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2.2.3. Microstructural evolutions of HPT-processed metal hybrids

This section presents the major microstructural transformations reported from different HPT
hybrid systems, including grain refinement, the in situ formation of intermetallic phases and

supersaturated solid solutions (SSSS), and the effect of PDA on the microstructure.

Processing of Al-Cu, Al-Mg, Al-Ti, and Al-Fe HPT hybrids at RT, using the stacking format
sketched in Figure 6 (d), led to a good mechanical bonding of the metal disks into a compact
sample after 1 single turn. Increasing torsional straining resulted in the interruption of the original
multilayered structure, leading to an increased phase fragmentation and grain refinement for higher
number of turns. In addition, for some metal systems, like Al-Cu and Al-Mg, the compositional
mixing during HPT induced the in situ nucleation of intermetallic phases in the microstructure.
However, other metal systems, like Al-Ti and Al-Fe, did not exhibit any phase transformation

during HPT.

Al-Cu HPT hybrids have been synthesized at RT under 6 GPa, at 1 rpm, for 10, 20, 40, and 60
turns [87]. The microstructure analysis after HPT demonstrated an ultrafine-layered structure with
a GSave ~ 80 nm after 20 turns, and an equiaxed microstructure with a GSave ~ 30 nm in the
peripheral regions of the disk after 60 turns. However, relatively large Al-rich and Cu-rich phases
were still present within the central regions of the disk after 60 turns, as observed in Figure 7 (a).
Three different intermetallic compounds, namely Al>Cu, AlICu, and AlsCug, were identified after
20 turns, as observed in Figure 7 (b), which gradually increased in volume fraction after 40 and 60

turns.
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Figure 7: Microstructures of Al-Cu, Al-Mg, Al-Fe, and Al-Ti HPT hybrids. Al-Cu system after
HPT for 60 turns: (a) SEM image with EDS elemental maps of Al and Cu, (b) TEM micrograph
and corresponding SAD pattern; Al-Mg system after HPT for 10 turns: (¢) TEM micrographs and
corresponding EDS elemental maps of Al and Mg, (d) XRD patterns after 40 and 60 turns; XRD
patters of the (e) Al-Fe system after 20 turns, and (f) Al-Ti system after 50 turns. Adapted from
[25,87,91,95].
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Al-Mg HPT hybrids have been processed at RT under 6 GPa, at 1 rpm, for 1, 5, 10, 20, 40, and 60
turns [91,95]. Microstructural analysis revealed a significant grain refinement after 5, 10, and 20
turns, with a GSave ~ 190 nm, ~ 90 nm, and ~ 60 nm, respectively. The disk after 10 turns exhibited
two intermetallic compounds close to the peripheral regions: AlsMg2 in the form of ~ 30 nm
nanolayers and Ali2Mgi7 in the Al-rich matrix, which was in a SSSS state (see Figure 7 (c)).
Further HPT processing for 40 and 60 turns resulted in a slight decrease of the GSave to ~ 40 nm
and ~ 30 nm, respectively, and the dissolution of both AlsMg2 and Al:2Mgz7 in the Al-rich matrix
(see Figure 7 (d)). This was associated with an increased Mg concentration in the Al-rich matrix
after 40 and 60 turns, which occurred due to enhanced diffusion of Mg in the intermetallic
compounds.

The extreme grain refinement achieved in the Al-Cu and Al-Mg HPT hybrid systems, along with
the nucleation of different intermetallic compounds, had a strong effect on their mechanical
performance, as will be detailed in section 2.2.4. However, as mentioned earlier, the Al-Fe and Al-
Ti HPT hybrids did not exhibit in situ formation of any intermetallic compound during HPT. This
can be observed in the XRD patterns of the Al-Fe and Al-Ti HPT hybrids after 20 and 50 turns,
respectively, which are depicted in Figure 7 (¢) and (f). Consequently, hardness measurements in
the Al-Fe and Al-Ti hybrid systems reached values consistent with the saturated hardness exhibited
when both pure Fe and Ti were processed separately by HPT [25,112].

The previous works demonstrated that HPT processing of metal hybrids has the potential to drive
the material far from equilibrium, allowing solubility levels and phase transformations not
predicted by phase diagrams nor expected in equilibrium systems. Experimental observations
revealed that severe sliding dramatically changes the material adjacent to the sliding interface,

which is both structurally and chemically different from the bulk material [113]. Based on this, it
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is hypothesized that the severe sliding between fragmented phases during the processing of HPT
hybrids is responsible for the introduction of metastable phases, including intermetallic
compounds and supersaturated phases, which are not typically observed in their homogenous

equilibrium counterparts.

The major contributing factor to the formation of intermetallic compounds during mechanical
bonding of dissimilar metals is the enhanced atomic diffusion achieved during HPT processing,
which is due to a significant increase of point defects [114]. Different mechanisms involving
enhanced atomic mobility have been proposed to explain the shear-induced chemical mixing in
heterogeneous microstructures, similar to those observed in HPT hybrids [115,116]. For instance,
an ECAP-processed Cu-Pb alloy demonstrated increased atomic mobility through the introduction
of additional free volume in the form of non-equilibrium interfaces, vacancy clusters, nanovoids,
and micropores [117]. An estimation of the diffusion coefficients of the Al-Cu HPT hybrids
revealed that they were about 10*2-10%2 times larger than those of lattice diffusion in the Al-Cu
alloy system. Thus, this was suggested to be a critical factor for the in situ nucleation of Al.Cu,

AICu, and AlsCug intermetallic phases in the Al-Cu HPT hybrid system [86].

A recent review on deformation-induced supersaturation during HPT concluded that mechanical
mixing was mainly influenced by the level of positive heat of mixing (i.e., energy required to mix
two elements) and the deformation behavior [118]. The deformation process, which is in turn
influenced by the strength differences between the different phases, was also proposed to affect
the chemical mixing. Thus, large differences in strength between individual phases of the hybrid
can lead to strong strain localization, thereby impeding mechanical mixing during deformation.

Therefore, notable hardness differences between Al and Ti phases, as well as between Al and Fe
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phases, may have contributed to the lack of chemical mixing in their respective HPT hybrid

systems, hence, inhibiting the nucleation of additional intermetallic phases or SSSS.

The significance of PDA was demonstrated by Valiev et al. [119] to improve both the UTS and &t
of nanostructured HPT-processed Ti after annealing at 300 °C for 10 min. According to a later
review [22], the main reason why PDA is an effective strategy to improve the overall ductility of
a severely deformed material is associated with an ordering of the defect structures within the grain
boundaries, resulting in a near-equilibrium state without significant grain growth. In addition, PDA
was found to reduce the dislocation density in the grain interiors of the UFG materials, giving an
opportunity to increase the dislocation storage capability during plastic deformation, hence,
leading to higher &f values. The influence of PDA on the microstructural evolution and mechanical
behavior of HPT hybrids was originally investigated by Han et al. [90] in the Al-Mg system by
subjecting samples processed for 20 turns to 300 °C for 1 h. The microstructural analysis near the
disk edge revealed that the GSave increased from ~ 60 nm to ~ 380 nm after PDA. The equiaxed
microstructure after PDA also contained Ali2Mg17 and AlsMg2 intermetallics and an Al-7Mg (at.
%) solid solution phase. The authors concluded that HPT + PDA promoted the formation of a
multicomponent Al-Mg hybrid system, which resulted in a simultaneous increase of the strain rate
sensitivity from ~ 0 to 0.1, and thus, enhanced plasticity, while maintaining a reasonable hardness
(~ 220 HV). This study [90] motivated the investigation of the effect of PDA on the microstructural

and mechanical behavior of the Zn-Mg HPT hybrid system in this dissertation.
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2.2.4. Mechanical properties of HPT-processed metal hybrids

The small dimensions of the HPT samples limit the broad-scale evaluation of their mechanical
properties beyond microhardness and nanoindentation using standard testing geometries and
procedures. Though several works have measured global mechanical properties like UTS, YS, and
er from tensile testing of miniature specimens taken from HPT-processed metals and alloys, no
such data is yet available for multilayered HPT-processed hybrids in the literature. Considering
the microstructural heterogeneity across the HPT hybrids, microhardness and nanoindentation
have been deemed versatile techniques for testing the local mechanical properties, enabling the
investigation of the plastic behavior in small volumes of the sample. Thus, this section summarizes
the knowledge derived from the Vickers microhardness (HV) and nanoindentation studies

performed on Al-Cu and Al-Mg HPT hybrid systems.

The hardness evolution of the Al-Cu HPT hybrids after 10, 20, 40, and 60 turns along their sample
diameters is presented in Figure 8 (a) [87]. For comparison, the HV values for Al and Cu processed
separately by HPT for 10 turns are denoted by dashed lines at ~ 65 HV and ~ 150 HV, respectively.
The central regions of the disk after 10 turns at r < 3 mm, after 20 turns at r < 2 mm, and after 40
turns at r < 1 mm, showed similar hardness values, around 130-140 HV. In contrast, the hardness
at peripheral regions of the disks after 10, 20-40, and 60 turns reached maximum values of ~ 250,
~ 400, and ~ 500 HV, respectively. This increasing hardness trend was consistent with the presence
of Al>,Cu, AlCu, and AlsCug intermetallic compounds near the disk edges after 20 turns and their

higher volume fractions at increasing numbers of turns [87].

For Al-Mg HPT hybrids processed for 1, 5, 10, 20, 40, and 60 turns, their hardness evolution is

plotted in Figure 8 (b) [120]. For reference, the saturation HV values reported for Al-1050 [121]
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and ZK60 [122] alloys after HPT for 5 turns are denoted with dashed lines at ~ 65 HV and ~ 110
HV, respectively. At least 10 turns were needed in order to obtain significantly higher hardness
than the range defined by the reference Al and Mg alloys, and these were found at r > 3 mm. After
20 turns, a saturation hardness value of 330 HV was found close to the disk periphery, r >4 mm,
which was relatively uniform after 60 turns. A gradual hardness increase at the central disk region,
r<2mm,to~ 115 HV and ~ 140 HV was reported with increasing number of turns to 40 and 60,

respectively.
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Figure 8: Evolution of the Vickers microhardness (HV) evolution across the diameter of the (a)
Al-Cu HPT hybrid system from 10 to 60 turns, and (b) Al-Mg HPT hybrid system from 1 to 60
turns; (c) color-coded HV contour plots of the AI-Mg HPT hybrid system from 1 to 20 turns, and
subsequent PDA (300 °C, 1 h), overlapped on top of their corresponding SEM cross-sections; (d)
estimated contributions of different strengthening mechanisms to the overall HV in the Al-Mg
HPT hybrid after 10 turns as a function of the Mg content in Al solid solution. Adapted from
[25,87,91,95].

36



The two-dimensional hardness distributions in the AI-Mg HPT hybrids after 1, 5, 10, 20 turns, and
20 turns + PDA (300 °C, 1 h) are displayed in the form of color-coded contour maps in Figure 8
(c) [90]. Consistent with the hardness evolution presented in Figure 8 (b), the hardness increased
notably in the peripheral regions, at r > 3 mm, after 10 and 20 turns, whereas the rest of the sample
maintained a significantly lower hardness. PDA after 20 turns resulted in a hardness decrease, from
~ 60 to ~ 30 HV in the central regions, at r < 3 mm, and from ~ 330 to ~ 220 HV at the disk
periphery, at r >4 mm. This softening was attributed to both the increase of the GSave from ~ 60

nm to ~ 380 nm and the dissolution of the Al1.2Mg17 intermetallic as a result of the PDA treatment.

To investigate the reason for the extraordinary hardness increase at the periphery of the Al-Mg
HPT hybrid after 10 turns, Ahn et al. [95] developed a model to estimate the contribution of
different strengthening mechanisms as a function of the Mg content in Al solid solution, as shown
in Figure 8 (d). The total hardness increase was assessed through the combination of (1) Hall-Petch
strengthening, associated with the significant grain refinement, (2) precipitation strengthening,
associated with the nucleation of AlsMg> and Al12Mgz:7 intermetallic compounds, and (3) solid-
solution strengthening, due to the accelerated diffusivity of Mg into Al-rich phases. The model
was fed with microstructure-dependent parameters (i.e., grain sizes, phase fractions, etc.) measured
experimentally from TEM and XRD, and constant parameters (i.c., Burger’s vector, activation
energies, etc.) obtained from Al-Mg alloys in the literature. The model indicated that the
contribution of Hall-Petch strengthening and precipitation hardening to the total hardness was
independent of the Mg content, and that grain refinement was by far the most contributing factor.
The authors reported that the hardness model was consistent with the experimental HV values
measured. For example, for a 5 (wt. %) Mg in Al, the model predicted ~ 269 + 8 HV, which is in

good agreement with the experimental value at the periphery after 10 turns, as observed in Figure
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8 (b). Besides the strengthening mechanisms considered above, the authors [95] recognized that
other mechanisms (the load transfer effect and the coefficient of thermal expansion mismatch)

important for metal matrix composites might have also played a role, but not significantly.

As mentioned earlier, the plastic deformation at the nanoscale has been assessed in HPT hybrids
through nanoindentation experiments. Due to the generally heterogenous microstructures of HPT
hybrids, plastic instability has manifested through relative deviations between load-displacement
nanoindentation curves within the same local area. This phenomenon can be observed in Figure 9
(@), in a series of load-displacement curves obtained under an applied load of 50 mN and an
equivalent strain rate (£) of 2.5-10* s from the disk edges of the Al-Cu HPT hybrids after 20 and
60 turns [91]. Increasing the number of turns from 20 to 60 resulted in a significant decrease of
plastic instability, as the broadening between different load-displacement curves was greatly
reduced. This was attributed to an enhanced microstructural uniformity at increased torsional
straining, which also led to a higher H as a result of the increased content of intermetallic phases
and extreme grain size refinement, as observed by the lower displacement values after 60 turns.
The load-displacement curves obtained at different € were then used to obtain the m values, which
are plotted in Figure 9 (b) in comparison with those of commercially pure Cu and Al HPT-
processed separately for 10 turns. It was found that both the H and m values increased in the Al-
Cu hybrids with increasing number of turns, and that they were generally higher than those of Al
and Cu HPT-processed separately. The almost threefold increase in m from 20 to 60 turns was
associated with the transformation from a layered nanostructure after 20 turns into an equiaxed
nanostructure after 60 turns, which was expected to enhance grain boundary sliding activity, hence,

providing potential for achieving enhanced plasticity.
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Figure 9: Evolution of the nanoindentation behavior of Al-Cu HPT hybrids after 20 and 60 turns:
(a) load-displacement curves from the edge of the samples, and (b) logarithmic plot of H/3 vs. &
showing the corresponding m values, which are compared to those of pure Cu and Al after HPT
for 10 turns; Evolution of the nanoindentation behavior of Al-Mg HPT hybrids: (c) logarithmic
plot of H/3 vs. ¢ showing the corresponding m values after 20 turns, and 20 turns + PDA, (d) load-
displacement curves from the edge of the samples after 10 and 20 turns, and (e) corresponding
logarithmic plot of H/3 vs. € showing the m values obtained at the disk edge (r ~ 10 mm) of scaled-
up hybrids. Adapted from [90-92,94].

Unlike in the Al-Cu HPT hybrid system, no strain rate dependency was observed in the Al-Mg
HPT hybrids processed for 20 turns [92], as observed in Figure 9 (c). However, the microstructural
changes reported earlier from the Al-Mg system during PDA resulted in decreasing displacements
at higher ¢ values, thereby showing a strain rate dependency of the mechanical behavior. For all

the strain rates tested, the hybrids after HPT led to higher H values than those after PDA, which
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was consistent with the hardness levels in the color-contour maps in Figure 8 (c). The m increase
after PDA indicated that the PDA treatment was effective in improving the plasticity of the Al-Mg
HPT hybrid system at RT without compromising the hardness significantly, thus, suggesting an

enhanced strength-ductility combination.

The effect of scaling up the dimensions of the conventional HPT samples (i.e., 10 mm diameter, 1
mm thickness) on the nanoindentation behavior was investigated near the edge of Al-Mg hybrids
having 25 mm diameter after HPT processing for 10 and 20 turns [94]. The hardness increase from
10 to 20 turns was evident from the decrease in the final displacement values of the load-
displacement curves, which are plotted in Figure 9 (d). Moreover, the H values after 10 and 20
turns increased slightly, but gradually, with increasing ¢, leading to a positive m value similar in
both samples, as observed in Figure 9 (e). By comparing the conventional and scaled-up hybrids
after 20 turns, in Figure 9 (c) and (e), respectively, there was a reasonably consistent hardness of
~ 1 GPa in both cases, which might be slightly lower in the scaled-up hybrid due to the lower
applied pressure used. The scaled-up hybrid exhibited a higher m value than that of the
conventional sample, which might be associated with an enhanced atomic mixing due to a larger

sample volume leading to a larger microstructure homogeneity.

The former microhardness and nanoindentation studies served as a reference for the ones carried
out in this dissertation in the Zn-Mg HPT hybrids. In addition to reporting the HV values and
distributions from microhardness, as well as the H and m values from nanoindentation, the
experimental data collected was used to analyze the strain hardening capability and propose a
plastic deformation model of the Zn-Mg HPT hybrids accounting with the microstructural

observations.
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3. EXPERIMENTAL METHODS

3.1. Materials

The following materials were used for the synthesis of the HPT samples studied in this dissertation.
Commercially pure Zn (ZN007920-99.90 % purity) and commercially pure Mg (MG007922-99.97
% purity) were purchased from Goodfellow Corporation, Coraopolis, PA, in the as-drawn state.
As-cast Zn-3Mg (wt.%) alloy was received from Dr. Hakan Yilmazer from Yildiz Technical
University, Turkey. Each of these materials was received in the form of 10 mm diameter rods,
which were sliced across their diameters into disks of specific thicknesses prior to HPT processing,

as detailed in section 3.3. The pure Zn and pure Mg rods were used for processing the HPT hybrids.

3.2. Homogenization heat treatment of the as-cast Zn-3Mg alloy

In order to obtain a homogeneous microstructure, the as-cast Zn-3Mg (wt.%) alloy was subjected
to a homogenization heat treatment before any HPT processing. The as-cast-then-homogenized
Zn-3Mg (wt. %) alloy will be referred to as “as-homogenized Zn-3Mg alloy” hereafter. This
homogenization heat treatment was performed at 360 + 2 °C for 15 h inside a vacuum-sealed (~
10 torr) quartz tube followed by water quenching. The temperature, which was monitored with
two thermocouples located just underneath the quartz tubes, was maintained within the desired
range. The vapor pressure curves of the materials were considered when performing this heat
treatment, as this is especially critical when working near the melting temperature, as observed in

the Zn-Mg binary phase diagram in Figure 96.
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3.3. Processing of Zn-Mg HPT hybrids

For the preparation of the HPT hybrid samples, a series of disks having 10 mm diameter were
sliced to specific thicknesses from the pure Zn and pure Mg rods using electro-discharge
machining (EDM). Each HPT hybrid sample consisted of a set of three disks stacked on top of
each other in the order of Zn/Mg/Zn, such that the top and bottom Zn disks had the same thickness.
The final thickness of the Zn and Mg disks were chosen based on the density of each material
(pzn=T7.14 glcm?; py,=1.74 g/lcm?) to achieve the nominal targeted composition in the hybrids
after HPT processing. Regardless of the composition, the thickness of the Zn/Mg/Zn stack before
HPT processing was 1.5 mm, which decreased to approximately 1 mm after HPT processing. No
adhesive or metal brushing treatment was applied on the separate disk surfaces prior to HPT

processing.

Three different Zn-Mg hybrid compositions were investigated in this work: Zn-3Mg, Zn-10Mg,
and Zn-30Mg (wt. %). The Zn and Mg disk thicknesses before HPT processing are detailed in
sections 3.3.1, 3.3.2, and 3.3.3, respectively, and summarized in Table 1. After HPT processing,
these samples will be referred to as “Zn-3Mg HPT hybrid”, “Zn-10Mg HPT hybrid”, and “Zn-

30Mg HPT hybrid” hereafter.

All the hybrid samples were processed using a conventional HPT facility (installed in Dr. Megumi
Kawasaki’s laboratory at Oregon State University), which is shown in Figure 10, under quasi-
constrained conditions in monotonic torsional straining. Sample processing was conducted at room
temperature (RT), under an applied pressure of 6 GPa, at a constant rotational speed of 1 rpm, and

for a total number of 1, 5, 15, and 30 turns.
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Figure 10: Digital image of the HPT facility used to produce the HPT hybrid, and alloy samples
studied. (Courtesy of Dr. Megumi Kawasaki, Oregon State University).

For the preparation of the HPT alloy samples, 1.5 mm thick disks were sliced from the as-
homogenized Zn-3Mg alloy bar using a low-speed diamond saw. These disks were then slightly
polished to obtain flat surfaces prior to HPT processing. The HPT-processed Zn-3Mg alloy,
referred to as “Zn-3Mg HPT alloy” hereafter, was obtained using the same processing parameters
mentioned above for the HPT hybrids, with the exception that the Zn-3Mg HPT alloy was only
processed for 30 turns. Similar to that of the HPT hybrids, the thickness of the Zn-3Mg alloy
sample decreased from 1.5 mm to about 1 mm after HPT processing. A schematic of the
experimental set-up used to fabricate the HPT hybrid and HPT alloy samples is provided in Figure

11.
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It is worthwhile mentioning that for all the samples, the temperature increase during HPT
processing was monitored using a set of thermocouples attached to the anvils close to the sample
surfaces. The maximum temperature recorded was always less than 50 °C. This temperature
increase was not expected to have had a significant effect on the microstructural evolution of the

HPT-processed materials, in agreement with a recent report [123].

ALLOY HYBRID

(a) (b)

Zn-3Mg (wt%) Mg

Figure 11: Experimental set-up used for the fabrication of the HPT (a) alloy and (b) hybrid
samples. P denotes the applied pressure (whose direction is indicated by orange arrows) and
indicates the rotational speed (whose direction is indicated by yellow arrows) [124].

3.3.1. Zn-3Mg (wt.%) hybrid

For the Zn-3Mg (wt.%) hybrid, the thickness of the top and bottom Zn disks was 0.665 mm,
whereas the thickness of the central Mg disk was 0.169 mm. Note that uniform disk thicknesses
of ~ 200 um were quite challenging to achieve from EDM cutting, and even more from soft metals

like Zn and Mg.

3.3.2. Zn-10Mg (wt.%) hybrid

For the Zn-10Mg (wt.%) hybrid, the thickness of the top and bottom Zn disks, as well as the central

Mg disk, was 0.5 mm.
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3.3.3. Zn-30Mg (wt.%) hybrid

For the Zn-30Mg (wt.%) hybrid, the thickness of the top and bottom Zn disks was 0.272 mm,
whereas the thickness of the central Mg disk was 0.957 mm. As mentioned above for the Zn-3Mg

hybrids, obtaining disks with ~ 200 um thickness from EDM cutting was quite challenging.

3.3.4. Zn-3Mg (wt.%) alloy

The thickness of the as-homogenized Zn-3Mg (wt.%) disk before HPT processing was 1.5 mm,
which is the same as the total thickness of the Zn/Mg/Zn stacks for the HPT hybrids mentioned
above, regardless of the composition.

Table 1: Summary of thicknesses of the Zn and Mg disks used in the Zn/Mg/Zn stacks for HPT-

processing of the hybrid samples with different nominal compositions. For reference, the thickness
of the Zn-3Mg alloy sample is also included. All compositions are in (wt.%).

Thickness (mm)

Sample - -
Zn disk Mg disk Sample before HPT
Zn-3Mg HPT hybrid 0.665 0.169 15
Zn-10Mg HPT hybrid 0.5 0.5 1.5
Zn-30Mg HPT hybrid 0.272 0.957 15
Zn-3Mg HPT alloy N/A N/A 1.5

3.4. Post-deformation annealing (PDA) treatment

After HPT processing for 30 turns, some hybrid and alloy samples with the same nominal
composition, Zn-3Mg (wt.%), were subjected to a post-deformation annealing (PDA) treatment at
200 + 2 °C for 1 h in a low vacuum (~ 107 torr) tube furnace, followed by air cooling. The
temperature of the sample during the PDA treatment was monitored using a thermocouple spot
welded to the edge of the sample.
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3.5. Microstructural characterization

3.5.1. Metallographic sample preparation

HPT-processed samples were sectioned vertically along their diameter, using a low-speed diamond
saw, to give two semi-circular disks. Both the cross-section and the horizontal surface of each disk
were mounted in a 1-inch diameter puck of conductive thermosetting phenolic resin (Konducto-
Met, Agar Scientific). The mounted samples were mechanically ground using SiC abrasive planar
papers (MetLab) through 600, 800, and 1200 US grit size (equivalent to 1200, 2400, 4000 FEPA
grit size, respectively). The specimens were further polished using polycrystalline diamond paste
(MetLab) of 6, 3, and 1 um particle size, sequentially, using a MD-Nap polishing cloth (Struers).
Each of these polishing steps lasted 5 to 10 minutes. For final polishing to mirror finish, a colloidal
SiO2 suspension of 0.04 um particle size (OP-S NonDry, Struers) was used on a chemically
resistant MD-Chem polishing cloth (Struers) for times ranging between 5 and 15 minutes. Ethanol
was used as both the lubricant during grinding and polishing, as well as the immersion medium
for the 5 min ultrasonic cleaning performed between all the grinding and polishing steps. In
addition, samples prepared for grain size measurement were etched for 5 to 10 seconds in a solution
containing 6 g picric acid, 5 mL acetic acid, 10 mL distilled water, and 100 mL ethanol. All

samples were stored in a vacuum chamber at 0.2-0.3 atm to prevent excessive oxidation.

3.5.2. Scanning electron microscopy

The scanning electron microscope (SEM) is a highly versatile instrument that scans a focused
beam of electrons over a sample surface, generating various types of signals resulting from
electron-sample interactions, which can reveal information about the surface morphology,

elemental composition, and crystalline structure and orientation [125]. The microstructures of the
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HPT-processed samples were examined using a TESCAN MIRA-3 (field-emission gun) FEG

SEM located in the Engineering Building at Michigan State University.

Imaging was performed using secondary electron (SE) and backscattered electron (BSE) detectors,
with an accelerating voltage of 20-25 kV and a working distance between 5-10 mm. It is noted that
the spatial resolution in SE mode is about 4 nm, whereas that in BSE mode is about 15 nm [125].
Unless otherwise specified, the SEM images presented for the HPT-processed materials were
acquired near the disk periphery (~ 1 mm away from the edge) from the cross-section of the
samples, corresponding to the thickness-radial plane in Figure 12. It should be noted that the
imaging planes for the SEM and TEM/STEM samples were perpendicular to each other, defining
a coordinate system (thickness-radial-shear), which enabled a three-dimensional characterization
of the microstructure. The grain size of the Zn-rich matrix was measured, according to ASTM
E112-12: Standard Test Methods for Determining Average Grain Size [126], using SEM images
taken at the mid-thickness of the horizontal surface of the samples, corresponding to the radial-

thickness plane in Figure 12.

SEM

Thickness

Radial \\ /}'ﬂ

XRD TEM

Figure 12: Schematic representation of the planes investigated in the Zn-Mg HPT samples by the
different characterization techniques. SEM imaging, HV testing, and Berkovich nanoindentation
were performed at the thickness-radial plane. TEM imaging was carried out at the thickness-shear
plane. XRD scanning was collected from the shear-radial plane. The mid-thickness region of the
samples is highlighted in orange, where the SEM, TEM, XRD, and Berkovich data were collected
from [127].

Shear
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3.5.3. Energy dispersive spectroscopy

The energy dispersive spectroscopy (EDS) technique is used, in combination with a SEM or TEM,
for qualitative and semi-quantitative analysis of the elemental composition [125]. The working
principle of EDS analysis is based on the detection of characteristic X-rays ejected from the sample
atoms upon electron-sample interaction. The direct correlation between the X-ray energy and the
atomic number of each element in the periodic table, according to Moseley's Law [128], enables
the elemental composition analysis. This way, EDS analysis can offer X-ray counts vs. energy

spectra from specific regions of the sample, as well as elemental distribution maps.

It is important to highlight some limitations of quantitative EDS analysis that need to be
considered. The typical energy resolution of EDS is about 150 eV. The detection limit of EDS is
about 0.1 (wt. %), meaning that it cannot detect trace elements (i.e. concentrations below 0.01 wt.
%) [129]. Light elements, typically Z < 6, cannot be detected due to the low energy of the X-rays
being absorbed by the specimen. The SEM accelerating voltage plays a critical role in the spatial
resolution during EDS analysis, as it influences the size of the interaction volume (i.e., the depth
of X-ray excitation in the sample). According to the Castaing’s formula [130] shown in Equation
4, the X-ray production depth (Zm) in a given material can be estimated as a function of the
accelerating voltage (Eo) in kV, the minimum emission voltage (Ec) in keV, the atomic mass (A),

the atomic number (Z) and the density (p) in kg/m?®.

A
Zm = 0.033(E,"" — EC”)ﬁ Equation 4

EDS point analysis and elemental maps were acquired using an EDAX TEAM detector installed

on the TESCAN MIRA-3 FEG-SEM mentioned in section 3.5.2, with an accelerating voltage of
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6-10 kV, which resulted in an interaction depth < 0.6 um according to Equation 4. EDS analysis
was performed on the Zn-10Mg HPT hybrid sample, on the as-cast Zn-3Mg alloy, on the as-
homogenized Zn-3Mg alloy, and on the Zn-3Mg HPT hybrid after HPT and PDA. The EDS results
presented in this dissertation are considered to be semi-quantitative and were not used alone to

draw any final conclusion.

3.5.4. Electron-backscattered diffraction

Electron-backscattered diffraction (EBSD) analysis is used, in conjunction with a SEM, to reveal
crystallographic information about the microstructure of a sample. For the EBSD scans, the
samples are tilted to 70° with respect to the horizontal plane towards the fluorescent phosphor
screen. This screen, located in the EBSD detector, is responsible for collecting the diffraction
patterns characteristic of both the crystal structure and the orientation of the sample. EBSD scans
were always acquired near the disk periphery (~ 1 mm away from the edge) of the samples, from
the thickness-radial plane in the Zn-3Mg HPT hybrid and Zn-3Mg HPT alloy samples, and from

the radial-shear plane in the Zn-10Mg HPT hybrid sample.

EBSD orientation maps of the Zn-3Mg HPT hybrid and alloy samples, with an area of ~ 12 x 12
mm?, were acquired with an accelerating voltage of 20-25 kV, a working distance of 15-18 mm,
and a step size of 0.05 mm with an EDAX TSL OIM Data Collection System 7, attached to the
TESCAN MIRA-3 FEG-SEM. Dynamic background subtraction was used to produce Kikuchi
patterns with similar intensities. EBSD orientation maps were also acquired for the as-
homogenized Zn-3Mg alloy before HPT processing, with the same parameters mentioned above,
but with a step size of 0.5 mm for an area of ~ 250 x 250 mm?. The EBSD datasets were analyzed

using EDAX TSL OIM Analysis 6.1 and 7, from which inverse pole figure (IPF) maps, kernel
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average misorientation (KAM) maps, phase maps, grain size distribution plots, and misorientation
angle plots were obtained. IPF maps were used to generate basal (0001) pole figures for Zn and
Mg phases. Clean-up procedures, including neighbor confidence index (CI) correlation and grain
dilation, were systematically applied to the as-processed EBSD scans to minimize the number of
incorrectly indexed pixels. First, the neighbor CI correlation clean-up step replaced the orientation
of erroneous pixels, defined as any pixel with CI < 0.05, with that of the neighboring pixel with
the highest CI. Second, the grain dilation clean-up step was used to define the grains as any set of
5-10 neighboring pixels with a Cl > 0.1 having a misorientation angle less than 5 °. Only points
with CI > 0.1 were considered for statistical measurements. KAM maps, including all the pixels
with a Cl > 0.1, were generated such that misorientation angles up to 3 ° (with respect to the first

nearest neighboring pixels) were recorded.

3.5.5. Transmission electron microscopy

The transmission electron microscope (TEM) uses a high-energy electron beam with an
accelerating voltage ranging between 100-300 kV. This beam interacts with very thin samples,
typically 100-200 nm, producing elastic and inelastic electron scattering used to generate high-
resolution images and diffraction patterns. Coherent elastic scattering is responsible for electron

diffraction, which is used to analyze the crystal structures at the nanoscale [131].

3.5.5.1. TEM sample preparation

For the preparation of TEM lamellae, different focused-ion beam (FIB) lift-out techniques were
used in this dissertation. For the Zn-3Mg HPT hybrid and alloy samples, a HITACHI NB5000
FIB-SEM was used for in situ lift-out. This instrument was located at the Center for Nanophase

Materials Sciences (CNMS) at Oak Ridge National Laboratory (ORNL). It was accessed as part
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of an accepted user proposal, and it was operated by ORNL staff members. TEM lamellae with
approximate dimensions of ~ 5 x 15 um and 50-80 nm thickness were extracted from the
thickness-shear plane of the HPT-processed samples near disk periphery (~ 1 mm away from the
edge), as sketched in Figure 12. The steps followed for in situ lift-out are summarized below and

can be visualized in Figure 13:

1. The stage was tilted 52 °© such that the incident ion beam was perpendicular to the material
surface. The region of interest (ROI) in the sample was protected from ion milling with a
Pt layer deposited with an ion beam current of 0.5 nA. The surrounding of the sample was
ion milled, with an ion beam current of 10-20 nA, by making side cut wedges (with £+ 12°
stage tilt) in a “C” shape, leaving a bridge that maintained the sample attached to the rest
of the material. This is observed in Figure 13 (a).

2. The sample was attached to the micromanipulator needle from its corner by Pt deposition,
and the bridge was cut free, as observed in Figure 13 (b).

3. The sample was transferred with the micromanipulator to the TEM grid. After attaching
the sample by Pt deposition from one short edge to the side of the grid, it was cut free from
the needle. This is observed in Figure 13 (c-d).

4. The lift-out sample attached to the TEM grid was further thinned until electron
transparency was achieved in the SEM at 3 kV. As observed in Figure 13 (e-f), this was
done in 2-3 separate windows, instead of in the whole sample, for improved structural

stability of the lift-out.
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Figure 13: Images acquired in the FIB-SEM during in situ lift-out preparation of TEM lamellae
showing (a) the sample after FIB cutting the side wedges but still supported by the bridge, (b) the
sample after the micromanipulator needle is attached and the bridge is cut free, (c) the sample
transferred with the micromanipulator before being attached to the TEM grid, (d) the sample after
being attached to the TEM grid and cut free from the micromanipulator needle, (e) the sample at
the beginning of the thinning process, (f) the sample after final thinning to electron transparency
in different windows.

For the preparation of the TEM lamellae from Zn-10Mg HPT hybrids, a FEI Nova 200 Nanolab
SEM-FIB and a EXpressLO Nicola G2 ex situ lift-out system were used. These instruments were
operated with the assistance of Dr. Lucille A. Giannuzzi as part of a product demonstration at the
Michigan Center for Materials Characterization (MC?) at the University of Michigan. Ex situ TEM
lamellae had similar dimensions to those mentioned earlier for the in situ lift-out procedure and
were also extracted from the thickness-shear plane near the periphery of the Zn-10Mg HPT hybrid
samples. The ex situ lift-out procedure consisted of performing the side cuts, undercuts, and the
final thinning to electron transparency in the SEM-FIB, while the sample was still supported from
both side tabs, as observed in Figure 14 (a). Then, the final side tabs of material were cut free, and
the sample was observed to fall over slightly in the trench. At this point, the sample was removed

from the SEM-FIB and placed on the stage equipped with a micromanipulator system, which
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consisted of a light optical microscope and a glass rod attached to a hydraulic micromanipulator.
Ex situ lift-out took place by gently approaching the fine tip of the glass rod (~ 1 um diameter) to
the electron transparent sample freed inside the trench, causing the sample to cling to the glass rod
tip via electrostatic interaction [132]. Finally, the lift-out specimen was positioned in a C-coated

Cu grid for TEM, as observed in Figure 14 (b).

Figure 14: Images acquired during ex situ lift-out preparation of TEM lamella samples showing
(@) the lamella sample in the SEM-FIB after the side cuts and undercuts but still attached from the
side tabs to the bulk; (b) the lamella sample visualized through the optical microscope after being
lifted-out and positioned in the C-coated Cu grid using the micromanipulator system.

3.5.5.2. TEM sample observation

The TEM lamellae extracted from the Zn-10Mg HPT hybrids were observed using a JEOL 100CX
TEM operated at 120 kV. This TEM was located at the MSU Center for Advanced Microscopy
(CAM). Bright-field (BF) images, as well as selected area diffraction (SAD) patterns, were
collected upon calibration of the camera length. The radii of the diffraction rings (R) in the SAD

patters were measured in reciprocal space units (nm) using ImageJ (NIH, USA), and their values,
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together with that of the camera constant (AL) calculated during calibration, were introduced in

Equation 5 below to compute the corresponding interplanar spacings (dnki).

AL = Rdpy Equation 5

Note that Equation 5 is derived from Bragg's Law, which is provided in Equation 6 in section
3.5.6, assuming that the angle between the diffracted and the direct beam is very small, which is
the case in TEM [131]. The computed dnw values were compared against tabulated crystal structure
data from the Inorganic Crystal Structure Database (ICSD) with the following material files: Zn
(421014), Mg (77908), Mg2Zn11 (104898), and MgZn, (104897). The identified phases and their

corresponding diffraction planes were labeled accordingly in the SAD patterns collected.

The TEM lamellae extracted from the Zn-3Mg HPT hybrid and Zn-3Mg HPT alloy were observed
using a FEI Titan aberration-corrected TEM/STEM operated at 300 kV. This instrument, located
at the CNMS at ORNL, was operated by Dr. Raymond Unocic. All TEM/STEM images were taken
in the shear-thickness plane near the periphery of the HPT disks. BF images and SAD patterns
were collected in TEM mode. Phase identification via SAD ring pattern analysis was carried out
using the ringGUI package of the CrysTBox (Crystallographic Toolbox) open software [133]. In

addition, BF and high-angle annular dark-field (HAADF) images were acquired in STEM mode.

High-resolution TEM (HRTEM) phase-contrast imaging was also performed, and the
corresponding Fast Fourier Transform (FFT) diffractograms were obtained and analyzed using the
Gatan Digital Micrograph 3 software. The image processing procedure followed for the
identification of the crystal structures from HRTEM images is explained below and illustrated in

Figure 15:
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. A ROI was selected in the HRTEM image of interest, as shown in red in Figure 15 (a).
FFT calculation was performed on the selected ROI, and the corresponding diffractogram
was displayed, in reciprocal space, as observed in Figure 15 (b).

. Pattern mask filtering corresponding to the structural periodicity of diffractogram was
applied on the original FFT, as observed in Figure 15 (c). This step was crucial to reduce
noise signal and obtain a high-quality atomic resolution image.

Inverse FFT (IFFT) calculation was applied to the masked FFT, transforming to real space,
as observed in Figure 15 (d). By comparing Figure 15 (a) and (d), it is evident that the
reconstruction of the filtered diffractogram transformed to a processed image with
enhanced image quality, as observed in the higher magnification insets of Figure 15 (d).

. The interplanar angles were measured from the FFT images, and the interplanar spacings

were measured from the IFFT images, as illustrated in Figure 15 (e) and (f), respectively.
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Figure 15: FFT analysis procedure for the identification of crystal structures from HRTEM images.
(a) Selected ROI (marked in red) in the HRTEM image, (b) diffractogram, in reciprocal space,
obtained after performing FFT calculation on the selected ROI, (c) diffractogram after applying
pattern mask filtering on the original FFT to reduce the noise signal an improve quality of the
resulting image after processing, (d) image, in real space, after performing IFFT calculation on the
masked FFT. Note the atomic resolution achieved in the higher magnification insets after FFT
analysis. (¢) measurement of the interplanar angles and identification of the zone axis (zA) of
Mg2Zny1 in the FFT diffractogram, (f) measurement of the interplanar distances corresponding to
the diffractogram in (e) in the IFFT image.
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3.5.6. X-ray diffraction

X-ray diffraction (XRD) is an analytical technique that utilizes a monochromatic X-ray beam
(typically, a Cu-Ka radiation source: A=1.5406 A) to interact with a sample, producing reflected
X-rays that are captured by a detector. The resulting XRD pattern can be used to elucidate the
crystal structure of crystalline/semicrystalline materials, including the nature of present phases and
their fractions, texture, and other structural parameters like the average crystallite size, lattice

constant, lattice strain, and degree of crystallinity (in semicrystalline materials) [134].

For the analysis of powder and bulk samples, a Bragg-Brentano configuration is typically used,
where the incident angle (w) is always half of the detector angle (26), as illustrated in Figure 16
(a). This can be achieved either by (1) fixing the X-ray source while simultaneously rotating the
sample at 6 °/min and the detector at 26 °min; or by (2) fixing the sample while simultaneously

rotating the X-ray source at -0 %/min and the detector at 6 °/min [134].

(a) Bragg-Brentano configuration (b) Bragg’s diffraction
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Figure 16: (a) Schematic of the Bragg-Brentano configuration typically used in powder and bulk
XRD analysis, where w indicates the incident angle of the X-ray source and 20 indicates the
detector angle; (b) Sketch of the condition for Bragg's diffraction, where 0 indicates the angle
formed between the incident X-rays and the atomic planes with interplanar spacing dj,;;. The path
length difference between the diffracted X-rays is AB + BC, which leads to the Bragg’s law shown
in Equation 6.
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According to the Bragg’s scattering condition schematically shown in Figure 16 (b), the diffraction
angle 6 can be related to the interplanar spacing (dy;) and the wavelength of the incident X-ray
(A) beam through the Bragg’s law presented in Equation 6. Note that only when the X-rays
scattered from the lattice planes of the material interfere constructively, their path length difference

(AB+AC in Figure 16 (b)) can be related with A.

A = 2dpy sin® Equation 6

XRD analysis was performed at the mid-thickness of the shear-radial plane (see Figure 12) using
a high-resolution Rigaku Ultima IV XRD system located at MSU to investigate the phase changes
with increasing plastic deformation. For the Zn-10Mg HPT hybrid samples, only the areas near
the periphery of the disk (~ 2 mm away from the edge) were XRD scanned. This was achieved by
removing the central region of the samples with a radius of ~ 2.5 mm prior to XRD scanning,
obtaining a donut-like sample. For the Zn-3Mg HPT hybrids, the central region was not removed,

meaning that the whole samples were scanned.

All the XRD data in this dissertation was collected with an accelerating voltage of 44 kV and a
beam intensity of 44 mA, within the range 20° < 20 <90° using a Cu-Ko radiation in a Bragg—
Brentano configuration. According to the Beer-Lambert law [135], with these settings, the X-ray
beam penetrates ~ 0.26 mm into the sample. Therefore, the HPT hybrid samples were slightly
polished in the thickness direction prior to XRD analysis to investigate the mid-thickness plane of
the samples, as indicated by the region highlighted in orange in Figure 12. All XRD scans were
collected with a step size of 0.01 ° and a scanning speed of 3 °/min. The Rigaku PDXL software,

along with the ICSD, was used for peak matching to reveal the phases present in all samples. It
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should be noted that the same ICSD material files were used consistently for the analysis of the

TEM and XRD results: Zn (421014), Mg (77908), Mg2Zn11 (104898), and MgZn; (104897).

For the Zn-10Mg HPT hybrids, after identification of the phases present, their amounts were
quantified by means of Rietveld analysis by following the Rigaku PDXL User Manual version 2.6.
The background signal was subtracted, and peaks in the XRD spectra were identified by
comparison with ICSD files. After confirming the phases present in the material, the theoretical
diffraction pattern was simulated and displayed together with the experimental pattern. The
residual intensity plot indicated the relative differences in peak heights between the theoretical and
experimental XRD patterns. After a series of iterations that adjusted the relative intensity ratios of
each phase as well as the scale factor, the residual intensity was reduced. Once both theoretical
and experimental patterns were brought practically coincident, the refinement processed was

completed, and the quantitative information of each phase in (wt.%) was provided.

3.5.7. Atom probe tomography

Atom probe tomography (APT) is a characterization technique that offers a unique combination
of three-dimensional imaging with a spatial resolution of 0.3 nm, and chemical composition
analysis with a sensitivity of 10 ppm [136]. This enables the investigation of local compositions
and interfacial mixing at the atomic scale. APT relies on the ionization and subsequent field
evaporation of individual atoms from a needle-like specimen surface with an apex radius < 100
nm. Field evaporation occurs by applying a DC voltage bias (typically between 1-10 kV) and a
pulsed voltage (conductive samples) or pulsed laser (semiconductive and insulating samples).

During field evaporation, the APT needle is cooled down to cryogenic temperatures ranging
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between 25-80 K and maintained under ultrahigh vacuum (i.e., < 10 Torr) to suppress thermal

lattice vibrations and improve spatial positioning [136].

In this dissertation, APT was used to analyze the local compositions, including that of the matrix
and the intermetallic phases in the Zn-Mg HPT-processed samples, at the same radial positions

investigated by TEM (i.e., ~ 1 mm away from the sample edge).

3.5.7.1. APT sample preparation

For the preparation of APT needles from Zn-3Mg HPT hybrid and alloy samples, a FEI Nova 200
FIB-SEM was used for in situ lift-out. This instrument, located at the CNMS at ORNL, was
accessed as part of an accepted user proposal, and was operated by ORNL staff. Lamellae samples
with dimensions of ~ 10 x 5 x 1 um were extracted from the thickness-shear plane near the
periphery of the HPT-processed samples, as indicated in Figure 12. The steps followed for the in
situ lift out, and preparation of APT needles are both summarized below and illustrated in Figure

17.

1. With the stage tilted to 52°, a protective Pt layer of 10 x 2 x 1 um was deposited at the ROI,
for reducing Ga implantation, using an ion beam with an accelerating voltage of 30 kV and
a current of 0.3 nA. The ion beam current was increased to 6.5 nA, and a 17 X 6 X 7 um
regular cross-section pattern was milled at both long sides of the Pt layer to trench for the
lift-out.

2. The stage was tilted to 22 ° to make the undercuts at both long sides of the Pt layer, using

a 17 x 2 x 3 um rectangle pattern. In the second undercut, the sample was released from
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the bottom. One short side of the lift-out was cut free from the bulk sample, leaving it
connected by a bridge, similar to that shown in Figure 13 (a).

. The stage was tilted to 0 ° and dropped to bring in the manipulator needle. This needle was
attached to one end of the lift-out using a Pt deposit. The sample was cut free from the
other end and lifted out, similar to that shown in Figure 13 (b).

. The lift-out was attached to one tip of a Si microtip array coupon using a Pt deposit, as
observed in Figure 17 (a) and (b) from the top and the side, respectively, corresponding to
the SEM and FIB angles, respectively. An extra Pt deposit was applied to the back side of
the lift-out/tip interface for stability during further milling, and the sample was cut free
from the rest of the lift-out, as shown in Figure 17 (c).

. The first annular mill was done with a circular pattern milling of 4 um outer diameter and
1.25 um inner diameter, at 30 KV and 1 nA, as observed in Figure 17 (d). The final annular
mill was done with a 1.5 um outer diameter and 0.2 um inner diameter and a FIB current
of 50 pA, as shown in Figure 17 (e).

Finally, the Pt on the tip of the APT needle and any Ga-induced damage was removed,
with an ion beam of 2 kV and 1 nA, leaving a sharp APT needle, as shown at high

magnification in Figure 17 (f).
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Figure 17: Images acquired in the FIB-SEM during in situ lift-out preparation of FIB needles
showing (a) the lift-out attached to the micromanipulator needle just before being mounted on the
Si microtip, as viewed from the top (i.e., Si microtip is pointing out of the page) and (b) as viewed
from the side; (c) the sample after being attached to the Si microtip and cut free from the rest of
the lift-out; (d) the APT needle after the first annular mill; (e) the APT needle after the final annular
mill and (f) the APT needle after removal of the Pt deposit at the tip.

3.5.7.2. APT sample analysis

The APT needles were characterized using a CAMECA Local Electrode Atom Probe (LEAP)
4000X HR located at the CNMS at ORNL, operated by Dr. Jonathan Poplawsky. APT needles
with tip radii of approximately 30-50 nm were analyzed at 30 K, with a laser pulse rate of 200
kHz, a laser pulse energy of 25-50 pJ, and a detection rate of 0.5 %. Typically, 2-10 million ions
were collected per needle to ensure statistical significance. APT data was processed and analyzed
through the CAMECA Integrated Visualization and Analysis Software (IVAS) version 3.8. Peaks
in the APT mass spectra were ranged according to traditional mass ranging methods [136], and the

resulting data was investigated in the form of:

62



- Atom maps: showing the atomic distribution of different elements in the APT needle.

- Isoconcentration surface maps (isosurfaces): showing surfaces containing particular atomic
composition thresholds.

- Proximity histograms (proxigrams): showing unidimensional concentration profiles with

respect to distance from the interfaces identified in the isosurfaces.

3.6. Micro-mechanical testing

3.6.1. Vickers microhardness

The Vickers microhardness (HV) is determined by measuring the diagonals of a square-shaped
indent performed in a material with a four-sided diamond pyramidal indenter [137]. Indentation
loads for HV testing can range between 10 and 1000 gram force (gf), and they are applied for a
predefined time, known as dwell time, which typically ranges between 5 and 20 s. To obtain
reliable HV data, it is crucial that the sample surface is flat and perpendicular to the indenter. In
addition, to prevent the effect of the residual plastic zone, the distance between two HV indents,
or an indent and the edge of the test material, must be at least 2.5 times the diagonal of the
indentation, as indicated in ASTM E384: Standard Test Method for Microindentation Hardness of

Materials [137].

All the HV measurements in the HPT-processed samples were performed, with a load of 50 gf and
a dwell time of 5 s, at the cross-section (radial-thickness plane), along the sample diameter, using
a Clark CM-800AT microhardness tester. For the Zn-10Mg HPT hybrids, the HV values were
reported every 200 um as the average between three individual indents located 50 um apart from
each other. These HV values were plotted against their distance from the center of the sample to
investigate the HV variation across the diameter. In addition, for all the Zn-Mg HPT hybrid and
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alloy samples, HV values were recorded over the entire cross-section by following a rectilinear
grid pattern at a uniform incremental spacing of 150 um in the horizontal (radial) and vertical
(thickness) directions, as shown in Figure 18. This resulted in a 4 x 65 matrix of hardness indents
containing a total number of 260 different HV values for each of the investigated samples. The
resulting HV datasets were plotted using Origin software, without any averaging or manipulation,
in the form of color-coded contour maps to provide a two-dimensional representation of the HV

distribution across the diameter and the thickness of the samples.

Figure 18: SE-SEM image showing a portion of the rectilinear grid pattern of HV indents
performed at the cross-section of the Zn-3Mg HPT alloy after 30 turns. Note the 150 um separation
between neighboring indentations.

The average hardness of the pure Zn, pure Mg, as-cast Zn-3Mg alloy, and homogenized Zn-3Mg
alloy was measured, using 100 gf and 10 s dwell time, from at least 10 individual HV indents at

different locations across the disk surface (shear-radial plane).
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3.6.2. Berkovich nanoindentation

Berkovich nanoindentation is used for the evaluation of the local mechanical properties at the
nanoscale. The three-sided pyramidal shape of the Berkovich indenter induces plasticity at very
small loads (i.e., in the order of mN), which enables a meaningful measurement of different
properties such as hardness, Young’s modulus, strain rate sensitivity, and activation volume of

local regions of the microstructures [138].

Nanoindentation experiments were performed at constant strain rate (CSR) at the mid-thickness of
the cross-section (i.e., radial-thickness plane), near the periphery (~ 1 mm away from sample edge)
of the Zn-3Mg HPT hybrid samples after 30 turns, and 30 turns + PDA. An MTS nanoindenter XP
equipped with a Berkovich tip having a centerline-to-face angle of 65.3° was used for all the
experiments. A nanoindentation method was developed within the nanoindenter software in order
to perform CSR experiments, according to the proportional loading protocol described by Lucas
and Oliver [138]. Equation 7 indicates the relationship between the indentation strain rate (¢;), the
indentation depth (h), the indentation load (P), and the indentation hardness (H).
& =E=1<E—E> zi Equation 7
h 2\P H 2P

The indentation strain rate (€&;) can be directly expressed as a function of the indentation load (P)
and the loading rate (P). In the CSR nanoindentation method developed, &; was defined as an input,
such that P/P = 2¢; was constant during loading and unloading for each test, according to
Equation 7. The nanoindentation method consisted of an initial loading segment at a specific CSR
to a prescribed maximum load (Pmax = 50 mN), which was maintained during a hold segment of

10 s, followed by unloading at the same CSR. The experimental indentation strain rates (&; =
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0.0125, 0.025, 0.05, 0.1 %) were equivalent to uniaxial strain rates (¢ = 1.25-10%, 2.5-10%, 5.0-10"
4 and 1.0-10° st) as determined from the empirical relationship (¢ = 0.01¢;) described in
[139,140]. The value selected for the Poisson ratio was 0.24, according to that of pure Zn [141].
The CSR nanoindentation method was validated for the different strain rates investigated, as
shown in Figure 19 (a, b, ¢, and d) for £ = 0.0125, 0.025, 0.05, and 0.1 s, respectively. It can be
observed that a constant P/P value, equivalent to 2¢;, is maintained during the loading segment.
Once Pmax is reached, the P/P value becomes zero during the load hold segment. Finally, unloading

takes place at the same CSR as loading.
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Figure 19: Validation of the CSR nanoindentation method for (a) & = 0.1s%, (b) & = 0.05s2, (c)
0.025s%, and (d) £ = 0.0125 s*. Note that the relation P/P = 2¢; is maintained during the loading
and unloading segments, and that P/P = 0 during the load hold segment, as desired.
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A rectilinear array of 12 individual measurements was performed for each of the four CSR
examined, with a separation of 30 um, in both horizontal (radial) and vertical (thickness) directions
between neighboring indents, as highlighted in yellow in Figure 20 (a). It was noted that the
nanoindenter sometimes failed to detect the surface (when the drift rate of the system exceeded the
predefined allowable drift rate of 0.1 nm/s for 50 s) and skipped some measurements, as indicated
in white in Figure 20 (a). However, at least 10 individual indents were performed for each of the
CSR studied. A detail of a Berkovich indent on the Zn-3Mg HPT hybrid after 30 turns is shown

in Figure 20 (b).

Figure 20: SE-SEM photomicrographs showing (a) a rectilinear array of Berkovich indents, with
a separation of 30 um, performed on the periphery of the Zn-3Mg HPT hybrid after 30 turns. Note
that the highlighted “missing indent” was a result of a surface detection error; (b) high-
magnification view of an indent illustrating the fine nature of the grains, many of which with sizes
below 1 um.

The nanoindentation data was collected from load on sample vs. displacement into surface curves,
which will be referred to as “load-displacement curves™ hereafter. The slope of the unloading curve
at maximum load, known as the unloading stiffness (S), was calculated with Origin software using
a rectilinear fit from the initial unloading portion (from 50 to 30 mN approximately) of the load-

displacement curves. Together with S, the area coefficients given by the nanoindenter upon
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calibration (C1 and C»), and the maximum displacement at peak load (hmax) were used to calculate
the projected contact area at maximum load (A) using Equation 8, which was in turn obtained from

Equation 9 to Equation 11 [142].

A=2456-h’+Cy-ht +Cy-h M2

Equation 8

he = hpax — b Equation 9
hy =¢- % Equation 10
S = g_i (at Pomay) Equation 11

Where h.. is the vertical distance along which contact is made, hy is the displacement of the surface
at the perimeter of the contact [143], and ¢ is a coefficient equivalent to 0.75 for Berkovich
indentation [144]. Note that C; and C; account for the bluntness of the Berkovich tip, and would
be theoretically zero for a perfect tip [145]. After calculating A, the hardness (H) was computed
using Equation 12 at the different CSR according to the Oliver-Pharr method [143]. The standard
deviation between H values was calculated following the error propagation rules for uncertainty

[146].

P .
H= rzax Equation 12

The strain rate dependence during plastic deformation was evaluated through the strain rate
sensitivity (m), which was determined from H and ¢; values using Equation 13, and considering
Tabor’s empirical relationship where the flow stress (o¢) is equivalent to H/3 for fully plastic

deformation at a given CSR [147]. The mechanisms of plastic deformation were estimated through
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the activation volume (V*), which was calculated from m and H values using Equation 14, where

k is the Boltzmann’s constant and T is the testing temperature [148].

B (a In cf) B ( d1In(H/3) ) Equation 13
~\dlné/r \0In(0.01-¢)/
dlné 91n(0.01-¢)\ 3kTV3 .
* . = . = Equation 14
V" = V3KT ( d Gf) VKT ( d (H/3) ) mH q

3.7. Electrochemical testing

To investigate the corrosion resistance of Zn-Mg HPT hybrids in a physiological environment,
electrochemical testing was carried out in a three-electrode cell coupled with Gamry potentiostat
(Ref-3000) and analyzed using the Gamry Echem Analyst software. Electrochemical testing and
analysis were performed by Dr. Zia Ur Rahman at Central Michigan University, from Dr. Waseem
Haider’s group, as part of a collaborative work project. Before the electrochemical experiments,
the Zn-10Mg HPT hybrid samples after 1, 15, and 30 turns were polished to the mid-thickness
plane up to 1200 grit size SiC paper. For the three-electrode cell set-up, the Zn-Mg HPT disks, a
saturated calomel electrode (SCE), and a graphite rod were used respectively as the working,
reference, and counter electrodes. The surface area of the samples was electrically connected with
a Cu wire to the potentiostat and sealed with a rubber ring, such that a constant area of 0.5 cm?
was exposed to the testing electrolyte during all the experiments. Simulated body fluid (SBF)
prepared from Kokubo's recipe: NaCl 8.035 g/L, NaHCOsz 0.355¢/L, KCI 0.225 g/L,
K2HPO4-3H20 0.231 g/L, MgCl2-6H20 0.311 g/L, CaCl> 0.292 g/L and Na>SO4 0.072 g/L, was

used as testing electrolyte. The electrochemical interaction of the samples with SBF was
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investigated at 37 °C in a 5% CO»-controlled atmosphere inside a humidified incubator to mimic
physiological conditions. All the electrochemical tests described below were carried out in

triplicate to ensure reproducibility.

Open circuit potential (OCP) measurements were performed for 10 h to achieve surface stability,
when the potential difference between the working and reference electrode, in the absence of any
external current, remained relatively stable. After OCP stabilization, potentiodynamic polarization
(PDP) was studied at a scan rate of 5 mV/s and a potential range from - 0.5to 1.5 V vs. SCE. From
Tafel linear approximation of the anodic and cathodic branches of the PDP curves, the corrosion
potential (Ecorr), the corrosion current density (lcorr), and the anodic and cathodic Tafel constants,
Ba and Pc, respectively, were determined. The corrosion rate (CR) was calculated from the lcorr
according to ASTM G102-89: Standard Practice for Calculation of Corrosion Rates and Related

Information from Electrochemical Measurements [149] using Equation 15:

3 Icorr EW

CR =3.27-10" Equation 15

Where CR is measured in (mm/year) when leor is given in (uA/cm?), EW is the equivalent weight
(i.e., 30.6 for a Zn-10Mg (wt.%) alloy), and p is the density (i.e., 6.6 g/cm? for a Zn-10 Mg (wt.%)
alloy). Electrochemical impedance spectroscopy (EIS) was performed in the frequency range from
10 mHz to 100 kHz using a sinusoidal potential perturbation of 10 mVms. The impedance data
was analyzed using Gamry Echem Analyst to obtain the electrical parameters describing the
electrode/electrolyte interface, as well as the Nyquist and Bode diagrams. Electrical equivalent
circuit (EEC) models simulating the electrochemical reactions that occurred at the disk surfaces

were developed by fitting the experimental EIS data.
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3.8. Development and characterization of biodegradable coatings

As highlighted in section 2.1.1, local and systemic toxicity of Zn might be a concern for absorbable
biomedical implants, as the recommended dietary allowance for Zn is only 15-40 mg/day, which
is much lower than that of Mg (300-400 mg/day) [29]. Moreover, cytotoxicity has been reported
in different in vitro studies, including human bone cell lines [150,151], as well as vascular cell
lines [36,44]. Therefore, the study of surface modification techniques able to control the release of
Zn?* ions during degradation is important for minimizing the toxicity of Zn-based implants. In this
dissertation, different coatings were synthesized onto as-homogenized Zn-3Mg alloy substrates
with the goal of controlling the release of Zn?* through a uniform corrosion rate, improving the

cell attachment at the surface, and preventing bacteria colonization.

3.8.1. Synthesis of coatings

3.8.1.1. Materials

As-cast Zn-3Mg alloy bars were subjected to the homogenization heat treatment detailed in section
3.2 and cut into disks having dimensions of 10 mm diameter and 1 mm thickness. The disks were
ground using SiC abrasive papers up to 1200 US grit size to obtain the samples, also referred to as

“Zn-3Mg substrates” hereafter, that were coated as detailed in the next three sections.

For the synthesis of the coatings, the following reagents were used. Zinc nitrate hexahydrate
(Zn(NOs3)2-6H20), phosphoric acid (H3POa), and sodium hydroxide (NaOH) were purchased from
Sigma Aldrich (St. Louis, MO). Collagen type | solution (3 mg/ml) PureCol was purchased from
Advanced BioMatrix (Carlsbad, CA) and stored at 2-10 °C to prevent degradation. Phosphate

buffered saline (PBS) 10X was purchased from ThermoFisher Scientific (Waltham, MA).
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3.8.1.2. Zinc phosphate coating

The idea to develop a zinc phosphate (ZnP) coating arose from the investigation of calcium
phosphate (CaP) coatings for orthopedic applications. CaP coatings have been successfully
synthesized on Zn-based substrates, exhibiting a composition consisting of carbonated apatite like
that of natural bone tissue, leading to enhanced bone-forming ability and tunable degradation rates
[152,153]. However, CaP coatings may not be suitable for implants located at, or near to, highly
vascularized regions because of their potential adverse effect on vascular calcification [154]. Thus,
ZnP coatings, whose feasibility was confirmed on metallic substrates like Ti, Fe, and Mg alloys
[155] and recently on pure Zn [156], was proposed to enhance the biocompatibility and reduce the

degradation rate of the present Zn-3Mg substrates.

The ZnP coating was prepared following a chemical conversion method at RT, inspired by the
work of Su et al. [156] in pure Zn. The following synthesis parameters led to a uniform ZnP coating
on the Zn-3Mg substrates. First, a 0.5 M HzPOs solution was prepared by dissolving 7.35 g H3PO4
in 150 mL deionized (DI) water. Second, a 1 M NaOH solution was prepared by dissolving 1.6 g
in 40 mL DI water. Third, a 0.14 M Zn(NOs). solution was prepared by adding 1.041 g of
Zn(NO3)2-6H20 in 24.622 mL DI water under magnetic stirring. Note that the zinc nitrate is
hydrated, which adds 0.378 mL extra water to the solution, such that the 0.14 M Zn(NO3)2 solution
volume was 25 mL. Fourth, 15 mL of the 0.5 M H3PO4 solution were added to the 0.14 M
Zn(NOz3) solution. The pH was adjusted from 1.37-1.47 to 2.5 by dropwise adding approximately
5 mL of the 1 M NaOH solution, bringing the solution volume to 45 mL. Finally, the total volume

of the ZnP solution was adjusted to 50 mL with DI water.

72



Right before the coating procedure, the Zn-3Mg substrate was slightly polished with 1200 US grit
size SiC paper for 20-30 s to remove any oxidation layer. Immediately after, the sample was
ultrasonically cleaned for 20-30 s in ethanol (by holding the sample with tweezers), rinsed
thoroughly with ethanol, and dried with a compressed air stream for 10-20 s. Then, the sample was
immersed for 5 min in a beaker containing 50 mL of the prepared ZnP solution. Finally, the sample
was removed from the ZnP solution, rinsed thoroughly with DI water, and dried in air. It was noted
that the coating morphology was more uniform when these steps were conducted one right after

the other. Therefore, the ZnP coatings were performed one at a time.

3.8.1.3. Collagen coating

After implantation, biomaterials interact with different types of cells immersed in a three-
dimensional network known as the extracellular matrix (ECM), which not only provide physical
scaffolding, but also trigger cellular responses like proliferation, differentiation, migration, and
adhesion [157]. Collagen type I is the major component of the ECM, and thus, plays a fundamental
role in the interaction between cells and the host implant. Collagen type | coatings have been
developed in Ti alloys [158], Mg alloys [159], and pure Zn [156], promoting enhanced cell
attachment. However, these coatings often showed a lack of uniformity across the substrate surface
and involved complex synthesis protocols with aggressive chemicals that may denaturalize the

collagen protein structure.

In this work, a collagen type | (Col) coating solution was applied onto Zn-3Mg substrates using
the spin-coating technique for the first time. This technigque enables the production of uniform thin
films and potential to scale up [160]. The preparation of the Col solution was performed in sterile

conditions inside a laminar flow biosafety cabinet. For that purpose, all the materials involved in
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the preparation of the Col solution (i.e., pipette, pipette tips, pH paper strips, and vortex mixer)
were sterilized for 15 min under ultraviolet (UV) light inside the biosafety cabinet. Note that the
0.1 M NaOH solution and the distilled water had been previously sterilized by filtering through a
0.22 um syringe filter, and thus, were not UV sterilized. Similarly, the 10X PBS and PureCol

solution (3 mg/mL) were provided in sterile conditions from the respective suppliers.

The PureCol solution was used to prepare a 3-D gel according to the manufacturer's
recommendation to obtain 2 mL of Col solution. During this process, all reagents were maintained
in ice to prevent the premature polymerization of the collagen. First, 1 part (0.2 mL) of chilled
10X PBS was added to 8 parts (1.6 mL) of PureCol with gentle swirling using the vortex mixer.
Second, the pH of the mixture was adjusted to 7.0-7.5, monitoring the pH with paper strips by
adding 0.10-0.15 mL of 0.1 M NaOH solution. Third, the final volume of the Col solution was
adjusted with distilled water (0.05-0.1 mL) to a total of 10 parts. The resulting Col solution had a
concentration of 2.4 mg/mL and was maintained at 2-10 °C to prevent gelation before spin-coating.

This Col solution was also diluted to 1 mg/mL to investigate an alternative collagen concentration.

For spin-coating, the Zn-3Mg substrate sample was secured in the spin-coater (Chemat
Technology Spin Coater KW-4A) under vacuum. All the spin-coatings were performed at 3000
rpm for either 20 or 30 s by pipetting 150 uL of the chilled Col solution on the center of the
substrate surface. The spin-coated substrate was transferred, using tweezers, to a 12-well plate and
incubated for 90-120 min at 37 °C for gelation. Spin-coated substrates were coded using a ColX_Y
nomenclature, where X was the concentration of collagen in mg/mL (i.e., 1 or 2.4) and Y was the
spin-coating time in s (i.e., 20 or 30). For instance, Col2.4_30 refers to the spin-coated substrate

produced with a collagen solution of 2.4 mg/mL concentration for 30 s.
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In addition, a dual coating consisting of ZnP and Col was developed with the goal of modifying
the degradation behavior of the Zn-3Mg substrate and improving its biocompatibility
simultaneously. First, the ZnP coating was developed by chemical conversion, as detailed in
section 3.8.1.2. Then, the ZnP coated substrates were spin-coated with a Col solution of 2.4 mg/ml

using 3000 rpm and 20 s. These samples will be referred to as “ZnP-Col” hereinafter.

3.8.1.4. Collagen-based bioactive glass nanoparticle coating

Bioactive glass coatings have been widely applied on biomedical metallic implants to improve
their surface biocompatibility and bioactivity with the host tissue and overall biological
performance [161]. The investigation of bioactive glass nanoparticles has gained notable interest
in the last years due to their potential in medical applications as therapeutical delivery agents [162]
and tissue regeneration [163]. Moreover, the composition flexibility of bioactive glasses enables
the capability to introduce additional dopants for enhanced functionalities like osseointegration by
Sr?*[164], angiogenesis by Cu?*[165], or antibacterial by Ag*[166,167]. Therefore, a coating
consisting of Ag-doped bioactive glass nanoparticles (AgBGN) was developed in this work with
the aim of enhancing the biocompatibility and antibacterial properties of the Zn-3Mg substrate

simultaneously.

The AgBGN used to develop the coatings were previously synthesized by a modified Stober
method with a composition of SiOz 59.6 — CaO 25.5 — P,05 5.1 — Al203 7.2 — Ag20 2.2 (wt. %)
were generously provided by Dr. Xanthippi Chatzistavrou. These AgBGN were surface-
functionalized with polyethylene glycol (PEG) to facilitate nanoparticle dispersion in a matrix of
2.4 mg/ml Col solution in order to obtain a more uniform coating. This Col-based AgBGN coating

will be referred to as “Col-AgBGN” hereafter and was prepared as follows. First, 20 mg of AGgBGN
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were dispersed in 20 mL of distilled water under agitation at 500 rpm. Second, 400 pL of a 10 mM
PEG solution in H2O were added into the 1 mg/mL AgBGN solution and mixed at 500 rpm for
about 30 min. Third, the AgBGN-PEG mixture was centrifuged, the supernatant was discarded,
and 4 mL of distilled water was added to obtain a 5 mg/mL solution of AgBGN-PEG. Fourth, 1
mL of the 5 mg/mL AgBGN-PEG solution was centrifuged for 2 min at 1000 rpm, and the
supernatant was replaced by 1 mL of 2.4 mg/mL Col solution. Finally, 130 uL of the resulting
Col-AgBGN solution were added onto the center of the Zn-3Mg substrate and spin-coated for 20

s at 3000 rpm.

3.8.2. Microstructural characterization of the coated samples

3.8.2.1. Scanning electron microscopy

A JEOL JSM-7500F SEM coupled with an Oxford EDS system located at the Center of Advanced
Microscopy at MSU was used to examine the morphology and to estimate the chemical
composition of the coatings, which was further investigated by grazing incidence XRD. EDS
elemental maps were acquired at an accelerating voltage of 10 kV and a working distance of 8 mm
in the ZnP-coated samples to investigate the elemental distribution. A Zeiss Auriga FIB-SEM was

used to mill a portion of the coatings to estimate their thickness.

In order to preserve the structure of the Col-containing samples (i.e., Col, ZnP-Col, and Col-
AgBGN) during SEM imaging, they were previously dehydrated and dried in a controlled manner
as specified below. It should be noted that failure to conduct these steps would have destroyed the

structure of the water-containing samples under vacuum during SEM imaging.
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The dehydration procedure consisted of immersing the Col-containing samples in a series of
ethanol/distilled water dilutions of 25%, 50%, 75%, and 100% (three times) (vol. %) for 10 min
each. The samples were directly transferred from one dilution to the next every 10 min, preventing
them from drying in between dehydration steps. Immediately after dehydration, the samples were
dried by hexamethyldisilazane (HMDS) evaporation through a series of immersion steps in
ethanol/HMDS dilutions of 33%, 50%, 66%, and 100% (two times) (vol. %) for 15 min each. Like
in the dehydration process, the samples were transferred from one dilution to the next one every
15 min. When the samples were immersed in the last step of 100% HMDS, the 24-well plate was
left capped loosely in the fume hood overnight for HMDS evaporation. It must be emphasized that
all steps involving HMDS manipulation were carried out in the fume hood wearing the necessary
personal protective equipment, as it is highly toxic. After drying, the samples were sputtered coated
with a Pt target for 30 s at 30 mA by using a Denton Desk Il sputter coater to prevent surface

charging during SEM imaging.

3.8.2.2. Grazing incidence X-ray diffraction

Grazing incidence X-ray diffraction (GIXRD) enables the characterization of thin films and
coatings by using small incident angles for the incoming X-ray beam, such that the penetration
depth of X-rays is very limited, and thus, diffraction information is highly surface sensitive. Unlike
in the Bragg-Brentano configuration shown in Figure 16 (a), in the GIXRD scan, the incident
grazing angle is fixed while the detector rotates over a 26 range. In GIXRD, the critical angle of a
material is defined as the incident angle below which the X-ray is fully reflected from the material
surface. Therefore, a GIXRD measurement with a grazing incidence angle close to the critical

angle would be inherently probing the material surface. Under this condition, the incident X-ray
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is nearly parallel to the material surface, and typical grazing incidence angles are between 0.2-2 °©

[168].

GIXRD was performed in the uncoated and ZnP coated samples (before and after the immersion
testing described in section 3.8.3) using the instrument and scanning parameters detailed in section
3.5.6. The critical angle (©.) was calculated in degrees by using Equation 16 [168], from the X-
ray refractive index of the material (5), which was previously obtained using the online tool

(https://henke.lbl.gov/optical constants/getdb2.html)

180

0, = V26 * Equation 16
T

For the stoichiometric composition of ZnP, Zn3(PQO4)2, a § value of 2.16-10 was obtained, which
resulted in a O, value of 0.377 °. Thus, a minimum 0. value of 0.38 ° was chosen for all the GIXRD

scans.

3.8.3. In vitro degradation and corrosion resistance of coated samples

The in vitro degradation behavior and corrosion resistance were evaluated by immersion of the
samples for 21 days in Dulbecco’s Modified Eagle’s Medium (DMEM) from Sigma Aldrich (St.
Louis, MO). Immersion testing was performed inside an incubator at 37 °C, and half of the DMEM
immersion volume was refreshed, after measuring the pH, every other day to mimic physiological
conditions. The used immersion medium extracted every two days was collected and stored at 4
°C. Two conditions of the Zn-3Mg alloy substrates, uncoated and ZnP coated, were studied in
triplicate to ensure reproducibility. The rationale for not testing the Col-coated samples was that
the Col coating was expected to degrade very rapidly in a physiological environment, and thus,
not play a relevant role in the corrosion resistance.
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The ratio between the immersion volume and the exposed surface area was 20 mL/cm?, according
to ASTM G31-12a: “Standard Guide for Laboratory Immersion Corrosion Testing of Metals”
[169]. Thus, since the total exposed surface area of each sample was ~ 1 cm?, each sample was
initially immersed in 20 mL DMEM, and 10 mL were refreshed every 2 days. During the
immersion test, samples were placed inside individual 36 mm diameter plastic containers, such
that they stayed isolated from each other for the duration of the test. Containers remained capped
during the whole immersion experiment, except during the media replacement, to prevent DMEM

degradation.

Three time points (day 6, 12, and 21 of immersion) were used to estimate the corrosion rate. Two
time points (day 6 and 21 of immersion) were used to examine the surface characteristics by SEM
and compositional changes by EDS. As mentioned earlier, GIXRD was performed before and after
the immersion test (day 21). After 6, 12, and 21 days of immersion, triplicate samples for each
material condition were taken out of the immersion test, rinsed thoroughly with distilled water,
and air-dried at RT completely before being weighted on a precision scale. The corrosion products
of the samples were removed by ultrasonic cleaning with a solution of 200 g/L CrOs in water,
according to ASTM G1-03: “Standard Practice for Preparing, Cleaning, and Evaluating Corrosion
Test Specimens” [170]. Then, samples were rinsed with distilled water and weighted to estimate
the corrosion rate using Equation 17 [170]:

Wi — Wy

CR=K
Atp

Equation 17

where CR is the corrosion rate in um/year, K is a time conversion coefficient equal to 8.76-107,
w; and ws are the initial and final weight of the sample in g, A is the sample area exposed to

solution in cm?, t is the immersion time in h, and p is the density of the material in g/cm?.
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3.8.4. Cytocompatibility evaluation of coated samples

The cell viability and proliferation in bulk samples can be investigated by either direct or indirect
contact methods. The direct contact method consists of seeding cells at the surface of the sample,
while in the indirect, cells are exposed to the degradation products of the sample. In this project,
the indirect method was performed by exposing cells to the sample extracts at different
concentrations to prevent any potential cross-reaction between the Zn-3Mg alloy substrate and the
cell counting assays. Three different samples were evaluated: uncoated, ZnP, and Col-AgBGN.
Note that uncoated samples refer to the Zn-3Mg alloy substrate per se. The tests were performed
in triplicates for statistical analysis. This in vitro cell work and data analysis was carried out in
collaboration with Dr. Kurt Hankenson’s group from the Department of Orthopedic Surgery at

University of Michigan and Dr. Xanthippi Chatzistavrou at MSU.

3.8.4.1. Preparation of sample extracts

UV-sterilized samples (i.e., uncoated, ZnP coated, and Col-AgBGN coated) were immersed for 3
days in cell culture medium inside an incubator at 37 °C and 5% CO. with a surface area to volume
ratio of 1.25 cm?/mL, as recommended by 1SO 10993-5: “Biological evaluation of medical devices
- Tests for in vitro cytotoxicity” [171]. The cell culture medium contained 16.5 % fetal bovine
serum (FBS), 1 % Antibiotic/Antimycotic, and 1 % L-glutamine in a-minimum essential medium
(a-MEM (-)). All the extracts were collected after 3 days of immersion. Sterile conditions were

maintained at all times.

A minimum of 6-fold to a maximum of 10-fold dilution of extracts for indirect in vitro cytotoxicity
tests has been reported to be close to the real environment in the human body [172]. Even though
this recommendation was originally made for Mg-based materials, researchers in Zn-based
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materials since 2015 have been using the same approach consistently. Thus, the following three
extract dilutions were prepared, from each of the three material conditions, by diluting their

corresponding extracts in fresh cell culture medium and stored at 4 °C before use.

- 10-fold: 10 % extract concentration
- 6-fold: 16.7 % extract concentration

- 4-fold: 25 % extract concentration

3.8.4.2. Preparation of cell culture

Human marrow stromal cells (hnMSC) 7043L were purchased from the Center for Gene Therapy,
Tulane University. Cells were thawed and propagated at 3000-5000 cells/cm? in cell culture
medium inside a humidified incubator at 37 °C and 5% CO,. Cells were expanded in T75 flasks,
with renewal of cell medium every 2-3 days. When the cells reached 80 % confluency (i.e., 80 %
of the surface of the flask covered with cells), the medium was aspirated, and the cells were washed
with PBS and lifted from the flask bottom by the enzymatic action of trypsin for 2-3 min. Then,
an equivalent volume of fresh media was added to stop trypsin activity, and the suspended cells
were collected in a 50 mL tube and centrifuged for 5 min at 1200 rpm. The supernatant was
discarded, and the cell pellet was resuspended in fresh media for cell counting using a
hemocytometer. After calculating the cell density in the cell suspension, cells were plated at
specific cell densities either in 12-well or 24-well plates. Cells for these in vitro studies were used

in passage 4 to 6.
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3.8.4.3. Evaluation of cell proliferation

Prior to the indirect contact proliferation assay with the sample extracts dilutions, a preliminary
cell proliferation study was performed to monitor the proliferation of hMSC cells at different cell
densities, as well as their physical appearance in conventional culture media under optical

microscopy.

For the preliminary cell proliferation test, cells at passage 4 were seeded at 104, 2-10* and 4-10*
cells/well in a 12-well plate, corresponding to cell densities of 2.5-10°%, 5-10° and 10* cells/cm?.
Cell proliferation was evaluated at four time points: 2, 4, 7, and 9 days after seeding, refreshing
the medium every 2 days. The test was performed in triplicates for statistical analysis. This
preliminary experiment aid in the selection of the optimum cell density to work with in the indirect

contact test.

Cell proliferation was assessed using a Cell Counting Kit-8 (CCK-8) colorimetric assay (abcam,
ab228554), which enables the determination of viable cells upon reduction of a water-soluble
tetrazolium (WST-8) salt in the presence of cellular dehydrogenases to give an orange formazan
dye. The amount of formazan dye generated by cellular dehydrogenases is directly proportional to
the number of live cells. CCK-8 assay was used by adding CCK-8 solution to the cell-containing
wells, such that the volume of the CCK-8 solution added was always 10 % of the total volume of
the well (i.e., 100 uL CCK-8 solution added to a well with 1 mL). The culture plates containing
the CCK-8 solution were incubated at 37 °C for 3 h. Then, 100 uL aliquots of each well were

transferred to a 96-well, and the absorbance, or optical density (OD), was measured at 460 nm.

For the indirect contact proliferation assay, cells at passage 6 were seeded at 5-10° cells/well in
24-well plates, corresponding to a cell density of 2.5-10° cells/cm?, in 0.5 mL/well. After allowing
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24 h for cell attachment, the cell medium was replaced by the sample extracts. As shown in Figure
21, three different 24-well plates were used, one for each type of sample extract (i.e., uncoated,
ZnP and Col-AgBGN), and every plate had its own control. Note that each extract was tested in
triplicates for statistical analysis. For each 24-well plate, the wells in rows A, B, and C contained
extracts with 10-fold, 6-fold, and 4-fold dilutions, respectively, whereas the wells in row D
contained cell medium. All the cellular wells were refreshed every two days with the same media.
It should be noted that the wells in column 4 did not contain any cells, such that the OD values
measured from these acellular wells after addition of the CCK-8 solution were considered
background absorbance and thus, subtracted from those of their respective cellular wells. Cell
proliferation was evaluated by CCK-8 measurements at three time points: 2, 4, 6 days after adding
the extracts the first time. The student’s t-test was used to determine the statistical significance
among different extract concentrations, as well as between extracts and the control, with a p-value

< 0.05. Cellular health assessment was carried out by optical microscopy at every time point.
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Figure 21: Experimental setup for the indirect contact in vitro proliferation assay with sample
extracts from (a) uncoated, (b) ZnP coated, and (c) Col-AgBGN coated samples; (d) Key to
interpret the different colors and tones in the 24-well plates displayed in (a), (b) and (d).

3.8.5. Antibacterial adhesion and viability assessment of coated samples

The implantation of foreign material in the body is followed by a colonization competition between
microorganisms (i.e., bacteria, viruses, etc.) and host cells, a process known as the “race for the
surface”. In this section, the ability of Zn-3Mg alloy substrates to resist bacteria colonization was
evaluated in vitro. Samples with four different coatings were examined: ZnP, Col, ZnP-Col, and
Col-AgBGN. Uncoated samples, as well as untreated bacteria (i.e., bacteria dispersed in medium),

served as controls. The tests were performed in triplicates for statistical analysis.

Methicillin-resistant Staphylococcus aureus (MRSA) was the bacterium selected for this

experiment, as it is one of the most predominant strains in implant-related infections. The in vitro
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antibacterial work and data analysis were performed in collaboration with Dr. Xanthippi
Chatzistavrou’s group from the Department of Chemical Engineering and Materials Science and
Dr. Neal Hammer’s group from the Department of Microbiology and Molecular Genetics at MSU.

Manipulation of live bacteria was performed by Natalia Pajares from Dr. Chatzistavrou’s group.

3.8.5.1. Preparation of bacteria culture

Laboratory-derived MRSA USA300 JE2 [173] was streaked in tryptic soy agar and grown at 37
°C overnight. Then, an isolated colony was propagated to stationary phase in 5 mL of tryptic soy
broth (TSB) under agitation (~ 230 rpm) at 37 °C overnight. The bacteria culture was centrifuged
and washed twice in PBS before their use. Next, 1 mL of bacteria solution in TSB was prepared
with a concentration of ~ 107 colony forming units (CFU)/mL by adjusting the optical density of

the bacteria suspension at 600 nm (ODeoonm) to 0.5 applying Equation 18.

C; and C, correspond to the ODsoo nm Of the initial and desired bacteria suspension, respectively.
V; corresponds to the volume of the initial bacteria suspension required to achieve a final volume
(V,) with the desired bacteria concentration (C,). In this case, C, = 0.5 and V, = 1. After
measuring the ODsoo nm Of the original bacteria suspension (C,), the volume of that solution

required to achieve the desired bacteria concentration (V,) was calculated.

3.8.5.2. Assessment of bacteria viability in suspension

The capability of the different samples (i.e., uncoated and coated substrates) to resist MRSA
colonization was evaluated by immersing them in 1 mL of the bacteria suspension (OD = 0.5) in

TSB prepared as detailed in section 3.8.5.1. UV-sterilized samples were placed in triplicate in a
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non-adherent 24-well plate (Nunclon™ Sphera™, ThermoFisher Scientific) to prevent bacterial
adhesion to the bottom of the wells. In addition, 1 mL of the bacterial suspension was added to

three empty wells for control (i.e., untreated bacteria), as sketched in Figure 22.

(a) () samples

\@@OOO0)| 7o
@@©OO®() 7.
@OOO®0) 27,
OO0

Figure 22: (a) Experimental setup for the assessment of bacteria viability in suspension; (b) key to
interpreting the different colors in the 24-well plate shown in (a). The small colored circles in
columns 1 to 5 in the 24-well plate represent the different samples, whereas column 6 contains
untreated bacteria.

The 24-well plate was incubated at 37 °C for 7 days. The concentration of bacteria in each of the
wells was evaluated after 1, 2, 3, 5, and 7 days by measuring the absorbance of a 10-fold dilution
of the culture in a spectrometer at ODsoo nm. The concentration of these bacteria suspensions can
be correlated to bacteria colonization in the sample surface. For example, a higher concentration

of bacteria in suspension would indicate a more impaired attachment to the sample.

3.8.5.3. Evaluation of the viability of bacteria adhered to coated surfaces

The bacteria colonization was also evaluated by analyzing the status of the bacteria adhered to the
sample surface. A live/dead BacLight™ Bacterial Viability Kit (L7012, ThermoFisher Scientific)

was used for staining the samples according to manufacturer recommendations. Briefly, a solution
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of propidium iodide and SYTO 9 stains was prepared such that bacteria with intact cell membranes

stain fluorescent green, whereas bacteria with damaged membranes stain fluorescent red.

First, the samples were collected after 7 days of incubation in bacteria suspension, as described in
section 3.8.5.2, and washed three times for 10 min each with a filtered 0.85 % NaCl solution in
distilled water. Second, 0.15 mL of stain solution was added to each sample to cover its surface
and incubated for 25 min at RT in the dark (i.e., by covering the 24-well plate with Al foil). Third,
the stain solution was aspirated, and the samples were washed three times for 10 min with a filtered
0.85 % NacCl solution in distilled water, aspirating off after each wash. Manipulation of stained
samples here on was performed in the absence of natural light, as much as possible, to prevent

stain degradation.

Stained samples were fixed by immersion in a solution containing 2.5 % glutaraldehyde, 2.5 %
paraformaldehyde, and 0.1 M cacodylate buffer in distilled water for 2 h at RT to kill bacteria
while preserving their morphology. The fixative was aspirated, and the samples were washed once

with filtered distilled water before air drying.

Samples were observed using a Nikon C2 confocal laser scanning microscope (CLSM) with a
Nikon Eclipse NI-U upright configuration, located at the Center of Advanced Microscopy at MSU,
with a 40x magnification Plan Fluor dry objective (numerical aperture = 0.75). The
excitation/emission maxima for the stains used are 480/500 nm for SYTO 9 and 490/635 nm for
propidium iodide. Therefore, SYTO 9 was excited with a 488 nm diode laser, and the green
fluorescence emission was detected using a 500-550 nm bandpass filter. On the other hand, the
propidium iodide was excited with a 560 nm diode laser, and the red fluorescence emission was

detected using a 575-625 bandpass filter. The configuration of lasers and filters used, together with
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the excitation/emission curves of the used stains, can be visualized in the relative intensity vs.

wavelength plot displayed in Figure 23.

e SYTO9

® Propidium lodide

X
>
§=
v
C
(O}
+—
=
)
2
+—
E y
[}
o

Figure 23: Configuration of lasers and filters used in CLSM for simultaneous imaging of SYTO 9
and propidium iodide stains. The dotted curves represent the excitation plots of the stains. The
solid curves represent the emission plots of the stains. Vertical lines indicate the lasers used for
excitation of the stains. Semitransparent rectangles indicate the bandpass filters used for detection
of fluorescence. The plot was adapted from that obtained from the Thermofisher SpectraViewer
software.

CLSM images, of 1024 pixels x 1024 pixels, were acquired using Kalman averaging (for noise
reduction) and manipulated with the Nikon NIS-Elements software as follows. Pixel saturation
was optimized in both green and red channels by using the look-up table, such that the amount of
both undersaturated and oversaturated pixels was minimized before image acquisition. Thereby,
the green/red fluorescent images contained the entire dynamic range of intensity values between 0
and 255 (8-bit imaging), and were representative of the live/dead bacteria, respectively. At least
three representative ROIls, of 157 um x 157 um, were imaged for each sample, with green and red
fluorescent signals in separate images, as well as both fluorescent signals combined in the same

image.
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The numbers of green and red pixels in the CLSM images were obtained using the “Color pixel
counter” plugin for Image] (NIH, USA) developed by Ben Pichette, using a minimum color
intensity between 10-20 (in a 1-255 scale). It should be noted that images with either green or red
fluorescence only were used to calculate the number of green or red pixels, respectively, and that
images with green and red fluorescence combined were not used for quantification purposes. From
the number of green and red pixels counted in each image, the percentages of live and dead bacteria
attached to the samples were calculated from Equation 19 and Equation 20, respectively. It should
be mentioned that the percentages of live and dead bacteria reported for each sample resulted from
averaging the values obtained from at least three different ROIs.

Green pixels 100
Green pixels + Red pixels Equation 19

Live bacteria (%) =

Dead bacteria (%) = 100 — Live bacteria (%) Equation 20

Each CLSM image contained a total number of 1.05-10° pixels in an area of 2.46-10* um?. The
total area occupied by bacteria (i.e., live and dead) in each sample was calculated by adding the
number of green pixels and red pixels counted from the same ROI. From there, the bacteria density
in the samples was estimated using Equation 21, assuming that a MRSA bacterium has a diameter
of 0.5 um, and thus, an area of ~ 0.2 um?. Lastly, the live bacteria density in the samples was
estimated from the product of the bacteria density and the live bacteria, as indicated in Equation

22.

Total area occupied by bacteria
Area of 1 bacterium Equation 21
Area of image

Bacteria density =

89



Live bacteria (%)

Equation 22
100

Live bacteria density = Bacteria density -

3.8.5.4. Observation of bacteria adhered to coated surfaces

The distribution and morphology of MRSA adhered to the sample surface were observed after 7
days of incubation, as described in section 3.8.5.2. Samples were collected from the wells and
washed twice for 10 min with filtered distilled water. Then, samples were immersed for 2 h in 0.5
mL of a fixative solution containing 2.5% glutaraldehyde, 2.5% formaldehyde, and 0.1 M
cacodylate buffer in distilled water to kill bacteria while preserving their morphology. Samples
were washed with 0.1 M cacodylate buffer for 15 min to remove the fixative products. Next,
dehydration was performed by immersing the samples in a series of ethanol/distilled water
dilutions of 25 %, 50 %, 75 %, and 100 % (vol.%) for 5 min each, repeating the last step of 100%
ethanol twice. After dehydration, samples were transferred to the critical point dryer (Leica
Microsystem model EM CPD300), where ethanol was replaced by COx. Finally, the samples were
coated with Os for 15 s to obtain a 10 nm conductive layer before observation in SE mode using a
JEOL JSM-7500F SEM operated at an accelerating voltage of 5 kV and a working distance of 4-
5 mm. Live and dead bacteria in the sample surface were identified based on their morphology in
comparison with images from the literature. The density of adhered bacteria observed in the SEM

was compared with that estimated from CLSM images as described in 3.8.5.3.
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4. RESULTS

4.1. Zn-3Mg alloy

This section presents the microstructures and hardness results obtained from the Zn-3Mg alloy
after the following processing procedures: as-cast, as-homogenized, HPT-processed for 30 turns,
and HPT-processed for 30 turns and subsequent PDA (200 °C, 1h). The evolution of the
microstructure and hardness after HPT and PDA will be compared to those of the hybrid

counterpart with an equivalent nominal composition (i.e., Zn-3Mg hybrid) in sections 5.4 and 5.5.

4.1.1. As-cast Zn-3Mg alloy

4.1.1.1. Microstructures of the as-cast Zn-3Mg alloy

The microstructure of the as-cast Zn-3Mg alloy exhibited a fine lamellar eutectic matrix of Zn and
Mg2Zna11, as shown in the BSE-SEM photomicrographs in Figure 24 (a) and (b). Globular primary
or proeutectic Mg2Zn11 was also found across the microstructure, as can be distinguished in the
inset of Figure 24 (b). A small amount of porosity was observed in the as-cast microstructure, as
shown in Figure 24 (b). The composition of the entire ROl in Figure 24 (c), as well as that of points
1-6, was determined from EDS and is included in Table 2. The Zn and Mg EDS elemental maps
from Figure 24 (c) are provided in Figure 24 (d) and (e), respectively. The composition of the dark
phase in Figure 24 (c) was ~ 95Zn-5Mg (wt. %), which is reasonably close to that of the Mg2Zn11

phase, whereas the light phase corresponded to Zn (see Table 2).
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Figure 24: Representative BSE-SEM photomicrographs and EDS elemental maps of the as-cast
Zn-3Mg alloy: (a) lower magnification, (b) higher magnification, (c) EDS region where point
analysis was performed in locations 1-6, and their chemical compositions are provided in Table 2,
(d) Zn EDS map obtained from (c), and (¢) Mg EDS map obtained from (c). Adapted from [124].

Table 2: Chemical compositions of the as-cast Zn-3Mg alloy measured by EDS at different
locations indicated in Figure 24 (c) with points 1-6. Adapted from [124].

Measurement Zn Mg
Zn-3Mg alloy locati
ocation (wt. %)  (at. %) (Wt. %)  (at. %)
Whole area 96.7 91.7 33 8.3
As-cast Points1,2and 3 94.7 +0.386.9+0.7 53+0.3 13.1+0.7
Points 4, 5 and 6 100 100 0 0

4.1.1.2. Hardness of the as-cast Zn-3Mg alloy

A total of 10 individual HV indents were performed at different locations across the surface of the

as-cast Zn-3Mg alloy, and the mean + standard deviation obtained was 139 + 4 HV.
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4.1.2. As-homogenized Zn-3Mg alloy

4.1.2.1. Microstructures of the as-homogenized Zn-3Mg alloy

The homogenization heat treatment performed on the as-cast Zn-3Mg alloy, as described in section
3.2, was effective in dissolving the primary Mg.Zn11 phases and led to a uniform coarser lamellar
microstructure, as shown in Figure 25 (a) and (b). The composition of the entire ROI in Figure 25

(c), as well as that of points 1-6, was determined from EDS, and they are included in Table 3.

Figure 25: Representative BSE-SEM photomicrographs and EDS elemental maps of the as-
homogenized Zn-3Mg alloy: (a) lower magnification, (b) higher magnification, (c) EDS region
where point analysis was performed in locations 1-6, and their chemical compositions are provided
in Table 3, (d) Zn EDS map obtained from (c), and (¢) Mg EDS map obtained from (c). Adapted
from [124].
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The Zn and Mg EDS elemental maps from Figure 25 (c) are provided in Figure 25 (d) and (e),
respectively. The composition of the dark phases in Figure 25 (c) was ~ 94Zn-6Mg (wt. %),
consistent with that of the Mg2Zn11 phase, whereas the light phases corresponded to Zn (see Table
3).

Table 3: Chemical compositions of the as-homogenized Zn-3Mg alloy measured by EDS at
different locations indicated in Figure 25 (c) with points 1-6. Adapted from [124].

Measurement Zn Mg
Zn-3Mg alloy .
location (Wt. %)  (at. %) Wt. %)  (at. %)
Whole area 97.2 92.8 2.8 7.2
As-homogenized Points1,2and 3 94.2+0.1 85.7+0.3 58+0.1 143%0.3
Points 4, 5and 6 100 100 0 0

A series of EBSD maps (i.e., image quality, IPF, phase maps) acquired, as detailed in section 3.5.4,
from the as-homogenized Zn-3Mg alloy are displayed in Figure 26. Both Zn and Mg2Zni1 phases
were identified, and their IPF and phase maps are shown. From the image quality map in Figure
26 (a), the brighter appearance of the Zn lamellar phase indicated that it exhibited a higher CI than
the Mg2Zn11 phase. Despite the relatively low BSE intensity of the Mg».Zni1 phase, it was
crystallographically distinguished from Zn due to its cubic lattice structure. Based on the IPF map
in Figure 26 (b), the Zn phases in the scanned region did not seem to have a preferred crystal
orientation. Due to the relatively low CI value, ~ 0.05-0.08, for the Mg2Zn11 phase, the IPF map
in Figure 26 (c) was not used to draw any conclusion about its crystal orientation. Figure 26 (d)
and (e) show respectively the locations of the Zn and Mg2Zn11 phases, respectively, in the scanned
region. Due to potential interaction volume effects, phase quantification was not performed from
EBSD data. The basal pole figure in Figure 27 indicates that the Zn phase did not exhibit basal
texture, in agreement with the IPF map in Figure 26 (b), as most of the poles were tilted away from
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the {0001} normal. The maximum texture intensity, according to the scale provided in Figure 26

for the Zn phase, was approximately 7.

u" )i‘:“
""ﬁ"f'. :

a3 IR
o -
ke O

Sy
4 A
41_ < - M\ Dt
g 9
< i / -
Y Y 5 ’\
{ f / .
caed? 4
.

Figure 26: EBSD maps of the as-homogenized Zn-3Mg alloy: (a) image quality map of the scanned
area and corresponding (b) Zn IPF map, (c) Mg2Zn11 IPF map, (d) Zn phase map, and (e) Mg2Zn11
phase map. The principal IPF triangles for Zn and Mg2Zn11 phases are provided, with their
respective crystal orientations.
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Figure 27: EBSD of as-homogenized Zn-3Mg alloy: (a) Zn IPF map, and (b) corresponding basal
(0001) pole figure with color scale displaying the texture intensity.
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4.1.2.2. Hardness of the as-homogenized Zn-3Mg alloy

A total of 10 individual HV indents were performed at different locations across the surface of the

as-homogenized Zn-3Mg alloy, and the mean + standard deviation obtained was 109 + 4 HV.

4.1.3. HPT-processed Zn-3Mg alloy

4.1.3.1. Microstructures of the HPT-processed Zn-3Mg alloy

After subjecting the as-homogenized Zn-3Mg alloy to HPT for 30 turns, i.e., HPT alloy,
TEM/STEM imaging was performed near the periphery of the sample at the thickness-shear plane,
defined in Figure 12. The microstructure of the HPT alloy consisted of equiaxed grains ranging in
diameter from ~ 100-300 nm, as observed in the BF-TEM image in Figure 28 (a). The
corresponding SAD pattern is presented in Figure 28 (b), where the left half corresponds to the
original pattern, and the right half is the processed pattern after beam-stop removal and rotational
averaging about its center to eliminate the influence of diffraction ring artifacts due to non-uniform
grain size and/or crystal orientation effects [133]. A magnified view of the rotationally averaged
SAD pattern is shown in Figure 28 (c), with its corresponding line radial intensity profile, where
the labeled peaks are associated with different Bragg reflections. Peaks having at least 10%
maximum intensity were matched to Zn (#421014) and Mg2Zn11 (#104898) phases tabulated in
the ICSD. It was noted that the four strongest peaks were associated with more than one reflection
and that the most intense peak corresponded to the highest intensity peak in both Zn and Mg2Zn11
theoretical spectra. It should be mentioned that no other Zn-Mg phase was found to be a good fit

for the diffraction rings in the SAD pattern.
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Figure 28: Representative TEM/STEM images of the Zn-3Mg alloy near the periphery of the cross-
section after HPT for 30 turns: (a) BF-TEM and (b) corresponding SAD pattern: original (left),
processed (right), (c) portion of the SAD pattern where identified phases were labeled, (d) BF-
STEM and (e) corresponding HAADF-STEM, (f) HRTEM sequential imaging, where
nanocrystalline domains are denoted by white dashed lines. [124]

The contrast differences in the BF and its corresponding HAADF-STEM images, in Figure 28 (d)
and (e), respectively, indicate a heterogeneous distribution of Zn and Mg.Zn11 phases. Because the

contrast level in HAADF mode is directly proportional to the atomic number, the bright areas
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corresponded to Zn (Z=30), whereas the dark regions corresponded to Mg2Zn11 (Z~27.2). Detailed
inspection of the microstructure revealed nanocrystalline domains between coarser grains, as
indicated by white dashed lines in the highest magnification HRTEM images in Figure 28 (f).
Moiré fringe patterns could be distinguished inside some of these nanocrystalline domains due to
a superposition of lattice reflections. Although FFT analysis provided evidence for Zn and
Mg2Zn11 phases, consistent with the SAD pattern, the orientation relationships between the
overlapping lattices could not be identified from the measurements of the Moiré fringes spacings

and the diffraction vectors.

Atomic characterization of a small volume near the periphery of the Zn-3Mg alloy after HPT was
performed by APT. Figure 29 presents the reconstruction of an APT needle, including the Zn and
Mg atom maps, as well as an isosurface and its corresponding proximity histogram. The Zn atoms
were distributed across the whole APT needle, as observed in Figure 29 (a), whereas Mg atoms
were mainly located at the bottom of the APT needle, as observed in Figure 29 (b). The 3D region
highlighted in Figure 29 (c) represents an isoconcentration surface with 10 (at. %) Mg. The black
arrow indicates the direction of the corresponding proximity histogram plotted in Figure 29 (d),
which shows the evolution of the atomic concentration of Zn and Mg as a function of the distance

from the isosurface.

The region highlighted in yellow indicates approximately the transition region between the
different compositions at either side of the isosurface. This transition region has an approximate
thickness of 5 nm and can be interpreted as a phase boundary, as it represents a spatial interface
between two regions of uniform composition. Analysis of Figure 29 (d) revealed that the
composition evolved from 99.8Zn-0.2Mg (at. %) at one side of the isosurface to 83.5Zn-16.5Mg
(at. %) at the other side of the isosurface. It should be noted that 99.8Zn-0.2Mg (at. %) corresponds

98



to a solid solution of Mg in Zn, whereas 83.5Zn-16.5Mg (at. %) corresponds to the Mg>Zni1

intermetallic phase.
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Figure 29: APT reconstruction of a needle extracted near the periphery of the Zn-3Mg alloy after
HPT for 30 turns: (a) atom map of Zn, (b) atom map of Mg, (c) 3D isosurface with a concentration
of 10Mg (at. %), (d) proximity histogram along the black arrow in the isosurface highlighted in
(c). The average composition across the isosurface evolved from 99.8Zn-0.2Mg to 83.5Zn-16.5Mg
(at. %). The transition region between the two compositions is highlighted in yellow in (d).

The microstructure of the Zn-3Mg alloy after HPT for 30 turns near the sample periphery was also
inspected by SEM, in a plane perpendicular to that of the TEM/STEM images above, and
representative BSE-SEM photomicrographs at different magnifications are presented in Figure 30.
The grains appeared to be reasonably equiaxed across the microstructure, as observed in Figure 30
(a), with grain diameters ranging between ~ 200-400 nm. Darker areas between neighboring
brighter grains could be distinguished at higher magnifications, as observed in Figure 30 (b),
consistent with the HAADF-STEM observations above, associated with Mg2Zn11 phases.
Nanoscale precipitates were identified in the grain interiors of some Zn-rich grains, as can be

distinguished in the inset of Figure 30 (b).
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Figure 30: Representative BSE-SEM photomicrographs near the periphery at the cross-section of
the as-homogenized Zn-3Mg alloy after HPT for 30 turns: (a) lower magnification, (b) higher
magnification. Adapted from [124].

EBSD was performed near the periphery of the Zn-3Mg alloy after HPT for 30 turns, and the image
quality, IPF, and phase maps corresponding to the Zn and Mg2Zni1 phases identified are provided
in Figure 31. Consistent with the SEM and TEM/STEM images presented earlier, severe grain
refinement in the nanoscale regime was achieved in the as-homogenized alloy after 30 turns HPT.
Similar to the EBSD analysis of the as-homogenized condition, both Zn and Mg2Zn11 phases were
identified, and the latter phase, which corresponded to the darker areas in Figure 31 (a), typically
exhibited lower CI values. The IPF map of the Zn phase in Figure 31 (b) indicated that a large
fraction of the nanosized grains in the microstructure were relatively well aligned with the basal
plane {0001} normal. It should be noted that despite the small sizes of the Mg.Zn11 phases
identified, each consisted of at least 10 neighboring pixels with a Cl > 0.1 and misorientation

angles < 5°.
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Figure 31: EBSD maps of the as-homogenized Zn-3Mg alloy after HPT processing for 30 turns
near the sample periphery: (a) image quality map of the scanned area and corresponding (b) Zn
IPF map, (c) Mg2Zn11 IPF map, (d) Zn phase map, and (e) Mg2Zn11 phase map. The principal IPF
triangles for Zn and Mg2Zn11 phases, with their respective crystal orientations, are provided.

Similar to the as-cast condition, the IPF map of the Mg>Zn11 phase in Figure 31 (c) was not used
to derive any conclusion due to the relatively low ClI values (i.e., ~ 0.05-0.08) and the small number
of pixels in the Mg2Zn11 phases present. The basal pole figure corresponding to the Zn phase,
shown in Figure 32 (b), indicated that a clear basal texture developed in the microstructure after
HPT for 30 turns, as most of the poles are approximately parallel to the basal plane normal
direction. The maximum texture intensity of the Zn phase for this sample was approximately 5

(see scale in Figure 32).
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Figure 32: EBSD of the Zn-3Mg alloy after HPT processing for 30 turns: (a) Zn IPF map, and (b)
corresponding basal (0001) pole figure with color scale displaying the texture intensity.

The grain size (GS) and misorientation angle distributions of the Zn phase obtained through EBSD
analysis of the Zn-3Mg alloy after HPT processing for 30 turns are presented in Figure 33 (a) and
(b), respectively. The distribution of GS, in Figure 33 (a), showed a unimodal right-skewed
distribution, with a GSave 0f ~ 210 £ 60 nm. Thus, it could be inferred that most of the grains had
slightly smaller sizes than the latter value, about ~ 170-180 nm, as indicated by the position of the
mode in the GS distribution. Few grains had sizes between 300-450 nm, but these represented less

than 1% of the total scanned area.

As shown in Figure 33 (b), the fractions of misorientation angles increased rapidly from 2° to 40
°, and then decreased gradually from 40° to 93.5°. The most frequently occurring misorientation
angles were in the range of ~ 30-50°. HABsS, defined as those > 15° misorientation, represented ~

97 % of the total number of identified boundaries in the microstructure.
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Figure 33: Distributions of (a) grain size and (b) misorientation angle obtained from EBSD
analysis of the Zn phase identified near the periphery of the Zn-3Mg alloy after HPT processing
for 30 turns.

4.1.3.2. Hardness of the HPT-processed Zn-3Mg alloy

The distribution of HV values recorded at the cross-section over the radius of the Zn-3Mg alloy
sample after HPT for 30 turns is presented as a color-coded contour map in Figure 34 (a). The
mean * standard deviations of the HV values measured across the sample are also provided in
Figure 34 (b). The average hardness across the sample radius was 139 HV, and the maximum
hardness recorded was 150HV. The hardness of the sample appeared to be relatively uniform at r
> 1 mm, with values in the range of ~ 135-140 HV. A slight decrease in the hardness was observed
for r <1 mm, where the values ranged between ~ 120-135 HV. The HV measurements recorded
at the same distance from the center but at different distances from the mid-thickness, typically
differed by ~ 5-10 HV. However, larger standard deviations of ~ +15 HV were observed near the

sample center atr <1 mm.
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Figure 34: HV values measured at the cross-section over the radius of the Zn-3Mg alloy sample
after HPT for 30 turns: (a) color-coded contour map constructed from a 4x32 matrix of HV values,
to be interpreted with the color key scale provided, and (b) corresponding plot with the HV values.

Each point in the plot represents the average HV values among four different measurements at the
same distance from the center, and the error bar represents their standard deviation.

4.1.4. HPT-processed + PDA Zn-3Mg alloy

4.1.4.1. Microstructures of the HPT- processed + PDA Zn-3Mg alloy

The microstructure of the HPT-processed Zn-3Mg alloy after subsequent PDA near the periphery
of the sample was examined by SEM, and representative BSE-SEM photomicrographs at different
magnifications are provided in Figure 35. The microstructure exhibited grains of two clear contrast

levels, with sizes in the range of ~ 600-800 nm, which appeared to be free of precipitates in the
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grain interiors, as shown in Figure 35 (b). The brighter areas were associated with Zn, whereas
the darker areas were associated with Mg2Zni1, based on their BSE intensity. The area fractions of
the Zn and Mg2Zn11 phases were determined using the threshold tool in ImageJ as 0.59 and 0.41,

respectively.

Figure 35: Representative BSE-SEM photomicrographs near the periphery at the cross-section of
the as-homogenized Zn-3Mg alloy after HPT for 30 turns + PDA (200 °C, 1h): (a) lower
magnification, (b) higher magnification.

EBSD was performed near the periphery of the Zn-3Mg alloy after HPT for 30 turns + PDA, and
the image quality, IPF, and phase maps corresponding to the Zn and Mg2Zn11 phases identified are
provided in Figure 36. A relatively equiaxed microstructure was apparent from the image quality
map in Figure 36 (a). Some regions with low CI values (i.e., black areas) were distributed across
the scanned area, and thus, they were not indexed successfully. From Figure 36 (b) and (d), it is
apparent that all the grains in the microstructure were attributed to the Zn phase. The colors of the
Zn grains in the IPF orientation map in Figure 36 (b) indicate that most of the grain surfaces lie in

the basal planes. The distributions of grain sizes and misorientation angles in the Zn phase are
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evaluated in the next paragraph. The Mg2Zn1: phase was identified in the form of small clusters
containing ~ 4-6 pixels with CI > 0.1, which were scattered across the microstructure. As
mentioned earlier for the sample after HPT, the crystal orientation information from the Mg2Zn11

phases was not analyzed further due to their small phase fractions.
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Figure 36: EBSD maps of the Zn-3Mg alloy after HPT processing for 30 turns + PDA (200 °C,
1h) near the sample periphery: (a) image quality map of the scanned area and corresponding (b)
Zn IPF map, (¢) Mg2Zn11 IPF map, (d) Zn phase map, and (e) Mg2Zn11 phase map. The principal
IPF triangles for Zn and Mg2Zn11 phases, with their respective crystal orientations, are provided.

The basal pole figure corresponding to the Zn phase of the Zn-3Mg alloy after HPT for 30 turns
and subsequent PDA, shown in Figure 37 (b), indicated a moderate basal texture in the
microstructure, even though a fraction of the poles were tilted away from the {0001} normal. The

maximum texture intensity for the Zn phase recorded was approximately 5 (see Figure 37).
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Figure 37: EBSD of Zn-3Mg alloy after HPT processing for 30 turns + PDA: (a) Zn IPF map, and
(b) corresponding basal (0001) pole figure with color scale displaying the texture intensity.

The distributions of GS and misorientation angles in the Zn phase from EBSD analysis of the Zn-
3Mg alloy after HPT for 30 turns + PDA are provided in Figure 38 (a) and (b), respectively. The
GS followed a unimodal normal distribution, as observed in Figure 38 (a), with a GSave of ~ 680
+ 120 nm. Grains as small as ~ 300 nm and as large as ~ 1.2 mm were present in the microstructure,

but the majority of grains had sizes in the range of ~ 500-900 nm.

From Figure 38 (b), it is observed that the fractions of misorientation angles increased gradually
from 2° to 40° and then, remained fairly stable from 40° to 80°. The most frequently occurring
misorientation angles were in the range of ~ 30-80°. The amount of HABs was ~ 98 % of the total

number of identified boundaries in the microstructure.
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Figure 38: Distributions of (a) grain size and (b) misorientation angle obtained from EBSD
analysis of the Zn phase identified near the periphery of the Zn-3Mg alloy after HPT processing
for 30 turns + PDA (200 °C, 1h).

4.1.4.2. Hardness of the HPT- processed + PDA Zn-3Mg alloy

The HV values measured at the cross-section of the Zn-3Mg alloy after HPT for 30 turns and PDA
are plotted as a function of the distance from the center and the distance from the mid-thickness of
the sample in Figure 39 (a). The mean + standard deviation of the HV values is also provided in
Figure 39 (b). The average hardness across the sample radius was 136 HV, and the maximum
hardness recorded was 153 HV. The hardness was lowest near the central region of the sample, at
r < 0.5 mm, with values ranging at ~ 110-120 HV, and increased progressively with increasing
distance from the center up to r ~ 4 mm, reaching ~ 150 HV. A slight decrease in hardness was
observed from r ~ 4 mm to the edge of the sample, with values in the range of ~ 145 HV. It was
noted that the standard deviations were particularly larger at r < 1.5 mm, where the hardness

measurements recorded at a different distance from the mid-thickness varied by up to + 15 HV.
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Figure 39: HV values measured at the cross-section over the radius of the Zn-3Mg alloy sample
after HPT for 30 turns + PDA: (a) color-coded contour map constructed from a 4x32 matrix of HV
values, to be interpreted with the color key scale provided, and (b) corresponding plot with the HV
values. Each point in the plot represents the average HV values among four different measurements
at the same distance from the center, and the error bar represents their standard deviation.
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4.2. Zn-10Mg hybrids

This section presents the microstructures, hardness results, and electrochemical properties of the
Zn-10Mg hybrids after HPT for 1, 5, 15, and 30 turns. It should be noted that this hybrid
composition was the first one to be studied since it consisted of Zn/Mg/Zn stacked disks of equal
thickness, and thus, it served as a baseline for the other two hybrid compositions (i.e., Zn-3Mg and
Zn-30Mg presented in sections 4.3 and 4.4, respectively). The microstructures were characterized
using SEM, EDS, EBSD, TEM, XRD, and APT. The hardness was examined with HV. Special
attention was given to the regions of highest plastic deformation located at the periphery of the
samples. The electrochemical properties of this material were characterized to assess the corrosion

resistance, as this is important for the biodegradability characteristics.

4.2.1. HPT-processed Zn-10Mg hybrids

4.2.1.1. Microstructures of the HPT-processed Zn-10Mg hybrids

A series of low magnification SE-SEM images acquired from the cross-sections of the Zn-10Mg
HPT hybrids after 1, 5, 15, and 30 turns are presented in Figure 40. It should be noted that in all
SEM images, the lighter regions correspond to the Zn-rich phases (Zzn = 30), whereas the darker
regions correspond to Mg-rich phases (Zmg= 12). After 1 turn, a continuous multi-layered structure
was observed along the diameter of the sample, without any proof of voids or segregation, where
the Zn/Mg/Zn disk sequence was still distinguishable. This showed an adequate mechanical
bonding of the three original Zn and Mg disks through HPT into a compact sample after 1 turn.
After 5 turns, the intermediate Mg-rich layer was no longer uniform across the disk diameter, but
it was instead fragmented into thinner layers with heterogeneous thicknesses. In addition, it was

observed that the fragmentation of different phases into thinner layers, known as necking in the
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HPT literature, occurred more notably towards the disk periphery (i.e., at increasing distance from
the disk center). After 15 turns, thin Mg-rich phases oriented along the shear direction were
identified in the Zn matrix at the central region of the sample at r < 2 mm. However, Mg-rich
phases were mainly present closer to the periphery after 15 turns, with a reasonable radial
symmetry at both sides of the sample. By contrast, after 30 turns, the outer regions of the samples
exhibited significantly finer Mg-rich layers, barely visible in Figure 40, having sub-micron

thicknesses.

HPT: 1 turn

HPT: 5 turns

Figure 40: SE-SEM images corresponding to the cross-sections of the Zn-10Mg hybrids after HPT
for 1,5, 15, and 30 turns, processed with an applied pressure of 6 GPa and a rotational speed of 1
rpm. [174]

Higher magnification SE-SEM images representative of the regions near the periphery, atr ~ 4
mm, of the Zn-10Mg HPT hybrids after 15 and 30 turns are presented in Figure 41. On the one
hand, Figure 41 (a) and (b) correspond to the cross-sections of the hybrids after 15 and 30 turns,
respectively, with the same sample orientation as those in Figure 40 (i.e., compression axis is
vertical). On the other hand, Figure 41 (c) and (d) represent the horizontal surface of the samples
at the mid-thickness plane. Zn-rich and Mg-rich layers, with thicknesses of ~ 20-40 um, were
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consistently aligned with the shear direction at the disk periphery after 15 turns, as shown in Figure
41 (a). After 30 turns, the thickness of these layers decreased significantly, <5 um, after 30 turns,
and became more randomly oriented within the microstructure, as shown in Figure 41 (b). Note
the difference in scale bar magnitude between Figure 41 (a) and (b). The grain sizes near the sample
periphery after 15 tuns ranged between ~ 500 nm and ~ 3.0 um, as observed in Figure 41 (c), with
a GSave Of 815 + 150 nm. After 30 turns, the grain sizes decreased significantly, as observed in
Figure 41 (d), and the grain size distribution was found to be narrower, with a GSave 0f 590 + 60
nm. It should be noted that the GSave Values presented were estimated by the general linear intercept

method from at least 15 individual measurements, in accordance with ASTM E112-12.

Cross-section

Horizontal surface

hybrids after HPT for 15 and 30 turns, at the cross-sections (a) after 15 turns, (b) after 30 turns;
and at the mid-thickness plane of the horizontal surface (c) after 15 turns, (d) after 30 turns. [174]
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Two BSE-SEM micrographs from the same region of the cross-section of the Zn-10Mg HPT
hybrid after 30 turns near the sample periphery at r ~ 4 mm, are observed in Figure 42. A
representative area of the ultrafine multilayered structure is presented in Figure 42 (a), where the
highlighted region in red is magnified in Figure 42 (b). The black areas in Figure 42 (b) were
identified to be Mg by EDS analysis, and the average chemical composition of the light grey phase,
estimated at points A, B, C, and D, was ~ 92Zn - 8Mg (wt.%). The results of the EDS analysis are
summarized in Table 4, including the theoretical composition of the Mg2Zn1 intermetallic

compound as a reference.

Figure 42: Representative BSE-SEM micrographs obtained near the periphery at the cross-section
of the Zn-10Mg hybrid after HPT for 30 turns (a) lower magnification, (b) higher magnification
region highlighted in (a), where EDS analysis was performed at points A, B, C and D (EDS results
are provided in Table 4.
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Table 4: EDS analysis of points A, B, C, and D highlighted in red in Figure 42 (b). The chemical
composition of the Mg>Zn11 intermetallic compound is also provided for reference.

Mg (wt.%) Zn (Wt.%)
Point A 8 92
Point B 7 93
Point C 8 92
Point D 9 91
Mg2Zn11 6 9

A series of EBSD orientation maps collected at the horizontal surface near the periphery, r ~ 4
mm, of the Zn-rich regions of the Zn-10Mg HPT hybrid samples, with their corresponding
misorientation angle distribution plots and basal (0001) pole figures, are presented in Figure 43.
After 1 turn, as shown in Figure 43 (a), the microstructure exhibited a heterogeneous distribution
of grain sizes, with a GSave of ~ 43 = 27 um, and a high fraction (0.48) of low-angle grain
boundaries. As indicated by the (0001) pole figure, a slightly tilted basal texture developed after 1

turn, as the <0001> crystal directions tended to form parallel to the compression axis.

After 5 turns, a more equiaxed microstructure was observed, as shown in Figure 43 (b), with a
GSave Of ~ 19 = 8 um. This grain refinement was accompanied by an increase in the volume
fraction of high-angle grain boundaries (HABs), from 0.52 after 1 turn to 0.78 after 5 turns.
Moreover, the associated increase of shear strain after 5 turns gave rise to a better alignment of the

c-axes with the disk normal, as observed by a stronger basal texture.

After 15 turns, as shown in Figure 43 (c), an equiaxed fine-grained microstructure was obtained,
with a GSave Of ~ 421 um. A large number of grains were tilted away from the c-axis, which
resulted in a significant decrease of the (0001) pole figure Imax value, from ~25 after 5 turns to ~

13 after 15 turns, accompanied by an increase in the volume fraction of HABs from 0.78 to 0.83.
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Figure 43: EBSD IPF orientation maps, misorientation angle distribution plots, and basal (0001)
pole figures of the Zn matrix collected at the horizontal surface near the periphery of the Zn-10Mg
hybrids after HPT for (a) 1 turn, (b) 5 turns, (c) 15 turns, and (d) 30 turns. Imax indicates the
maximum intensity values obtained from the respective pole figures. Adapted from [174].

After 30 turns, as shown in Figure 43 (d), the GSave Was ~ 10 = 7 um, and a wider distribution of
grain sizes was observed compared to after 15 turns. The volume fraction of HABs decreased,
from 0.83 after 15 turns to 0.73 after 30 turns, which was similar to that after 5 turns. In addition,
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the basal texture weakened, as indicated by a decrease in the Imax value of the (0001) pole figure,

from 13.2 after 15 turns to 11.9 after 30 turns.

TEM and XRD were used to investigate the phase composition at the regions of highest plastic
deformation, which correspond to the periphery of the sample processed for 30 turns. Figure 44
shows a representative BF-TEM image, and its corresponding SAD pattern, of a lift-out extracted
from the thickness-shear plane near the periphery, r ~ 4.5 mm, of the Zn-10Mg HPT hybrid after
30 turns. Note that only the transmitted electron beam contributed to the formation of the BF-TEM
image in Figure 44 (a), and that the dark areas correspond to strongly diffraction regions of the
sample. Nanosized layers, with an approximate thickness of 400-500 nm, as well as nanosized
grains with sizes of 200-300 nm, were observed in the severely deformed multilayered

microstructure at the sample periphery after 30 turns.

The SAD pattern presented in Figure 44 (b), which corresponds to the entire area shown in Figure
44 (a), shows a clear ring pattern evidencing the polycrystalline nature of the microstructure. The
four diffraction rings with a smaller radius, associated with larger interplanar spacings, were
identified and labeled according to the following PDF cards of the ICSD: Mg (77908), Zn
(421014), Mg2Zn11 (104898), and MgZn> (104897). The identification of the Mg2Zn11 and MgZn;
intermetallic compounds indicated that a phase transformation in the Zn-10Mg HPT hybrids had

occurred after 30 turns.
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Figure 44: TEM analysis at the thickness-shear plane near the periphery of the Zn-10Mg hybrid
after HPT for 30 turns: (a) BF-TEM image and (b) corresponding SAD pattern, where the right
half indicates the diffraction rings associated with the phases (Zn, Mg2Zn11, and MgZn,) identified.
[174].

A series of XRD patterns collected from the mid-thickness of the shear-radial plane near the
periphery of the Zn-10Mg HPT hybrids after 1, 15, and 30 turns are presented in Figure 45.
Conventional background subtraction and peak intensity normalization were performed to
facilitate comparison between different XRD scans. It should also be noted that the square root of
the intensity is represented in the y axis, in arbitrary units (a.u.), for ease of resolving the lower
intensity peaks from the background. Diffraction peaks associated with four different phases were
identified and labeled accordingly by using the same PDF cards mentioned in the previous
paragraph for the analysis of the SAD pattern. As observed in Figure 45, only diffraction peaks
corresponding to Zn and Mg phases were identified after 1 turn, whereas additional peaks
associated with Mg2Zn11 and MgZn; intermetallic compounds were identified after 15 and 30

turns.
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Figure 45: XRD patterns obtained from the periphery at the mid-thickness plane of the Zn-10Mg
hybrids after HPT for 1, 15, and 30 turns. The diffraction peaks corresponding to the four phases
identified (Zn, Mg, Mg2Zn11, and MgZn;) are labeled with different symbols. [174].

Despite the similarities between the XRD scans collected from the samples after 15 and 30 turns,
a detailed analysis of the peaks associated with the intermetallic phases revealed that they generally
exhibited larger intensities after 30 turns. In order to investigate potential variations of the relative
peak intensities between different samples, which would be associated with variations in the phase

amounts, a quantitative phase analysis was carried out via Rietveld refinement.

The quantification of the phase fractions obtained from the Rietveld refinement are summarized
in Table 5. The mass fractions of Zn, and Mg phases changed significantly from 1 to 15 turns,
from ~ 0.19 to ~ 0.58, and from ~ 0.81 to ~ 0.28, respectively. However, the mass fractions of
Zn and MgZn; did not change dramatically from 15 to 30 turns, evolving only from ~ 0.58 to ~

0.62, and from ~ 0.13 to ~ 0.16, respectively. In contrast, the mass fraction of the Mg phase at the
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disk periphery decreased by half from 15 to 30 turns, from ~ 0.28 to ~ 0.14, respectively.
Conversely, the mass fraction of the Mg2Zn11 phase increased by a factor of four from 15 to 30

turns, from ~ 0.02 to ~ 0.08, respectively.

Table 5: Chemical composition at the periphery of the Zn-10Mg hybrids after HPT from 1, 15,
and 30 turns, obtained from Rietveld refinement of the XRD data in Figure 45.

HPT turns Zn (Wt.%) Mg (wt.%) Mg2Zn11 (Wt.%)  MgZnz (wt.%)
1 18.6 £ 0.5 81.4+05 0 0
15 576104 28.0+0.3 1.6+0.2 12.8+0.4
30 62.4+0.4 13.8+0.4 7.5+£0.2 16.3+£0.3

APT analysis was performed to investigate the atomic composition of a small volume at the
periphery of the Zn-10Mg hybrid after 30 turns, and the results are presented in Figure 46. The
atom maps for Zn and Mg are provided in Figure 46 (a) and (b), respectively, which evidence an
apparent change in atomic concentration for both elements across a diagonal interface in the APT
needle extracted. To visualize the morphology and size of this interface, a Zn isoconcentration
surface at 30 (at.%) was drawn, and it is highlighted in Figure 46 (c). The black arrow across the
isosurface indicates the direction in which the proximity histogram was plotted in Figure 46 (d).
The proxigram shows a clear change in atomic composition at either side of the isosurface
(indicated by a vertical dashed line), over a 8 nm distance approximately, as highlighted in yellow.
The chemical composition evolved from 99.5Mg-0.4Zn (at.%) to 41.5Mg-58.4Zn (at. %). It should
be noted that 99.5Mg-0.4Zn (at.%) corresponds to a solid solution of Zn in Mg, whereas 41.5Mg-
58.4Zn (at. %) is reasonably close to the Mg.Zns intermetallic phase, which was not identified via

XRD or TEM.

119



(@) . Zn atoms | (d) 100-_5..........,

90~ 4N
.—+—Mg e
80

70 -
60 -

e o0 ©00 000000000

‘.\ .

50

LS
®
A L T TP er Yy

40 4

30 A

Concentration (at. %)

20

104

o

0 -possscsccco INNNNNNNINNNN.G.
-10 -5 0 5 10
Distance from isosurface (nm)

50 nm

Figure 46: APT reconstruction of a needle extracted near the periphery of the Zn-10Mg hybrid
after HPT for 30 turns: (a) atom map of Zn, (b) atom map of Mg, (c) 3D isosurface with a
concentration of 30Zn (at. %), (d) proximity histogram along the black arrow in the isosurface
highlighted in (c). The average composition across the isosurface evolved from 99.5Mg-0.4Zn to
41.5Mg-58.4Zn (at. %). The transition region between the two compositions is highlighted in
yellow in (d).

4.2.1.2. Hardness of the HPT-processed Zn-10Mg hybrids

The HV hardness evolution along the diameter of the cross-section in the Zn-10Mg HPT hybrids
is presented in Figure 47. It should be noted that the HV values were measured at the mid-thickness
plane of the sample, away from the top and bottom surfaces. The HV values were plotted with
respect to the distance from the center of the sample in Figure 47 (a), and with respect to the
equivalent VVon Mises strain of the region where they were collected in Figure 47 (b). As observed
in Figure 47 (a), the HV values were relatively uniform at ~ 35-40 HV across the diameter after 1
turn, consistent with the HV values measured for pure Zn (36 HV) and pure Mg (35 HV) denoted
by dashed lines for reference. After 5 turns, the HV values increased within the range of ~ 50-70

HV, reaching a maximum of 82 HV at one of the edges of the sample. After 15 turns, there was
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not only an overall significant increase of the HV values, particularly near the disk edge, but also
a very wide distribution across the disk diameter, ranging from ~ 70-175 HV, with a maximum
value of ~ 200 HV at both edges of the sample. Similarly, after 30 turns, the HV values were
generally higher than those after 15 turns, remaining very scattered across the disk in a wide range
from ~ 70-200 HV, and reaching maximum values of ~ 250 HV at both edges of the sample. In

general, there was a trend of increasing hardness with increasing number of HPT turns.

The Von Mises strain values corresponding to the HV values plotted in Figure 47 (b) were
calculated from Equation 3. The maximum strain values after 1, 5, 15, and 30 turns were ~ 20,
100, 300, and 600, respectively, at the periphery of the samples, where the maximum HV values
were measured in all cases. Note that the x-axis is plotted in logarithmic scale and that the

aggregate HV values increase following an exponential-type trend with increasing strain.
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Figure 47: HV measurements along the diameter of the cross-section in the Zn-10Mg hybrids after
HPT for 1, 5, 15, and 30 turns with respect to (a) the distance from the center of the sample and
(b) the equivalent Von Mises strain at the location where the HV values were performed. Each
data point corresponds to the average of four individual HV indents at the mid-thickness of the
sample, away from the sample surfaces. [174].
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A two-dimensional distribution of the hardness across the HPT-processed samples can be observed
in Figure 48, where a 4x65 matrix of HV values (i.e., a total of 260 HV values) was acquired from
a rectilinear grid pattern of equispaced HV indents in each sample. It should be mentioned that the
color-contour maps provided do not represent the entire cross-section of the sample, as the distance
between the center of the indents and the edge of the sample was kept at least 3 times the value of
the indentation diagonal to prevent the material from flowing sideways. After 1 turn, the hardness
was relatively homogenous along the cross-section, in agreement in Figure 47, with values ranging

between 35-40 HV.
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Figure 48: Color-coded HV contour maps corresponding to the cross-sections of the Zn-3Mg
hybrids after HPT for 1, 5, 15, 30 turns presented in Figure 40. Each map corresponds to a 4x65
matrix of HV values recorded in a rectilinear grid pattern.

After 5 turns, notable differences in hardness were observed at different locations of the cross-
section, with regions reaching maximum values ~ 100 HV near the periphery, whereas other
regions displayed hardness values of ~ 60-70 HV. Unlike expected, the lowest HV values
measured were not at the sample center, suggesting that the sample may have slipped during HPT

processing leading to asymmetrical plastic deformation with respect to the sample center.
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After 15 turns, the hardness distribution was reasonably symmetrical, with most of the hardness
values ranging between ~ 70-150 HV. As expected, the highest values were recorded near the
periphery and the lowest at the sample center. Similarly, after 30 turns, the hardness distribution
seemed fairly symmetrical, with average values between ~ 180-200 HV at r ~ 4 mm, and average
values of 60-80 HV at r <1 mm. It was also noted that the HV values recorded at the same distance
from the center and different mid-thickness values were not uniform, and this was true for the

samples processed for 5, 15, and 30 turns.

4.2.1.3. Electrochemical properties of the HPT-processed Zn-10Mg hybrids

The OCP, PDP, Nyquist, and Bode plots obtained from electrochemical testing of the Zn-10Mg
HPT hybrids after 1, 15, and 30 turns in SBF are presented in Figure 49. From the OCP curves in
Figure 49 (a) collected for 10 hours, it is observed that right after immersion in SBF, the samples
after 1 turn exhibited a potential of -1.014 V vs. SCE, whereas those samples after 15 and 30 turns
exhibited more negative potentials, -1.527 and -1.381 V vs. SCE, respectively. After the first hour
of immersion, the potential of the samples after 1 turn decreased gradually towards more negative
values, reaching a stable potential at -1.116 V vs. SCE, with minimal variations for the rest of the
OCP test. On the contrary, the potential of the samples after 15 and 30 turns shifted towards more
positive potentials after the first hour of immersion, reaching stable potentials at -1.360 and -1.249

V vs. SCE, respectively, during the next two hours for the rest of the OCP test.

The PDP curves obtained after OCP stabilization are shown in Figure 49 (b), and their
corresponding Ecorr and Icorr values, as well as the estimated corrosion rates, are provided in
Table 6. It was observed that the Ecorr of the samples after 1 turn was slightly more noble in SBF

than that after 15 and 30 turns. The samples after 1 turn exhibited the lowest lcorr and the highest
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Ecorr Values, whereas those after 15 turns exhibited the highest lcorr and the lowest Ecorr values.

Conversely, the samples after 30 turns presented intermediate lcorr and Ecorr Values.

The charge transfer and mass transfer reactions associated with the electrochemical responses were
evaluated by EIS through the analysis of the Nyquist and Bode plots in Figure 49 (c) and (d),
respectively. The EEC models developed from fitting the experimental EIS data for simulating the
electrochemical reactions in the samples and the evolution of the oxide film developed during

immersion in SBF are shown in Figure 50.
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Figure 49: Electrochemical behavior at the mid-thickness plane of the horizontal surface of the
Zn-10Mg hybrids after HPT for 1, 15, and 30 turns in SBF: (a) OCP curves, (b) PDP curves, (c)
Nyquist plots, and (d) Bode-module and Bode-phase plots. [174].
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Table 6: Electrochemical data obtained from the PDP curves in Figure 49 (b).

HPT turns Ecorr lcorr Ba Be Corrosion rate
(V) (MA/cm?2) (mV/decade) (mV/decade) (mmly)
1 -1.230 21.28 216.1 -234.3 0.32
15 -1.370 142.90 175.0 -137.0 2.16
30 -1.350 41.87 177.4 -104.5 0.63

The elements used for EEC modeling were: solution resistance (Rs), film resistance (Ry), charge
transfer resistance (Rct), constant phase element of the film (), and constant phase element of the
double layer (Yar). Note that a Warburg element (W) was added to the EEC model to represent the
diffusion behavior after 1 and 30 turns. The kinetic parameters obtained from fitting and

optimization of the EIS data are provided in Table 7.
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Figure 50: EEC models selected to fit the EIS data obtained from the Zn-10Mg HPT hybrids in
SBF after (a) 1 turn and 30 turns and (c) 15 turns. Rs is the solution resistance, Rt is the film
resistance, Rt is the charge transfer resistance, Y is the constant phase element of the film, Yaq is
the constant phase element of the double layer, and W is the Warburg element. RE and WE indicate
the reference and working electrodes, respectively. [174].
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Table 7: Kinetic parameters obtained from the EIS plots for fitting the EEC models in Figure 50.

Adapted from [174].

Rs Yf Rf

HPTwms — @em®)  ~ (ussvem?) n (Q-cm?)

1 3.92 48.6 0.67 0.62

15 3.93 210.5 0.79 0.0027

30 4.42 920.0 0.45 73.19
HPT turns Ydl Rct w Goodn_ess

(uS.s"/cm?) n2 (Q-cm?)  (S.s%%cm?) of Fit

1 543.6 0.15 592.40 0.034 6.12 x 104

15 7507.0 0.21 354.00 N/A 1.79 x 104

30 8570.0 0.58 371.00 0.015 4.13 x 10
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4.3. Zn-3Mg hybrids

This section presents the microstructural characterization and hardness evolution of the Zn-3Mg
hybrids after HPT for 1, 5, 15, and 30 turns. The microstructures were characterized using SEM,
EDS, EBSD, TEM, XRD, and APT. The hardness was investigated with both HV and
nanoindentation. It should be mentioned that this composition represents about the minimum Mg
concentration that can be achieved in an HPT hybrid with a Zn/Mg/Zn stack configuration, since

the thickness of the central Mg disk in the Zn-3Mg hybrid configuration is ~ 170 um, which is

significantly thinner than that of the external Zn disks (~ 665 um).

Similar to the Zn-10Mg hybrids investigated in section 4.2, special emphasis is given to the region
of highest plastic deformation, corresponding to the periphery of the sample after 30 turns. In
addition, the microstructure and hardness were examined in the Zn-3Mg hybrid after 30 turns,

followed by PDA (200 °C, 1h), and the corresponding results are also presented in this section.

4.3.1. HPT-processed Zn-3Mg hybrids

4.3.1.1. Microstructures of the HPT-processed Zn-3Mg hybrids

A series of low-magnification SE-SEM images taken from the cross-sections of the Zn-3Mg HPT
hybrids after 1, 5, 15, and 30 turns are shown in Figure 51. The Zn and Mg disks were mechanically
bonded into a compact sample after 1 turn, without evidence of voids or major cracks, and the
intermediate Mg disk was still observed across the diameter of the sample. After 5 tuns, the Mg
layer was fragmented closer to the disk periphery, r > 3 mm, where larger plastic deformation
occurred, whereas that Mg-rich region close to the disk center remained unmixed. After 15 and 30

turns, the central region of the disk, r < 2 mm, exhibited finer Mg-rich phases, which were
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distributed preferentially aligned with the shear direction. The peripheral areas of the sample
became more uniform with increasing number of turns, and there was no macroscopic evidence of

Mg-rich phases after 30 turns at r > 3 mm.

“HPTL;turn

P =

HPTﬂSfQ}ns

Figure 51: SE-SEM images corresponding to the cross-sections of the Zn-3Mg hybrids after HPT
for 1,5, 15, and 30 turns, processed with an applied pressure of 6 GPa and a rotational speed of 1
rpm. Adapted from [127].

The mixing between Zn and Mg phases at the peripheral region of the Zn-3Mg HPT hybrid after
30 turns was investigated by EDS. The elemental maps, EDS spectrum, and average chemical
composition of the area inspected are provided in Figure 52. A uniform elemental distribution of
Zn and Mg was identified in the scanned region, as observed in Figure 52 (b) and (c), respectively.
Moreover, as indicated in the table next to the EDS spectrum in Figure 52 (d), the average chemical
composition was ~ 96.9Zn-3.1Mg (wt.%), in good agreement with the targeted composition for
the hybrid. It is important to highlight that this EDS analysis was performed with an accelerating
voltage of 25 kV in order to obtain the chemical composition from a relatively large interaction

volume of the sample, representative of the bulk composition. For reference, the interaction depth
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of a 25 kV electron beam in Zn is ~ 2.7 um, as calculated from the Castaing”s formula provided

in Equation 4.

Element wt. % at. %

Zn 969 92.1
Mg 31 79

1.60 keVv

Figure 52: EDS analysis neat the periphery at the cross-section of the Zn-3Mg hybrid after HPT
for 30 turns: (a) SE-SEM photomicrograph of the scanned region, (b) Zn map, (c) Mg map, and
(d) EDS spectrum with the corresponding chemical compositions. Adapted from [124].

BSE-SEM was used to examine the microstructures at the periphery of the cross-sections after 30
turns, and images at different magnifications are provided in Figure 53 (a-c). It should be noted
that the photomicrographs were acquired in the same orientation as those in Figure 51, such that
the horizontal and vertical directions correspond to the radial and thickness directions defined in
Figure 12, respectively. A fairly equiaxed microstructure with a GSave 0of ~ 100-200 nm was
observed after HPT for 30 turns. Vortex-like Mg-rich regions were identified, and they are
highlighted with yellow arrows in Figure 53 (a) and (b). These microstructural features, often
referred to as swirls, are a result of local turbulences, which are characteristic of HPT processing
[177,178]. In addition, nanosized precipitates, highlighted with green arrows in Figure 53 (c),

ranging from ~ 20-100 nm, were evenly distributed within the microstructure.
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HPT: 30 turns

L ) r T % ; Nl ‘
Figure 53: Representative BSE-SEM photomicrographs acquired near the periphery at the cross-
section of the Zn-3Mg hybrid after HPT for 30 turns: (a) lower magnification, where yellow arrows
indicate Mg-rich swirls, (b) higher magnification of the same region in (a), and (c) higher
magnification of the same region in (b), where the green arrows indicate Mg-rich nanoprecipitates
in the Zn matrix. The horizontal and vertical directions correspond to the radial and thickness
directions, respectively, as defined in Figure 12. Adapted from [127].

The microstructure at the peripheral region of the Zn-3Mg HPT hybrid after 30 turns was further
analyzed with TEM/STEM, and representative BF-TEM, BF-STEM, and corresponding HAADF-
STEM images are provided in Figure 54 (a), (b), and (c), respectively. It should be noted that the
TEM/STEM imaging plane was normal to that of the SEM images in Figure 53, such that the
horizontal and vertical directions correspond to the shear and thickness directions defined in Figure

12, respectively.

A reasonably equiaxed microstructure with a GSave 0of ~ 100-200 nm was found, as observed in
Figure 54 (a), consistent with the GSave value measured from SEM. Multiple nanoscale precipitates
with irregular shapes, ranging from ~ 20-150 nm, were distributed in the Zn-rich matrix, as
observed in Figure 54 (b) and (c), in agreement with those identified by SEM in Figure 53 (c).
Moreover, the darker appearance of these nanoscale precipitates in the HAADF image indicated
that they are richer in Mg than the Zn matrix, since the contrast in HAADF mode is proportional

to the atomic number, and Zn (Z=30) has a higher atomic number than Mg (Z=12).
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BF-STEM

HPT:3”0 turns

Figure 54: Representative TEM/STEM images acquired near the periphery at the cross-section of
the Zn-3Mg hybrid after HPT for 30 turns: (a) BF-TEM, (b) BF-STEM, and (c) corresponding
HAADF-STEM. The horizontal and vertical directions correspond to the shear and thickness
directions, respectively, as defined in Figure 12. Adapted from [127].

The phases present in the Zn-3Mg HPT hybrids after 1, 15, and 30 turns were investigated by XRD
at the mid-thickness plane of the sample surface, and the resulting scans are shown in Figure 55.
It should be mentioned that these XRD profiles were obtained from the whole samples, and not
just from the sample periphery as those shown for the Zn-10Mg HPT hybrids in section 4.2.1.1. It
is also important to note that the intensities of the XRD profiles in Figure 55 were normalized to
assist in their comparison, and that the y-axis represents the square root of the intensity to better
resolve low-intensity diffraction peaks. Similar to the XRD results of the Zn-10Mg HPT hybrids,

four different phases were identified and labeled accordingly: Zn, Mg, Mg2Zn11, and MgZna.

After 1 turn, the sample consisted only of Zn and Mg, and the Mg peaks typically exhibited lower
intensities than the Zn peaks, which was consistent with the bulk composition of the sample
measured by EDS. After 15 and 30 turns, peaks corresponding to Mg>Znii and MgZn;
intermetallic compounds were also identified. Furthermore, it was evident from both their peak
intensities and the presence of new peaks corresponding to these intermetallic phases that their

phase fractions increased with increasing plastic deformation from 15 to 30 turns, yet the fractions

131



of intermetallic phases were not quantified. It was also noted that the Mg peaks tended to either
decrease their intensity or disappear with increasing plastic deformation, and the potential reason

for that will be discussed later.

O Zn OMg V Mg,Zn;; 3 MgZn,

30 turns HPT

Intensity ' (a.u.)
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Figure 55: XRD patterns obtained at the mid-thickness plane of the Zn-3Mg HPT hybrids after 1,
15, and 30 turns. The diffraction peaks corresponding to the four phases identified (Zn, Mg,
Mg2Zn11, and MgZny) are labeled with different symbols. Adapted from [127].

The atomic composition of a small volume near the periphery of the Zn-3Mg HPT hybrid after 30
turns was analyzed by APT, and the results are provided in Figure 56. The atom map for Zn, in
Figure 56 (a), shows that Zn atoms were present across the sample, although at a larger
concentration at the bottom of the APT needle. On the contrary, the atom map for Mg, in Figure
56 (b), shows that Mg atoms were only present in specific regions of the sample. In order to
investigate the change in composition from the Mg-rich regions to the Mg-depleted regions, a Zn

isosurface at 90 (at. %) was generated, and it is highlighted in Figure 56 (c). The black arrows
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across the isoconcentration surfaces identified indicate the direction of the proximity histogram

plotted in Figure 56 (d).

It should be noted that each data point in Figure 56 (d) represents the average atomic concentration
of either Zn or Mg at a specific distance from the isosurfaces. The proxigram shows an evident
change in composition across the isoconcentration surface (indicated by a vertical dashed line)
from 82.7Zn-17Mg (at. %) to 99.2Zn-0.3Mg (at. %) over a distance of ~ 4 nm (highlighted in
yellow), which represents the phase boundary. The composition of 82.7Zn-17Mg (at. %) is
reasonably close to that of Mg2Zn11, and 99.2Zn-0.3Mg (at. %) corresponds to a solid solution of

Mg in Zn.
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Figure 56: APT reconstruction of a needle extracted near the periphery of the Zn-3Mg hybrid after
HPT for 30 turns: (a) atom map of Zn, (b) atom map of Mg, (c) 3D isosurfaces with a concentration
of 90Zn (at. %), (d) proximity histogram along the black arrows in the isosurfaces highlighted in
(c). The average composition across the isosurface evolved from 82.7Zn-17Mg to 99.2Zn-0.3Mg
(at. %). The transition region between the two compositions is highlighted in yellow in (d).
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The crystal orientations, distribution of grain sizes, and misorientation angles near the periphery
at the thickness-radial plane of the Zn-3Mg HPT hybrid after 30 turns were investigated by EBSD.
Figure 57 shows the image quality map of the scanned area in (a), with the IPF maps corresponding
to the Zn, Mg, and Mg>Zn1u1 phases identified in (b), (c), and (d), respectively. Phase maps
corresponding to the Zn, Mg, and Mg>Zn11 phases are provided in (e), (f), and (g), respectively.
As observed in Figure 57 (a), the microstructure exhibited extreme grain refinement, with similar
grain sizes well below 500 nm. Turbulent regions similar to those highlighted with yellow arrows
in Figure 53 were identified and corresponded to lower CI value regions, indicated by darker areas

in Figure 57 (a).

Image quality

Zn \:l 1010
Mg @ 4
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Figure 57: EBSD maps of the Zn-3Mg hybrid after HPT processing for 30 turns near the sample
periphery: (a) image quality map of the scanned area and corresponding (b) Zn IPF map, (c) Mg
IPF map, (d) Mg2Zn11 IPF map, (e) Zn phase map, (f) Mg phase map, and (g) Mg2Zn11 phase map.
The principal IPF triangles for Zn, Mg, and MgzZn1; phases, with their respective crystal
orientations, are provided.
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A larger fraction of grains than expected were associated with the Mg phase, and the potential
reason for this will be discussed later. The grain colors in the Zn and Mg IPF maps indicated that
the majority of the grain surface normal were closely aligned with <0001>, suggesting a basal
texture. The basal pole figures provided in Figure 58 confirmed a strong basal texture for both Zn
and Mg phases, although it was noted that most of the poles were slightly misoriented with respect

to <0001>.

It should be mentioned that the identification of Mg2Zn11 by EBSD is shown as a proof-of-concept
in support of the XRD and APT results presented earlier; however, the EBSD data retrieved from
this phase was not used to derive any further conclusion due to the low fraction and generally

lower ClI values, as compared to the Zn and Mg phases.
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4.851
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1.371
1.000
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Figure 58: EBSD analysis of the Zn-3Mg hybrid after HPT for 30 turns: (a) Zn IPF map, and (b)
corresponding basal (0001) pole figure, (c) Mg IPF map, and (b) corresponding basal (0001) pole
figure. The IPF triangles are provided next to the IPF maps, and the color scales indicating the
texture intensities are provided next to the pole figures.
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The distributions of GS and misorientation angles are plotted in Figure 59 (a) and (b), respectively,
for the Zn and Mg phases together. These distributions were obtained from the EBSD results
presented in Figure 57. From Figure 59 (a), a GSave Of ~ 180 + 70 nm was obtained, and the data
followed a right-skewed unimodal distribution, indicating that a large fraction of the grains
identified were finer than the average value, with sizes of ~ 130-150 nm, as denoted by the position
of the mode. The grain sizes in the microstructure ranged from ~ 80-400 nm; however, those with
sizes above 250 nm, which were responsible for the positive skewness of the GS distribution,

represented less than 15 % of the total scanned area.
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Figure 59: Distributions of (a) grain size and (b) misorientation angle obtained from the Zn and
Mg phases together by EBSD analysis near the periphery of the Zn-3Mg hybrid after HPT
processing for 30 turns.

From Figure 59 (b), the amount of HABs (above 15° misorientation) was ~ 84 % of the total
number of boundaries identified in the microstructure. The fractions of boundaries increased from
10-30° and decreased from 30° to 80°. A slight increase in the fraction of boundaries was observed

at ~ 90°.
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4.3.1.2. Mechanical properties of the HPT-processed Zn-3Mg hybrids
4.3.1.2.1. Microhardness

The distribution of HV values was examined over the cross-section of the Zn-3Mg HPT hybrids
after 1, 5, 15, and 30 turns. In each sample, a rectilinear grid pattern of 4x65 hardness indents (i.e.,
a total of 260 HV values) was obtained, and they are plotted in Figure 60 in the form of color-
coded maps with respect to the distance from the center and the distance from the mid-thickness

at which they were measured.
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Figure 60: Color-coded HV contour maps corresponding to the cross-sections of the Zn-3Mg
hybrids after HPT for 1, 5, 15, 30 turns presented in Figure 51. Each map consists of a 4x65 matrix
of HV measurements recorded in a rectilinear grid pattern. Adapted from [127].

The mean values of each of the four different HV measurements collected at the same distance
from the sample center, but a different distance from the mid-thickness, are provided in Figure 61.
After 1 turn, a uniform hardness distribution was observed across the sample, with an average of

~ 39 HV, which is consistent with the HV values measured for pure Zn (36 HV) and pure Mg (35
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HV). After 5 turns, higher hardness values were measured near the periphery of the sample after

5 turns, with an average of ~ 68 HV at r > 3 mm, and an average of ~45 HV at r < 3 mm.

After 15 turns, the hardness distribution was reasonably symmetrical with respect to the center of
the sample and increased gradually with increasing distance from the center. Like after 5 turns, the
central region after 15 turns maintained lower hardness, with average values in the range of ~ 40-
60 HV at r < 1 mm. However, the average hardness was ~140-160 at r > 4 mm, and reached

maximum values near 200 HV.
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Figure 61: Evolution of the average HV values across the diameter of the Zn-3Mg hybrids after
HPT for 1, 5, 15, and 30 turns. This plot is generated with the same HV values shown in Figure
60. Each data point corresponds to the average of four different HV measurements collected at the
same distance from the sample center but at different distances from the mid-thickness.

Processing for 30 turns led not only to an overall increase of the hardness, with an average of ~
133 HV across the entire sample, but also to a more uniform hardness distribution. Unlike after 15
turns, the central region of the sample at r < 1 mm did not exhibit a significant drop in hardness,

with average values of ~ 120-130 HV. Maximum hardness values within the range of ~ 200-230
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HV were recorded at r > 3 mm. It was interesting to note that after 30 turns, the hardness decreased
for r > 3.5 mm consistently at both sides of the sample, and this was not observed after 15 turns.
Overall, a symmetric gradient-type distribution of the microhardness with respect to the sample
center was found after HPT from 1 to 30 turns, with gradually increasing HV values from the

center to the periphery.

4.3.1.2.2. Nanoindentation

The plastic behavior near the periphery of the Zn-3Mg hybrid after HPT for 30 turns was
investigated with Berkovich nanoindentation at four different CSR values, as described in section
3.6.2. Representative load-displacement curves recorded at ¢ = 1.25-10%, 2.5-10%, 5.0-10, and
1.0-10% st are provided in Figure 62 (a). The nanoindentation hardness (H) values corresponding
to the load-displacement curves were calculated using Equation 12 in section 3.6.2, and they are
plotted in Figure 62 (b) as a function of € to obtain the strain rate sensitivity (m). The plotted H

values (mean + standard deviation) are also tabulated in Table 8.

From Figure 62 (a), it was noted that the sample exhibited some broadening between different
load-displacement curves obtained from neighboring regions, thereby indicating a range of local
mechanical responses at the nanoscale. These deviations in the load-displacement curves were
found consistently for all CSR values tested, and they reflected a regime of plastic instability
during nanoindentation. Detailed inspection of the load-displacement curves revealed that the
mean displacement at peak load decreased with increasing &, which led to increasing H values for

increasing &.
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Figure 62: Berkovich nanoindentation near the periphery at the cross-section of the Zn-3Mg hybrid
after HPT for 30 turns: (a) representative load-displacement at constant strain rates of ¢ = 1.25-10-
4,2.5-10-4, 5.0-10-4, and 1.0-10-3 s-1, (b) strain rate sensitivity, m, obtained from the hardness
values, H, at different strain rates. R? in (b) refers to the adjusted R-squared value of the linear
regression. Adapted from [127].

Table 8: Nanoindentation hardness, H, at the periphery of the Zn-3Mg HPT hybrids after 30 turns,
obtained from the load-displacement curves at CSR in Figure 62 (a). These H values were plotted
against € in Figure 62 (b) to find the strain rate sensitivity, m. Adapted from [127].

£ (sY) H (GPa)
1.25.10° 1.834 +0.129
2.50-10 1.870 + 0.083
5.00-10" 2.050 + 0.096
1.00-10° 2201+ 0.136

The strain rate dependence during plastic deformation was investigated by determining the m

value, as defined by Equation 13 in section 3.6.2, from the slope of the linear fitting in a logarithmic

plot of H/3 vs. € shown in Figure 62 (b). The error bars represent the standard deviations of the H
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values, which are a consequence of the plastic instability evident in their corresponding load-
displacement curves. The m value obtained was 0.098 and resulted from a linear regression with a

R?> 0.9, which indicates a good fitting of the experimental data.

The plastic volume involved during nanoindentation was estimated from the activation volume
(V"), using Equation 14 in section 3.6.2, from the slope of the linear fitting in a plot of logarithmic
strain rate vs. linear H/3. The V" obtained was ~ 2.25b® (with a R>> 0.9), where b = 2.67-10° m

is the Burgers vector for Zn [141].

4.3.2. HPT-processed + PDA Zn-3Mg hybrid

4.3.2.1. Microstructures of the HPT-processed + PDA Zn-3Mg hybrid

The cross-sectional image of the Zn-3Mg hybrid after HPT for 30 turns + PDA, in Figure 63,
showed no macroscopic evidence of different phases. It should be noted that the Mg-rich phases
present in the central region of the sample after 30 turns were no longer distinguishable after further

PDA.

HPT: 30 turns + PDA

Figure 63: SE-SEM image corresponding to the cross-section of the Zn-3Mg hybrid after HPT for
30 turns followed by PDA (200 °C, 1h). HPT processing was performed with an applied pressure
of 6 GPa and a rotational speed of 1 rpm. Adapted from [127].

The Zn and Mg EDS maps in Figure 64 (b) and (c), respectively, suggested a relatively uniform
composition near the periphery of the sample. The average chemical composition of the scanned

area, provided in the table next to the EDS spectrum in Figure 64 (d), was ~ 96.3Zn-3.7Mg (wt.%),
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indicating that the targeted composition of the hybrid was reasonably maintained after PDA. Like
that of the Zn-3Mg hybrid after HPT for 30 turns presented earlier, this EDS analysis was also
performed with an accelerating voltage of 25 kV to obtain the chemical composition from a

relatively large interaction volume of the sample, representative of the bulk composition.
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Mg 37 94
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Figure 64: EDS analysis neat the periphery at the cross-section of the Zn-3Mg hybrid after HPT
for 30 turns + PDA (200 °C, 1h): (a) SE-SEM image of the scanned region, (b) Zn map, (c) Mg
map, and (d) EDS spectrum with the corresponding chemical compositions. Adapted from [124].

The microstructures near the sample periphery were inspected at higher magnification by BSE-
SEM, and representative photomicrographs are provided at different magnifications in Figure 65.
The grain size ranged from ~200-1000 nm, and regions of different Z intensities, related to
different phases, were reasonably aligned with the radial direction. The lighter areas were
associated with the Zn matrix, whereas the darker areas were associated with Mg-rich regions.
Nanoscale precipitates were also found scattered across the microstructure. It was noted that the
Mg-rich phases, highlighted with blue dashed circles in Figure 65 (c), contained denser nanoscale
precipitates, as they exhibited lighter contrast than the Mg-rich regions. These regions were further

examined by TEM/STEM.
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HPT: 3Q turns + PDA’

Figure 65: Representative BSE-SEM photomicrographs near the periphery at the cross-section of
the Zn-3Mg hybrid after HPT for 30 turns + PDA (200 °C, 1h): (a) lower magnification, (b) higher
magnification, and (c) higher magnification), where the blue dashed circles indicate Mg-rich grains
with denser nanoscale precipitates. The horizontal and vertical directions correspond to the radial
and thickness directions, respectively, as defined in Figure 12. Adapted from [127].

Detailed analysis of the peripheral region was performed by TEM/STEM, and representative BF-
TEM, BF-STEM, and corresponding HAADF-STEM images are provided in Figure 66 (a), (b),
and (c), respectively. It should be noted that the TEM/STEM imaging plane was normal to that of
the SEM images in Figure 65, such that the horizontal and vertical directions correspond to the
shear and thickness directions defined in Figure 12, respectively. A heterogeneous microstructure
was evident from the BF-TEM image in Figure 66 (a), where nanosized grains of ~ 100-200 nm
were present within a matrix of significantly larger grains ranging from ~ 600-900 nm. The BF
and corresponding HAADF STEM images provided in Figure 66 (b) and (c), respectively, showed
that the nanoscale precipitates clustered preferentially inside Mg-rich grains, in good agreement
with the SEM observations in Figure 65 (c). It was also interesting to find that the precipitate-
containing Mg-rich grains were generally finer than those of the relatively precipitate-free Zn

matrix, and a hypothesis to rationalize this phenomenon is discussed in section 5.3.2.
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HET: 30 turns + PDA

Figure 66: Representative TEM/STEM images acquired near the periphery at the cross-section of
the Zn-3Mg hybrid after HPT for 30 turns + PDA (200 °C, 1h): (a) BF-TEM, (b) BF-STEM and
(c) corresponding HAADF-STEM. The horizontal and vertical directions correspond to the shear
and thickness directions, respectively, as defined in Figure 12. Adapted from [127].

XRD analysis was used to identify the phases present in the Zn-3Mg HPT hybrid after PDA, and
the corresponding XRD spectrum obtained from the mid-thickness plane of the sample surface is
provided in Figure 67.
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Figure 67: XRD patterns obtained at the mid-thickness plane of the Zn-3Mg hybrid after HPT for
30 turns + PDA (200 °C, 1h). The diffraction peaks corresponding to the four phases identified
(Zn, Mg, Mg2Zn11, and MgZn,) are labeled with different symbols. Adapted from [127].

It should be mentioned that, like those of Zn-3Mg after HPT presented in 4.3.1.1, the XRD profile
was obtained from the whole sample, and not just from the periphery. The sample consisted of

four different phases: Zn, Mg, Mg>Zn11, and MgZn1, and their diffraction peaks were labeled

accordingly in Figure 67.
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As pointed out earlier, both the BSE-SEM and HAADF-STEM images in Figure 65 (c) and Figure
66 (c), respectively, showed nanoprecipitates in the Mg-rich grains after PDA. These regions were
imaged by HRTEM, and FFT analysis was performed, as detailed in section 3.5.5.2, to investigate
the phases present. Two different ROIs are highlighted in the HRTEM images in Figure 68 (a) and
(c), and their corresponding FFT diffractograms are shown in Figure 68 (b) and (d), respectively.
Reflections corresponding to Mg, MgzZni1, and MgZn, phases were identified and labeled

consistently, as well as their associated zone axes (ZA).
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Figure 68: HRTEM analysis of fine Mg-rich grains identified at the periphery of the Zn-3Mg
hybrid after HPT for 30 turns + PDA: (a) HRTEM image showing the ROI highlighted in white
where FFT analysis was performed, and (b) corresponding FFT diffractogram where Mg and
MgZn were identified; (c) another HRTEM image showing a ROI highlighted in white where
FFT analysis was performed, and (d) corresponding FFT diffractogram where Mg and Mg2Zn11
were identified. The reflection planes of the phases identified are provided, together with their
corresponding zone axes (ZA). Adapted from [127].

145



APT analysis was performed to investigate the atomic composition of a small volume of the sample
near the peripheral region of the Zn-3Mg hybrid after PDA, and the results are presented in Figure
69. The atom maps for Zn and Mg, in Figure 69 (a) and (b), respectively, indicate that both
elements were present across the APT needle. However, some Mg-depleted regions were found at
the bottom and near the apex of the sample. An isoconcentration surface at 85 (at. %) Zn was

generated, and it is highlighted in Figure 69 (c).
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Figure 69: APT reconstruction of a needle extracted near the periphery of the Zn-3Mg alloy after
HPT for 30 turns + PDA: (a) atom map of Zn, (b) atom map of Mg, (c) 3D isosurfaces with a
concentration of 85Zn (at. %), (d) proximity histogram along the black arrows in the isosurface
highlighted in (c). The average composition across the isosurface evolved from 79.0Zn-20.7Mg to
99.7Zn-0.2Mg (at. %). The transition region between the two compositions is highlighted in yellow
in (d).

The black arrows across the isosurfaces identified indicate the direction in which the atomic
concentration was evaluated, which is displayed in the proximity histogram in Figure 69 (d). A

change in composition from 79.0Zn-20.7Mg (at. %) to 99.7Zn-0.2Mg (at. %) across the

isoconcentration surfaces (denoted by a vertical dashed line) was found over a distance of ~ 4 nm
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(highlighted in yellow). It should be noted that 99.7Zn-0.2Mg (at.%) corresponds to a solid
solution of Mg in Zn, whereas 79.0Zn-20.7Mg (at. %) is associated with a supersaturated solid

solution, as it is far beyond the equilibrium solubility limit of Mg in Zn.

EBSD analysis was performed to examine the crystal orientations, as well as the distributions of
GS and misorientation angles near the periphery of the Zn-3Mg HPT hybrid after PDA. Figure 70
shows the image quality map of the scanned area in (a), with the corresponding IPF maps of the
Zn, Mg, and Mg2Zni1:1 phases identified in (b), (c), and (d), respectively. Phase maps of the Zn,

Mg, and Mg2Zn11 phases are provided in (e), (f), and (g), respectively.
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Figure 70: EBSD maps of the Zn-3Mg hybrid after HPT processing for 30 turns + PDA (200°C,
1h) near the sample periphery: (a) image quality map of the scanned area and corresponding (b)
Zn IPF map, (c) Mg IPF map, (d) Mg2Zn11 IPF map, (e) Zn phase map, (f) Mg phase map, and (g)
Mg2Zn11 phase map. The principal IPF triangles for Zn, Mg, and Mg2Zn11 phases, with their
respective crystal orientations, are provided.

A heterogeneous microstructure consisting of grains with a wide range of sizes was apparent from

Figure 70. Some regions with very low CI were not successfully indexed, which correspond to the
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black areas in Figure 70. The grains in the microstructure were associated with either the Zn or the
Mg phase. Although the Mg»>Zn11 phase was identified, its marginal amount made it impractical to

be further analyzed by EBSD.

The IPF orientation maps of the Zn and Mg phases, together with their corresponding basal pole
figures, are presented in Figure 71. In the IPF map of the Zn phase in Figure 71 (a), most of the
grains exhibited colors close to that in the vertices of the principal IPF triangle. Consistently, in
the basal pole figure in Figure 71 (b), some poles were aligned with <0001>, whereas other poles

were tilted away from the basal plane normal towards <2110> and <1010>.
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Figure 71: EBSD analysis of the Zn-3Mg hybrid after HPT for 30 turns + PDA (200 °C, 1h): (a)
Zn IPF map, and (b) corresponding basal (0001) pole figure, (¢) Mg IPF map, and (b)
corresponding basal (0001) pole figure. The IPF triangles are provided next to the IPF maps, and
the color scales indicating the texture intensities are provided next to the pole figures.
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For the Mg phase, most of the poles were tilted towards <2110> and <1010>, as evident from the
green and blue colors of the Mg grains in the IPF orientation map in Figure 71 (c), and the red

spots at the top and bottom of the basal pole figure in Figure 71 (d).

The distributions of GS and misorientation angles obtained from EBSD analysis are plotted in
Figure 72 (a) and (b), respectively, for the Zn and Mg phases together. From Figure 72 (a), the
grain sizes in the microstructure ranged from ~ 0.2 to 1.2 um, with a GSave Of ~ 500 + 150 nm. It
was noted that the GS data followed a right-skewed distribution, indicating that most of the grains
identified in the microstructure were finer than the average value, with sizes ranging between ~
350-400 nm, as denoted by the position of the mode in the GS distribution. Approximately 20 %
of the scanned area was occupied by grains larger than 700 nm, which are significantly larger than
the majority of grains with sizes of ~ 350-400 nm, thereby suggesting the possibility of a bimodal

grain size distribution, which would be consistent with the TEM observations in Figure 66.
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Figure 72: Distributions of (a) grain size and (b) misorientation angle obtained from the Zn and
Mg phases together by EBSD analysis near the periphery of the Zn-3Mg hybrid after HPT
processing for 30 turns + PDA (200°C, 1h).
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From Figure 72 (b), the amount of HABs (above 15° misorientation) was ~ 93 % of the total
number of boundaries identified in the microstructure. The fractions of boundaries increased from
10-30°, then decreased from 30-60°, and finally increased from 60-80°. The range with the largest
fraction of misorientation angles was 80-93.5°, with a peak at 80°, which potential presence will

be discussed later.
4.3.2.2. Mechanical properties of the HPT-processed + PDA Zn-3Mg hybrid
4.3.2.2.1. Microhardness

The hardness distribution at the cross-section of the Zn-3Mg HPT hybrid after PDA was
investigated through a series of 4x65 HV indents performed in a rectilinear grid pattern. This
means that a total of 65 measurement locations at different distances from the center were
examined, and 4 indents at each of those locations were performed at different distances from the
mid-thickness. Thus, a total of 260 HV values were recorded and used to generate the color-
contour map in Figure 73. In addition, the mean HV values from indents at the same distance from

the center were plotted in Figure 74.
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Figure 73: Color-coded HV contour map corresponding to the cross-section of the Zn-3Mg hybrids
after HPT for 30 turns + PDA (200 °C, 1h) presented in Figure 63. The map corresponds to a 4x65
matrix of HV values recorded in a rectilinear grid pattern. Adapted from [127].
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It was interesting to find that the sample after PDA did not exhibit a general softening, as it would
be expected after an annealing treatment. Instead, the microhardness was maintained reasonably
well compared to before PDA, with an average ~ 139 HV across the whole sample. The region at
r < 0.5 mm showed a decrease in hardness, with average values in the range of ~ 80-100 HV. It
was noted from Figure 74 that the average hardness at both edges of the sample followed different
trends. Whereas the average hardness decreased from ~ 160 to 140 HV at the left edge, it was
maintained reasonably constant at ~ 150 HV at the right edge. However, it should be emphasized
that Figure 74 represents average values, and that standard deviations were as large as + 20 HV
were found at some of the indentation locations. Despite these differences, maximum hardness
values within the range of 210-250 HV were found at r > 3 mm at both peripheral regions of the

sample.
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Figure 74: Evolution of the average HV values across the diameter of the Zn-3Mg hybrids after
HPT for 30 turns + PDA (200 °C, 1h). This plot is generated with the same HV values shown in
Figure 73. Each data point corresponds to the average of four different HV measurements collected
at the same distance from the sample center, but different distances from the mid-thickness.
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4.3.2.2.2. Nanoindentation

The plastic deformation behavior was analyzed with Berkovich nanoindentation near the periphery
of the Zn-3Mg HPT hybrid after PDA at four different CSR values, as described in section 3.6.2.
Representative load-displacement curves obtained at ¢ = 1.25-104, 2.5-10%4, 5.0-10*, and 1.0-10°®
s’ are provided in Figure 75 (a). From these curves, the corresponding H values at different CSR
were calculated using Equation 12 in section 3.6.2, and they are plotted in Figure 75 (b) as a

function of ¢ to obtain m. The H values (mean + standard deviation) are also tabulated in Table 9.
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Figure 75: Berkovich nanoindentation near the periphery at the cross-section of the Zn-3Mg hybrid
after HPT for 30 turns + PDA (200 °C, 1h): (a) representative load-displacement at constant strain
rates of € = 1.25-10-4, 2.5-10-4, 5.0-10-4, and 1.0-10-3 s-1, (b) strain rate sensitivity, m, obtained
from the hardness values, H, at different strain rates. R? in (b) refers to the adjusted R-squared
value of the linear regression. Adapted from [127].

The sample after PDA exhibited the same trends mentioned earlier in section 4.3.1.2.2 for the
sample after HPT. Namely, some broadening was evident from different load-displacement curves
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in Figure 75 (a) obtained with the same ¢ and loading conditions from nearby locations, which
indicated a range of local mechanical responses. This phenomenon was found for all the CSR
values tested and resulted from plastic instability during nanoindentation in a heterogenous
microstructure like that presented earlier. The mean displacement at peak load was found to
decrease for increasing ¢, leading to increasing H values for increasing .

Table 9: Nanoindentation hardness, H, at the periphery of the Zn-3Mg HPT hybrids after 30 turns

+ PDA, obtained from the load-displacement curves at CSR in Figure 75 (a). These H values were
plotted against € in Figure 75 (b) to find the strain rate sensitivity, m. Adapted from [127].

£ (sY) H (GPa)
1.25.10% 2.012 + 0.089
2.50-10 2.242 + 0.094
5.00-10" 2.440 +0.116
1.00-10° 2,550  0.170

The value of m was calculated, to investigate the strain rate effect during plastic deformation, using
Equation 13 provided in section 3.6.2, from the slope of the linear fitting in a logarithmic plot of
H/3 vs. €, as shown in Figure 75 (b). The m value obtained was 0.121 and resulted from a linear

regression with a R> 0.9, indicating a good fitting of the experimental data.

The value of V*, which can be associated with the plastic volume involved during nanoindentation,
was estimated from Equation 14 in section 3.6.2, as the slope of the linear fitting in a plot of
logarithmic strain rate vs. linear H/3. The V" obtained was ~ 1.35b% (with a R?> 0.9), where b =

2.67-10"1° m is the Burgers vector for Zn [141].
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4.4. Zn-30Mg hybrids

This section presents the microstructure and hardness results of the Zn-30Mg HPT hybrids after
1, 5, 15, and 30 turns. The microstructures were characterized using SEM and TEM, and the
hardness was investigated with HV. It should be mentioned that this composition represents about
the maximum Mg concentration that can be achieved in an HPT hybrid with a Zn/Mg/Zn stack
configuration, since the thickness of the external Zn disks in the Zn-30Mg hybrid was only ~ 270

um, which is significantly thinner than that of the central Mg disk (~ 960 pum).

4.4.1. HPT-processed Zn-30Mg hybrids

4.4.1.1. Microstructures of the HPT-processed Zn-30Mg hybrids

Cross-sectional SE-SEM images of the Zn-30Mg HPT hybrids after 1, 5, 15, and 30 turns are
presented in Figure 76. The Zn and Mg disks did not achieve a good bonding in the central region
of the sample after 1 turn, as evident from the separations between the Mg/Zn interfaces. After 5
turns, the three disks combined into a single compact sample, and the central Mg disk was still
continuous along the cross-section. After 15 turns, the Mg disk fragmented into smaller phases at
r > 2 mm, but not in the central region of the sample. After 30 turns, no significant improvement
in the phase mixing between Zn and Mg was observed; both phases were still evident in relatively

large regions, leading to notable macroscopic heterogeneity.
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Figure 76: SE-SEM images corresponding to the cross-sections of the Zn-30Mg hybrids after HPT
for 1,5, 15, and 30 turns, processed with an applied pressure of 6 GPa and a rotational speed of 1
rpm.

Consistent with the previous investigations of the Zn-3Mg and Zn-10Mg hybrids, the regions of
highest plastic deformation (i.e., disk periphery after the highest number of turns) were the focus
of this study. As observed in Figure 76, these areas in the Zn-30Mg HPT hybrid after 30 turns
seemed to correspond to the Mg phase (i.e., darker regions). A TEM lamella was extracted from
this region to provide insight about the microstructure, which was analyzed through a series of
images provided in Figure 77. Corresponding BF-STEM and HAADF images of the TEM lamella
at low magnification can be observed in Figure 77 (a) and (b), respectively, where it was apparent
that a single phase was present. It should be noted that the different contrast levels correspond to
the significant different thicknesses of the electron transparent areas and the supports between
them. An HRTEM image inside the electron transparent area is shown in Figure 77 (c), and its

corresponding FFT diffractogram is presented in Figure 77 (d).
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Figure 77: SITEM analysis at the periphery of the Zn-30Mg hybrid after HPT for 30 turns: (a) BF-
STEM image of the TEM lamella, (b) corresponding HAADF-STEM image, (¢) HRTEM image,
(d) FFT diffractogram of (c) with reflection planes corresponding to Mg and zone axis, (e) IFFT
image of magnified ROI highlighted in (c), (f) magnified ROI highlighted in (e) showing the
interplanar spacings corresponding to the Mg reflections identified in (d). Note that the same colors
in (d) and (f) refer to the same diffraction planes.
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Four different diffraction planes corresponding to Mg were identified, and their g vectors and zone
axis are labeled in Figure 77 (d). An IFFT image of the magnified ROI in Figure 77 (c) is shown
in (e), where the atomic structure is visible. This was further magnified in (f) in order to highlight
the interplanar spacings corresponding to the reflection planes identified in (d). It should be noted

that only the Mg phase was identified across the TEM lamella.
4.4.1.2. Hardness of the HPT-processed Zn-30Mg hybrids

The distribution of HV values was investigated over the cross-section of the Zn-30Mg HPT
hybrids after 1, 5, 15, and 30 turns. In each sample, a rectilinear grid pattern of 4x65 HV values
(i.e., atotal of 260 HV values) was acquired, and they are plotted in Figure 78 in the form of color-
coded maps with respect to the distance from the center and the distance from the mid-thickness
at which they were measured. It should be mentioned that in the sample after 1 turn, only a 2x65
matrix of HV values near the mid-thickness of the sample, due to the cracks observed in Figure 76

between the Zn and Mg disks.
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Figure 78: Color-coded HV contour maps corresponding to the cross-sections of the Zn-3Mg
hybrids after HPT for 1, 5, 15, 30 turns presented in Figure 76. Each map corresponds to a 4x65
matrix of hardness indents recorded in a rectilinear grid pattern, except that for the 1 turn sample,
which corresponded to a 2x65 matrix.

157



The mean values of each of the different HV measurements collected at the same distance from
the sample center, but different distance from the mid-thickness, are provided in Figure 79. After
1 turn, a uniform hardness distribution in the central Mg disk was observed across the sample, with
an average of ~ 45 HV, similar to that of pure Mg (37 HV [176]). After 5 turns, the average
hardness at r < 1 mm did not change significantly, whereas average hardness values ranging
between ~ 50-80 HV were found at r > 3 mm, with a maximum of ~ 100 HV at one of the edges.
After 15 turns, the hardness distribution was very heterogeneous across the sample and did not
follow any specific trend. Maximum hardness values of ~ 130 HV were recorded at r ~ 2 mm,
whereas both edges of the sample showed an average hardness similar to that after 1 turn. After 30
turns, the hardness distribution remained very heterogeneous, like that after 15 turns. The average
hardness increased in the central region up to 80-90 HV, and reached a maximum hardness of ~

150 HV at r ~ 2-3 mm.
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Figure 79: Evolution of the average HV values across the dimeter of the Zn-3Mg hybrids after
HPT for 1, 5, 15, and 30 turns. This plot is generated with the same HV values shown in Figure
76. Each data point corresponds to the average of four different HV measurements collected at the
same distance from the sample center, but different distance from the mid-thickness.
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4.5. Coatings for enhanced corrosion resistance, cell viability, and antibacterial activity

4.5.1. Surface morphology and characteristics of coatings

4.5.1.1. ZnP coatings

The surface morphology of the as-homogenized Zn-3Mg alloy samples before the application of
any coating, which represents the uncoated sample condition, is presented in Figure 80 (a) and (b),
where the light and dark phases correspond to Zn and Mg2Zn1;1 phases. A uniform layer of
randomly oriented flake-like crystals with pores of ~ 2-3 um diameter was formed on the sample

surface after 5 min immersion in the ZnP solution, as observed in Figure 80 (c) and (d).
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Figure 80: SE-SEM images showing the surface morphology of the Zn-3Mg alloy (a-b) uncoated,
with a eutectic lamellar microstructure of Zn phases (brighter) and Mg2Zn11 phases (darker), and
(c-d) after the zinc phosphate (ZnP) chemical conversion coating, with a flake-like microstructure
with uniformly distributed pores.
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Upon immersion, it was noted that platelet crystals nucleated at multiple locations in the substrate,
which grew over time, covering the entire surface of the sample after 5 min. The formation of zinc

phosphate hydrate, also known as hopeite, with a chemical composition of Zn3(POa) - 4H20 was

confirmed at the surface of the ZnP sample by GIXRD.
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Figure 81: SE-SEM imaging and corresponding EDS elemental information of the ZnP coated
sample: (a) SE-SEM image of the sample surface indicating the ROl where the EDS elemental
maps of Zn, P, and O were collected, (b) EDS spectrum of the ROI highlighted in (a) and
corresponding chemical composition, (c) SE-SEM image of the surface, with a stage tilt of 54 °,
showing a FIB cut, from which the thickness of the ZnP coating was estimated.
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Some ZnP coated samples exhibited regions with flower-like structures, like those observed in
Figure 81 (a), which formed from the coalescence of neighboring nucleation sites that grew faster
than others. EDS map analysis revealed a uniform elemental distribution of Zn, P, and O in the
ZnP coating. Note that the higher intensity areas on the EDS Zn map correspond to the pores in
the coating. The EDS spectrum and corresponding chemical composition of the area highlighted
in Figure 81 (a) are provided in Figure 81 (b). The approximate thickness of the ZnP coating was
measured as ~ 1 um from a FIB cut performed in the ZnP coated surface, as shown in the inset of

Figure 81 (c).

4.5.1.2. Col coatings

The surface morphologies of the different Col coatings developed by spin-coating at 3000 rpm are
presented in Figure 82. A uniform distribution of Col fibrils with ~ 20-30 nm thickness, randomly
oriented on the sample surface, was found after spin-coating the 2.4 mg/mL PureCol solution for
20 s, as shown in Figure 82 (a). Increasing the spin-coating time by 10 s while maintaining the
same PureCol concentration resulted in less uniform coating with a lower amount of Col fibrils,
which were only found at specific regions of the sample, as observed in Figure 82 (b). Col fibrils
could be barely distinguished in the Col coating produced with 1.0 mg/mL PureCol solution for
30 s, as observed in Figure 82 (c). It was noted that the polishing lines were still evident in the Col
coated sample surfaces, suggesting that the Col coatings had submicron thicknesses, yet they were

not measured in this study.
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Figure 82: SE-SEM images showing the surface morphology of the Col coatings performed by
spin-coating technique on the surface of the as-homogenized Zn-3Mg alloy at 3000 rpm with
different PureCol concentrations and spinning times: (a) 2.4 mg/mL and 20 s, (b) 2.4 mg/mL and
30s, and (c) 1 mg/mL and 30 s.
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4.5.1.3. ZnP-Col coatings

A uniform ZnP-Col coating was obtained by spin-coating the 2.4 mg/mL PureCol solution at 3000
rpm for 20 s on the already ZnP coated sample. Figure 83 (a) shows that the Col fibrils distributed
randomly and completely covered the flake-like structures of the ZnP coating, similar to those in
the Zn-3Mg substrates in Figure 82 (a). In addition, the pore regions between different flake-like

structures were also covered by Col fibrils, as shown in Figure 83 (b).
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Figure 83: SE-SEM images showing the surface morphology of the ZnP-Col coating, obtained by
applying the Col_2.4 20 coating on the ZnP coated surface: (a) ROI showing uniform Col coating
of the flake-like ZnP microstructure, (b) ROI showing the Col coating present in pores of the ZnP
microstructure.
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4.5.1.4. Col-AgBGN coatings

Similar to the Col coated samples showed in Figure 82, the polishing lines of the Zn-3Mg substrate
surface were still evident after spin-coating the Col-AgBGN solution at 3000 rpm for 20 s, as
shown in Figure 84 (a). Spherical nanoparticles, with diameters ranging from ~ 50-200 nm, were
found distributed across the sample surface, as evident in Figure 84 (b). Some examples of
monodispersed nanoparticles are highlighted with orange arrows, which typically exhibited
smaller sizes than those highlighted with green arrows, which tended to aggregate into clusters
with neighboring nanoparticles. It should be mentioned that EDS analysis of different regions in
the Col-AgBGN coated samples failed to identify any peak corresponding to Si, which is the major
component of the AgBGN, and thus, the composition of the observed nanoparticles could not be

estimated with this approach.

Figure 84: SE-SEM images showing the surface morphology of the Col-AgBGN coatings obtained
by spin-coating on the Zn-3Mg alloy: (a) low-magnification, (b) high-magnification, showing
dispersed AgBGN of < 100 nm (orange arrows) and aggregated AgBGN clusters (green arrows).
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4.5.2. In vitro degradation and corrosion resistance

The immersion degradation behavior of uncoated and ZnP coated samples in DMEM for 6 and 21
days is shown in Figure 85. Degradation of the uncoated samples after 6 days immersion led to
localized corrosion pits on the Zn phase, which corresponds to the lighter phase in Figure 85 (a).
The size of these corrosion pits increased notably after 21 days immersion, as noted by the larger
dark areas inside the Zn phase in Figure 85 (b). It was noted that the Mg>Zn11 phase corroded more
uniformly during the immersion period, showing a similar aspect after 6 and 21 days immersion.
The ZnP coated samples demonstrated uniform corrosion and retained their flake-like morphology
up to 21 days immersion, as shown in Figure 85 (c) and (d). In addition, the samples immersed for
21 days presented some newly-formed fine flakes, which can be distinguished in the magnified

inset of Figure 85 (d).

In the uncoated samples, the amount of the Zn, both in the Zn and Mg2Zn11 phases, decreased with
immersion time at the expense of those elements forming the corrosion products (i.e., Na, C, O),
as shown in Figure 85 (d). Whereas the amount of Mg in the Mg2Zn11 phase remained practically
constant during immersion, that of O increased with immersion time, suggesting the formation of
additional oxide products. In the ZnP coated samples, the amount of Zn also decreased with
immersion time, which was counterbalanced by a slight increase in P, O, and C, and could be
associated with the formation of additional fine flake-like structures, like those observed in the

magnified inset of Figure 85 (d).
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Figure 85: SE-SEM images and EDS elemental compositions showing the in vitro degradation in
DMEM: (a-b) uncoated samples after 6 and 21 days immersion, respectively, where the red and
yellow boxes indicate the regions where EDS was performed in the Zn and Mg.Zn11 phases,
respectively, (c-d) ZnP coated samples after 6 and 21 days immersion, respectively; EDS elemental
compositions after 6 and 21 days immersion of the (e) uncoated samples at the highlighted red and
yellow boxes, and (f) ZnP coated samples at the entire regions in (c) and (d).
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The change in phase composition in the uncoated and ZnP coated samples at the end of the
immersion test (after 21 days immersion) was evaluated by GIXRD, and the corresponding scans
are presented in Figure 86. Diffraction peaks corresponding to zinc oxide (ZnO) and zinc
hydroxide (Zn(OH)2) phases were identified in the uncoated sample after immersion, besides those
of Zn and Mg2Zni11 phases, as observed in Figure 86 (a). In the ZnP coated sample, diffraction
peaks corresponding to a sodium zinc phosphate hydrate (Na;Zn(H2PO.) - 4H.0) phase were
identified after immersion, in addition to Zn3(PO4)2 - 4H.0, to which most of the peaks were
assigned, as observed in Figure 86 (b). Also, Zn and Mg»Zn11 phases were identified in the ZnP
coated sample before and after immersion. It should be noted that the diffraction angles
corresponding to different phases sometimes overlapped, such that some of the diffraction peaks

were assigned to multiple phases.
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Figure 86: GIXRD scans of the (a) uncoated Zn-3Mg substrate, and (b) ZnP coated Zn-3Mg
substrate, before immersion and after 21 days immersion in DMEM. Identified peaks are labeled
with different symbols. Note that some peaks were attributed to several phases.
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The weight loss and corrosion rate of the uncoated and ZnP sample after 6, 12, and 21 days
immersion in DMEM at 37 °C is plotted in Figure 87 (a) and (b), respectively, and the average
values are presented in Table 10. The pH evolution of the immersion media, measured every other

day, is represented in Figure 87 (c).

The average weight loss and corrosion rate were larger in the uncoated sample for the three time
points tested. However, due to the large standard deviation error bars, no statistical significance
was found between groups overall. The uncoated sample reached the maximum weight loss at day
12, which was maintained in a similar value up to day 21, whereas the corrosion rate was similar
up to day 12, and then decreased approximately by half at day 21. However, the weight loss in the
ZnP sample increased progressively over time, showing a more uniform degradation rate, and the
corrosion rate decreased after day 12 and was maintained up to day 21. The only statistically
significant difference was found between the corrosion rates of both samples at day 12, when that

of the ZnP sample was about half of that of the uncoated sample.

The pH evolution of the immersion media in both samples presented similar trends, as observed
in Figure 87 (c). During the first 2 days of immersion, the pH value increased from ~ 7.4 to ~ 7.65
in both samples. Then, the pH decreased slightly to ~ 7.55 at day 4, and was maintained reasonably
stable between ~ 7.5-7.6 for the rest of the immersion test in both samples. In general, the pH was
slightly larger, in the uncoated sample from day 4 to day 16, and practically the same between both

samples from day 16 until the end of the immersion test at day 21.
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Figure 87: Evolution of the (a) weight loss, (b) corrosion rate, and (c) pH value of the uncoated
and ZnP samples during the immersion test in DMEM at 37 °C for up to 21 days. Statistical
significance between groups was indicated with * for p < 0.05.

Table 10: Average values of the weight loss and corrosion rate of the uncoated and ZnP samples
estimated from the immersion test in DMEM at 37 °C for 21 days. These values are plotted in
Figure 87.

Sample Immersion time Weight loss Corrosion rate
(days) (mg) (mm/year)

6 0.350 0.0392

Uncoated 12 0.733 0.0410
21 0.683 0.0219

6 0.300 0.0336

ZnP 12 0.467 0.0196
21 0.650 0.0208
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4.5.3. Cytocompatibility and cell proliferation assays

4.5.3.1. Preliminary in vitro proliferation assay

The appearance of 7043L hMSC (passage 4) seeded at cell densities of 2.5-10%, 5-10% and 1-10*

cell/lcm? is shown in Figure 88 after culture for 2, 4, 7, and 9 days.

At day 2, star-like cell morphologies were observed, especially at lower cell densities, after cells
attached to the bottom of the well plates. As cells proliferated, they rearranged into elongated
spindle-shaped cells with parallel orientation, as observed at day 4 for the two highest cell
concentrations. It was noted that the three different cell seeding densities could still be identified

at day 4 from the OM images, consistent with the CCK-8 OD readings in Figure 89.

At day 7, high cell confluency led to new cells growing on top of the original cell layer, as shown
at by entangled cells in the two highest cell density concentrations in Figure 88. At this stage, at
least one cell layer covered the bottom of the well plate uniformly in the three groups, which
resulted in similar CCK-8 OD readings in Figure 89. It was noted that despite the two highest cell
densities may still contain a larger number of cells, only those cells in the most superficial layer
may be able to react with the CCK-8 solution and thus, be counted. Consistent with this, cellular
senescence was identified at day 9, meaning that cells stopped dividing and showed statistically

similar CCK-8 OD readings from the different groups.
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Figure 88: OM images showing the morphology of 7043L hMSC (passage 4) after 2, 4, 7, and 9
days culture in cell culture medium during the preliminary in vitro proliferation assay. Cells were
seeded at three different densities: 2.5-10%, 5-10* and 1-10* cell/lcm?. The scale bar presented is
common for all images and equivalent to 500 pum.
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Figure 89: In vitro proliferation of 7043L hMSC (passage 4) measured by CCKS8 assay after 2, 4,
7, and 9 days culture in cell culture medium. Error bars indicate standard deviations between
triplicate samples.
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4.5.3.2. Indirect contact cell proliferation assay with sample extracts

The appearance of 7043L hMSC (passage 6), seeded at a density of 2.5-10° cell/cm?, after 4 and 6
days culture in 4-fold extract dilutions (i.e., 25 % extract concentration) of uncoated, ZnP and Col-

AgBGN samples are presented in Figure 90.

A combination of star-like and spindle-like cell morphologies was observed at day 4 in the control
group, consistent with those in Figure 88, and no apparent differences in cell morphology were
identified in the extract groups. However, a modest increase in cell density could be observed
consistently in the extract groups at day 4, as compared to the control, in agreement with the CCK-

8 OD values in Figure 91.

In general, the higher cell densities observed at day 6 evolved to more elongated shapes and tended
to align parallel, consistent with those shown in the first row of Figure 88. Some cell overlapping
could be identified in the extract groups at day 6, where cells formed a weave-like pattern as they
grew on top of each other aligned in different directions. Regardless of the effect of the sample
extracts on the cells, no difference in the cellular morphological phenotypes, including shape and

size, was evident as compared to the control groups.
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Figure 90: OM images showing the in vitro proliferation of 7043L hMSC (passage 6) after 4 and
6 days culture in 4-fold extract dilutions of uncoated, ZnP, and Col-AgBGN samples in cell culture
medium (i.e., 25 % extract concentration). Cells were seeded at a density of 2.5-10% cell/cm?. The
extracts were obtained upon immersion the corresponding samples for 72 h at a surface
area/volume ratio of 1.25 cm?/mL in cell culture medium. The control cells were cultured in cell
culture media. The scale bar presented is common for all images and equivalent to 500 um.

The cell proliferation of 7043L hMSC (passage 6), determined from CCK-8 OD readings after 2,
4, and 6 days of culture in sample extract of different concentrations, is shown in Figure 91. Figure
91 (a) shows that at day 2, 4, and 6, the cell number was significantly greater in the 6-fold and 4-

173



fold uncoated extracts, as compared with the control group. In addition, the cell numbers tended
to increase with the extract concentration, and there was statistical significance at day 2 and 4
between all extract concentrations, and at day 6 between the highest and lowest extract
concentrations. Figure 91 (b) shows that at day 2, 4, and 6, the cell number in all ZnP extract
concentrations were significantly higher than that of the control, except for the 6-fold extracts at
day 6. However, no statistical difference was found between different ZnP extract concentrations.
Figure 91 (c) shows that the number of cells cultured with Col-AgBGN extracts, regardless of the
extract concentration, were significantly greater than the control at day 2, 4 and 6. It should be
highlighted that only the Col-AgBGN extracts showed this trend, and that these extracts typically

exhibited the highest CCK-8 OD values.
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Figure 91: In vitro proliferation of 7043L hMSC (passage 6) measured by CCKS8 assay after 2, 4
and 6 days culture in 10-fold, 6-fold, and 4-fold extract dilutions (corresponding to 10 %, 16.7 %
and 25 % extract concentration in cell culture medium, respectively) of (a) Uncoated, (b) ZnP, and
(c) Col-AgBGN samples. Error bars indicate standard deviations between triplicate samples.
Darker colors indicate higher extract concentrations. Statistical significance codes: * p < 0.05
compared with control group, # p < 0.05 compared between groups.
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4.5.4. Antibacterial adhesion and viability assessment

45.4.1. Bacteria adhesion to coated surfaces

The attachment and morphology of MRSA to the surface of different samples (i.e., uncoated and
coated samples) after 7 days incubation in an initial bacteria suspension of 10’ CFU/mL in TSB
was evaluated through SEM, and representative images are provided in Figure 92. The uncoated
sample, which showed the lowest surface roughness, presented a moderate number of bacteria,
most of which exhibited smooth spherical surfaces, as highlighted in the inset of Figure 92 (a),
which is a characteristic of healthy bacteria. In general, the ZnP and ZnP-Col samples showed
significantly higher bacteria attachment as compared with the uncoated sample, as observed in
Figure 92 (b) and (c), respectively. Careful inspection of different areas revealed that bacteria
adhesion was slightly higher in the ZnP-Col surface than in the ZnP surface. It should be noted
that these two samples also exhibited the largest surface area for bacteria to adhere, due to the
morphology of the ZnP coating. Similar to the uncoated sample, multiple bacteria exhibited
smooth spherical surfaces, as highlighted in green in Figure 92 (b) and (c). Interestingly, an
example of bacteria about to divide is highlighted by the left green arrow in Figure 92 (c). Some
examples of bacteria with anomalous morphologies and/or rough surfaces are highlighted by red

arrows, which are typically associated with damaged and/or dead bacteria.

The Col sample exhibited a granulated surface, as observed in Figure 92 (d), also with higher
bacteria attachment than the uncoated sample. Like the ZnP and uncoated samples, a good number
of bacteria in the Col samples appeared to be healthy, although some bacteria fragments and
bacteria with distorted shapes were also observed. Lastly, the Col-AgBGN samples presented a

granulated morphology, like that in the Col sample, and significantly lower bacteria adhesion than
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the other coated samples, similar to the uncoated sample. It should be highlighted that the majority
of bacteria attached to the Col-AgBGN surface were either fragmented or exhibited anomalous

morphologies.

It is important to emphasize that SEM imaging provided information about the morphology and
amount of bacteria adhered to the samples, which can be used to interpret the health status of
bacteria in relation to other characterization methods. However, SEM cannot be used alone to
make an assessment of bacteria viability on the material surface. Consequently, the morphologies
and approximate densities of bacteria attached to the different coated samples obtained from SEM

were discussed together with the live/dead bacteria ratios calculated from fluorescent CLSM.
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Figure 92: SE-SEM images showing MRSA adhesion to the surface of the Zn-3Mg alloy samples
with different coatings, after 7 days incubation in an initial bacteria suspension of 10’ CFU/mL in
TSB: (a) Uncoated, (b) ZnP, (c) ZnP-Col, (d) Col, and (e) Col-AgBGN. The insets at the top-right
corners of the higher magnification images show examples of live bacteria (green arrows) and
dead bacteria (red arrows). The scale bar in the insets represents 500 nm.
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4.5.4.2. Viability of bacteria adhered to coated surfaces

The viability of bacteria adhered to the sample surfaces, after 7 days incubation in an initial
bacteria suspension of 10’ CFU/mL in TSB, was assessed from the analysis of green/red pixels in
fluorescence CLSM images obtained from live/dead staining, as described in section 3.8.5.3,
which are indicative of live/dead bacteria. Representative CLSM images showing live and dead
bacteria together, live bacteria alone, and dead bacteria alone are presented for uncoated, ZnP,
ZnP-Col, Col, and Col-AgBGN samples in Figure 93. Similar ratios of green/red pixels, with a
majority of green pixels, were observed in all coated samples, except in Col-AgBGN, where the
number of red pixels was significantly greater than that of green pixels. Bacteria sometimes
appeared as fine fluorescent points, indicating individual bacteria dispersed in the sample, like
those in the uncoated and Col samples in Figure 93 (a) and (d), respectively. In other cases, larger
fluorescent areas were found, either green or red, indicating bacteria colonies in the samples, like

those in the ZnP and Col-AgBGN samples in Figure 93 (b) and (e), respectively.

The live/dead percentages are presented in the bar plot in Figure 94, where the error bars represent
the standard deviations between triplicate samples. The percentages of live/dead bacteria were
found to be similar between the uncoated, ZnP-Col, and Col samples, with 76 %, 75 %, and 71 %
of live bacteria, respectively. Furthermore, no statistical difference in live/dead bacteria
percentages was found between the ZnP-Col and Col samples with the uncoated sample. The
percentage of live bacteria decreased to 65 % in the ZnP sample, which seemed to be statistically
lower than that of the uncoated sample. Lastly, the Col-AgBGN sample exhibited a significant
reduction in bacteria viability, with an average of 31 % live bacteria. Thus, the Col-AgBGN

samples exhibited a notable antibacterial effect.
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Figure 93: CLSM images showing MRSA viability on the surface of the Zn-3Mg alloy samples
with different coatings, after 7 days incubation in an initial bacteria suspension of 10’ CFU/mL in
TSB: (a) Uncoated, (b) ZnP, (c) ZnP-Col, (d) Col, and (e) Col-AgBGN. SYTO 9 and propidium
iodide stains were used to stain intact membranes and damaged membranes with fluorescent green
and red, respectively. Images in the “LIVE + DEAD” column show green and red fluorescence,
images in the “LIVE” column show only green fluorescence, and images in the “DEAD” column
show only red fluorescence.
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Figure 94: Quantification of live and dead MRSA on the surface of the Zn-3Mg alloy samples with

different coatings, after 7 days incubation in an initial bacteria suspension of 10’ CFU/mL in TSB.

The percentages of live and dead bacteria were calculated from the number of green and red pixels

in triplicate CLSM images, using a pixel color counter plugin for ImageJ. The error bars indicate

the standard deviations between triplicate samples. The numbers inside the green and red bars
indicate the average live and dead percentages of MRSA calculated for each sample, respectively.

Statistically significance code: * p < 0.05 compared with uncoated group.

Bacteria viability (%)

Table 11 presents the estimated bacteria density attached to the samples, the live/dead bacteria
percentages, and the live bacteria density for the different samples. The uncoated and Col-AgBGN
samples exhibited similar bacteria densities between 250-270-10° bacteria/mm?, whereas the ZnP-
Col and Col samples also presented similar bacteria densities between 630-650-10° bacteria/mm?.
The ZnP sample showed a lower bacteria density than the ZnP-Col and Col samples, but about
twice as high as that of the uncoated and Col-AgBGN samples. It is worth highlighting that, despite
the similar densities of bacteria in the uncoated and Col-AgBGN samples, the live bacteria density
of the Col-AgBGN sample was about 60 % lower than that of the uncoated sample, since the
percentage of dead bacteria was significantly greater in the Col-AgBGN sample. In general, the
ZnP-Col and Col samples presented the highest live bacteria densities, followed by ZnP, uncoated,

and Col-AgBGN.
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Table 11: Quantification of the total bacteria density, live/dead bacteria percentages, and live
bacteria density adhered to the sample surfaces, estimated from the analysis of the color pixel
counts from fluorescent CLSM images.

Bacteria density Live bacteria  Dead bacteria  Live bacteria density

Sample (bacteria/mm2) -103 (%) (%) (bacteria/mm?) -10°
Uncoated 254 76 24 193
ZnP 522 65 35 339
ZnP-Col 636 75 25 477
Col 652 71 29 463
Col-AgBGN 266 31 69 82
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4.5.4.3. Viability of bacteria in suspension

The viability of an initial bacteria suspension of 10’ CFU/mL in TSB (OD = 0.5), cultured with
different samples (i.e., uncoated and coated samples) for 7 days, was evaluated from OD
measurements after 1, 2, 3, 5, and 7 days. The OD values obtained from the different samples over
time are presented in aggregate in Figure 95 (a). The individual evolutions of the OD value of each
sample over time are shown in Figure 95 (b-g). The bacteria viability in the untreated group (i.e.,
no sample) was significantly higher than that of all the other groups, for all the time points, as
observed in Figure 95 (a). As expected, a gradual increase in bacteria concentration over time was
observed in the untreated group over time, as observed in Figure 95 (b). It should be recalled that
the bacteria in this experiment could not grow attached to the bottom of the wells, such that they

could either remain in suspension (i.e., planktonic bacteria) or attached to the sample surfaces.

In general, the planktonic bacteria concentration increased over time for all the groups, except for
the uncoated group. As observed in Figure 95 (c), the planktonic bacteria concentration in the
uncoated group remained practically constant at OD ~ 0.6 up to day 3, and then, decreased to OD
~ 0.4 at day 5, maintaining that value up to day 7. Both ZnP and ZnP-Col groups showed similar
trends, as observed in Figure 95 (d) and (e), respectively, where the planktonic bacteria
concentrations decreased to OD ~ 0.4-0.5 at day 3, and then, increased gradually up to OD ~ 0.8
at day 7. In the Col group, the planktonic bacteria concentration decreased to OD ~ 0.4 at day 2,
and then, increased up to OD ~ 0.6 at day 5, where it remained constant up to day 7, as observed
in Figure 95 (f). Lastly, the planktonic bacteria concentration in the Col-AgBGN group increased
progressively up to OD ~ 1.1 at day 5, and remained statistically similar at day 7. It should be
highlighted that the Col-AgBGN group was the only one to exhibit a consistent increase of
planktonic bacteria concentration in solution.
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Figure 95: Assessment of MRSA suspension viability, with an initial concentration of 10’ CFU/mL
in TSB, after 1, 2, 3, 5, and 7 days incubation with Zn-3Mg alloy samples having different coatings.
(a) comparative plot with the OD values for all samples and time points. (b-g) Individual plots
showing the evolution of the OD values for each sample over time. Untreated refers to a MRSA
suspension incubated with no sample. Error bars indicate standard deviations between triplicate
samples. Statistical significance codes: * p < 0.05 compared with Uncoated group, # p < 0.05
compared between groups.



5. DISCUSSION

5.1. Zn-10Mg hybrids

This section discusses the effects of HPT processing on the evolution of the microstructure,
hardness, and electrochemical properties of the Zn-10Mg hybrids. It should be noted that this
hybrid composition was the first one to be studied since it consisted of Zn/Mg/Zn stacked disks of
equal thickness, and thus, it served as a baseline for the other two hybrid compositions (i.e., Zn-

3Mg and Zn-30Mg) discussed later.

5.1.1. Effect of HPT processing on the microstructural evolution

Mechanical bonding of the Zn-10Mg HPT hybrids was successfully achieved via HPT processing,
as shown in Figure 40. The fragmentation and diffusion of the central Mg disk from the center of
the sample towards the periphery became increasingly evident from 1 to 15 turns. However, after
30 turns, the Mg-rich regions, initially dominant near the sample edges, were no longer visible at
lower magnifications. This suggested that a significant volume fraction of Mg atoms present in the
Mg-rich areas had either dissolved as solutes in the Zn-rich matrix or combined with Zn atoms to
form Mg2Zn11 and MgZn; intermetallic phases. A similar rationale was proposed by Ahn et al.
[95] in the Al-Mg HPT hybrid system, where Mg atoms were found to combine with Al atoms
after 5 turns into Al12Mg17 intermetallic phases. The refinement of the multilayered microstructure
near the disk periphery from 15 to 30 turns was identified via SEM, see Figure 41, where both a
decrease of the average grain size and a narrower grain size distribution were observed. Moreover,
this heterogenous microstructure consisted of nanosized layers and Mg.Zni; and MgZn;

intermetallic phases, as observed by TEM, see Figure 44.
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It is well established that the microstructural evolution of hexagonal closed-packed (HCP) metals
during HPT s influenced by their homologous temperature (Th) [179]. In particular, HPT
processing of low melting temperature (Tm) metals like Zn (Tm = 693 K; Th = 0.43 at RT) was
found to promote continuous dynamic recrystallization (CDRX), thereby hindering extensive grain
refinement and giving rise to the development of a strong basal texture with larger grain sizes than

other HCP metals with higher Tm, such as Ti or Zr [180].

The latter statement is consistent with the EBSD results presented in Figure 43 from the Zn-rich
region near the periphery of the Zn-10Mg HPT hybrids from 1 to 30 turns. Grain size reduction at
increasing shear strain from 1 to 15 turns was due to DRX during SPD, resulting in an increase of
the HAB volume fraction and the development of a strong basal texture, see Figure 43 (a-c).
Moreover, basal textures are often reported in Zn and other hexagonal metals like Mg, Cd, Zr, or

Ti [180-182].

Detailed inspection of the basal pole figure after 15 turns, see Figure 43 (c), revealed that the basal
poles were tilted slightly away from the normal direction, which is common for Zn due to basal
slip {0001}<1120> and pyramidal slip {11 22}<1123> [182]. The grain size of the Zn-rich region
after 15 turns became relatively uniform and equiaxed, with a measured GSave Of ~ 4 um, which
was similar to the steady-state grain size of 5.2 um reported by Edalati et al. [179] for pure Zn

after HPT processing for 5 turns under an applied pressure of 2 GPa.

Further HPT processing to 30 turns led to a decrease in the fraction of HABs as a result of GB
migration to reduce the stored energy, which was accompanied by an increase of the GSave above
the steady-state grain size, see Figure 43 (d). This was suggested to occur due to the saturation of

grain refinement through CDRX, where the interaction of strain hardening and dynamic recovery
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led to the annihilation of dislocations in the grain interiors and HABs to achieve a more

energetically favorable state [183,184].

The formation of the Mg>Zn1: intermetallic phase was initially suggested from the EDS results in
Table 4, which showed that the chemical composition of the light grey phase in Figure 42 was
close to that of the intermetallic compound Mg2Zn11 (93.7Zn — 6.3 Mg wt.%). Therefore, it was
reasonable to assume that the combination of 6 GPa for 30 turns resulted in the formation of the
Mg2Zn11 intermetallic compound, consistent with other HPT-induced phase formations in the Al-

Mg [95,185] and Al-Cu [86,87] HPT hybrid systems.

It should be noted that the areas of different contrast observed in the BSE photomicrographs in
Figure 42 were due to differences in the mean atomic number (Z), such that brighter and darker
BSE intensities correlate to phases with greater and lower mean Z, respectively. Therefore, the
dark grey phase observed in Figure 42 (b) must have a mean Z between that of the light grey phase
(Mg@2Zn11; Zmgezn11 = 27.23) and the black phase (Mg; Zmg = 12). This indicated that the Mg content
of the dark grey phase is larger than that of the Mg2Zn11 phase. As shown in Figure 96, the Mg-
Zn binary phase diagram contains five intermetallic phases: Mg2Zn11, MgZnz, Mg2Zns, MgZn, and
MgzZns, arranged from lower to higher Mg content. Among these phases, the thickness of the
MgZn:; layer was found to be the largest between the Mg>Zn11 and Mg layers in Zn-Mg diffusion
couple experiments [186]. In addition, a homogenous Zn-10Mg (wt.%) alloy, with the same bulk
composition as the Zn-10Mg HPT hybrids would result in a mixture of MgZn, and Mg2Zn11
intermetallic phases under equilibrium conditions according to the Mg-Zn phase diagram. The

latter two arguments suggested that the dark grey phase in Figure 42 (b) could be MgZn,.
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Figure 96: Binary Mg-Zn equilibrium phase diagram. The Zn-3Mg (wt.%) eutectic composition is
highlighted in red. Adapted from [187].

XRD analysis confirmed the presence of MgZn; and Mg2Zn1; intermetallic phases at the sample
periphery after 15 and 30 turns, see Figure 45. From the quantitative phase analysis performed via
Rietveld refinement, see Table 5, the amount of MgZn2 (~ 13 wt. %) was considerably higher than
that of Mg2Zn11 (~ 2 wt. %). This was supported by the fact that the interdiffusion coefficient of
MgZn, was found to be one order of magnitude larger than that of Mg2Zn11 [188]. Moreover, the
weight fractions of both intermetallic phases increased from 15 to 30 turns. The MgZn, content
evolved from 12.8 to 16.3 (wt. %), representing a ~ 64 % increase, whereas the Mg2Zn11 content
evolved from 1.6 to 7.5 (wt. %), representing a ~ 234 % increase. This significant increase of the

intermetallic phase fractions was correlated with a dramatic drop in the Mg content with increasing
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number of turns. Note that after 1 turn, the Mg content in the disk periphery was above 80 (wt. %),
which is in good agreement with the cross-sectional image in Figure 40, where the Mg phase was
uniform across the mid-thickness of the sample after 1 turn. As the Mg-rich regions at the disk
periphery of the cross-section became less evident with increasing number of turns, the Mg content
decreased from 81, to 28, to 14 (wt. %) after 1, 15, and 30 turns, respectively. This resulted in the

formation and growth of the MgZn, and Mg2Zn1: phases with increasing plastic strains.

Consistent with the discussion of the XRD results above, the SAD patterns collected from the
periphery of the Zn-10Mg HPT hybrids after 30 turns revealed the presence of Mg>Zn11 and MgZn;
intermetallic phases. The four diffraction rings labeled in Figure 44 (b) showed contributions of at
least one of these intermetallic compounds. The three additional diffraction rings, of relatively
lower intensity that were not labeled, corresponded to interplanar spacings of 1.040, 0.928 and
0.844 A (from smallest to largest diameter, respectively). These unlabeled diffraction rings were

likely associated with higher order reflections from large 20 values, as was the case for (1013) and

(2026) in the MgZn, phase, which contributed to the first and fourth ring, respectively.

In addition to the identification of Mg2Zn1: and MgZn; intermetallic phases by XRD and TEM,
the proximity histogram obtained from the APT analysis showed a nanosized region with a
composition of 41.5Mg-58.4Zn (at. %). As observed in the Zn-Mg phase diagram in Figure 96,
this composition is close to that of the Mg.Zns intermetallic phase. The other composition
identified in the APT proximity histogram, 99.5Mg-0.4Zn (at.%), was associated with a Mg-Zn

solid solution, as the solubility of Znin Mg is ~ 1 (at.%) at RT.
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5.1.2. Effect of HPT on the hardness evolution

The strengthening effect of Mg in Zn-Mg alloys due to the formation of hard intermetallic phases
has been widely reported [15,54,189]. Mg additions of 1, 3, 5, and 7 (wt. %) to Zn resulted in Zn-
Mg alloys with 82, 124, 196, and 226 HV, respectively, which was related to the increasing
amounts of Mg2Zn11 and MgZn; [175]. The hardness values of these two intermetallic compounds
were reported elsewhere [188] from Berkovich nanoindentation experiments as ~ 3.8 GPa for
Mg2Zn11 and ~ 5.1 GPa for MgZn,. To correlate hardness results from micro- and nano-
indentation, it is important to account for the fact that, even though Vickers and Berkovich
procedures determine their respective hardness values from the peak force over the contact area,
their definition of the contact area is different. In Vickers indentation, the contact area refers to the
surface area of the impressed surface, whereas for Berkovich nanoindentation, it is defined as the
projected area of the indent [142]. The conversion equation provided elsewhere [190,191] was
used to convert the nanoindentation hardness values mentioned above for Mg.Zn11 and MgZn;
into approximate Vickers hardness values of ~ 359 HV and ~ 482 HV, respectively, by using a

correlation between the ratio of projected area to surface area.

These estimated HV values are significantly higher than those found across the Zn-Mg HPT
hybrids, yet they have the same order of magnitude than those found near the periphery after 15
and 30 turns. The mixture of the fine Zn-Mg phases (i.e., finer than 20 um) observed in Figure 41
and Figure 42, together with the fact that HV indent diagonals between 20-30 um result in hardness
values in the range of ~ 100-200 HV, made it impractical to measure the hardness of individual
Mg2Zn11 or MgZn; phases using Vickers hardness. Thus, the hardness heterogeneity obtained

across the diameter of the Zn-10Mg HPT hybrid after 15 and 30 turns resulted from a combination
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of different phases (i.e., Zn, Mg, Mg2Zn11, MgZn,, and Mg2Zn3) as suggested from the TEM, XRD,

and APT results discussed in the previous section.

The microhardness evolution of the Zn-10Mg HPT hybrids exhibited different trends compared to
those of pure Zn and pure Mg alone after HPT processing. In general, for metals with moderate Th
at RT, like Zn and Mg, the hardness increases with increasing plastic deformation during HPT and,
after reaching a maximum hardness value, the hardness decreases to a steady level [179]. This
strain-softening behavior after hardness saturation was associated with the enhancement of DRX
at severe plastic strains [180], and was reported consistently for HPT-processed Zn [179] and Mg
[192], as well as for Mg-Zn alloys, namely Mg-3.4Zn (at.%) [193]. It is worth mentioning that the
hardness saturation values reported in three later studies were ~ 52 HV for Zn after 5 turns [179],
~ 45 HV for Mg after 10 turns [192], and ~ 130 HV for the Mg-Zn alloy after 10 turns [193].
Unlike that of pure Zn and pure Mg, the microhardness of the Zn-10Mg HPT hybrids did not
exhibit any sign of saturation after 10 turns. Overall, the HV values tended to increase gradually

with increasing strain, reaching up to ~ 250 HV at &eq 600.

5.1.3. Effect of HPT processing on the electrochemical properties

Corrosion occurred in steady-state conditions after immersion of the Zn-10Mg HPT hybrid
samples in SBF in the absence of any external potential, see Figure 49 (a). The more negative
potentials obtained after 15 and 30 turns, as compared to after 1 turn, may be attributed to the
higher reactivity of the Mg»>Zn11 and MgZn; intermetallic phases with SBF. It is well known that
the nature and fraction of secondary phases play an important role in the corrosion behavior of
absorbable alloys [3,18]. Each phase has individual electrochemical properties, and in this case,

the Zn-Mg intermetallic compounds present after 15 and 30 turns may act as galvanic couples,
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accelerating the corrosion rate. Moreover, the potential variations in the samples after 15 and 30
turns are indicative of compositional and microstructural differences with respect to the sample

after 1 turn, which exhibited a relatively uniform potential after 2 h immersion in SBF.

From Figure 40, it was noted that the Zn and Mg layer phases did not mix after 1 turn, and
therefore, it is very likely that only the Zn phase was interacting with the electrolyte. However,
after 15 and 30 turns, the mixture of Zn and Mg phases, as well as the formation of Mg.Zn1; and
MgZn; intermetallics, contributed to the formation of corrosion products. On the one hand,
corrosion of Zn leads to a series of reactions where Zn(OH), and ZnO products are formed, without
hydrogen evolution. On the other hand, corrosion of Mg leads to the formation of Mg(OH)2
products and hydrogen gas. As compared to the relatively good stability of the passive layer formed
in Zn, the Mg(OH)2 corrosion layer is not as compact, and the chloride ions present in the SBF can
easily distort the thermodynamic equilibrium leading to the formation of MgCl, [194].
Consequently, accelerated corrosion of Mg-rich regions could be the reason for the potential

variations of the samples after 15 and 30 turns during OCP stabilization.

The corrosion behavior away from equilibrium conditions was analyzed after further polarization
of the samples. The lower current density of the sample after 1 turn observed in Figure 49 (b), as
compared to that after 15 and 30 turns, could be associated with the lower Mg content, as well as
to the inherent passive nature of the ZnO layer. The higher lcor Values (i.e., faster corrosion rate)
of the samples after 15 and 30 turns could be rationalized through two different contributions.
First, the nature of the Zn-Mg intermetallic compounds could promote the formation of micro-
galvanic cells, causing a faster dissolution of the protective passive layer. Second, carbonate and
phosphate ionic species present in SBF, namely HCO3z™ and HPO4, are known to react with the
OH" groups formed during corrosion of Mg corrosion [195], and could induce the precipitation of
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insoluble products, hence, accelerating the corrosion process. The increased surface reactivity after
15 and 30 turns was also evident from less noble Ecorr values as compared to that after 1 turn,

consistent with the corrosion rates provided in Table 6.

From the PDP curves, it was found that the samples after 15 and 30 turns exhibited passive regions
from their respective Ecorr values to about -1.1 V, followed by passivity breakdown regions at
increasing potentials, which are consistent with those found for Zn after immersion in PBS for 5

days [196].

Although existing literature is sometimes contradictory when reporting the effect of grain size on
the corrosion properties of different metals, there is a good agreement in that a decrease in grain
size in Zn [197,198] and Mg alloys [199,200] improve their corrosion resistance in NaCl
electrolytes. The impedance spectra resulting from EIS analysis are used to investigate the
influence of grain size on the electrochemical corrosion properties. From Table 7, it was noted that
the sample after 30 turns exhibited a higher film resistance (Ry) than after 1 and 15 turns, which
was associated with a more uniform protection layer with better barrier properties. However, the
charge transfer resistance (R¢t) after 1 turn was higher than after 15 and 30 turns, which was
suggested due to the lack of phase mixing after 1 turn. The polarization resistance, which can be
interpreted as the corrosion resistance, is given as the sum of Rt and Rt [201]. Thus, the corrosion
resistance from EIS analysis would be from highest to lowest: after 1 turn (~ 593 Q cm?), 30 turns
(~ 444 Q cm?), and 15 turns (~ 354 Q cm?), which agreed with the corrosion rates obtained from
the PDP analysis. This indicated that the sample after 30 turns exhibited overall better stability
than after 15 turns, which was associated with a more extensive microstructural refinement,

together with a more uniform distribution of the different phases present.
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5.2. Zn-3Mg alloy

This section discusses the microstructural and hardness evolutions of the as-cast Zn-3Mg alloy
after the homogenization heat treatment, HPT processing for 30 turns, and subsequent PDA. The
effects of HPT and PDA on the Zn-3Mg alloy will be discussed in comparison with those of the

Zn-3Mg hybrid in sections 5.4 and 5.5.

5.2.1. Effect of homogenization treatment on the microstructure

The homogenization heat treatment (360 °C, 15 h) was performed in the as-cast Zn-3Mg alloy with
the goal to dissolve the microstructural heterogeneity associated with the presence of primary
globular Mg2Zn11 phases in the lamellar microstructure. It should be noted that the Zn-3Mg alloy
corresponds to the eutectic composition, which is highlighted in the Mg-Zn phase diagram in
Figure 96. Theoretically, during the cooling of the eutectic Zn-3Mg alloy, when the temperature
reaches the eutectic point (364 °C), the liquid phase transforms into a lamellar microstructure of
Mg2Zn11 and Zn phases. However, the presence of the primary Mg2Zn1; phases in the as-cast
microstructure suggested that the Mg concentration might have been slightly larger than that of
the eutectic composition. This way, the cooling path may not have crossed the eutectic point and
instead crossed the liquidus line entering slightly into the L + Mg2Zni: region, forming primary
proeutectic Mg2Zn11 phases within the liquid matrix. Then, when the eutectic temperature is
reached upon further cooling, the liquid phase transforms into lamellar Zn and Mg2Zn11 phases.
Therefore, the as-cast microstructure in this condition would consist of primary proeutectic
Mg2Zn11 phases in a eutectic matrix of lamellar Zn and Mg2Zn11 phases, like that observed in
Figure 97 (a-b). The homogenization heat treatment seemed effective in dissolving the primary

Mg2Zni11 phases, as observed in Figure 97 (f-g).

193



As-cast

Homogenized

Figure 97: Representative BSE-SEM micrographs and EDS composmonal maps of the Zn-3Mg
alloy: (a-e) as-cast, (f-j) after homogenization heat-treatment. The points labeled from 1 to 6 in (c)
and (h) indicate where EDS point analysis was performed, and their values are provided in Table
12. Adapted from [124].

In addition, the rapid cooling during the water quenching seemed effective in maintaining a
uniform and interconnected lamellar microstructure after the homogenization treatment. This is in
good agreement with the findings of Dambatta et al. [202], where they reported that the

microstructure of the water-quenched Zn-3Mg (wt. %) became more uniform than that air-cooled

or furnace-cooled after a similar homogenization heat treatment at 370 °C for 10 h.

Table 12: Chemical compositions of the Zn-3Mg in the as-cast and as-homogenized state measured
by EDS at different locations indicated in Figure 97 (c) and (h), respectively

Zn-3Mg alloy Meiasurgment Zn Mg
ocation (Wt. %)  (at. %) (wt. %)  (at. %)
Whole area 96.7 91.7 3.3 8.3
As-cast Points1,2and3 94.7+0.3 86.9+0.7 53+03 13.1+0.7
Points 4, 5and 6 100 100 0 0
Whole area 97.2 92.8 2.8 7.2
As-homogenized Points1,2and3 94.2+0.1 85.7+£0.3 58+0.1 143+0.3
Points 4, 5 and 6 100 100 0 0
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According to the compositions in Table 12, the darker regions in the microstructure before and
after homogenization were in good agreement with that of the Mg.Zni1 intermetallic phase:
93.7Zn-6.3 Mg (wt. %), indicating that the investigated alloy, with an overall composition of ~
97Zn-3Mg (wt. %), consisted of an eutectic mixture of Zn and Mg2Zn11. Moreover, the slight
increase in Mg concentration in the darker regions after heat treatment may suggest that the
composition of Mg2Zn11 phase after heat treatment was closer to its theoretical composition under
equilibrium conditions. This is consistent with the experimentally observed dissolution of Mg-rich
globules that formed after casting. Thereby, the homogenization heat treatment was expected to
have promoted atomic diffusion, such that Mg atoms enriched the Mg.Zn11 phase, providing a
composition closer to that of the equilibrium phase. The microstructural evolution from the as-cast

to the homogenized condition resulted in a hardness decrease from ~139 to ~109 HV, respectively.

5.2.2. Effect of HPT processing on the microstructure and hardness evolution

The microstructure of the as-homogenized Zn-3Mg alloy after HPT consisted of a matrix of grains
with sizes in the range of ~ 100-300 nm, as observed in Figure 28 (a). Analysis of the
corresponding SAD pattern in Figure 28 (b-c) indicated that the microstructure consisted of a
combination of Zn and Mg2Zn11 phases. From the STEM images in Figure 28 (d-e), the uniform
contrast level of the coarser grains suggested that they may correspond to relatively dislocation-
free grains that underwent DRX during HPT processing. On the other hand, the varying contrast
levels observed inside the finer grains may indicate the presence of nanoscale intermetallic phases
responsible for the impingement of their grain boundaries. In particular, the contrast differences
across the HAADF-STEM image in Figure 28 (e) indicated that the bright and dark areas were
associated with Zn and Mg»Zn11 phases, respectively. Therefore, the coarser grains with uniform
contrast were identified as Zn, whereas the darker regions with non-uniform contrast were
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suggested to be clusters of nanosized Mg»Zn11 phases, in agreement with the nanosized domains
highlighted in Figure 28 (f). In addition, the darker appearance of the grain boundaries may
indicate grain boundary segregation of the Mg2Zn11 phase during HPT processing. Alternatively,
it may also be possible that the non-uniform contrast inside the darker areas corresponded to
dislocation networks within nanosized Mgz2Zn11 grains, as dislocations would appear bright in
HAADF mode [203], although this was not confirmed in this study. The microstructural
observations of the alloy after HPT above from TEM/STEM imaging were consistent with those
from a normal plane through BSE-SEM imaging in Figure 30. In support of the above discussion,

nanosized Mg2Zn11 phases were identified in the Zn matrix via APT, as shown in Figure 29.

The evolution from a coarse lamellar microstructure after the homogenization heat treatment to an
ultrafine-grained microstructure with a GSave 0f 210 nm after HPT processing for 30 turns had an
effect on the material hardness. The average hardness in the as-homogenized condition (~ 109 HV)
increased to ~139 HV after HPT processing for 30 turns, which was mainly related to the Hall-
Petch strengthening due to the severe grain size refinement. Another factor that may have played
arole in the increased material hardness after HPT is the development of a strong basal texture, as
observed in Figure 32, which could have led to the activation of non-basal slip systems, with higher
critical resolved shear stress, according to a previous work on HPT-processed Zn [180]. Since both
the as-homogenized and HPT-processed samples consisted of Zn and Mg.Zni1, the observed
hardness increase could not be associated with the formation of any additional phase. Nevertheless,
the fact that the Mg2Zni1 intermetallic phase, which is substantially harder than Zn [15],
fragmented into nanosized phases after HPT, led to a significant increase in the surface area of
the Mg2Zn11 phases. This phenomenon may have hindered dislocation motion during plastic

deformation, increasing the material hardness. Figure 34 shows that the hardness distribution was
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relatively uniform between ~ 130-150 HV across the sample after HPT, with the exception of r <
1 mm. This suggested that the shear strain accumulated after 30 turns for r > 1 mm (i.e., ~ 230)
was sufficient to reach a uniform microstructure across the entire sample except in the near central
region, where the plastic deformation occurs less severely, as this location is close to the rotation

axis during HPT processing.

5.2.3. Effect of PDA on the microstructure and hardness evolution

After PDA, the grain size increased from ~ 100-300 nm to ~ 600-800 nm, as observed in Figure
98 (a), and the microstructure appeared to be precipitate-free, as observed in Figure 35 (b). This
may indicate that in addition to the grain growth of the Zn matrix after PDA, the nanosized
Mg2Zn11 phases, which were suggested to be clustered between neighboring Zn grains and along

the grain boundaries after HPT, diffused during PDA and coalesced into Mg2Zni1 grains.

The latter hypothesis would be consistent from a thermodynamically viewpoint, since the decrease
of Mg2Zni1 surface area from nanosized phases to coarser grains would result in a lower energy
state configuration, which would represent a more energetically favorable condition closer to the
equilibrium. In support of this argument, the area fractions of Zn and Mg.Zn1;1 phases were
estimated as 0.59 and 0.41, respectively, which were reasonably close to the theoretical
equilibrium volume fractions of 0.57 for Zn and 0.43 for Mg2Zn11 estimated using the lever rule
for the Zn-3Mg (wt. %) composition highlighted in the binary Zn-Mg equilibrium phase diagram

shown in Figure 96.

As observed in Figure 98 (b), no significant difference in the distribution of misorientation angles
was identified in the Zn-3Mg alloy before and after PDA, with a peak at ~ 30-35 ° in both cases,

which was associated with basal texture [180,204].
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Figure 98: Comparison of the distributions of (a) grain size and (b) misorientation angle obtained
from the Zn-3Mg alloy after HPT for 30 turns (i.e., HPT) and subsequent PDA (i.e., HPT + PDA).
Adapted from [127].

Though phase analysis was not performed in the Zn-3Mg alloy after PDA, the formation of
additional strengthening phases was not expected based on the hardness measurements provided
in Figure 39, where an average hardness of ~ 136 HV was found across the disc, which was similar
to that after HPT (~ 139 HV). However, unlike the relatively uniform hardness distribution across
the sample radius after HPT, the average hardness after PDA increased with increasing distance
from the center, as observed in Figure 39, which is consistent with the shear strain evolution during
HPT provided in Equation 1 in section 2.2.1. The reason why the central region, at r < 1 mm,
became softer with an average hardness of 110-120 HV after PDA may be associated with
recrystallization and grain growth. These stages of the annealing processes may become more
difficult with increasing accumulated plastic strain, where recovery may be dominant, such that
the microstructure reduces the stored energy by rearrangement of dislocations. However, the
presence of hard Mg»Zni1 grains in the peripheral region, at r > 4 mm, after PDA may have also
restricted grain growth to some extent, hence, leading to a slightly higher average hardness of ~

145-150 HV.
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Earlier works [205-207] have investigated the degree of strain hardening in different alloys after
HPT processing through the calculation of the hardenability exponent (1), obtained from the slope
of the Vickers microhardness (HV) values plotted against the equivalent strain (geq) in natural
logarithm axes. The same approach was used to evaluate the evolution of the strain hardening
capability of the alloy after HPT and PDA, and they are plotted in Figure 99. The n values were
estimated as 0.017 and 0.056 after HPT and HPT+PDA, respectively. The higher n value after
HPT + PDA is a consequence of the lower hardness values recorded at lower equivalent strains
(i.e., closer to the disk center) as compared to the sample after HPT. Overall, the n values presented

were similar to those reported from HPT-processed ZK60 (n = 0.07) [207] and AZ31 (n = 0.08)

[206].
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Figure 99: Natural logarithm plot of the Vickers microhardness, HV, against equivalent strain, €eq,
from the as-homogenized Zn-3Mg HPT alloy after HPT for 30 turns, and after HPT for 30 turns +
PDA (200 °C, 1h). Solid and dashed blue lines indicate the linear regressions to obtain the slopes
corresponding to the hardenability exponent, 1, presented after HPT and HPT + PDA.
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5.3. Zn-3Mg hybrids

This section discusses the microstructural and hardness evolutions of the Zn-3Mg hybrids after
HPT and subsequent PDA. In addition, a plastic deformation model is proposed based on the
nanoindentation results, and the evolution of the strain hardening capability during HPT is
investigated. The effects of HPT and PDA on the Zn-3Mg hybrids will be compared with those on

the Zn-3Mg alloy in sections 5.4 and 5.5.

5.3.1. Effect of HPT processing on the microstructure and hardness evolution

The cross-sectional SEM images presented in Figure 51, the peripheral regions, at r > 3 mm, of
the Zn-3Mg hybrid after 30 turns presented a uniform contrast, which suggested a good mixing of
Zn and Mg phases at the regions of highest plastic deformation. This may be associated with a
relatively uniform composition in these areas. In agreement with this, the EDS map analysis
performed at this disk periphery after 30 turns, see Figure 52, led to an average chemical
composition of 96.9Zn-3.1Mg (wt. %), with an uniform elemental distribution of Zn and Mg.

Therefore, this area of the sample became the focus of the subsequent investigations.

The microstructural features reported in section 4.3.1 from the periphery of the Zn-3Mg HPT
hybrids after 30 turns were consistent between SEM and TEM/STEM analysis, from Figure 53
and Figure 54, respectively. Given that SEM and TEM imaging was performed in perpendicular
planes, it was suggested that the equiaxed grains with GSave 0f ~ 100-200 nm truly corresponded
to a uniform equiaxed microstructure that may form due to DRX during HPT. The formation of
vortex-like features observed by SEM in Figure 53 has been associated in the literature [208] with
turbulent flow at the interface between phases with similar levels of hardness, which is the case of

Mg and Zn. The presence of nanosized precipitates observed in the STEM images, which had a
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lower atomic number than the Zn-matrix according to the HAADF image, were related to the

Mg2Zn11 and MgZn; intermetallic phases identified by XRD in Figure 55.

Based on the relative peak intensities of the XRD scans obtained from the Zn-3Mg HPT hybrids
in Figure 55, it was suggested that the intermetallic phase fractions increased, whereas that of the
Mg phase decreased, from 15 to 30 turns. This is in good agreement with the larger phase fractions
of intermetallics quantified from Rietveld refinement in the Zn-10Mg HPT hybrids and thus,
suggested that the deformation-enhanced atomic mobility during HPT promoted the phase

transformation from Mg to Mg2Zn11 and MgZn; intermetallic phases.

In addition to the identification of the Mg»>Zn11 intermetallic phase by APT, a nanosized volume
with homogeneous composition of 99.2Zn-0.3Mg (at. %) was found in the APT needle examined.
It should be noted that the maximum solubility of Mg in Zn is ~ 0.3 (at. %) at 370 °C [209], and
that it is practically negligible at RT. This suggested that the region with 99.2Zn-0.3Mg (at. %)
composition may be associated with the formation of a metastable supersaturated solid solution in
the Zn-Mg system during HPT. This would indicate that HPT is able to extend the solid solubility
between Zn and Mg, which are essentially immiscible at RT. Processing by HPT has been
demonstrated to lead to the formation of supersaturated solid solutions in multiple metal systems,

like Fe-Cu [210], Cu-Cr [211], Cu-Co [212], Cu-In [213], and Al-Mg [214].

The hardness along the cross-section of the Zn-3Mg hybrids increased notably from 1 to 30 turns,
as observed in Figure 60. This is suggested to be due to both severe grain refinement and the
formation of intermetallic compounds with increasing number of turns. The sample after 1 turn
displayed a uniform average hardness of ~ 39 HV across the diameter, which was very similar to

that of pure Zn and pure Mg (i.e., 36 HV and 35 HV, respectively). This suggests that, after 1 turn,
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the maximum shear strain (geq ~ 20) was insufficient to cause significant grain size refinement and
phase mixing leading to the formation of hard intermetallic compounds. This argument is
supported by the absence of intermetallic compounds in the XRD spectrum after 1 turn, as shown

in Figure 55.

After 5 and 15 turns, the hardness increased with increasing distance from the sample center, where
the hardness remained similar to that of the pure Zn and pure Mg. This trend is consistent with the
shear strain relationship provided in Equation 1, which indicates that the plastic deformation of
the HPT sample increases radially, and that it is theoretically zero at the sample center. Therefore,
the higher plastic strains near the periphery are expected to produce finer grain sizes, leading to
Hall-Petch strengthening. The gradient of shear strains across the sample is also expected to
influence the hardness evolution from the sample center to the periphery, such that a larger gradient

would lead to more pronounced hardness differences.

The range of equivalent strains after 15 turns (0 < geq < 320) was notably larger than after 5 turns
(0 < geq < 107), which led to larger hardness differences across the sample. Consequently, the near
central region with hardness values close to that of pure Zn and pure Mg became larger after 5
turns (r < 2 mm) than after 15 turns (r < 0.5 mm). Whereas after 5 turns the modest hardness
increase is proposed to be dominated by grain size refinement, after 15 turns, both grain size
refinement and intermetallic strengthening are expected to play a role in the hardening mechanism.
Both Mg2Zn11 and MgZn; intermetallic phases were identified after 15 turns in the Zn-3Mg
hybrids, as observed in Figure 55. Although XRD analysis was not performed after 5 turns in Zn-
3Mg hybrids, the formation of intermetallic compounds may not be expected, according to the

XRD profile of the Zn-10Mg hybrids in Figure 45.
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After 30 turns, the sample reached a more uniform average hardness distribution (~120-180 HV)
across the sample than that after 15 turns (~ 40-160 HV), as observed in Figure 61. In general, the
hardness values were larger after 30 turns than after 15 turns. As the accumulated plastic strain
increased with increasing number of turns, the strain hardening propagated from the periphery to
the center, as observed in the gradient-type hardness evolution in Figure 60. After 30 turns, the
strain-hardening reached the center of the sample, and therefore, the hardness values at the central

region were no longer similar to those of pure Zn and pure Mg.

The maximum hardness values after 30 turns were recorded at r ~ 3 mm (geq ~ 384), at both sides
of the sample, instead of at the edges of the sample (r ~ 5 mm) like after 15 turns. After 30 turns,
the regions at 3 <r <5 mm presented lower hardness values (see Figure 61), which might indicate
a saturation of the grain refinement process and subsequent increase of the GSave. This hardness
saturation at an intermediate region in the sample is consistent with that reported by Li et al. [215]
from HPT-processed W and was related to CDRX. CDRX is a recovery dominated process that
proceeds by continuous absorption of dislocations in LABs, followed by a subsequent increase of
their misorientation angles and the formation of new finer grains with non-equilibrium HABs. This
process continues up to a maximum equivalent strain, above which the ultrafine-grained
microstructure cannot be longer refined. At this point, the newly generated dislocations within the
grain interiors, as well as those forming the non-equilibrium HABSs, prefer to transfer from a
metastable state to a more equilibrium state with lower energy by rearranging into larger grains
[216]. Thus, a grain growth may be expected when the equivalent strain in the material exceeds a
critical value, which seems to be geq ~ 384 for the Zn-3Mg hybrid system. This grain growth
beyond the saturation point could then be responsible for the decrease in hardness observed after

30 turns for r > 3 mm.
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5.3.2. Effect of PDA on the microstructure and hardness evolution

The cross-sectional SEM images from the Zn-3Mg hybrid before PDA (i.e., HPT: 30 turns) and
after PDA (i.e., HPT: 30 turns + PDA) in Figure 100 (a) shows that the large Mg-rich phases
present near the central region of the sample after HPT for 30 turns were no longer distinguishable
after PDA. As observed in Figure 100 (b), the hardness distribution after PDA did not change
significantly, as compared to the sample after HPT. Softening was only observed after PDA at r <
0.5 mm, where average hardness values dropped from ~ 110 HV to ~ 90 HV as compared to the
sample after HPT. However, the peripheral regions of the sample after PDA, r ~ 3-5 mm, exhibited
an average higher hardness than that after HPT. In addition, the hardness saturation phenomenon
observed after 30 turns at r ~ 3 mm, which was described in the previous section, was not that

evident after PDA.
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Figure 100: Comparison between Zn-3Mg hybrids after HPT for 30 turns, and HPT for 30 turns +
PDA (200 °C, 1h): (a) cross-sectional SE-SEM images, (b) corresponding color-contour HV maps,
(c) evolution of the average HV along the diameter of the sample. Adapted from [127].
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From Figure 100 (c), it is apparent that the right-half of the sample after PDA presented a uniform
hardness of 150-160 HV for r > 1.5 mm, whereas the left-half does show a drop of the average
hardness from ~160 to ~140 HV at r > 3.5 mm, although it is not as large as that of the sample
after HPT (i.e., from ~180 to ~110 HV). This suggests that the microstructural evolution occurring
during PDA near the sample periphery, which is detailed in the next paragraph, might be

responsible for diminishing the grain growth despite the enhanced diffusion at higher temperature.

The microstructural features reported in section 4.3.2 from the periphery of the Zn-3Mg HPT
hybrids after 30 turns + PDA were consistent between SEM and TEM/STEM analysis, from Figure
65 and Figure 66, respectively. These images suggested that the relatively equiaxed microstructure
with uniform grain sizes of ~ 100-200 nm obtained after HPT for 30 turns, transformed after PDA
into a bimodal grain size distribution of larger Zn-rich grains with a GSave of ~ 600-900 nm and
smaller Mg-rich grains with a GSae 0f ~ 100-200 nm. This microstructural evolution can be

observed by comparing the TEM microstructures in Figure 101 (a) and (c).

From the HAADF images in Figure 101 (b) and (d), it is apparent that after PDA, the finer Mg-
rich grains (i.e., darker contrast) contained lighter nanoprecipitates predominantly segregated in
these areas, instead of evenly distributed across the microstructure like after HPT. These
nanoprecipitates present in the Mg-rich grains were identified as Mg2Zn11 and MgZn; intermetallic
phases from FFT analysis of HRTEM images in Figure 68. Therefore, it was suggested that the
segregation of Mg»Zn11 and MgZn, nanoprecipitates in the finer Mg-rich grains was assisted by
enhanced diffusion during PDA, such that they acted as pinning sites preventing grain growth,
hence, leading to the bimodal distribution. The complementary roles of the coarser Zn-rich grains
and the finer Mg-rich grains during plastic deformation, in relation to the resulting mechanical
properties, are discussed in section 5.3.4.
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Figure 101: Comparison of TEM/STEM images acquired near the periphery at the cross-section
of the Zn-3Mg hybrids after HPT for 30 turns (a, b) and HPT for 30 turns + PDA (c, d). BF-TEM
and HAADF-STEM images are presented in the left and right columns, respectively. The
horizontal and vertical directions in the image correspond to the shear and thickness directions in
the sample, respectively, as defined in Figure 12. Adapted from [127].

The evolution of the grain size and misorientation angle distributions after PDA can be observed
in Figure 102 (a) and (b), respectively. An overall increase of the GSave and the width of the GS
distribution after PDA is apparent from Figure 102 (a), which is consistent with the TEM
observations above. Some differences were identified in the misorientation distributions before
and after PDA in Figure 102 (b). The fractions of misorientation angles at ~ 30 °, related to basal
fiber texture in Zn and Mg [180,204], decreased after PDA, in agreement with the weakening of
the basal pole figures shown in Figure 58 and Figure 71. Moreover, the deviation of the basal poles

away from the {0001} normal, found in the Zn and Mg phases after PDA, were consistent with
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the observations reported by Zeng et al. [217] in a Mg-Zn alloy after annealing. In addition, the
larger Imax value of the Mg phase, compared to that of the Zn phase, suggested that the Mg phase
may have a greater influence on the basal texture weakening after PDA. In support of the latter
statement, as observed in Figure 102 (b), the PDA treatment led to a shift of misorientation angles
towards higher values, exhibiting a peak at ~ 90 °, which is in good agreement with that of the

Mackenzie misorientation distribution for a randomly oriented hexagonal crystal [218].
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Figure 102: Comparison of the distributions of (a) grain size and (b) misorientation angle obtained
from EBSD analysis of the Zn-3Mg hybrid after HPT for 30 turns (i.e., HPT) and subsequent PDA
(i.e., HPT + PDA). Adapted from [127].

By comparison of the XRD profiles before and after PDA in Figure 103, a relative increase of the
peaks associated with the Mg2Zn11 phase and relative decrease of those related to the MgZn, phase
were identified after PDA, which were rationalized from thermodynamic principles as follows.
First, the composition of Mg2Zn11 is 84.6Zn — 15.4Mg (at. %), whereas that of MgZn, is 67.5Zn —
32.5Mg (at. %), which implies that MgZn> requires about twice the amount of Mg atoms than

MgzZn11. Second, the formation enthalpy of MgZnz, AHp, . ~ - 13.8 ki/mol, is greater than that
of Mg2Znu1, AHy, ., ~-8.96 ki/mol at 298 K [37], which indicates that MgZn2 contributes more

energy to the overall system. Therefore, it was suggested that the thermal activation during PDA
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promoted the decomposition of solute Mg atoms from MgZn, to Mg2Zn11 by providing a lower

energy state to the system closer to equilibrium, which is more thermodynamically favorable.
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Figure 103: Comparison of the XRD patterns acquired at the mid-thickness plane of the Zn-3Mg
hybrid after HPT for 30 turns, and subsequent PDA (200 °C, 1h). Adapted from [127].

The phase transformation during PDA from MgZn, to Mg2Zn11 phases proposed in the previous
paragraph through the diffusion of Mg atoms may be supported by the results obtained from APT.
A region with a uniform composition of 79.0Zn-20.7Mg (at. %) was measured at one side of the
isoconcentration surface depicted in Figure 69. As mentioned earlier, the maximum solubility of
Mg in Zn is ~ 0.3 (at. %) at 370 °C [209], and it is practically negligible at RT. Therefore, since
the measured composition is far beyond the equilibrium solubility limit of Mg in Zn, it is proposed
to be related to a supersaturated solid solution (SSSS). It should be noted that the measured
composition is far from the stoichiometric composition of any intermetallic compound in the Zn-
Mg phase diagram (see Figure 96), and thus, cannot be attributed to any intermetallic phase.
Therefore, the presence of this SSSS, together with the Mg>Zn11 and MgZn; intermetallics, might
be responsible for the high hardness measured near the periphery after PDA, despite the observed

grain growth in the Zn-rich grains.
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5.3.3. Effect of PDA on the nanoindentation behavior

The plastic instability reported from the load-displacement nanoindentation curves, both before
and after PDA for all CSR values tested, was associated with the coexistence of grains and
intermetallic compounds with varying compositions, sizes, and distributions. This was suggested
based on the multiphase microstructures observed by SEM and TEM/STEM consistently, which
may lead to large strain gradients during plastic deformation, consistent with the range of load-

displacements obtained.

The formation of a bimodal microstructure at the periphery of the Zn-3Mg HPT hybrids after PDA
resulted in a simultaneous increase in the H and m values, compared to after HPT for 30 turns, as
observed in Figure 104. The enhancement of nanoindentation hardness after PDA for all the CSR
values tested, which are presented in Table 13, was consistent with the higher hardness values
measured by HV at the periphery of the sample after PDA, see Figure 100. The mean H values

were always larger for the sample after PDA, and that the standard deviations did not overlap, with
the exception of that at € = 1.25-10* s, indicating a significant difference between both samples

in the H values.

Both samples exhibited an increase in H with increasing strain rate, which led to positive m values.
This agreed with the general trend that metals tested at faster strain rates tend to exhibit smaller
indentation displacements, and thus, lower plasticity since there is physically less time for

dislocation motion, hence, lower plastic deformation [219].
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Figure 104: Comparison of the strain rate sensitivity (m) value calculated from nanoindentation in
the Zn-3Mg hybrid after HPT for 30 turns, and after subsequent PDA (200 °C, 1 h). Adapted from

[127].

Table 13: Nanoindentation hardness (H) measured by nanoindentation at the periphery of the Zn-
3Mg HPT hybrids after 30 turns, and after 30 turns + PDA (200 °C, 1 h). The tabulated values
correspond to those plotted in Figure 104. Adapted from [127].

: (s‘l) H (GPa)
HPT: 30 turns HPT: 30 turns + PDA
1.25-10™* 1.834 +£0.129 2.012 + 0.089
2.50-10 1.870 £ 0.083 2.242 + 0.094
5.00-10* 2.050 + 0.096 2.440 +0.116
1.00-10°3 2.201 £0.136 2.550+0.170

As observed in Figure 104, the value of m increased from 0.098 to 0.121 after PDA, which is
consistent with the m increase reported in the Al-Mg HPT hybrid system after a different PDA
treatment (300°C, 1h). The significance of PDA for improving the overall ductility was

demonstrated for HPT-processed Ti [119], and was attributed to an ordering of the non-equilibrium
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dislocation structures leading to a more energetically favorable state without a significant grain
growth. In addition, as reviewed recently [22], short-term annealing treatment was shown effective
in numerous SPD-processed materials to reduce the dislocation density in the grain interiors, such
that the dislocation storage capacity increases and thus, the strain hardening capability is enhanced,

leading to increased ductility.

The V™ values estimated after HPT for 30 turns (~ 2.25 b®) and subsequent PDA (~ 1.35 b%) were
in the range 1-10b%, which was related elsewhere [220,221] to heterogeneous dislocation
nucleation and grain boundary sliding, respectively. Thus, it was suggested that the slight but
measurable decrease in V" after PDA might be a consequence of the increased microstructural
heterogeneity, evident from SEM/TEM imaging, where the dominant plastic deformation
mechanism may be more associated with heterogeneous dislocation nucleation (i.e., since V* is

closer to 1b® than to 10b%).

Based on the above discussion, the concurrent increase of H and m after PDA suggested a dual
enhancement of the strength-ductility relationship, which is contrary to what was reported from
HPT-processed metals having relatively uniform microstructures after PDA [222-224]. It should
be noted that, although there was no direct measurement of the & in the present study, there is a
well-established correlation between f and m, such that an increase in m would be associated with
a higher ductility [225]. Indeed, multiple recent studies concerning HPT-processed materials with
heterogenous microstructures after PDA have consistently reported a simultaneous increase in
strength-ductility [226-228]. The concept of heterogeneous materials was recently introduced as
a new class of materials with unprecedented mechanical properties, which exhibit a combination

of strength and ductility that are not achievable by their homogeneous counterparts [229].
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Heterostructured materials are characterized by multiscale domains, like grains or secondary phase
particles [229], which were observed in the Zn-3Mg HPT hybrids after PDA. These domains may
possess inherent strength differences, which will induce large strain gradients during severe plastic
deformation. Therefore, the combined action of HPT and PDA in the Zn-3Mg hybrids was

believed to be responsible for the dual enhancement of H and m.

The origin of the synergistic effect of PDA on the H-m relationship of the Zn-3Mg HPT hybrids
was analyzed through the evolution of the unloading stiffness (S) and the displacement at peak
load (hmax) from the load-displacement curves. Both S and hmax, defined in section 3.6.2, were
calculated for the different strain rates, and their average values are plotted in Figure 105 (a) and
(b), respectively, with their corresponding standard deviations indicated by the error bars. Both S
and hmax decreased after PDA for all strain rates, and they also decreased with increasing strain
rate. These observations were consistent with the positive m values reported, as both S and hmax
are inversely proportional to H. Based on this, the individual effect of S and hmax values in the
load-displacement behavior during nanoindentation are sketched in Figure 105 (c) and (d),
respectively. The different theoretical mechanical responses proposed may be associated with
materials with different hardness values as follows. On the one hand, as observed in Figure 105
(c), when S1 < S2, material 1 experiences larger elastic recovery during unloading, hence,
exhibiting less plastic deformation, and consequently, it would be harder than material 2. On the
other hand, as observed in Figure 105 (d), when hmax1 < hmaxe, Material 1 requires less plastic strain
to reach the peak load, and consequently, it would be harder than material 2. In these models,
material 1 (i.e., blue color) represents the sample after HPT + PDA, whereas material 2 (i.e., red

color) represents the sample after HPT.
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Figure 105: Evolution of (a) unloading stiffness, S, and (b) maximum displacement into surface,
hmax, at increasing strain rates during nanoindentation testing of Zn—-3Mg HPT hybrids after 30
turns and 30 turns + PDA (200 °C, 1 h); Theoretical load-displacement responses of two materials
having (c) different S values, and (d) different hmax values. Adapted from [127].

5.3.4. Plastic deformation model for an enhanced strength-ductility balance

Based on the earlier definition for heterostructured materials, the synergistic effect of PDA on the
mechanical behavior of the Zn-3Mg HPT hybrids is proposed in Figure 106 due to the presence of
hard and soft domains playing complementary roles during plastic deformation [229]. The coarser
Zn-rich grains would be associated with the soft domain, while the finer Mg-rich grains containing

nanoscale precipitates would correspond to the hard domain.

The proposed stress-strain curve in Figure 106 (a) for the Zn-3Mg HPT hybrid after PDA,
associated with the heterogeneous material, is subdivided into three stages (i.e., stage I, I1, and I11),

where each of the domains contribute in a different way to the deformation process. The strains
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carried by the domains at stage I, I1I, and Il are illustrated in Figure 106 (b), (c), and (d),

respectively, where a darker red color indicates a higher strain.
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Figure 106: Proposed stress-strain behavior of the Zn-3Mg HPT hybrid after PDA (heterogeneous
material) based on the complementary roles of the coarser Zn-rich grains (soft domain) and the
finer Mg-rich grains (hard domain). The red stress-strain curve is subdivided into Stage I, 11, and
I11, where the strains carried by each domain are sketched in (b), (c), and (d), respectively.

In Stage I, at low strains, both soft and hard domains will deform elastically, as indicated by the

uniform light red color across the microstructure in Figure 106 (b).

In Stage I, the initial plastic deformation will be accommodated through dislocation slip on the
soft domain, while the hard domains remain elastic. This will produce a mechanical
incompatibility as the strain will be no longer continuous across the microstructure, resulting in a
plastic strain gradient in the soft domains, as indicated by the color gradient in the coarser Zn-rich

grains in Figure 106 (c). This strain gradient will be accommodated by geometrically necessary
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dislocations (GNDs) that will pile-up at the soft domain, since they cannot transmit across the

domain boundary, leading to a back-stress that will strengthen the originally soft phase.

In Stage I11, plastic deformation will be accommodated by both hard and soft domains, and strain
gradients are expected to exist near the domain boundaries, as sketched in Figure 106 (d). This
will lead to neighboring domains sustaining different plastic strains and thus, producing back-

stress strain hardening, which would be responsible for an enhanced ductility [230,231].

5.3.5. Analysis of the strain hardening capability

Earlier works [205-207] have investigated the degree of strain hardening in different alloys after
HPT processing through the calculation of the hardenability exponent (1), obtained from the slope
of the Vickers microhardness (HV) values plotted against the equivalent strain (geq) in natural
logarithm axes. The same approach was followed to evaluate the evolution of the strain hardening
capability of the Zn-3Mg HPT hybrids up to 30 turns, which is shown in Figure 107 (a). Three
distinct regimes were identified (i.e., Regime I, Il, and 1) in Figure 107 (b). Regime I, 0 < In(geq)
< 3.5, equivalent to geq ~ 1-30. Regime 11, 3.5 < In(geq) < 6.0, equivalent to geq ~30-400. Regime
I11, 6.0 < In(eeq) < 6.5, equivalent to eeq ~ 400-660. Linear fitting of the experimental data within
each of these regimes revealed n values of 0.017, 0.535, and -0.668 for Regime I, Il, and III,
respectively. Regime | indicated limited strain hardening in the early stage of HPT, as compared
to HPT-processed Ti-6Al-4V (n = 0.031) [205], ZK60 (n = 0.07) [207], AZ31 (n = 0.08) [206].
It was noted that the hardness of these three alloys saturated at In(eeq) ~ 3 during HPT. However,
as observed in Regime |1, the Zn-3Mg HPT hybrid did not reach hardness saturation in that range,
but instead exhibited a significant increase in the strain-hardening capability, with a hardenability

exponent of = 0.535. It was noted that this n value was about one order of magnitude higher than
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most reported values in the literature, followed by that from HPT-processed Al with = 0.18 [206].
This notable increase in the strain hardenability was attributed to the contribution of multiple

strengthening mechanisms during HPT, including severe grain refinement and precipitation of

intermetallic compounds, both of which were evident from SEM/TEM imaging.
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Figure 107: Natural logarithm plots of Vickers microhardness, HV, against equivalent strain, eeq,
from the Zn-3Mg HPT hybrids (a) after 1, 5, 15, and 30 turns, and (b) determination of the
hardenability exponent, 1, in regimes I, II and III, delimited by red dash lines. Blue solid lines
indicate the linear regressions to obtain the slopes corresponding to the m values presented.
Adapted from [127].

The maximum hardness in the Zn-3Mg HPT hybrids was achieved at In(eeq) ~ 6, equivalent to geq
~ 400, which marks the end of Regime Il. Regime 111 shows that additional plastic strain resulted
in strain softening, as indicated by a negative n value. This weakening behavior was also reported
upon saturation in HPT-processed Al [206], where the ratio between the hardening and softening
exponents was - 0.75, similar to that of - 0.80 found in the Zn-3Mg HPT hybrid system. This
softening might be attributed to the saturation of grain size refinement after severe plastic
deformation for 30 turns, where the large volume fractions of HABs present in the microstructure
may promote grain boundary sliding at ambient temperature, leading to the high m value reported
above, which might be in turn responsible for the proposed strength-ductility combination.
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5.4. Effect of HPT + PDA on the microstructure of Zn-3Mg: hybrid vs. alloy

Both Zn and Mg2Zn11 phases were found in the alloy and its hybrid counterpart after HPT and
subsequent PDA. In addition, the Mg phase was also identified in the hybrid samples, as observed
in the EBSD phase maps in Figure 108, where the amount of Mg in the inspected region seemed
to be significantly greater than the nominal 3 (wt. %) targeted for the bulk composition. This could
be rationalized by the following factors. First, there was a preferential distribution of Mg towards
the regions of higher plastic deformation (i.e., sample periphery) during HPT processing, as it has
been consistently reported in HPT hybrids of different compositions [25,86,87,89]. Second, the
mid-thickness region of the cross-sections, where the EBSD scans were acquired, corresponded to

the location where the original Mg disk was located.

Therefore, despite the extensive microstructural evolution observed during HPT, including phase
mixing, grain refinement, and intermetallic formation, the mid-thickness region may still be more
likely to be Mg-rich than the areas near to the sample surface. This was supported by an earlier
study [232], which demonstrated that phase transformations in a HPT-processed Ti-Al-Nb alloy
occurred predominantly at the near-surface regions rather than in the mid-thickness region,

presumably due to a higher plastic strain at the sample surfaces.

It should be noted that the MgZn. phase found in the hybrid after HPT and PDA was not indexed
in EBSD analysis, which might be due to the fact that it shares a hexagonal crystal structure with

Zn and Mg, and the latter two phases were preferentially chosen by the EBSD software.
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Figure 108: Image quality and phase maps acquired by EBSD near the periphery at the cross-
section of the Zn-3Mg alloy after (a) homogenization heat treatment, (b) HPT for 30 turns, and (c)
HPT for 30 turns + PDA,; and from the Zn-3Mg hybrid after (d) HPT for 30 turns, and (e) HPT for
30 turns + PDA [124].
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A comparative figure showing the distributions of GS and misorientation angles in the Zn-3Mg

alloy and Zn-3Mg hybrid after HPT and PDA are presented in Figure 109. Regarding the grain

refinement, HPT was similarly effective in refining the GSave of the alloy and the hybrid to ~ 200

nm, according to Figure 109 (a) and (c).
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Figure 109: Grains size distributions and misorientation angle distributions obtained from EBSD
analysis near the periphery at the cross-section of the Zn-3Mg (a-b) alloy and (c-d) hybrid after
HPT for 30 turns, and HPT for 30 turns + PDA (200 °C, 1 h) [124].

Despite an increase of the GSave in both material conditions after subsequent PDA, the alloy

exhibited a larger GSave Of ~ 700 nm, compared to that of the hybrid of ~ 400 nm. This was
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correlated with the distinct microstructural features exhibited by the alloy and the hybrid after
equivalent HPT + PDA as follows. The alloy exhibited relatively precipitate-free Zn and Mg2Zni1
grains, with a wide range of sizes, uniformly distributed in the microstructure, which is consistent
with the Gaussian distribution profile depicted in Figure 109 (a). On the other hand, the hybrid
presented a microstructure containing coarser Zn grains and finer Mg-rich grains, which might be

associated with a multimodal distribution of grains sizes in Figure 109 (c).

Regarding the distribution of misorientation angles, the overall large fractions of HABs found in
the alloy and the hybrid after HPT were associated with DRX during HPT. The peak observed at
~ 30 ° misorientation angle was attributed to the strong basal fiber texture developed in Zn and
Mg after HPT observed in Figure 110 (a), (c), and (d), in agreement with other studies [180,204].
The significant decrease in the fraction of misorientation angles in the hybrid after PDA was
associated with the weakening of the basal texture, as observed in Figure 110 (e) and (f). The
deviation of the basal poles away from the {0001} normal, found in the Zn and Mg phases of
hybrid after PDA, were consistent with the observations reported by Zeng et al. [217] in a Mg-Zn
alloy after annealing. In addition, the notably larger Imax Value of the Mg phase, compared to that
of the Zn phase, suggested that the Mg phase may have a greater influence on the basal texture
weakening in the hybrid after PDA. In support of the latter statement, as observed Figure 109 (d),
the PDA treatment in the hybrid led to a shift of misorientation angles towards higher values,
exhibiting a peak at ~ 90 °, which is in good agreement with that of the Mackenzie misorientation

distribution for a randomly oriented hexagonal crystal [218].

220



=

S

J

-
0001

lmax = 30.411

max

>

Figure 110: IPF orientation maps and corresponding basal pole figures acquired by EBSD near the
periphery at the cross-section of the Zn-3Mg (a-b) alloy and (c-f) hybrid after HPT for 30 turns,
and HPT for 30 turns + PDA. Imax values below the pole figures indicate the maximum texture
intensity [124].

The corresponding KAM maps obtained from EBSD analysis of the Zn-3Mg alloy and hybrid are
provided in Figure 111 (a-b) and (c-d), respectively, after HPT for 30 turns and subsequent PDA.
It should be noted that the grains corresponding to both Zn and Mg phases were plotted together

for the hybrid samples. On the one hand, the misorientation gradients in the alloy after HPT near
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the grain boundaries may be related to the presence of the Mg.Zni1 phases along the grain
boundaries, as observed in the BF and HAADF STEM images in Figure 28 (d-e). On the other
hand, the largest misorientation gradients presented in the hybrid after PDA could be a result of
the increased microstructural heterogeneity. The differences in size and composition among the
different domains (i.e., coarse Zn-rich grains and fine Mg-rich grains) in that heterostructure may
lead to localized strain gradients, consistent with the deformation model proposed in section 5.3.4,

which may be in turn responsible for the simultaneous increase of H and m.
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Figure 111: KAM maps acquired by EBSD near the periphery at the cross-section of the Zn-3Mg
(a-b) alloy and (c-d) hybrid after HPT for 30 turns, and HPT for 30 turns + PDA [124].
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5.5. Effect of HPT + PDA on the hardness of Zn-3Mg: hybrid vs. alloy

A comparison of the HV color-contour distribution maps and average HV values recorded across
the radius of the Zn-3Mg alloy and Zn-3Mg hybrid after 30 turns HPT, and subsequent PDA are
presented in Figure 112. It should be noted that the color scale used in the HV distribution maps,

as well as the range of HV represented in the y-axis of the plots, are common for all the samples.

The hardness of the alloy after HPT remained uniform between 120-140 across the radius, with no
significant hardness decrease closer to the sample center, suggesting that the microstructure may
have reached a saturation point where the GSave 0f ~ 200 nm measured at the periphery may be
constant across the sample. After PDA, the hardness was reasonably maintained along the sample,
with a slight gradual decrease with decreasing distance from the center up to 100-120 HV atr< 1
mm. This may suggest that the GSave 0f ~ 600 nm measured at the periphery may be slightly larger
near the sample center, which could result from the hard Mg2Zn11 grains observed at the periphery

preventing excessive grain growth during the annealing treatment.

Unlike the alloy, the Zn-3Mg hybrid after HPT and PDA presented highly heterogeneous hardness
values across the radius. Due to the large standard deviations obtained from HV measurements
collected at the same distance from the center, it is challenging to assess whether the alloy or the
hybrid was harder in general terms. However, it is evident that significantly higher HV values were
measured at specific regions in the hybrid sample. Since the GSave was similar in the hybrid and
the alloy after HPT, the local regions associated with the highest HV values are suggested to be

related to the nanosized Mg2Zn11 and MgZn; intermetallic compounds identified.
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5.6. Zn-30Mg hybrids

This section discusses the microstructural and hardness evolutions of the Zn-30Mg hybrids after

HPT.

5.6.1. Effect of HPT on the microstructure and hardness evolution

The cross-sectional SEM images of the Zn-30Mg HPT hybrids presented in Figure 76 showed that
at least 5 turns were necessary in order to achieve a good bonding between the Zn/Mg/Zn stack of
disks into a compact sample. Despite the feasibility of producing compact samples for higher
number of turns, no significant mixing of the Zn and Mg phases was observed, based on the two
clear contrast levels observed at the cross-sections of the samples. Even after 30 turns, the lack of
a uniform contrast level anywhere in the sample, together with relatively large Zn and Mg phases
present (including near the peripheral region), suggested a limited microstructural evolution.
Because of this, the microstructures of the Zn-30Mg hybrids were not studied in as much detail as
the other hybrid compositions. Nevertheless, in support of the latter statement regarding the lack
of phase mixing, TEM analysis at the mid-thickness near the periphery of the sample after 30 turns
demonstrated the presence of only Mg phase in the entire lamella, as observed in Figure 77. This
is in good agreement with the darker areas observed at those locations in the cross-section of the
sample after 30 turns. It should be highlighted that no other phase different than Mg was identified
in the TEM lamella investigated, which only contained 4-5 grain boundaries, hence, suggesting a

relatively large grain size.

Consistent with the limited microstructural evolution, including phase mixing and grain
refinement, suggested from the SEM and TEM observations, the hardness distribution along the

cross-sections of the samples processed for the different number of turns did not exhibit any clear
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trend, as observed in Figure 79. The modest increase in the average hardness from ~ 45 HV after
1 turn to ~100 HV at some locations after 15 and 30 turns may be associated with limited grain
boundary strengthening alone. Even though a phase analysis by XRD was not performed in the
Zn-30Mg hybrids, the fact that no Zn-Mg phases were identified by TEM at the regions of highest
plastic deformation may indicate that the observed strengthening could not be related to the
formation of hard intermetallic compounds. This hypothesis would be consistent with the results
obtained from Al-Fe and Al-Ti HPT hybrids processed for 20 and 50 turns, respectively, using the
same A/B/A stacking approach [25]. In the latter reference, the presence of individual Al, Fe, and
Ti phases without any formation of new intermetallic compounds was demonstrated after HPT
processing, which resulted in a moderate hardness increase. The lack of intermetallic formation in
the latter metal systems was attributed to the longer diffusion lengths required for the nucleation
of such intermetallics, as compared to the significantly shorter diffusion lengths between metal
powders, where the formation of intermetallic compounds was demonstrated after HPT. This may
indicate that having a central Mg disk notably thicker than the external Zn disks in the Zn-30Mg
hybrids may have resulted in less microstructural and hardness changes than the other hybrid

compositions examined in this dissertation.
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5.7. Effect of Mg content on the microstructure and hardness of Zn-Mg hybrids

Figure 113 presents a comparative summary of the SEM cross-sections and corresponding HV
distribution maps of the (a) Zn-3Mg, (b) Zn-10Mg, and (c) Zn-30Mg HPT hybrids after 1, 5, 15,
and 30 turns. Note also the sketches of Zn/Mg/Zn stacks for each hybrid composition, showing the

approximate relative thicknesses of the Zn and Mg disks before HPT processing.

As observed in Figure 113 (a) and (b), both Zn-3Mg and Zn-10Mg hybrids achieved a good
bonding between the Zn and Mg disks after 1 turn, and phase mixing increased progressively with
the number of turns. After 30 turns, the SEM cross-section of the Zn-3Mg presented a relatively
uniform contrast, with fine phases still distinguishable in the central region, whereas that of the
Zn-10Mg was more heterogeneous, with large Mg-rich phases visible at low-magnification. These
observations agree with their respective hardness values. The Zn-3Mg hybrid after 30 turns
presented a more uniform hardness distribution across the sample, whereas the Zn-10Mg hybrid
showed a very low hardness (~ 60 HV) at the sample center, consistent with the large Mg phase in
its respective cross-sectional image. It should be noted that the maximum HV values were higher

in Zn-10Mg hybrid (~ 250 HV) than in the Zn-3Mg hybrid (~ 220 HV).

From Figure 113 (c), it is evident that the Zn-30Mg hybrid did not achieve a good bonding between
the Zn and Mg disks until 5 turns, and that increasing the number of turns did not result in a notable
increased phase mixing, since the intermediate Mg disk was still apparent after 30 turns. Consistent
with this, the hardness values did not increase significantly with the number of turns and were

overall quite low as compared to the other hybrid compositions.
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Therefore, this shows that increasing the Mg content in the Zn/Mg/Zn stack sequence does not
result in a hybrid with an increased uniform hardness across the sample, and that only small
additions of Mg (i.e., 3 wt.%) are necessary for obtaining significant strengthening in the HPT-
processed Zn-Mg system. The Zn-3Mg hybrid composition, despite not having the highest HV
values, would be the most interesting from an application standpoint where a uniform
microstructure and mechanical behavior are typically desired. Moreover, the Zn-3Mg hybrid is the
only composition that presents a symmetrical gradient-type hardness increase from the periphery
to the center, consistent with the evolution of the shear strain during HPT. This is important
because it allows for the identification of the saturation regime beyond which further HPT straining

might not translate into more uniform microstructures or mechanical properties.
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Figure 113: Comparison of the SEM cross-sections and HV distribution maps of the Zn-xMg (x =
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5.8. Coatings for enhanced corrosion resistance, cell viability and antibacterial activity

5.8.1. Development of coatings

The following sections, from 5.8.1.1 to 5.8.1.4, discuss the characteristics of the different coatings

obtained in a Zn-3Mg alloy substrate: ZnP, Col, ZnP-Col, and Col-AgBGN.

5.8.1.1. ZnP coatings

The flake-like appearance of the ZnP coated surfaces with a uniform pore distribution shown in
Figure 80 (c) and (d) was consistent with that obtained in pure Zn [43,156], following a similar
chemical conversion protocol. The chemical composition of the ZnP coating was confirmed to be
hopeite, as observed in the GIXRD spectrum in Figure 86 (b). The flower-like structures observed
in some coated samples, as in Figure 81, were also found in a ZnP coated AZ91D Mg alloy [233]

and were related to the nucleation sites of hopeite (i.e., zinc phosphate tetrahydrate) crystals.

The growth of the ZnP coatings in the sample was suggested to consist of two stages. At the first
stage (during the initial 3 min of immersion in the ZnP solution), a large number of hopeite crystals
nucleated and grew homogeneously across the substrate, forming a uniform flower-like structure
that eventually covers the entire sample. At the second stage, those structures interact with each
other and continue growing vertically into the flake-like structure normally observed at the end of

the 5 min immersion period.

5.8.1.2. Col-coatings

Among the three different Col-coatings presented in Figure 82, that obtained with 2.4 mg/mL

PureCol by spin-coating for 20 s at 3000 rpm resulted in a well-defined assembly of Col fibrils, as
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observed in Figure 82 (a). The estimated thickness of the Col fibrils reported was similar to that

found in other Col coated samples [158,159].

An increase in the spin-coating time by 10 s decreased the number of Col fibrils attached to the
surface, as observed in Figure 82 (b), since the centripetal force was active for a longer period of
time pulling a higher fraction of Col fibrils away from the rotation axis. A thin porous layer of Col

could be distinguished underneath the Col fibrils.

Decreasing the PureCol concentration to 1 mg/mL resulted in a coating with a porous Col coating
where the Col fibrils were not evident, as observed in Figure 82 (c). It should be noted that 2.4
mg/mL PureCol was the recommended concentration for gel formation by Advanced Biomatrix,
and that a lower concentration may not be sufficient for the formation of Col fibrils during

incubation.

5.8.1.3. ZnP-Col coatings

The formation of ZnP-Col was achieved by spin-coating the Col solution that was deemed to be
most uniform in the previous section on top of the ZnP substrate. Figure 83 showed that the Col
fibrils covered the flake-like ZnP substrate completely, including both the flat and porous regions.
It should be mentioned that several dual coatings based on calcium phosphate and collagen have
been synthesized for enhanced biocompatibility and cell adhesion [234,235]; however, no other

ZnP-Col coating was found in the literature.

5.8.1.4. Col-AgBGN coatings

A relatively uniform Col-AgBGN coating was obtained, with dispersed nanoparticles across the

substrate surface. Monodispersed nanoparticles with diameters below 50 nm could be
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distinguished from Figure 84, as well as nanoparticle aggregates ranging from ~ 100-200 nm. The
nature of these nanoparticles could not be assessed by elemental analysis due to the low
concentration of material and the strong signal from the substrates. However, the in vitro
performance of the Col-AgBGN coatings, discussed in sections 5.8.3 and 5.8.4, strengthened the

belief that the nanoparticles observed by SEM were indeed AgBGNS.

The aggregation of AgBGNs often occurs to reduce their surface energy [236,237]. PEG was used
in the Col-AgBGN coating protocol to decrease the surface charge of the AgBGNs with the
objective to minimize aggregation. However, the centrifugation of the AgBGN-PEG solution
before replacing the resulting supernatant with 2.4 mg/mL PureCol to form the Col-AgBGN
solution could have contributed to the AgBGN aggregation. Alternatively, the spin-coating
technique is suggested to play a role in the aggregation process. The collagen matrix may act as a
glue holding a small concentration of AgBGNs in place. During spin-coating, loosely bonded
AgBGNs migrate towards the edges of the sample due to the centripetal force and may encounter
sets of AgBGNs more firmly bound to the matrix, which stop their movement, causing the

aggregates observed.

5.8.2. In vitro degradation of coatings during immersion assay

The degradation behavior of absorbable metals is responsible for the ion release and pH evolution
of the media in the local environment, both of which will influence the cellular response at the
implantation site. The in vitro degradation behavior in vitro was evaluated in static conditions for
21 days. The samples were immersed in DMEM at 37 °C, and half of the media was refreshed

every other day to simulate physiological conditions.
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As observed by SEM in Figure 85 (a) and (b), the degradation of the uncoated sample led to
dissimilar corrosion behaviors of the Zn and Mg2Zn11 phases. On the one hand, corrosion pits were
observed in the Zn phase after 6 days immersion, which became larger with increasing immersion
time. On the other hand, the Mg>Zn11 phase exhibited a similar granulated topography after 6 and
21 days immersion, suggesting a more uniform corrosion behavior. The presence of O in the EDS
analysis of the uncoated sample after 6 and 21 days immersion, in Figure 85 (e), was consistent
with the identification of ZnO and Zn(OH). from GIXRD in Figure 86 (a). Moreover, whereas
the O content was similar in the Zn phase after 6 and 21 days immersion (~ 2-3 (wt.%)), that in
the Mg2Zn11 phase increased from ~ 6 to ~ 10 (wt.%) after 6 and 21 days immersion, respectively.
This could indicate that the ZnO and Zn(OH)2 corrosion products mainly formed in the Mg2Zn11
phase, and that their fractions increased over time. Consistent with the increased fraction of
corrosion pits in the uncoated sample surface over time, the weight loss after 12 days immersion
(~ 0.73 mg) was approximately double of that after 6 days immersion (~ 0.35 mg), as observed in
Figure 87 (a) and Table 10. This resulted in a relatively uniform corrosion rate (~ 0.04 mm/year)
from 6 to 12 days immersion, which is similar to that reported (~ 0.03 mm/year) from an immersion
test of pure Zn in SBF for 10 days [238]. In addition, the pH value was reasonably stable (~ 7.55-
7.6) within the physiological range during the first 12 days of immersion, which might be
associated with a constant ion release in agreement with a similar trend in pure Zn and a Zn-based

alloy [239].

The morphology of the ZnP sample did not change significantly during immersion, and the flake-
like microstructure was still apparent after 6 and 21 days immersion. However, some relatively
fine flakes were observed evenly spread across the microstructure, as shown in the inset of Figure

85 (d), which might be associated with the formation of Na-containing corrosion products
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identified by GIXRD after immersion in Figure 86 (b). It should be noted that 4-5 (wt.%) C was
identified in all the EDS scans of the immersed samples; however, no C-containing phase was a
good match for the GIXRD spectra of either the uncoated or ZnP samples after immersion. C was
also identified by EDS in pure Zn after immersion in DMEM for 3 days [43], and thus, the presence

of C might be related to degradation products of DMEM.

As a result of the corrosion process, the thickness of the ZnP coating is expected to decrease, and
this might be related to the increased peak intensity of the Zn and Mg.Zn11 phases from the
substrate in the GIXRD spectrum after 21 days immersion. Based upon the weight loss
measurements of the ZnP samples after 6, 12, and 21 days immersion presented in Figure 87 (a),
it is suggested that the ZnP coating degrades more uniformly and slower than the uncoated
samples. The calculated corrosion rates in Figure 87 (b) were consistent with the latter statement,
and in good agreement with the enhanced corrosion resistance of a similar ZnP coating compared
to that of pure Zn [156]. The latter work also showed that the released Zn ion concentration
measured from the immersion media of the ZnP coated sample was almost half of that from pure
Zn, which could be related to the same trend observed in the corrosion rate after 12 days immersion
in our study. Similar to that in Figure 87 (c), the pH value of pure Zn and ZnP samples reported in
[156] ranged between 7.5-7.6 after 15 and 30 days immersion in Hanks solution, and no significant

differences in pH were reported between the different samples.
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5.8.3. Cytocompatibility and cell proliferation assays

The experimental conditions of the in vitro test were first optimized by analyzing the growth rate
and confluence of the 7043L hMSC. Figure 89 shows a linear cell growth for up to 7 days of
culture, and then a plateau in the three groups tested. However, the growth rate was significantly
higher at a seeding density of 2.5-10° cell/cm?, reaching a similar cell concentration than the other
groups after 7 days of culture. The optical images in Figure 88 show the high cell confluency of
the wells. Cells seeded at 2.5-10% cell/cm? were confluent and aligned parallel to each other at day
7, covering the bottom of the well. In contrast, at higher seeding densities, cell confluence was
observed earlier in the experiment (i.e., day 4), and cells overlapped, leading to a cellular

multilayer after 7 days.

Therefore, the indirect proliferation assay with sample extracts was performed up to 7 days since
cell densities plateaued after 9 days of culture in all the groups tested. Among the three seeding
densities studied, 2.5-10° cell/cm? was selected to ensure that the control groups in the indirect

proliferation test did not reach confluence before 7 days.

Cell proliferation was assessed indirectly by exposure to sample extracts (i.e., uncoated, ZnP, and
Col-AgBGN). The degradation products of the three samples had a positive effect on cell viability,
showing higher cell concentration than the control at all time points, as observed in Figure 91.
Furthermore, increasing extract concentrations (from 10-fold to 4-fold) led to a gradual increase
in cell viability for the uncoated and Col-AgBGN extracts, whereas this trend was not observed in
the ZnP extracts. The enhanced proliferation of cells cultured with extracts may be correlated to
the presence of ionic species released during the degradation of the uncoated, ZnP and Col-

AgBGN samples for 72 h. It should be mentioned that even though the pH values and ionic
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concentrations of the extracts were not evaluated, they are both anticipated to remain within the
physicological range even in the more concentrated extract (i.e., 4-fold), as cytotoxicity was not

observed.

It is worth noting that the uncoated extracts showed enhanced cell proliferation as compared to the
control. This is in good agreement with the trend reported by Murni et al. [35] for human osteoblast
cells cultured for 3 days in 0.75 mg/mL Zn-3Mg alloy powders. However, a dramatic decrease in
cell viability was reported after day 7, which is contrary to observed in our study. This was
suggested to be due to the increased ion release associated with the larger surface area of the
powder sample used to collect the extracts in [35], as compared to the bulk sample in our study,

which might exceed the concentrations for which Zn and Mg ions are cytotoxic for cells.

The enhanced cell viability observed in the ZnP extracts, regardless of the concentration, was
consistent with that reported by Su et al. [156] for endothelial and pre-osteoblast cells cultured for
5 days in 4-fold and 2-fold extract concentrations obtained from ZnP-coated pure Zn samples. The
undiluted extract concentration led to cytotoxicity in pre-osteoblasts, as cell viability decreased to
~ 20 % after day 1 and kept decreasing to ~ 7 % at day 5. A decrease in extract concentration from
4-fold to 2-fold was shown to improve cytocompatibility of both cell lines [156]. Even though the
highest extract concentration studied was 4-fold in our study, no correlation between the ZnP

extract concentration and cell viability was observed.

The Col-AgBGN extracts were unigue in that they showed significantly higher cell viability than
the control samples for the three extract concentrations tested. In addition, the 4-fold extract
demonstrated a statistically greater cytocompatibility than the ZnP and uncoated groups with the

same extract concentration. The enhanced cell viability demonstrated by the Col-AgBGN extracts
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was suggested to be mainly due to the release of ionic species (i.e., Si?* and Ca?*) upon degradation
of the AgBGNs, as similar AgBG microparticles have demonstrated an increase in cell
proliferation in another work [166]. In addition, since collagen is expected to degrade during
immersion, some AgBGNSs could have also been released into the immersion medium. This way,
Col-AgBGN extracts may be considered as a solution containing Si%*, Ca?*, Ag*, and AgBGN,

which supplemented the cells with additional nutrients that favored their proliferation.

It should also be mentioned that the concentration of Ag* ions released during AgBGN
degradation, as well as their interaction with Zn?*, did not result in adverse cytotoxic effects. In
agreement with this, Li et al. [240] showed that fibroblasts and osteoblasts (L929 and Saos-2)
cultured in 10-fold and 6-fold extract dilutions of Zn-4Ag alloy resulted in similar viabilities than
the control samples, and that no statistical differences were found between pure Zn and Zn-4Ag

alloy.

Lastly, the degradation of Col from the Col-AgBGN coating during immersion may have also
contributed to the increased cell viability observed. The main reason why Col is used for coating
biomaterials is to enhance cell adhesion and tissue integration during implantation. Thereby, cells
feel more comfortable attaching to a Col-containing surface; hence, higher cell proliferation would
be observed over time as opposed to not having this coating. However, cells were never in contact
with the Col-AgBGN coated sample during the indirect proliferation test, and therefore, the Col
degradation products present in the Col-AgBGN extracts may not have played a critical role in cell
proliferation. In support of the latter argument, several works have demonstrated that, despite

enhanced cell adhesion, osteoblasts do not proliferate faster in Col-coated substrates [241-243].
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5.8.4. Antibacterial adhesion and viability assessment

The antibacterial behavior of the coated samples was evaluated in terms of their ability to resist
MRSA colonization. Bacterial antiadhesion property is key for the implant material to prevent
bacterial contamination and postoperative infection, and it was assessed by SEM. Figure 92
showed low bacteria amounts at the surface of uncoated and Col-AgBGN samples and higher
bacteria numbers in ZnP, ZnP-Col, and Col samples. In agreement with this, the bacteria densities

estimated from CLSM imaging also showed the same trends, as presented in Table 11.

The surface of the uncoated samples, observed by SEM, exhibited lower bacterial adhesion than
those of the ZnP, ZnP-Col, and Col samples, and similar to the Col-AgBGN sample. It was
suspected that this observation could be an artifact caused by a combination of two factors (i.e.,
the difference in surface topography and the washing steps performed before SEM imaging). All
the samples containing bacteria were washed twice before fixation, and this washing process may
have removed a larger amount of bacteria from the uncoated samples than from the ZnP-containing
and Col-containing samples, which exhibited a significantly rougher topography where bacteria
may be more firmly attached. This way, the density of bacteria attached to the uncoated sample
may be indeed higher than that observed by SEM. Based on this hypothesis, the OD decrease of
planktonic bacteria cultured with the uncoated sample after day 3, observed in Figure 95 (c), may

be associated with an increase in the number of bacteria attached to the sample surface.

The significantly higher bacteria colonization in ZnP and ZnP-Col samples may be associated with
their surface topography, which microscopic roughness may favor bacterial adhesion, in agreement
with other works [244-246]. The antibacterial behavior of ZnP and Col coatings in pure Zn was

investigated by Su et al. [156], who demonstrated not only lower bacterial adhesion but also a
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significant decrease in bacteria viability after 1 day of culture. The results of the present study
indicate that the viable bacteria after 1 day of exposure to coated samples might be able to
proliferate, counteracting the antibacterial effect of the coating, and colonize the surface after 7
days, explaining the high bacteria density observed in Figure 92. The increasing ODs of planktonic
bacteria cultured in ZnP and ZnP-Col samples after 3 days, observed in Figure 95 (d) and (e),
respectively, suggested that the bacterial density in suspension increased up to day 7. This could
be possibly due to bacteria reaching a relatively high density at the material surface after 3 days,
such that new bacteria are mainly released into the suspension rather than attached to the sample

surface, similar to that reported during biofilm formation [247].

Even though the Col sample presented a smoother surface topography than that of the ZnP-
containing samples, the fine nanostructured roughness observed in Figure 92 (e) was suggested to
be due to the Col degradation products. As mentioned in the previous section, collagen coatings
are mainly applied to enhance cell adhesion, since collagen is a major component of the
extracellular matrix. Therefore, due to the natural origin of collagen, as well as its fibrillar
assembly in the synthesized coatings, it is reasonable to believe that collagen can also enhance
bacteria attachment. In agreement with this, collagen was shown to promote both fibroblast and
S. aureus adhesion simultaneously in a glass substrate [248]. The increasing OD of planktonic
bacteria cultured with Col sample after day 2, observed in Figure 95 (f), may be rationalized with
the same argument than that of ZnP-containing samples mentioned in the previous paragraph, as

the three samples demonstrated high bacterial attachment by SEM.

Despite the Col sample exhibited a similar surface topography than that of the Col-AgBGN sample
after 7 days culture with MRSA suspension, the bacteria viability of the latter was significantly
lower than any other sample, as discussed later. Thus, the interpretation of the OD evolution of
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planktonic bacteria in the Col-AgBGN sample may be different than in the other coated samples.
The gradual increase in OD over time, observed in Figure 95 (g), indicated an increase of the
bacterial concentration in suspension, thereby suggesting that the bacteria density attached to the
sample surface decreased over time. This hypothesis may be supported by the antibacterial

mechanism proposed for the Col-AgBGN coating later.

The status of the bacteria adhered to the sample surfaces was assessed by live/dead staining
through CLSM imaging. Figure 93 showed that all samples presented similar ratios of green and
red pixels, except that of the Col-AgBGN sample. Quantification of the bacterial viability was
performed from color pixel counting in the CLSM images, and the estimated percentages of
live/dead bacteria attached to the different samples are presented in Figure 94. On the one hand,
ZnP-Col and Col samples showed statistically similar live/dead bacteria percentages (75 % and 71
%, respectively) than that of the uncoated sample (76 %). On the other hand, ZnP sample exhibited
a statistically lower bacterial viability (65 %) than the uncoated sample, which agrees with the

antibacterial effect reported by Su et al. [156] between a ZnP-coated and uncoated pure Zn.

The SEM images in Figure 92 showed that the uncoated and Col-AgBGN samples presented a
similar number of bacteria attached; however, the bacteria viability on the uncoated sample (76%)
was significantly higher than that in the Col-AgBGN coated sample (31%). Thereby, despite both
samples showing similar bacterial densities, the density of live bacteria in the Col-AgBGN sample
was less than half of that in the uncoated sample, as observed in Table 11. This evidences that the
Col-AgBGN coating possesses the most effective bactericidal activity, whose antibacterial
mechanism was proposed, based on the SEM observations, through a series of stages that are

schematically shown in Figure 114 and described next.
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Stage |, in Figure 114 (a), represents the initial stage when the Col-AgBGN sample is just
immersed in the bacterial suspension. The fibrillar collagen matrix maintains the AgBGN attached

to the sample surface, and bacteria remain in suspension.

At stage I, in Figure 114 (b), as the collagen matrix starts degrading over time, some AgBGN are
released from the coating. Bacteria proliferation will lead to an increased number of bacteria in

suspension with the AgBGNSs, as well as some bacteria deposition at the coated substrate.

At stage 11, in Figure 114 (c), as culture time advances, the AgBGN degrade and start releasing
antibacterial Ag* ionic species, similar to the effect observed in other Ag-containing BGs [249].
The released ions not only surround the AgBGN (those in suspension and those attached to the
collagen matrix), creating a toxic environment around them, but also alter the composition and pH
of the TSB that nurtures the bacteria. Consequently, the interaction between bacteria and Ag+ ions
would lead to bacterial damage and/or lysis, which can manifest in MRSA in multiple ways,
including distorted cell structures with surface deposits, the disruption of cell wall division, and

cell lysis with membrane disruption [250-252].

The granulated surface of MRSA, observed in the inset of Figure 92 (e), may be associated with
extracellular debris resulting from bacteria lysis, in agreement with similar observations from
MRSA exposed to silver ions [251,252]. In addition, membrane disruption is suggested from the
presence of cell-wall fragments, and may be correlated to the mechanical damage of cell-wall by

nanosized particles puncturing nanotunnels to penetrate MRSA, as observed in [167].
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Figure 114: Scheme of the antibacterial mechanism proposed for the Col-AgBGN coatings in the
Zn-3Mg alloy substrate: (a) at the initial stage of immersion, the fibrillar collagen matrix maintains
the AgBGN attached to the substrate surface, and bacteria remains in suspension; (b) as the
collagen matrix degrades over time, AgBGN are released from the coating to the bacteria
suspension; (c) the AgBGN degrades over time releasing antibacterial Ag+ ions that create a toxic
environment to bacteria. This was evident from the damaged bacteria, dead bacteria, and cell-wall
fragments observed experimentally after 7 days culture of Col-AgBGN samples with MRSA.
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6. SUMMARY AND CONCLUSIONS

6.1. Summary

In this dissertation, a series of Zn-xMg hybrids (x = 3, 10, 30 wt.%) were synthesized by HPT (1,
5, 15, and 30 turns; 1 rpm; 6 GPa; RT) from mechanical bonding of Zn/Mg/Zn stacked disks for
the first time, and characterized to investigate their composition-processing-microstructure-
property relationships. The effects of HPT on the microstructural and hardness evolution were
systematically studied in the three hybrid compositions, with special emphasis on the regions of
highest plastic deformation. In addition, the effects of PDA (200 °C, 1h) on the microstructural
and hardness evolution of the HPT-processed Zn-3Mg hybrid after 30 turns was also examined.
The microstructural characterization involved the use of SEM, EDS, EBSD, TEM, XRD, and APT,
whereas the hardness was examined by HV and Berkovich nanoindentation. Based on the H-m
relationship obtained after PDA, a plastic deformation model was proposed to explain the

suggested enhanced strength-ductility combination.

The microstructural and hardness evolution of a Zn-3Mg alloy after HPT and PDA was also
investigated and compared to that of the hybrid counterpart with an equivalent nominal
composition. In addition, the as-homogenized Zn-3Mg alloy was used as a substrate to develop
different biodegradable coatings (ZnP, ZnP-Col, Col, and Col-AgBGN) for potential absorbable
biomedical applications. The surface morphology and compositions of the coated samples were
evaluated by SEM, EDS, and GIXRD. The in vitro degradation of the ZnP and uncoated sample
was studied by immersion testing, and the corrosion rates were estimated from weight loss
measurements. Cytocompatibility of hMSC was evaluated through indirect contact proliferation

assays with extracts of the uncoated, ZnP, and Col-AgBGN samples. The antibacterial activity of
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all the coated samples against MRSA was also studied by combining SEM and live/dead staining

in CLSM.

6.2. Conclusions

6.2.1. Zn-10Mg hybrids

(1) The central regions of the samples after 1 and 5 turns consisted of relatively large Mg and
Zn phases, without apparent phase mixing. At least 15 turns were needed to achieve the
fragmentation of the Mg-rich phases, leading to a relatively uniform microstructure near
the disk edges consisting of a multilayered structure with thicknesses of ~ 20-40 um. A
general tendency for decreasing the grain size and the scale of the multilayered structure
was observed with increasing radial distance and number of HPT turns. After 30 turns, a
sub-micron multilayered structure embedded in a Zn-rich matrix with an average grain size
of ~ 600 nm at the disk periphery was observed.

(2) The grain size refinement of the Zn-rich phase, from 1 turn (GSave ~ 40 um), to 5 turns
(GSave ~ 20 pum), to 15 turns (GSave ~ 5 pm), was accompanied by a significant increase in
the volume fraction of HABs from 0.52 to 0.78 to 0.83, respectively. After 30 turns, the
GSave increased slightly (GSave ~ 10 £ 7 um), and the volume fraction decreased slightly
(0.73). A strong basal texture was developed after 5 turns, and the maximum value of
texture intensity decreased gradually from 5 to 30 turns, which, together with the slight
increase in GSave after 30 turns, suggested the saturation of the microstructure upon DRX
during HPT.

(3) Both XRD and TEM confirmed that HPT was able to induce the formation of Mg>Zn11 and

MgZn; intermetallic compounds near the sample periphery after 15 and 30 turns, and their
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volume fraction increased with the number of turns. In addition, APT revealed the presence
of Mg2Zn3 near the sample periphery after 30 turns. The volume fraction of Mg2Zns was
believed to be comparatively lower than the other two intermetallics since it was not
identified by XRD or TEM.

(4) The contribution of HPT-induced nucleation of intermetallic phases, as well as severe grain
refinement, resulted in an exceptional increase of the hardness with increasing number of
HPT turns. Values up to ~ 200 HV and ~ 250 HV were measured after 15, and 30 turns at
the disk periphery, respectively, which are about 4-5 times larger than the maximum
hardness reported from HPT-processed pure Zn and pure Mg. Despite the outstanding HV
values measured, the hardness distribution was far from uniform across the sample, due to
the largely heterogeneous microstructure.

(5) The number of turns influenced the corrosion mechanism and the electrochemical kinetics
in SBF. The HPT-processed disks after 15 and 30 turns exhibited more negative potentials
than after 1 turn. The disks after 1 turn exhibited lower current density than after 30 turns
and 15 turns, respectively. The same trend was observed for the corrosion resistance, as
indicated by the charge transfer resistance in the EEC diagrams fitted from the EIS data,

which was consistent with the OCP and PDP data.

6.2.2. Zn-3Mg alloy

(1) The homogenization heat treatment (360 °C for 15 h + water quenching) performed in the
as-cast Zn-3Mg alloy was effective in dissolving the Mg»>Zn11 primary phases and led to a
more uniform and interconnected lamellar microstructure of eutectic Zn and Mg>Zn11

phases. The small amount of porosity observed in the as-cast condition was not evident in
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the as-homogenized alloy, which exhibited a slightly coarser lamellar microstructure,
presumably associated with the enhanced diffusion during the heat treatment.

(2) HPT-processing of the as-homogenized Zn-3Mg alloy for 30 turns resulted in an equiaxed
microstructure with a GSave 0f ~ 200 nm, within a unimodal GS distribution. SAD pattern
analysis revealed that the microstructure consisted of Zn and Mg2Zn11 phases, and that no
additional phases formed during HPT processing for 30 turns. Nanocrystalline Mg2Zni1
phases were resolved by HRTEM, both between neighboring precipitate-free Zn grains and
at the grain boundaries. APT also revealed the presence of a hanosized Mg»Zn11 phase, as
well as a solid solution of Mg in the Zn matrix.

(3) The average hardness in the as-homogenized Zn-3Mg alloy (~ 109 HV) increased to ~139
HV across the sample after HPT processing for 30 turns. This was mainly related to the
Hall-Petch strengthening due to the severe grain size refinement. The fragmentation of the
Mg2Zn11 intermetallic phase after HPT, which is substantially harder than Zn, led to a
significant increase in the surface area of the Mg»Zn11 phase. This may have also led to a
more hindered dislocation motion during plastic deformation, hence, increasing the
material hardness. In addition, the development of a strong basal texture after HPT may
have also played a role in the increased hardness.

(4) After subjecting the HPT-processed Zn-3Mg alloy to PDA (200 °C for 1h), a coarser
equiaxed microstructure was observed, with a GSae 0of ~ 700 nm. The range of GS
increased compared to after HPT, from 300 nm to 1.2 um, but the GS distribution was still
unimodal. BSE-SEM showed two clear contrast levels in the microstructure, which were
related to Zn and Mg2Zni1 grains. This suggested that, besides the grain growth of the Zn

grains, the nanosized Mg2Zni11 phases observed after HPT diffused during PDA and
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coalesced into coarser Mg2Zni1 grains leading to a lower energy state configuration closer
to equilibrium.

(5) The average hardness of the Zn-3Mg alloy after PDA (~ 136 HV) across the sample was
similar to that after HPT. However, unlike the relatively uniform hardness distribution
across the sample radius after HPT, the average hardness after PDA increased slightly with
increasing distance from the center. This may indicate that, despite the higher stored energy
at the sample periphery, which is the main driving force for recrystallization, the presence
of hard Mg2Zn11 grains may difficult the occurrence of recrystallization and subsequent

grain growth during PDA.

6.2.3. Zn-3Mg hybrids

(1) The central Mg disk in the Zn/Mg/Zn sequence was fragmented after 5 turns, and phase
mixing increased with the number of turns, especially near the sample periphery. A
microstructure consisting of ultrafine equiaxed grains, ranging between ~ 100-200 nm, and
nanoscale precipitates evenly distributed was observed near the sample periphery after 30
turns. EDS analysis suggested that the bulk composition at this region was congruent with
the targeted Zn-3Mg.

(2) XRD demonstrated the HPT-induced formation of Mg2Zn11 and MgZn, phases after 15
and 30 turns. Their volume fraction appeared to increase at the expense of Mg phase with
increasing shear straining. Besides the identification of the Mg2Zn11 phase, APT showed a
region with a homogenous composition of 99.2Zn-0.3Mg (at. %), presumably associated
with a metastable SSSS, thereby suggesting that HPT may be capable of extending the

solid solubility between Zn and Mg.
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(3) The hardness evolution followed a symmetric gradient-type evolution with respect to the
sample center from 1 to 30 turns. Overall, the hardness increased consistently with higher
accumulated plastic strains, in agreement with the shear strain equation of the HPT
procedure. A relatively uniform hardness distribution was observed across the sample after
30 turns, as compared to after 15 turns, with average values ranging between ~ 120-180
HV, and maximum values of ~ 200-230 HV near the sample periphery. The hardness
increase was mainly related to the combination of grain boundary strengthening by the
nanosize-grained microstructure, as well as the precipitation hardening from the Mg2Zni1
and MgZn. intermetallics.

(4) The investigation of the strain hardening capability during HPT processing revealed that
the Zn-3Mg hybrid followed a three-regime behavior. Regime I, up to €eq ~ 30, indicated a
limited strain hardening in the early stage of HPT, with a hardenability exponent of n ~
0.02, similar to other HPT-processed materials. Regime Il, up to €eq ~ 400, showed an
exceptional strain hardening, with n ~ 0.54, which is about one order of magnitude larger
than most reported values. Regime III, up to geq ~ 660, exhibited softening, which may be
due to the saturation of the grain size refinement after severe straining, where the large
fractions of HABs may promote grain boundary sliding at RT.

(5) Subjecting the HPT-processed Zn-3Mg hybrid after 30 turns to PDA (200 °C, 1h) led to
significant microstructural heterogeneity, consisting of a bimodal grain size distribution of
finer Mg-rich grains (~ 100-200 nm) and coarser Zn-rich grains (~ 600-900 nm). The
presence of Mg2Zni1 and MgZn; intermetallics within the finer Mg-rich grains was
revealed by FFT analysis of HRTEM images. This suggested that the segregation of

Mg2Zn11 and MgZn2 nanoprecipitates in the finer Mg-rich grains was assisted by enhanced
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diffusion during PDA, such that they acted as pinning sites preventing grain growth, hence,
leading to the bimodal distribution.

(6) XRD results suggested that PDA led to an increased volume fraction of Mg»Zn11 at the
expense of MgZn., which would be associated with a decrease in the formation enthalpy,
thus, providing a lower energy state to the HPT hybrid system after PDA. A region with a
homogenous composition of 79.0Zn-20.7Mg (at. %) was revealed by APT, which is far
beyond the equilibrium solubility limit of Mg in Zn, hence, suggesting the formation of a
SSSS after PDA. The hardness increased near the sample periphery after PDA, consistently
between HV and nanoindentation, despite the grain growth of the Zn-rich grains. This
effect was attributed to the presence of Mg2Zn11 and MgZn; intermetallics, as well as to
the SSSS.

(7) Nanoindentation testing revealed that both H and m values increased after PDA. The H
values increased consistently with strain rate in both material conditions, indicating lower
plasticity at faster strain rates. The m values were estimated as 0.098 and 0.121, before and
after PDA, respectively. This demonstrated that PDA was able to provide a dual
enhancement of the hardness and plastic deformation capability, which may be associated
with a simultaneous increase of the strength and ductility, contrary to the classical strength-
ductility tradeoff. The proposed plastic deformation model described the complementary
roles of the coarser Zn-rich grains and the finer Mg-rich grains during deformation. This

model is supported by the H-m relationship observed, which suggests a strength-ductility

synergy.
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6.2.4. Zn-30Mg hybrids

(1) Mechanical bonding of the Zn/Mg/Zn disks required at least 5 turns, as opposed to the
compact samples achieved in the Zn-3Mg and Zn-10Mg hybrids after 1 turn. Despite the
feasibility of producing Zn-30Mg hybrid samples, no significant phase mixing was
observed with increasing number of turns. In fact, after 30 turns, the sample consisted of
relatively large Zn and Mg phases clearly distinguishable at low magnifications in the
SEM. The Zn/Mg/Zn original stacking sequence was still visible, unlike in the Zn-3Mg
and Zn-10Mg hybrids.

(2) The lack of phase mixing observed after 30 turns by SEM was also demonstrated by TEM
and FFT analysis. The TEM lamella extracted from the mid-thickness region near the
sample periphery consisted of large Mg grains, and no additional phase was identified. This
suggested that HPT may not be able to form Zn-Mg phases in the Zn-30Mg hybrids, unlike
that in the Zn-3Mg and Zn-10Mg hybrids.

(3) According to the limited microstructural evolution of the Zn-30Mg hybrids during HPT,
including phase mixing and grain refinement, the hardness distribution did not exhibit a
clear trend. The average hardness increased from a uniform ~ 45 HV after 1 turn (similar
to that of pure Zn and pure Mg) to ~ 100 HV after 15 and 30 turns at some locations, which
may be related to limited grain boundary strengthening. Note that the average hardness of
the Zn-3Mg and Zn-10Mg hybrids was about double that measured for the Zn-30Mg
hybrids.

(4) The limited microstructural evolution of the Zn-30Mg hybrids is presumably associated
with the thickness of the disks in the Zn/Mg/Zn sequence. The central Mg disk was

significantly thicker (i.e., 0.957 um) than the external Zn disk (i.e., 0.272 um), possibly
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hindering phase mixing during HPT. This hypothesis is supported by the experimental
observations in Zn-3Mg and Zn-10Mg hybrids, where the central Mg disk had lower or

equal thickness than the Zn disks, respectively, and revealed significant phase mixing.

6.2.5. Surface functionalization of Zn-3Mg alloy substrates

(1) Four different uniform coatings, namely ZnP, Col, ZnP-Col, and Col-AgBGN, were
synthesized on as-homogenized Zn-3Mg alloy substrates by using either a chemical
conversion method (i.e., ZnP), a spin-coating approach (i.e., Col and Col-AgBGN), or a
combination of both (i.e., ZnP-Col).

(2) Invitro degradation of uncoated and ZnP samples by immersion testing for 21 days showed
a more uniform corrosion behavior in the ZnP sample, associated with a controlled weight
loss over time. Corrosion pits formed in the Zn phase of the uncoated sample after 6 days
immersion, which increased in size after 21 days immersion. Consequently, the estimated
corrosion rate for the ZnP sample was comparatively lower than that of the uncoated
sample. Both samples exhibited similar pH values ranging between ~ 7.5-7.6 during the 21
days immersion test, which are within the physiological range and thus, are not anticipated
to cause cytotoxicity.

(3) Cell viability of the uncoated, ZnP, and Col-AgBGN samples was assessed indirectly by
exposing hMSC to 3 different extract dilutions for 6 days. In general, cell viability was
higher after exposure to sample extracts than in the control sample. Increasing extract
concentration led to higher cell viability in the uncoated and Col-AgBGN samples.
However, this trend was not observed in the ZnP extracts. Comparatively, Col-AgBGN

extracts showed the greatest cytocompatibility, which was suggested to be mainly due to
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the release of ionic species (i.e., Si®* and Ca?") from the BG degradation, which have
demonstrated increased cell proliferation consistently in other works.

(4) Antibacterial behavior was evaluated in the uncoated, ZnP, ZnP-Col, Col, and Col-AgBGN
samples by their ability to resist MRSA colonization during 7 days. SEM showed higher
bacterial adhesion in the ZnP, ZnP-Col, Col samples. The favorable bacterial attachment
was associated with the rougher surface topography of the ZnP-containing samples and the
presence of a nutrient-rich matrix like collagen in the Col-containing samples. Live/dead
staining revealed significantly lower bacterial viability in Col-AgBGN (~ 31%) than in the
uncoated (~ 76 %), ZnP (~ 65 %), ZnP-Col (~ 75 %), and Col (~ 71 %). This indicated that
the Col-AgBGN sample exhibited the most effective antibacterial activity. Its antibacterial
mechanism was proposed by a combined effect of Ag” ion release and nanoparticles

damaging the cell envelope.

6.3. Recommendations for future work

(1) To gain a deeper understanding of the microstructural transformation in the HPT hybrids, the
central and mid-central regions of the samples could be further investigated, similar to that
performed in the near peripheral regions. Particular interest might be directed to the samples
processed at higher number of turns (i.e., 30 turns) where the microstructures and hardness
distributions were more uniform. In addition, it would be interesting to compare the
microstructures obtained from samples processed at different number of turns, but from
regions with equal shear strain. For example, a shear strain of ~ 377 is present in the sample
after 15 turns at r =4 mm, and in the sample after 30 turns at r = 2 mm. These studies would
contribute to the current knowledge by providing valuable information about the
microstructural evolution during HPT as a function of the accumulated shear strain.
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(2) The investigation of the HPT-processed hybrids in Zn-Mg system using the A/B/A
multilayered approach could be expanded beyond the Zn-3Mg, Zn-10Mg, and Zn-30Mg
compositions studied in this dissertation. Based on the results presented, it is recommended
that the disk in the central position (i.e., B in the A/B/A sequence) is thinner than the disks in
the exterior positions (i.e., A in the A/B/A sequence). This is expected to promote phase
mixing and additional microstructural evolutions (i.e., severe grain size refinement, formation
of intermetallic phases, and SSSS) associated with a significant hardness increase. Likewise,
Mg/Zn/Mg HPT hybrids could also be explored, with higher Mg contents, which would
potentially lead to faster corrosion rates, which are more suitable for short-term absorbable
medical applications.

(3) The Zn-Mg HPT hybrids, either the Zn/Mg/Zn studied in this work, or the Mg/Zn/Mg
suggested in the previous paragraph, could be processed for higher number of turns (i.e., above
30 turns). This way, one could find the optimum number of turns that would result in the most
attractive composition-microstructure-property relationships. In addition, the effect of PDA
(that performed in this work, or variations of it) is also recommended to be explored for
different number of turns and compositions, as long as the microstructure is relatively uniform
before the PDA treatment. These studies would provide a catalog of Zn-Mg materials
enriching the current literature of HPT hybrids, which is rapidly expanding, and may also have
a domino effect, thereby attracting the interest of new researchers to the field.

(4) To achieve a better mixing between the different metal disks during HPT processing, Zn-Mg
hybrids could be fabricated by stacking more than three disks. For example, the stacking
sequence Zn/Mg/Zn/Mg/Zn could be considered, with thinner Zn and Mg disks than those

used in this study to maintain a similar diameter-to-thickness ratio in the hybrid samples. This
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approach was demonstrated to favor mechanical alloying even in immiscible systems, like the
Cu-Ta system [96]. In the latter work, the authors HPT-processed a stack of 19 Cu and 18 Ta
disks in an alternating sequence of [Cu/Ta/Cu...Cu/Ta/Cu] for up to 150 turns [96].

(5) To be considered for any biomedical application, a full characterization of the global
mechanical properties (i.e., UTS, er, fatigue strength, etc.) of the HPT hybrids should be
conducted. Thus, testing of miniature samples after different processing conditions is
proposed to obtain a deeper understanding of the relationships between local mechanical
properties (i.e., hardness, strain rate sensitivity) and global mechanical properties. Though
tensile testing has been performed in multiple HPT-processed samples, a comprehensive
characterization of the tensile properties of HPT hybrids in relation to their microstructure is
still lacking in the literature and could be an interesting avenue to explore.

(6) The feasibility to scale up the dimensions of conventional HPT samples (i.e., 10 mm diameter
and 1 mm thickness) has been demonstrated in several works (i.e., up to a maximum of 60
mm diameter and 12 mm thickness) [106]. A recent study on Al/Mg/Al HPT hybrids
concluded that the microstructural and hardness evolution of samples having 25 mm diameter
and 2 mm thickness were similar to those of conventional HPT samples [94]. Therefore, the
feasibility of obtaining Zn-Mg HPT hybrids with larger dimensions, while maintaining similar
microstructural and mechanical evolutions, would increase the number of applications that
could benefit from the research conducted and knowledge gained in the laboratory-scaled
hybrids.

(7) Regarding the biological characterization, the same coatings developed in this work are
expected to be applicable, in general terms, to the Zn-Mg HPT hybrid samples with the goal

of better controlling the corrosion rate, enhancing the cell adhesion and viability, and
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providing antibacterial properties. ICP analysis of the diluted sample extracts provided to the
cells would be valuable to reveal the concentration of different ionic species released during
sample degradation to the DMEM, and determine how these concentrations may influence
cellular functions. Additionally, the material-cell interaction could be investigated in a direct
contact test (i.e., cells seeded on the material), where cell adhesion plays a significant role in
the number of viable cells. This setup would also account for the in situ degradation of the
substrate-coating platform, hence, mimicking more closely the real absorption process during
clinical application. The insights gained from the direct contact tests may be interpreted in
relation to those of the indirect contact assays with sample extracts evaluated in this work.
Also, the cellular absorption of trace elements may trigger genotype and phenotype
modifications that induce cell specialization to form tissue for specific functions. In this line,
cell differentiation assays, with and without medium supplements (i.e., proteins and factors
for signaling differentiation), are recommended to evaluate the effects of the degradation
products alone, and their potential synergism with the supplements. Lastly, the material-tissue
interaction and biocompatibility could also be evaluated in vivo, by implantation in small
animals. For example, femoral fractures could be induced in rats to study investigate how the
degradation of the implant material affects the inflammatory response, and contributes to the

regeneration of bone tissue.
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