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Abstract

Reconstruction of hard tissues is increasingly challenged by post-operative bone and im-
plant related infections. For low risk elective orthopaedic procedures such as joint re-
placements, 22 % of revision surgeries are motivated by infection. This clinical need is
compounded with a growing incidence of bacterial resistance to antimicrobials, particu-
larly antibiotics.

To tackle this, a biomaterials driven approach to reducing reliance on conventional
antibiotics for infection management is needed. Inherently antimicrobial materials that do
not rely upon conventional antibiotic chemistries offer a promising supplement to typical
post operative prophylaxes. This thesis focusses on the formulation of antimicrobial
materials, with a view to their delivery in additively manufactured implants.

First, an antimicrobial cement formulation is investigated. An injectable magnesium
oxychloride cement (MOC) was formulated, and the effect of doping with Ag,PO, as an
antimicrobial agent considered. Whilst silver doped MOC showed sustained Ag release
over 14 days and enhanced efficacy in vitro, undoped MOC also showed significant inher-
ent antimicrobial behaviour. Preliminary studies of two-phase additively manufactured
implants were made.

Second, novel Ti-Ag alloy microstructures were produced through laser powder bed
fusion (L-PBF) additive manufacturing. Blended elemental feedstocks were manufactured
with a range of laser parameters, with resulting microstructures ranging from highly segre-
gated to homogenised. Statistical analysis demonstrated in-situ spread induced demixing
of the powder blend, with varying Ag content across the build bed.

Finally, the possible mode of action of antimicrobial Ti-Ag alloys was assessed. Despite
previous assertions that specific intermetallic phases dominate efficacy, high Ti,Ag content
alloys showed no statistically significant change in antimicrobial action versus control
samples. This study further indicates the poorly understood nature of antimicrobial
alloys, and the need for more in depth mechanistic investigations.

Together, this work contributes to the growing need for biomaterials driven approaches

to infection prevention in hard tissue reconstruction.
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1.1 Challenges to metallic endoprostheses

Implantation of metal endoprostheses are increasingly frequent surgical procedures, with
hip and knee arthroplasty accounting for over 117,000 surgical procedures in the United
Kingdom (UK) annually [1]. More broadly, skeletal surgeries are the primary procedure
for nearly one tenth of all hospital admissions in England [1-3], and 182 per 100,000
population hip replacements were performed across the Organisation for Economic Co-
operation and Development (OECD) in 2017, a 30% increase since 2007 [4]. As popula-
tions within OECD nations continue to age [5] and obesity drives a need for implants in
increasingly younger cases, demand for implants is projected to continue rising over the
coming decades, with estimates exceeding a 27 % increase in total hip replacements by
the 2030s [6-8]. Although the complication rate of such procedures is low, there remain
significant clinical challenges, which may increase as age and obesity related comorbidities
become more prevalent [9, 10]. Risk of infection initiated at implant surfaces, managing
osseointegration, and the inherent mechanical incompatibility of most alloys with bone,
represent three of the core clinical issues faced. Alongside the initial debilitation of a pa-
tient from these complications, implant revision is typically more costly than the primary
procedure and further increases the risk of infection or surgical complications [11-13].
All three of these clinical challenges are influenced by the interaction between the
implant material, and the native tissue. Currently, the majority of skeletal endoprostheses
are produced from titanium (Ti) or cobalt chromium (CoCr) based alloys, which meet
the criteria of durability, strength, corrosion resistance and a low immune response [14,
15]. For load bearing implants, maximising osseointegration to minimise risk of aseptic
loosening has been a key focus [16], typically through surface modification. However,
how best to control or influence cell adhesion to an implant is key not only for managing
osseointegration. Doing so whilst minimising bacterial adhesion, remains one of the key
challenges in modern orthopaedics [17-19]. Implant associated infections, often referred to
as periprosthetic infections, account for around 22 % of revision surgeries in orthopaedics

[1], and case series have reported infection in up to 30 % of craniomaxillofacial revisions



[20]. Such infections are particularly difficult to treat due to formation of bacterial biofilms
on implant surfaces [21]. A large, co-operative colony of microbes within an extracellular
matrix, biofilms are prone to formation on solid inorganic surfaces, particularly the smooth
and often hydrophobic surface of implants [22]. Biofilms reduce the efficacy of conventional
antibiotic prophylaxis through a range of mechanisms, including the polysaccharide matrix
of the film itself, and increased coordination of bacterial populations [23].

The consequences of implant associated infections for both patients and the healthcare
system are dire. Duration of patient stay for an implant revision due to infection are 3.4
times longer than other implant failures, and costs 2.6 times higher [12]. In addition
to the severe toll taken by the infection itself, increased duration of stay can increase
psychological harm to patients, who may be bed bound due to the reduced mobility
of an infected joint [24]. Collectively, this increases the long term healthcare burden
per patient, reducing resources available and implicitly lowering overall quality of care.
Tackling implant associated infection therefore remains a pressing healthcare challenge,

and one which is likely to increase in severity as demographies age globally.

1.1.1 Current strategies for implant associated infections

Within the UK, 16.7 % of hip replacement revision procedures in the five years to 2020
were motivated by infection, 24 % of knee revisions, and rates of approximately 25 %
for other less common joint endoprostheses [1]. Re-infection risks are high in such cases,
with 17.7 % of infection associated hip revisions requiring re-revision, making it the most
common indication for secondary revision. The dominant species in these infections are
Enterobacteriaceae, Pseudomonas, and Staphylococci, accounting for an estimated 7.3,
8 and 75.5% of prosthetic joint infections respectively in a 30 month case series [25].
One challenge faced is the frequent delay in onset of symptomatic infection. Though the
frequency of revision due to infection generally decreases with time after implantation,
over half of all infection associated hip replacement revisions still occur over a year after

initial surgery [1].



Current prophylactic measures to prevent infection start with the initial manufacture
of implants. A clear chain of custody is required from production to the surgical inter-
vention to ensure sterility, as any contaminants may prevent effective sterilisation prior to
implantation. Patients may be provided with an antibiotic prophylaxis to prevent surgi-
cal site infection. Previous recommendations encouraged continued antibiotic treatment
after surgery, with the intention of preventing delayed infection [26]. However, current
analyses of randomised trials do not support this as an effective approach to prevent sur-
gical site infections [26, 27], with current World Health Organisation (WHO) guidelines
recommending discontinuation of antibiotics after surgical intervention.

In the event that sterile procedures fail and an implant associated infection occurs,
a range of revision approaches are currently used, attempting to balance the risk of re-
infection with that of repeated surgeries and time spent immobile [9]. Two-stage revision
has historically been considered the gold standard approach, with the implant and any
infected tissue removed, and a temporary antibiotic loaded ’spacer’ implant inserted in
its place. Typically formed from a gentamicin impregnated cement, the spacer implant
will elute antibiotic into the implant site and may allow patients a limited degree of load
bearing and mobility. Once infection is considered well managed, the second stage of
revision is performed, with the spacer removed and a new permanent implant inserted.
Concerns have been raised, however, by the long term release of antibiotics by hip spacers.
If antibiotic concentration drops below the minimum bactericidal concentration, this may
encourage development of resistant strains. The use of antibiotics of last resort in this
context, such as carbapenems and vancomycin, is also particularly concerning [28].

Given the increased resources and risk associated with multiple surgeries, single-stage
approaches may be favoured, particularly where reduced mobility will lead to increased
morbidity. Single-stage revision, wherein the infected implant is replaced with a new
permanent sterile implant in the same procedure, allows for more rapid load-bearing than
two-stage, though still requires the fixation of a new implant. In contrast, debridement

and implant retention aims to retain the original prosthesis, and has been shown to be



effective in follow-up studies when applied appropriately [29]. Debridement typically
involves the removal of any infected tissue within the implantation site and thorough
irrigation in an effort to remove any adhered biofilm or planktonic bacteria.

Whilst infection management is successful in the majority of cases, the effect upon
patients remains severe. The average duration of hospital admission for hip revisions due
to infection has been reported as over 30 days, more than quadruple the typical length
of stay for the original implantation [12]. On a four-rank scale of severity of illness,
65 % of infected patients ranked as major or extremely severe, with significantly higher
readmission rates than patients undergoing revision for other causes [30]. This burden
both on individual patients and global healthcare systems is likely to worsen in coming

years, with the increasing prevalence of antimicrobial resistant bacteria.

1.2 Antimicrobial resistance

Post surgical infection management is further complicated by species exhibiting antimi-
crobial resistance (AMR). Due to the large populations, high replication rate, and subse-
quent high mutation rate of microbial cultures, bacteria are highly adaptable to selection
pressures. Subjecting a large bacterial population to a selection pressure - in this case an
antibiotic compound - will favour the survival of any isolates with mutations that improve
the probability of surviving said pressure. Repeated selection from exposure insufficient
to cause eradication may, over time, result in resistance to the antibiotic. At this point,
the given strain may have reached a point of complete immunity to a given compound,

or sufficient that the required dosage for efficacy cannot be safely applied.

1.2.1 Acquisition of antimicrobial resistance

The acquisition of genes conferring resistance often occurs through mutation during repli-
cation in large populations. Such chromosomal resistance has been an established phe-

nomena since the 1940s, after the widespread application of penicillin and streptomycin



for infection management [31]. Resistance can also be acquired by horizontal gene transfer
between bacterial cells, for example by plasmids. Such plasmid mediated gene transfer
can confer resistance much more rapidly than through more conventional chromosomal
selection, and can do so across bacterial species [32]. However, such gene acquisitions of-
ten come with an associated fitness cost, and so are unlikely to become prevalent without
a selection pressure.

It is increasingly common for resistant pathogens to be encountered within the general
population. This is driven in part by the overuse of antibiotics both inside and outside of
healthcare settings. Over-prescription of antibiotics in primary care remains a key driver
for AMR, particularly given their unnecessary use for common viral respiratory infections
[33]. Agricultural usage of antibiotics may also be a major factor, with resistant strains
often identified in livestock farms, though further surveillance is needed [34]. In both
of these use cases, any antimicrobial may not be delivered exclusively to the infection
site, resulting in exposure of a wider range of the microbiome. Every use of an antibiotic
contributes to the overall burden in the environment that may select for resistant species.
Even non-pathogenic microbes may contribute to resulting healthcare challenges, given
their ability to confer resistance via plasmids to established pathogens.

As a result, the primary focus for mitigating AMR must lie in antimicrobial stew-
ardship. Reducing antibiotic usage in agricultural settings and improving prescribing
strategies are key cornerstones of this, and have been demonstrated to reduce prevalence
of resistance without compromising animal or patient health [35, 36]. However, reducing
antibiotic use in broader healthcare settings requires providing alternative antimicrobial

strategies to prevent an increase in morbidity.

1.2.2 Biomaterials strategies for mitigation of AMR

In order to provide prophylaxis for implants whilst encouraging antibiotic stewardship,

three key goals can be considered;

e First, ensuring any antimicrobial delivery is localised to the implant site to mitigate



exposure of the patient’s wider microbiome to the antimicrobial agent.

e Second, avoiding the use of antibiotics to reduce their antimicrobial burden in the
community, decreasing selection pressure for resistance to antibiotics as treatments

of last resort.

e Third, using antimicrobial agents that have lower prevalence in the environment,
reducing likelihood that any implant associated infection will have pre-acquired
resistance.

One suggested approach that meets all three criteria is delivery of antimicrobial prop-

erties through biomaterial design. By incorporating a non-antibiotic antimicrobial action
within the materials comprising an implant, such biomaterials driven strategies could pro-

vide prophylaxis whilst reducing usage of compounds in the antibiotic class (Figure 1.1)

137].
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Figure 1.1: Suggested biomaterial driven approaches for reducing antimicrobial resistance;
alternative antimicrobials to encourage reduced antibiotic usage, surface texture based
antimicrobial strategies, and consideration of delivery systems design. Adapted from
figure produced for Hall et al, Biomaterials Science, 2020.

Particularly within an implant regime, localising delivery of antimicrobials at the sur-
gical site has already been explored through the use of coatings. This has primarily been
used in cases with identified risk factors for infection, such as immunosuppressed patients
or those undergoing a revision for prior infection [38]. Prostheses for reconstruction of re-

sected bone tumours such as osteosarcomas have been a common testing ground for such
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surface modification [39]. Whilst gentamicin based coatings have been investigated in
vivo, inorganic antimicrobials such as silver and iodine have also shown positive outcomes
[40].

Whilst coatings remain a reliable approach for functionalising the surface of implants,
they do face limitations. As coatings operate in a comparatively thin layer regime, con-
trolling release of antimicrobials over an extended period can prove challenging, requiring
increasingly complex formulations [41]. From a manufacturing perspective, complex ge-
ometries can prove challenging to coat uniformly, particularly for line-of-sight approaches
such as sputtering [42].

An alternative strategy that tackles both the need for greater diversity in antimicro-
bials used, and localising delivery in vivo, is use of inherently antimicrobial materials
that deliver inorganic antimicrobials. Potentially removing the need for secondary post-
processing such as coating, these materials may allow simpler control of release rates due

to greater diffusion distances available versus coatings.

1.3 Inorganic antimicrobials

Whilst the vast majority of antimicrobial therapies consist of complex organic compounds
such as antibiotics or host defence peptides, a broad range of simpler inorganic antimi-
crobial molecules and ions have been demonstrated.

A range of metals show antimicrobial behaviour in sufficient concentrations, and can
broadly be divided into elements that have a biological role, and those with no biological
function. These ‘non-essential’ metal species are of particular interest as they show efficacy
at low concentrations, where those that play a role in the host’s biological function may
often be deleterious at the high concentrations needed for antimicrobial function [43]. For
example, though Cu and Zn exhibit strong antimicrobial behaviour, their complementary
functions in angiogenesis and a range of intracellular enzymatic processes respectively

limit their safe application as antimicrobials in vivo [44, 45].



A key justification for the use of metals as antimicrobials in an implant context is
their effect on biofilms. The susceptibility of cultures to conventional antimicrobials can
be dramatically reduced in a biofilm state as compared to planktonic conditions [23].
However, it has been demonstrated that a wide range of metal cations and oxyanions show
little or no reduction in efficacy versus biofilms [46]. One crucial factor in selecting which
metal species to use is the difference between dosage necessary for effective antimicrobial
behaviour, and the concentration at which cytotoxicity or systemic toxicity is observed in
surrounding host tissues. A wider therapeutic window makes the safe delivery of species
easier. Given the low minimum inhibitory concentration (MIC) of silver in comparison to
Zn and Cu (1076 to 1077; 107 to 1075, and 10~ to 107> M respectively) and low systemic

toxicity versus heavy metals, it is frequently used as an inorganic antimicrobial [47].

1.3.1 Silver ions

The antimicrobial behaviour of silver is associated with Ag ions in solution, typically
Ag®. The molecular mechanism of silver ion antimicrobial behaviour is not yet fully
understood, with evidence that silver disrupts a broad range of bacterial processes such
as iron homeostasis, respiratory and metabolic processes, and disulphide bond formation
[48]. Two main mechanisms have been suggested based on the uptake of silver ions;
binding and disruption of respiratory and transport proteins, or interruption of antioxidant
defences producing reactive oxygen species (ROS). The binding of silver ions to transport
proteins has been shown to interfere with the proton motive force, causing proton leakage,
[49, 50] whilst that to thiol groups in respiratory chain enzymes has been linked to ROS
generation, inducing oxidative stress [48, 51]. This correlates with silver’s affinity for
sulphur, with sulphonation observed both in vitro and in vivo [52]. The interaction across
multiple systems is frequently raised as a reason for silver’s broad spectrum efficacy.
Careful tailoring of chemistry can allow generation and elution of higher oxidation
states. Previous investigations of the antimicrobial efficacy of silver found that Ag*™ and

Ag®" complexes exhibited greater antibacterial behaviour per-mole than the more stable



Ag" [53]. Investigation of higher oxidation states have focussed on the Ag(Ag,0,),NO,
compound, primarily due to its higher stability and ease of crystallisation in comparison to
other silver oxysalts of the Ag(Ag;0,),X series [54]. In the vast majority of antimicrobial

silver preparations, however, it is the Ag" ion that is used [55-57].

Silver resistance and toxicity

Due to its broad efficacy, silver has seen common usage as a biocide outside clinical set-
tings, raising the risk of selection pressure for silver resistance [58]. Development of an-
timicrobial resistance to silver has been observed in both laboratory and clinical settings,
with perhaps the most dramatic case being a fatal outbreak of Salmonella typhimurium at
a burn ward in Massachusetts General Hospital in 1973 [59]. Resistance was found to be
associated with plasmid pMG-101, which also increases resistance to several heavy metals
and antibiotics [60]. Isolation of a specific gene cluster that encodes for silver resistance
(Sil) provides a suggested molecular basis for resistance due to homologs with other heavy
metal resistances such as cobalt and copper, the latter of which may be directly linked
to silver resistance [60, 61]. Removal of Ag+ from the cell by efflux pumps (SilCBA), in
concert with a silver-specific binding protein (SilE), prevents the build-up of silver ions
(Figure 1.2) [62].

A series of studies have sought to determine the frequency of these genes in bacterial
populations. Screening of 859 clinically isolated species found 31 expressed at least one
of these Sil genes. Of these, the majority showed little enhanced resistance to a minimum
inhibitory concentration of 200 to 300 micromolar Ag™; however, two isolates were found
to show such elevated resistance that growth was possible in concentrations exceeding 5000
micromolar [63]. These species showed a noticeable darkening in colouration when exposed
to silver, the cause of which may be the reduction of silver ions. Acquired resistance
has also been demonstrated to occur both endogenously and exogenously in Escherichia
coli (E. coli) under laboratory conditions, with resistance acquired exogenously through

acquisition of the pMG-101 plasmid, though endogenously through the homologous Cus
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Figure 1.2: Schematic of the Sil system, with proposed functionality of genes. The SilS
sensor kinase responds to binding with silver ions, phosphorylating SilR, which in turn
regulates expression of SilICFBA. Binding proteins chaperone silver to the SilCBA ef-
flux pump, which removes ions from the cell. Adapted from Randall et al, Journal of
Antimicrobial Chemotherapy, 2015.

genes rather than Sil [61]. It is noteworthy that there have as yet been no reports of
clinically relevant silver resistance in gram-positive bacterial species, though the SilE gene
has been identified in methicillin-resistant Staphylococcus aureus (S. aureus) isolates [64].
Attempts to produce gram-positive resistant strains have as yet failed, with over 1000
isolates of staphylococci showing no acquired resistance after 42 days exposure to Ag*t
[65].

This is particularly significant in the context of endoprostheses, as up to 75% of species
associated with periprosthetic infections are staphylococci [25]. As a result, silver based
coatings have typically been used for revision surgeries where initial implant failure has
been due to infection. Several clinically approved systems have shown positive results
in lowering infection rates or severity, though cohort size remains an issue [39]. Com-
paring retrospectively gathered control data with that for silver coated titanium tibial

megaprostheses, Hardes et al found reduced infection rate, improved 5-year survival and
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lower amputation rates [66]. Use of similar tumour-prostheses treated with a proprietary
process, Agluna, showed reduced overall infection rate; in those cases where infection
did occur, there was a higher likelihood that debridement and antibiotics would be suc-
cessful prophylaxes [67]. This links to growing evidence that there is a synergistic effect
between silver and conventional antibiotic treatment, beyond that which would be an-
ticipated from their efficacy alone [48, 68, 69]. One argument for why silver enhances
existing antibiotics in a clinical setting is the ability of silver to penetrate and disrupt
biofilms [70-72]. Implant infections are typically biofilm associated, and once colonised,
conventional antibiotics show dramatically reduced efficacy [23].

There are concerns regarding long-term silver burden, as excessive exposure has been
linked to neurological symptoms, renal failure, hepatic failure, and argyria. Normal blood
silver levels have been estimated to reach up to 10pgL~" [73], however the threshold
for exposure to become symptomatic is not yet well established. Small cohort studies
of silver coated implants have reported peak blood concentrations at 20 ugL=! in the 36
months post-implantation, with no apparent symptoms [74]. However study of a similar
implant series found nearly a quarter of patients presented localised argyria, though with
no further symptoms [75]. Few extreme cases of silver exposure from medical procedures
have been reported, and the direct link with silver is ill-defined; a single case involving
use of a 1% silver-impregnated bone cement saw implant loosening, neurological issues
and extremely elevated silver serum levels. Though symptoms relieved after subsequent
revision, there is no clear evidence of causation between the neuropathy and the presence

of silver [76].

1.3.2 Metal compounds

Alongside pure metal species, a range of simple inorganic metal compounds have estab-
lished antimicrobial efficacy. Often, this activity is due to the dissociation or reaction to
release an antimicrobial metal ion in vivo. This is particularly the case for compounds of

silver, for example AgO, Ag;PO,, and CuO [77, 78]. There is however evidence for direct
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contact mechanisms, in which the relevant compound meets the membrane of bacteria,
for example in the case of copper oxides [79].

The application of metal oxides has frequently focussed on nanoparticulate delivery
methods. A wide range of different metal oxide nanoparticles have been assessed in
vitro, ranging from established antimicrobial metals (AgO, CuO) to basic oxides (MgO,
Ca0) and more esoteric metal species (Sh,O5, Bi,O4, CdO) [80]. Whilst nanoparticles
typically show excellent activity given their high surface area to volume ratio, regulating
their behaviour both in vivo and the wider environment remains a serious concern [81].
Migration of nanomaterials throughout the body can be challenging to control and is as
yet poorly understood [82].

In order to mitigate the hazard posed by nanomaterials, use of microparticulate or
bulk antimicrobial materials may be favourable. Specific metal oxides do still exhibit
antimicrobial efficacy even at a bulk scale. Oxides of basic metals such as MgO, and
of antimicrobial ions such as AgO, CuO, and ZnO, have all been demonstrated in vitro
[83-86].

Inorganic metal compounds are a compelling choice for incorporation into biomaterials.
Typically exhibiting good stability and shelf-life, their incorporation into hard biomateri-
als is well established. Basic oxides are often used as reagents in orthopaedic and dental
cements, with both Ca and Mg vital elements in the stable mineralisation of bone tissue
[87, 88]. Several biomaterials as delivery vehicles for metal oxides have been identified,
and the development of further approaches for integrating inorganic antimicrobials may

enable reduced antibiotic usage.

1.4 Additive manufacturing of implants

In order to enable a biomaterial driven approach to incorporating non-conventional an-
timicrobials, new manufacturing approaches to implants may be advantageous. Typically,

metallic implants have been manufactured by formative techniques such as forging or cast-
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ing, and subtractive methods for example milling or machining. However, the past decade
has seen increasing interest in using additive manufacturing (AM) techniques, and their
potential to enable novel implant geometries or properties to tackle the clinical challenges
faced. AM technologies produce parts from 3D data, by joining of raw materials in a
layer-by-layer process [89]. In the field of metal implant manufacture, the most rele-
vant techniques are based upon powder bed fusion (PBF) methods, the basic principles
of which are shown in figure 1.3. In PBF, layers of powder are thermally fused by an
energy source, such as selective laser melting (SLM) or electron beam melting (EBM).
A subsequent layer of powder is spread across the surface and the next cross section of
a part fused with the underlying material, with this process repeated sequentially until
completion. Underlying powder layers provide a degree of support to material above,
although supporting structures may be required to stabilise parts during manufacture.
Other metal AM methods are available, most notably direct energy deposition (DED)
techniques, but the clinical exploration of these methods for biomedical manufacture has
been more limited, possibly due to the lower resolution of DED (1 mm versus 100 pm for
PBF) and more widespread commercialisation of PBF.

Unlike traditional powder metallurgy processes such as sintering, PBF and DED pro-
duce geometrically complex parts with densities exceeding 99.5% without additional post-
processing [90]. In practice, careful process control is required to avoid remnant porosity
or defects. With extremely high localised cooling rates, metal AM processes have unique
microstructural characteristics. The melt pool in laser PBF, for example, is typically of
the order of 200 pm and cools at a rate of over 10* Ks™! [91]. This generates very fine
microstructures that while stiffer than equivalent cast or wrought materials, have higher
yield strength [92]. Whilst this change in material behaviour may require adaptation of
surgical techniques - for example the inability of surgeons to deform cranial prostheses
in theatre - these challenges may be overcome by the use of custom cutting or mounting
guides for implants [93].

The ability to produce patient specific implants and associated surgical guides is a key
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Figure 1.3: Schematic showing the principles of powder bed fusion (PBF) additive man-
ufacturing. a) Typical physical layout of PBF apparatus. Dosed powder is spread across
a substrate and a cross section is thermally fused by a directed energy source. The build
plate subsequently lowers, another layer of powder is spread, and is fused to the material
below. b) Cross section of the build region. Unfused powder provides a degree of support
to overhanging material, or support structures can be fused as appropriate.

advantage of the digitised manufacturing approach in AM. The ability to design prosthe-
ses directly from patient MRI or CT data not only allows decreased lead-time for custom
implants, but also improved surgical management [94]. For complex procedures, this re-
duces surgical duration [95, 96], a key indicator of improved patient outcome [97, 98].
For uniquely customised implants beyond specific craniomaxillofacial re-constructions,
AM implants have seen particular use in treatment of bone tumours, such as giant cell
tumours or sarcomas, which severely affect anatomy for which no existing modular im-
plants are available. Patient specific clavicle, scapula, and pelvic implants have all been
demonstrated and resulted in patients showing optimal Musculoskeletal Tumor Society 93
(MSTS93) scores over a three year follow-up period [99]. Positive results have also been
achieved for anatomical regions where existing implants limit joint function or where large
volumes of bone have been resected, affecting stability, such as irregularly shaped massive

tibial defects [100]. A series of four proximal tibia blocks demonstrated the advantages
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of AM over conventional techniques, allowing use in conjunction with a standard knee
prosthesis whilst including a porous surface structure where ligaments can be directly su-
tured [101]. In such oncological cases, patients are likely to be immunosuppressed, making
infection control especially important to consider.

Alongside allowing patient specific implants to be produced more efficiently, use of AM
allows for greater flexibility in both implant design and material. Considering the goal
of integrating antimicrobial agents to implant materials, two key approaches are worth

considering;

e First, use of material flexibility for the direct integration of antimicrobials to the

implant alloy.

e Second, using increased design freedom to intercalate an antimicrobial delivery ve-

hicle within an AM implant.

With the ability to rapidly prototype different implant materials by altering feedstock,
geometrically complex samples of novel alloys can be produced without the need for
specialist casting facilities, and in small quantities. This makes PBF an ideal approach

for rapid alloy development.

1.4.1 In-situ alloying

Implanted biomedical alloy choice is restricted, with a narrow range of CoCr and Ti
alloys predominant. This limits the possible properties achievable in metallic implants,
both mechanical and chemical. Development of new alloy compositions may allow for
implants to provide additional functions in vivo. Novel alloys have been explored by
a range of methods [102], but development is typically time consuming and requires
specialised equipment, with difficulties in creating complex geometries previously limiting
the use of more novel materials such as NiTi [103]. Due to the powder feedstock that
PBF processes are reliant upon, it is possible to create and validate entirely new alloys
either by pre-alloying during atomisation of powders, or simply by blending of feedstocks.

A range of compositions can be rapidly assessed at lower expense, by mixing elemental
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or alloyed powders such that localised homogenisation of the alloy occurs during the AM
process [104].

Using this technique, investigations have been made into alloys that, rather than being
effectively inert in vivo, exhibit actively osteogenic or antibacterial properties [105]. Par-
ticular focus has been on addition of antimicrobial metal ions, such as silver or copper, but
experimental materials with integrated hydroxyapatite (HA) have also been demonstrated
(Table 1.1).

Considerable characterisation is needed to find the optimum thermal processing dur-
ing additive manufacture or heat treatment post-processing, as investigations in non-AM
produced antimicrobial alloys have suggested specific metallurgical phases dominate re-
lease kinetics [124]. Alongside this, further studies are required to establish the optimum
loading of therapeutic materials in alloys. Particularly for those alloys that directly incor-
porate HA, the effect of incorporating additional elements can significantly alter corrosion
behaviour, and may override any benefits from improved antimicrobial behaviour or os-
seointegration. Given the clear mechanical degradation addition of a ceramic such as HA
has on composite alloys, a more subtle microalloying approach may prove more mechan-
ically viable in the long-term. Inclusion of key alloying elements to feedstock, such as
zirconium to CoCr alloys, has been explored. Using a rabbit femoral model, Zr additions
as low as 0.04 wt% increased the torque required to remove implants after eight weeks by
10 % [125]. Further histological study of implants in rabbit femur sites showed similar
mineral crystallinity, apatite to collagen ratio, and osteocyte density to equivalent CoCr
implants after eight weeks [126]. For antimicrobial alloying, a very wide range of dopant
concentration has been assessed by PBF, indicating significant alloy development is still

needed to establish the optimum composition and microstructure for efficacy.
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Table 1.1: Examples of additively manufactured bioactive alloys, showing the wide range
of base systems and fraction of therapeutic material included.

Active

Fraction

Base All S indi
Agent ase Alloy (wt%) ource Key Findings
316L steel 5 - 15 106, 107] Across all alloys, observe significant
vol% reductions in tensile strength and fracture
9.0-50 | [108] toughness. Associated with porosity and
cp-Ti ’ ’ dissolution of P into base alloys. HA acts as
HA 0 - 50 [109] a grain refiner, increasing hardness.
gradient
Ti-6Al-7TNb | 5.0 [110] Increases stiffness in Ti. In Mg-3Zn, see
NiTi 11 reduced corrosion rate due to protective
HH 25 [111] apatite formation - may also be due to grain
Mg-3Zn 2.5-10 | [112] refinement.
45 [113] Antimicrobial behaviour increased with
316L ageing of alloy, at the cost of lower
9535 | [114] corrosion resistance. Cytocompatibility
' ' demonstrated.
Cu 138 (104, 115] Efficacy versus E. coli and S. aureus
] demonstrated. Observed increase in
Ti-6Al-4V 5.0 [116] strength and reduced ductility.
Cytocompatibility demonstrated. Addition
2.0-6.0 | [117, 18] of Cu encourages differentiation of
osteoblasts.
Antimicrobial efficacy demonstrated
Co-29CT-9W | 3.0 [119-121] against£. coli and S. aureus. Cu in-
’ creases resistance to corrosion and wear.
Cytocompatibility shown.
Increased strength, strong antibacterial and
Mg ZK60 2-0. 122 ; ’
& 02-08 | [122] cytocompatible.
Ti-6AL4V 0.5 [116] Dramatically increases ductility, but shows
Ag ' minimal antibacterial behaviour at this level.
Increased  hardness and  compressive
Mg ZK30 0.25-1 | [123] strength, reduced degradation rate and

increased efficacy against E. Coli versus
ZK30 alone.
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1.4.2 Two phase implants

Beyond the properties of a metal implant itself, AM can be used as an enabler for other
technologies, such as localised delivery of therapeutic agents. Given the established im-
pact of implant associated infections, the ability of an implant to elute antimicrobials or
osseointegration-related factors is worth exploring. Coatings are well established as effec-
tive for both antimicrobial [40], osseointegrative properties [127, 128], but may be limited
in duration of therapeutic efficacy and durability both prior and post implantation.

One example of an alternate AM-enabled approach to the delivery of therapeutic
agents is to consider the delivery vehicle as a distinct second phase integral to the implant
(Figure 1.4). Intercalation of an eluting phase within a lattice structure may be a way
to combine stress matching, therapeutic effects, and improved osseointegration in one
implant [129]. This basic proof of concept has been established in cp-Ti with a range of
biocompatible fillers [130]. Infiltration of a simvastatin loaded hydrogel into a Ti-6Al-4V
scaffold showed significantly greater vascularisation, osseointegration, and bone ingrowth

in a rabbit model compared to equivalent structures without a secondary phase [131].

Conventional AM Enabled
5O 5 =
______________________ I
_ vz
Solid Porous ﬁ I—_;__ Hollow
implant implant j E implant
. Second | Internal
Coating .
phase reservoir

Figure 1.4: Schematic visualising three approaches to adding therapeutic materials to
an implant to achieve additional functionality; conventional addition of a coating, in-

tercalation with an AM lattice structure, and inclusion of an internal reservoir through
AM

Alternatively, a larger and more controlled volume of material may be delivered by
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integrating the second phase inside a physical reservoir, i.e. a hollow implant. In this way,
the release characteristics of the therapeutic agents can be tailored both by altering the
characteristics of the delivery vehicle, and by modification of the implant pore structures
through which elution is achieved [132, 133]. Addition of permeable membranes on the
outside of a porous implant could further optimise elution, and simplify loading of the
eluting agent prior to implant insertion [134].

Whilst it is crucial that the metallic component of a two-phase implant provides suffi-
cient mechanical stability, it is also key to optimise the delivery phase. For an antimicro-
bial loaded phase, an appropriate release profile is needed. Whilst burst release may allow
a MIC to be reached with a lower total antimicrobial content [37], the established delay in
infection onset for prostheses suggests a more continuous profile could be advantageous.

It is also important to consider the degradation products of the delivery vehicle [135].

1.5 Aims and content of this research

The continuing need to provide antimicrobial prophylaxis for prosthetic implants whilst
simultaneously tackling AMR requires new approaches to implant material design. This
work aims to investigate the development of inherently antimicrobial materials, and the
viability of using additive manufacturing as an enabling technology for localised delivery
of antimicrobials in prosthetic implants. In particular, the use of inorganic antimicrobials
- typified by silver - is focussed upon.

First, an antimicrobial magnesium oxychloride cement formulation was assessed. Such
a material may provide a useful second-phase for a functional two-phase implant, with
higher degradability than conventional calcium phosphate cements. Both silver phos-
phate doped and undoped oxychloride cement formulations were chemically, physically,
and microbiologically characterised, with efficacy against both gram positive S. aureus
and gram negative Pseudomonas aeruginosa (P. aeruginosa) assessed, alongside tests for

mammalian cell cytotoxicity.
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Given the established biocompatibility and widespread clinical use of Ti alloys, devel-
opment of a silver doped Ti alloy is a key goal. Initial focus has been on the significant
manufacturing challenges of dissimilar materials in SLM. A series of Ti-Ag alloys have
been produced by in-situ alloying, with the dependence of microstructural characteristics
on laser processing parameters investigated. The behaviour of blended powders within
the printer powder bed have been considered.

To better understand the optimal microstructure for antimicrobial response from Ti-
Ag alloys, a subsequent study of a series of conventionally homogenised and aged alloys
has been performed. Drawing on the established Ti-Ag phase diagram, a sequence of heat
treatments have been performed to generate different microstructural states with varying
phases. Performance in vitro against S. aureus was assessed, alongside microstructural

investigations.
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CHAPTER 2

FORMULATION OF AN ANTIMICROBIAL
MAGNESIUM OXYCHLORIDE CEMENT

The growing threat of bacterial resistance to antibiotics is driving an increasing
need for new antimicrobial strategies. This work demonstrates the potential of
magnesium oxychloride cements (MOC) to be used as inorganic antimicrobial
biomaterials for bone augmentation and delivery from two-phase implants.

An injectable formulation was identified at a powder to liquid ratio of 1.4 gmL™!,
with an initial setting time below 30 min and compressive strength of 35 MPa.
Supplementation with Ag,PO, to enhance the antimicrobial efficacy of MOC
was considered, and shown via real time X-ray diffraction to retard the forma-
tion of hydrated oxychloride phases by up to 30%. The antimicrobial efficacy
of MOC was demonstrated in vitro against Staphylococcus aureus and Pseu-
domonas aeruginosa, forming zones of inhibition and significantly reducing
viability in broth culture. Enhanced efficacy was seen for silver doped for-
mulations, with complete eradication of detectable viable colonies within 3
hours. Investigating the antimicrobial mode of action of these formulations
revealed that Mg and Ag release and elevated pH contributed to efficacy, with
no clear single mechanism dominating. Interestingly, sustained silver release
was demonstrated over 14 days, suggesting the Ag;PO, modified formulation
offers two mechanisms of infection treatment, combining the inherent antimi-
crobial properties of MOC with controlled release of inorganic antimicrobials.

As an initial proof of concept, two phase implant models consisting of porous
Ti-6Al-4V cylinders with an internal MOC reservoir were produced. Zones
of inhibition were linked to the contact area between cement filled pores and
growth media, indicating that the exposed surface area of antimicrobial agent
in a two-phase implant will be a key design characteristic.
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2.1 Introduction

Reconstruction of hard tissues is increasingly challenged by post-operative bone and im-
plant related infections. This clinical need is compounded with a growing incidence of
bacterial resistance to various antimicrobials, which has been predicted to become a larger
cause of mortality globally than cancer by 2050 [136]. Staphylococci, Enterobacteriaceae
and Pseudomonas are frequently established as clinical isolates from device associated or-
thopaedic infections [25], all of which have established antibiotic resistant strains prevalent
in the community [137-139]. Localising the delivery of antimicrobials from biomaterials
has been suggested as one approach to improve success in preventing such infections taking
hold in the first instance [140-143].

Given the compositional similarity of calcium phosphate cements to the mineral com-
ponent of bone, there has been a drive towards the development of calcium-based ce-
ments as biomaterials that may be delivered in a minimally invasive manner for bone
tissue regeneration or augmentation. Whilst these inorganic phases play a significant
role in biomineralisation [144], calcium phosphate cements do not exhibit any inherent
antimicrobial properties once cured. This has led a number of researchers to explore
supplementation of calcium phosphates with broad-spectrum antibiotics to treat infected
bone defects [87, 145], however overuse of such compounds is a key driver of antimicrobial
resistance [33]. With the need to mitigate usage of conventional antibiotic chemistries,
there is an increasing interest in the incorporation of inorganic antimicrobials into various
biomaterials [146]. Substitution of silver or copper species into bone cement formula-
tions has been the most well explored [147-149]. The addition of excess alkali oxides or
phosphates has also been demonstrated as effective against both gram-positive and gram-
negative species in vitro [150]. Based on this concept, inherent antimicrobial behaviour
is observed in magnesium phosphate cements, with efficacy ascribed to increased pH and
osmolarity in the local environment [151].

Magnesium-based biomaterials more broadly have seen a recent surge in interest due

to the significant role of Mg in several biological mechanisms, including stimulation of
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cell proliferation and bone tissue development [88]. Otherwise known as Sorel cements,
magnesium oxychloride (MOC) cements have predominantly been explored by the con-
struction industry, however its use for these applications is limited by its low resistance to
water [152-155]. MOCs are produced from a mix of MgO and MgCl, brine, with a series
of hydrated phases forming in a three step process [156].

Initially, MgO is neutralised by free hydrogen ions in the MgCl, brine, forming mononu-
clear magnesium complex ions as described by equations 2.1 and 2.2. This results in a

pH increase within the MgCl, solution as free hydrogen is consumed.

MgO + 2H* (aq) + 6 H,0 — [Mg(H,0):]*" (aq) (2.1)

MgO + H" (aq) + 5H,0 — [Mg(OH)(H,0),]" (aq) (2.2)

As MgO is neutralised, polynuclear complexes form through a hydrolysing-bridging
process. Mg?" ions bridge with OH™ or H,O ligands to form positively charged complexes,
which may in turn be hydrolysed to release HY, further driving neutralisation of MgO.
The overall hydrolysing-bridging process, described by equation 2.3, produces a hydrogel,

at which point the cement setting begins.
OH-—

Mgt + (2 + y)H,0 TL Mg, (OH), (H,0),]> + yH* (2.3)
+

This initial gelation prior to crystallisation is an established feature of several cement
systems, having been most rigorously investigated in the calcium silicate hydrate that
forms Portland cement [157]. Though behaviour of the gelled state is critical to the
final properties of a hardened cement, investigating gel behaviour without disruption of
the gelation process is challenging. Non-destructive techniques such as X-ray diffraction
(XRD) [158] and differential scanning calorimetry (DSC) methodologies [159] currently
provide the best analytical methods for characterising the gelled state in MOC [160].
Lastly, crystallisation into the hydrate phases then occurs with Cl', predominantly
3Mg(OH), - MgCl, - 8 H,O (phase 3), and 5 Mg(OH), - MgCl, - 8 H,O (phase 5), with the
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overall reactions and standard enthalpy of reaction (AH?) shown by equations 2.4 and
2.5, respectively [161]. The reaction of MOC pastes is notably less exothermic than that
of calcium phosphate or ”brushite” cement (-83.0kJmol™!) assuming total conversion
of reagents under standard conditions [162]. Within the typical temperature range of
a clinical environment, between room and body temperature, phase 5 is observed to be
favoured [163]. Crystallisation occurs over the course of multiple days [164], with the
majority of strength seen to develop within the first 2-7 days for MOC based concretes
(152, 165].

3MgO + MgCl, + 11 H,O0 — 3 Mg(OH), - MgCl, - 8 H,O (2.4)
AH? = —19.82kJ mol ™"
5MgO + MgCl, + 13H,0 — 5 Mg(OH), - MgCl, - 8 H,O (2.5)

AH? = —5.16kJ mol ™!

Phase 5 provides the greatest strength of the hydrated phases, with excess MgO beyond
the stoichiometric requirement added to favour formation versus phase 3 [166]. This may
be achieved by altering the powder to liquid ratio (PLR), increasing the mass of MgO
in a mix whilst retaining the same concentration of MgCl, brine used (Figure 2.1, based
upon data from L. Urwongse (1980) [164] and reproduction by J. Stolfi (2018) [167]).

Given the sensitivity of MOC to degradation in water, understanding the leaching
behaviour of MOC has been a key focus of research [154]. A wide range of additives
to improve stability in aqueous conditions have been explored, including active species
that produce new hydration products such as SiO, [168] and aluminates [169]. It has
been demonstrated that the use of phosphates [170-172] or sulphates [171] can increase
water resistance without producing new hydration products, however this is frequently at
the cost of reduced mechanical performance [155]. Outside the remit of the construction

industry, water sensitivity may not be considered as an inherently deleterious property.

26



¥ solution
Homogeneous metastable gel 0

\ Phase boundary

® Stoichiometric composition 10

Constant 4.0M MgCl,:H,O ratio

100

wt% MgO
90

Investigated cement PLR

Phase 3

100 MgCl,.6H,0
7 7 7 7 7 0
0 10 20 30 40 50 60 70 80 90 100

wt% MgCl,

Figure 2.1: Isothermal ternary phase diagram at 23 °C for MgO - MgCl, - H,O. A dashed
line shows the compositions achievable with a 4.0 M MgCl, brine, and where the PLR
explored in this study lie.

For biomedical usage, it may be advantageous not simply to maximise water resistance,
but to tailor resorption rate.

Biomedical investigations of MOC have been limited to tailoring resorption and in
vitro cytocompatibility, both with and without the addition of hydroxyapatite [173, 174].
The established antibacterial and antifungal properties of MgO both at a micro- and nano-
scale make MOC a prime candidate for an antimicrobial biomaterial [83, 175]. Alongside
any possible antimicrobial efficacy inherent to MOC, modification of the cement as a
carrier of an antimicrobial agent may prove valuable. As the addition of phosphates has

been established to improve the water stability of MOC [155, 170, 171, 176], use of an
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antimicrobial phosphate may confer additional benefits beyond improving efficacy. The
antimicrobial and biofilm disrupting behaviour of silver and its compounds has been well
established [65, 71] including its synergistic behaviour in combination with conventional
antibiotic prophylaxis [48]. Hence, Ag;PO, is an ideal antimicrobial compound to ex-
plore for modifying MOC. This is further demonstrated by the low prevalence of silver
resistance, with no reports of clinically relevant silver resistance in gram-positive bacterial
species and extensive testing of over 1000 isolates of staphylococci showing no acquired
resistance to Ag™ [65].

This work seeks to establish whether MOC demonstrates inherent antimicrobial ef-
ficacy, and how supplementation with silver phosphate may modulate this behaviour.
In order to assess the effect of doping MOC with Ag,PO,, detailed XRD investigations
were performed, emphasising the effect of this modification on curing behaviour. A series
of formulations with different MgO to MgCl, brine ratios were considered, with phys-
ical characterisation focussed on practical considerations for clinical usage of a cement
formulation, including setting time and injectability. Promising candidate formulations
were then assessed for cytotoxicity and antimicrobial efficacy in vitro, with the inherent
efficacy of MOC and the alteration of this by Ag;PO, explored. As 75% of prosthetic
joint infections are associated with staphylococci [25], S. aureus was chosen as a clinically
relevant species, alongside P. aeruginosa to assess efficacy against gram negative bacte-
ria. To elucidate a possible mechanism for efficacy, extracts from a 14-day release study
were investigated for changes in pH, reactive oxygen species generation, and metal ion
elution. Finally, preliminary assessments of release characteristics when incorporated into

two phase AM models were made, alongside bacteriological assays.
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2.2 Materials and methods

2.2.1 Cement production and characterisation
Cement manufacture

MOC were manufactured by combining a 4.0 M magnesium chloride brine, produced from
MgCl, - 6 H,O (Scientific Laboratory Systems, UK) and deionised water (Milli-Q, UK),
with MgO powder (Scientific Laboratory Systems, UK). PLR of 1 to 1.6 gmL~"! were pro-
duced. For silver doped formulations (Ag modified magnesium oxychloride (MOC-Ag)),
Ag,PO, (Alfa Aesar, UK) was added to the MgO powder at a ratio of 0.2 gmL™" of brine.

For density analysis, compressive strength testing and the release studies, cylindri-
cal samples were produced by extruding cement pastes into polyethylene split moulds of
6 mm diameter and 12 mm height, which were then cured for 48 hours at room tempera-
ture without immersion. To account for the possible photosensitivity of Ag compounds,
MOC-Ag were stored in foil wrapped containers during curing to minimise illumination.

As control samples, citrate modified dicalcium phosphate dihydrate (brushite, DCPD)
cements were manufactured with a PLR of 3gmL™!, with addition of 0.1 gmL~! gentam-
icin sulphate to act as a positive antimicrobial control (DCPD-Ge). Briefly, monocal-
cium phosphate monohydrate (MCPM, Sigma, UK) and f-tricalcium phosphate (B3-TCP,
Sigma, UK) powders were mixed in a ratio of 1:1.23, with 0.5 M citric acid [177]. Calcium
sulphate (CS) cements, that are known to have no inherent antimicrobial efficacy, were
also produced from CaSO,-0.5 H,O powder (Sigma, UK) and deionised water at a powder

to liquid ratio of 1.67 gmL™" as a negative control [178].

Cement composition

In order to establish the phases present in the cured formulations, ground cements were
subjected to XRD analysis using a Bruker D8 diffractometer with a Cu-Ko anode. Diffrac-
tion patterns were collected between 20 = 10° to 50°, using a step size of 0.02° and ac-

quisition time per step of 0.3s. Bruker Diffrac. EVA software (version 4.2.2) was used to
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analyse collected patterns, with background automatically removed and peaks indexed
against references from the International Centre for Diffraction Data. The relative por-
tions of each phase present were calculated using the semi-quantitative function in EVA
software. To account for the high intensity of AgCl diffraction peaks in MOC-Ag samples,
the ratio of Mg and Ag containing phases was then normalised based on the proportion

of reagents used.

Monitoring cement setting reaction

The formation rate of different phases was monitored by XRD to study the effect of
Ag,PO, on cement curing. Cement pastes were placed into a custom 3D-printed polylactic
acid cup with an internal diameter of 25 mm, and depth of 4 mm. The same scan settings
were used as described above, with the scan repeated immediately after each sweep of
10° to 50° was completed for 400 min. Equilibrium measurements of the same samples
were taken after two weeks storage at room temperature. The area of peaks that have the
least interference with adjacent peaks was measured for each timepoint using the Bruker
Diffrac. EVA software (Table 2.1). Considering the scan step size and acquisition time per
step, the nominal time of measurement for peaks was interpolated based on the central

point of the peak.

Table 2.1: Reference spectra used for indexing and quantification of phases in XRD,
including parameters used for calculation of diffraction peak area in the Diffrac. EVA
software for calculation of &

Phase Reference Measured Relative Peak 260 range
pattern peak (°) intensity (%) measured (°)

Phase 5 00-007-0420  21.499 75 20.0 - 22.5

MgO 00-045-0946 42917 100 40.5 - 45.0

AgCl 00-031-1238  32.224 100 31.5-33.7

Ag.,PO,  00-006-0505  33.293 100 32.7- 33.7

Mg(OH), 01-071-5972 - - )
Phase 3 00-007-0412 - - )
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Considering the initial and final equilibrium area of a given peak, Ay and Ay respec-
tively, taking the area at a given time point A; allows calculation of the fractional extent

of the reaction, €.
A A

FTAA 20

The value of ¢ was calculated both for the products phase 5 and AgCl, and the
reactants MgO and Ag;PO,. Any lag in the value of £ between reactants and products

may indicate the formation of intermediate species [158].

Curing, flow, and extrusion behaviour

The flow, setting and extrusion characteristics of cements are important to determine
the period in which the material remains workable and whether formulations can be
delivered precisely in a clinical context. To visualise the flow behaviour of cements, 1 mL
of each formulation was placed into a cuvette and inverted and images collected after
60s. Initial and final setting time of MOC and MOC-Ag samples were measured using a
modification of the Gilmore needles method [179], with samples constrained in 1 cm deep
wells to restrict spreading during curing. The maximum pressure required for extrusion
from 1 mL syringes with 2 mm diameter orifice (Plastipak, BD) without needles was also
assessed as a measure of injection ease using a mechanical tester (Z030, Zwick/Roell) at a

load rate of 1mms™!

with a pre-load of 0.25 N, with tests commenced five minutes after
cements were mixed (N = 3) [180].

In order to assess the washout sensitivity of cements, MOC and MOC-Ag with PLR
of 1.4gmL™! were selected. Pats of 1 mL were extruded and immersed in water after 5,

45 and 90 min of curing. Cements were visually inspected and photographed immediately

after immersion, and after a further 48 h.

Density measurements

As cement strength and degradation behaviour can be highly dependent on total porosity,

the relative density of samples was established. The dimensions of cylindrical cement
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samples were measured using callipers and mass recorded to the nearest mg, and the dry
density calculated (N = 3). Samples of each cement type were also ground manually with
a marble pestle and mortar, and the strut density measured by He pycnometry (AccuPyc
IT 1340, Micrometrics, USA). Five sequential measurements of each sample were made,
with five gas purges at 19 MPa per measurement (N = 3). The relative densities of cements

were taken as the ratio of dry to strut density.

Mechanical behaviour

To establish the mechanical properties of cements, compressive strength testing of cured
MOC, MOC-Ag, DCPD, and DCPD-Ge was performed on cylindrical samples at cross-
head speed of Immmin~ (N = 3, 3) (Z030, Zwick/Roell). The ultimate compressive
strength (UCS) was calculated from the maximum force experienced by each sample, and
the cross sectional area as calculated from the measured diameter of each specific sample.
Young’s modulus was calculated by linear regression across the linear stress/strain region
prior to failure. The strain energy density of samples was also established by integrating
the area between the curve and the pre-load stress. Processing of data was performed in

R (v 4.0, R Foundation).

Weibull analysis

Variation in strength due to the random distribution of flaw sizes within samples can
be described by the Weibull modulus. By modelling a brittle material as a chain of
linked segments, all of which must not break for the sample to survive a given stress,
the likelihood of failure can be mapped to a Weibull distribution. For a given series of
samples tested to failure, the probability of failure P at a given stress o can be described

by equation 2.7,

Pr=1-exp {— (0 ;:uyq (2.7)
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where o0y is the characteristic strength determined by specimen geometry, and m is Weibull
modulus, which describes the width of the critical flaw distribution. The threshold stress
parameter, o,, is the stress below which no test specimen will break. Typically this
parameter is neglected, unless proof-testing of the sample set has been performed or there
is a clear limit to the maximum flaw size and therefore the minimum possible strength
[181]. Reduced to the two-parameter Weibull distribution, it is possible to determine the
Weibull modulus m and characteristic strength oy from a linear relationship as described

in equation 2.8.

e ]

— In(1—Py) = — (i)m

09

1
= In [ln(l—Pf)] =mlno —mlnoy (2.8)
In order to assign the probability of failure to each sample, results were ranked ac-

cording to UCS. For a given result with rank ¢, the failure probability is given by

Py(o;) = i_NO‘E) (2.9)

where N is the total number of test specimens investigated.

Cement microstructure

Microstructural assessment of MOC samples were made using uXCT and scanning elec-
tron microscopy (SEM) in order to understand any possible influence on mechanical be-
haviour. Cylindrical samples of MOC and MOC-Ag cured for 48 hours were mounted
vertically and scanned with a XCT (Skyscan 1172, Bruker) at 80kV, 100 pA and an ef-
fective pixel size of 7.85pm. A 0.5mm Al filter was used to attenuate the source, with

an exposure time of 400 ms, rotation step of 0.4° and averaging of four frames. Recon-
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struction was performed with a fixed beam hardening correction of 45% and ring artefact
correction factor of 10 (NRecon, Bruker). The pore size distribution was calculated for the
reconstructed pXCT data (CTAn, Bruker) and used to estimate the toughness of samples.
A simple model of the relationship between UCS and pore size assuming brittle fracture,
based on the Griffith criterion for crack propagation, determines an inverse-square rela-

tionship between strength and mean pore size [182]:

(1—p)
VTm

where o is compressive strength, K is the empirical fracture toughness, p is porosity,

(2.10)

and r,, is the mean pore radius. Based on this equation, the fracture toughness K; may
be estimated, but is highly dependent upon the choice of mean pore size used.

SEM imaging was performed on fracture surfaces of cement cylinders affixed to carbon
tabs on Al stubs, and sputtered with Au at a current of 15mA for 20s. Images were
obtained to compare microstructure and porosity at 15kV (TM3000, Hitachi). energy-
dispersive X-ray spectroscopy (EDS) (Oxford Instruments) maps were also taken to assess

distribution of Ag, Mg, Cl, and P.

2.2.2 Cytotoxicity assessment
Culture conditions

The possible cytotoxicity of MOC and MOC-Ag cements was considered using the mouse
osteoblastic precursor cell line (MC3T3-E1, P13), with DCPD cement used as a positive
biomaterial control. 50000 cells were initially seeded in a 24 well plate and incubated in
1 mL of Dulbecco’s Modified Eagle Medium (10% Fetal bovine serum, 12% L-Glutamine
and 1% penicillin/streptomycin; Sigma Aldrich) for 24 h at 37°C and 5% CO,. Cements
samples of 5mm diameter and 2mm height were sterilised by immersion in 70% ethanol
and washed with phosphate buffered saline (PBS) before drying under laminar air flow.

Cements were introduced to cultures in transwell inserts, and old media exchanged with

34



1.5 mL of fresh modified DMEM. Two sets of samples (N = 3) were prepared and incubated

for 24 h and 7 days with media exchange performed every two days for the latter.

Viability assessment

To analyse proliferation and viability of cells, Alamar Blue assay (Fisher Scientific) and
fluorescence microscopy were performed. Transwell inserts were removed and 10% of the
media volume of Alamar Blue was added to wells, before incubation for 4h at 37°C.
100 uL was transferred to a 96 well plate and fluorescence read at 570 nm excitation and
590 nm reading wavelengths (SPARK, Tecan).

For live/dead fluorescence imaging, samples were washed gently three times with
10mM PBS, stained with a solution of 200pL of 5mM calcein-AM (VWR Interna-
tional) and 1.5 mM propidium iodide (Thermo Fisher Scientific) and incubated for 30 min.
Stained cells were imaged using a fluorescence microscope (M5000, EVOS). The number of
live and dead cells were analysed using ImageJ (NIH) at 5x objective magnification, with
the live cell density estimated from 40x magnification images when cells were sufficiently

confluent to prevent reliable automated separation of individual cells.

2.2.3 Microbiological characterisation
Culture conditions

To assess the possible antimicrobial function of MOC and MOC-Ag cements compared to
DCPD and DCPD-Ge, efficacy was assessed against S. aureus, a model bacteria associated
with a large number of implant related infections [25], and P. aeruginosa, a model gram
negative species.

Unless otherwise stated, all bacterial cultures used unsupplemented LB broth (Lennox,
Sigma) or LB agar (Lennox, Sigma) plates, and were under aerobic conditions at 37 °C.
Calibration of colony forming units per mL (CFUmL™!) to optical density at 600 nm
(ODggo) was performed using a spectrophotometer (Evolution 300, Thermo Scientific),

with an ODggy of 0.2 approximately equal to 105 CFUmL™!. For all tests, overnight
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cultures in LB broth were grown to 10° CFUmL™! at 37°C and 150 rpm.

Agar diffusion test

Zones of inhibition for both cured cements and uncured pastes were assessed on LB agar
plates, inoculated with 100 pL of overnight culture. A sterile 12mm diameter stainless
steel bore was used to create three equidistant cylindrical wells in each plate. Cement
mixes were extruded into wells from 5 mL syringes, whilst cements crushed after curing
were placed into wells and compacted with a spatula to ensure good contact with the agar
without distorting the surface, with the volume of cement delivered sufficient to form a
level surface with the agar plates in all cases. Plates were then incubated at 37°C for
24 hours. Measurements were made with a ruler at 1 mm increments across the diameter
of the zone, and corrected by subtraction of the well diameter and halving. Zones were

assessed with three biological repeats, each performed in triplicate (N = 3, 3).

Planktonic bacteria

Direct antimicrobial action against planktonic bacteria in broth was demonstrated using
LB broth culture at 10" CFUmL™!. Cement cylinders were placed into 1 mL of culture
in lidded non-adherent 24 well plates, and wrapped in foil to minimise illumination. Well
plates were incubated at 37°C and 150 rpm on a shaking incubator for 24 hours, before
media was sampled and serially diluted for viable colony forming units (CFU) by the
Miles-Misra method [183]. MOC and MOC-Ag cements aged in LB broth for 72 hours at
37°C in dark conditions were subjected to the same analysis (N = 3, 2).

Bactericidal efficacy of cement extracts were also considered to establish possible elu-
tion of antimicrobial species. MOC and MOC-Ag cylinders were aged in sterile LB broth
at a cement to broth ratio of 0.5gmL™. Media was withdrawn after 72 hours of aging,
and an inoculation of 20 pL of S. aureus at 10 CFUmL ™! added to 980 pL of aged media
to produce a culture of 107 CFUmL™!. Samples of 75 pL were taken at 3, 6, and 24 hours,

and serially diluted before plating to assess viable CFUmL™! (N = 3).
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This protocol was also used to study the efficacy of cement extracts at a cement to
broth ratio of 0.14 gmL~!. Sample volumes were reduced for use in a 96 well plate, with
extracts from a sterile release study inoculated and sampled for viable CFUmL™! after

24 hours of culture (N = 3).

2.2.4 Release studies

Release study conditions

In order to assess possible bactericidal mechanisms, the release of Ag and Mg ions, ROS,
and pH changes of media were studied daily over a 14d period. Two cylindrical samples
were placed in either 10 mL of PBS (Oxoid) or LB broth, equivalent to a cement to broth
ratio of 0.14 gmL~! (N = 3). Samples were incubated at 37 °C, with the full media volume
changed on a daily basis. Measurements of pH were made on 2mL aliquots using a pH

probe (FiveEasy, Mettler Toledo).

Reactive oxygen species generation

Production of ROS was investigated by a chemiluminescence assay using phenyl-10-
methyl-acridinium-9-carboxylate fluorosulphonate (PMAC) (Cayman Chemical) [184]. A
stock solution of 50 pgmL~! of PMAC in dimethyl sulphoxide was diluted 100 fold in
0.1 M KCI prior to use in the assay. A 50yl aliquot of this working solution was pipetted
into 100 pl of the extract under investigation in a black 96 well plate to minimise cross-
well illumination. Samples were then immediately measured for luminescence in repeated
sequence over the course of 20 minutes using a plate reader (SPARK, Tecan, Switzerland),

with an integration time of 1000 ms per measurement point.

Elemental analysis

The concentration of Mg and Ag present in extracts were measured with inductively cou-

pled plasma optical emission spectroscopy (ICP-OES, Perkin-Elmer 8000 Optima). Due
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to the very low solubility of Ag in solutions containing Cl ions [185], extracts were acid-
ified with 10% hydrochloric acid before filtration through 0.22 um PES filters. Whilst in
low concentrations of chloride, AgCl may precipitate prior to filtration, the use of high
concentrations produces the soluble AgCl '™ anionic complex. Matrix-matched calibra-
tion standards of 2.5 to 900 ppm Mg and 0.1 to 50 ppm Ag were used, whilst In and Sc
internal standards were used to correct the intensities of Ag and Mg respectively due to

their similar atomic weights.

2.2.5 Two-phase implant model

As an initial proof of concept for the performance of MOC in a two-phase implant, cylin-
drical implants with an internal MOC reservoir and a porous surface were designed (Figure
2.2). Digital models were produced using the Inventor 2020 software package (Autodesk,

US). All models were exported to .stl format before generation of slice files for manufac-

ture.
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Figure 2.2: Two phase implant models used for proof of concept. CAD models of
Ti—6Al1—-4V cylinders with (a) 1mm and (b) 2mm diameter pores; PET cylinders with
(¢) 2mm and (d) 4 mm diameter pores.

Antimicrobial efficacy

To assess antimicrobial behaviour of two-phase implant models, porous Ti-6Al-4V im-
plants were used (Figure 2.2a and b). Hollow cylinders of 10 mm diameter, 2 mm wall
thickness, with either three pores of 1 mm, or twelve pores of 2mm, diameter, were pro-

duced by SLM (RenAM 500M, Renishaw, UK). Cement pastes with PLR of 1.4gmL™!
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were extruded into implants from a syringe, with a PET sheath used to prevent escape
of the formulation during extrusion. Once filled, cylinders were placed into cylindrical
holes within an agar plate inoculated with S. aureus, following the experimental protocol

described for zone of inhibition tests of cements.

Elution of bromothymol blue

To investigate the release characteristics of two-phase models, MOC with a PLR of
1.4gmL~! was modified by addition of 0.02gmL~! bromothymol blue (BTB) (Alfa Ae-
sar, UK). Larger scale cylindrical implant models with 20 mm diameter were produced
by fused filament fabricaction (FFF) with a 0.4 mm print nozzle diameter (CR-20 Pro,
Creality 3D, China) using PET (Filamentative, UK) (Figure 2.2c and d). Hole spacing,
frequency, and radius were defined parametrically to enable consistent changes in geom-
etry as these properties are altered. The diameter of pores was altered from 2 to 4 mm,
with 18 holes radially distributed in 3 rows.

Supports and any surface adhered loose filament were removed manually, and the
internal faces sanded with 120 grit paper. Cements were loaded into cylindrical implants
from a 10 mL syringe and cured for 48 hours, with an external sheath containing implants
used to minimise spreading of cements beyond the implant shell. Once cured, devices
were immersed in 10 mL of PBS and stored at 37°C. After 24 h, media was withdrawn
and replaced with fresh PBS. Eluent was measured for absorbance at 427 nm and 602 nm
with 10 flashes at a settle time of 50 ms (SPARK, Tecan, Switzerland). This process was

repeated over a seven day period.
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2.2.6 Statistical methodology

Prior to any assessment of the statistical significance of results, samples were assessed
for equal variance using Levenes test (o« = 0.05). Where equal variances were confirmed,
one-way Fisher ANOVA was used to determine if any difference in means was observed.
For statistically significant differences in mean, the Tukey-Kramer post-hoc test was used
for comparison and on an individual formulation basis, with PLR and formulation type
(MOC/MOC-Ag) treated as a single variable (¢ = 0.05). For results with non-equal
variance, Welchs ANOVA and the Games-Howell post-hoc test were instead applied (& =
0.05).

In order to assess the significance of formulation type (MOC/MOC-Ag) and PLR on
behaviour, results were also subject to two-way ANOVA (« = 0.05). The results of fitting
the general linear model are listed in table 2.3.

For clarity, figures are labelled only with grouping according to the respective Tukey-
Kramer or Games-Howell tests applied, with those means that do not share letters signif-

icantly different from one another.
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2.3 Results

2.3.1 Cement production and chemical characterisation

Compared to a base formulation of 1g MgO to 1 mL of 4 M MgCl, brine, increasing the
MgO PLR to 1.6 gmL ™! produced additional remnant Mg(OH),, with phase 5 remaining
the predominant component of the cured cements (Figure 2.3a). The addition of Ag,PO,
was found to alter the phases present, reducing phase 5 formation and increasing remnant
MgO, and the formation of AgCl indicated by sharp diffraction peaks at 27.8° and 32.2°
(Figure 2.3b). This transformation of Ag;PO, to AgCl is further evidenced by the change
in colour of formulations from yellow to white during curing (Figure 2.3c), followed by a
change to grey if left exposed to light likely due to the photoreduction of AgCl to Ag.

Across the PLR tested for unmodified MOC (1 to 1.6gmL™"), the mass fraction of
hydrated phases formed decreases from 80% (PLR 1gmL™!) to 60% (PLR 1.6gmL™")
(Figure 2.3a). Ag doped formulations with equivalent PLR values exhibited lower relative
mass of hydrated phases compared with unmodified MOC samples, with a more rapid
reduction from PLR 1 to 1.6gmL™! of 60 to 28%, alongside a significant lack of MgO
neutralisation. The ratio of phase 3 to phase 5 is notably increased to 1:1.6 and 1:1
at PLRs of 1.4 and 1.6gmL™! respectively, compared to 1:5 and 1:4 for MOC at the
same PLR. The crystallinity of cements also decreased with increasing PLR, with lower
crystallinity for all MOC-Ag samples than MOC, with the most notable difference at PLR
1.6 gmL~"! of 64 and 78%, respectively (Figure 2.3a).

In order to explore the mechanisms driving compositional variations, real time XRD
was performed over the course of six hours for MOC and MOC-Ag at a PLR of 1.4 gmL™!.
Calculating ¢ (Equation 2.6) shows that crystallisation of the hydrate phase 5 occurs after
an initial lag of 60 minutes (Figure 2.3d). However, for MOC-Ag, conversion of Ag;PO, to
AgCl begins immediately upon formulation mixing. This reaction approaches completion
after an hour, which is prior to the starting time for crystallisation of hydrate phases in

MOC. Notably, no measurable formation of hydrate phases was observed during the 6
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Figure 2.3: Effect of formulation chemistry upon cement phases formed; a) composition of
cements based on the semi-quantitative method provided by Bruker Diffrac.Eva software.
Reported crystallinity by mass according to software also shown; b) representative XRD
patterns for 1.4 MgO powder to liquid ratios, with indexing of cement phases; c¢) colour
change of 1.4 MgO to liquid ratio formulations after mixing, 2 hours of curing, and 48
hours exposure to light; d) real time quantification of extent of reaction.
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hours for the MOC-Ag formulation.

2.3.2 Physical characterisation of cements

The initial and final setting time of MOC formulations decreased linearly with increasing
MgO content (R? = 0.9 and 0.8), with the interval between initial and final setting
remaining constant (Figure 2.4a). The addition of Ag,PO, significantly retards the onset
of setting, with initial setting times greater than double those for unmodified MOC at all
PLR.

The handling properties of the formulations showed an increase in shape retention as
PLR increases, with both MOC and MOC-Ag cements at PLR 1.6 gmL™! exhibiting no
flow when inverted (Figure 2.4b). Furthermore, at the highest MgO content investigated,
pastes were sufficiently stiff as to be inextrudable, requiring manual loading into moulds
with a spatula. Attempts to extrude at PLR 1.6 gmL™! showed a low fraction of mass
extruded (>70%) (Figure 2.4c), and sufficiently large forces (>40N) that syringes failed
prior to completion of injectability testing (Figure 2.4d). In contrast, formulations with
a PLR of 1.4gmL™" or below exhibited a high degree of injectability with >90% of mass
extruded (Figure 2.4c) and <14 N required to extrude through a 1mL syringe (Figure
2.4d). The washout sensitivity of 1.4gmL~! PLR cements is increased by the addition of
Ag,PO,, with a greater volume of debris visible upon immersion and after a further 48 h
under water (Figure 2.5).

Within the MOC and MOC-Ag type cement formulations, no statistically significant
variations in compressive strength are observed between MgO ratios (Figure 2.6b), with
an average maximum of 30 to 21 MPa, respectively. MOC-Ag cements do show reduced
strength compared to the unmodified MOC, with the 1.4gmL~! PLR MOC formulation
exhibiting significantly (p < 0.05) higher strength than the MOC-Ag formulations from
PLR 1 to 1.4gmL™!. Calculation of the Young’s modulus of MOC and MOC-Ag showed
a significant reduction in stiffness for silver doped cements (Figure 2.6¢). Despite the

reduced strength of MOC-Ag, a higher strain energy density at failure is observed (Fig-
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Figure 2.4: Setting time (a) according to Gilmore needles method, with statistical com-
parisons made separately within initial and final setting time groups; visualisation of
formulation flow (b) after 1 minute inversion in 1mL cuvette; fraction of cement mass
extruded (c) and peak extrusion force (d) from 1 mL syringes, where formulations marked
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letters are significantly different from one another.
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Figure 2.5: Washout behaviour of 1.4 gmL~! formulations when immersed in water. Sam-
ples of MOC and MOC-Ag are shown after extrusion; immediately after immersion fol-
lowing 5, 45, or 90 minutes curing; and after 48 h of immersion.

ure 2.6d). As PLR was not a significant factor in determining UCS (Table 2.3), Weibull
analysis of the MOC and MOC-Ag groups was performed (Figure 2.6¢). The results of
Weibull analysis confirm the reduced mechanical performance of MOC-Ag, with slightly
lower characteristic strength oy, however with a higher Weibull modulus of 4.21 com-
pared to 3.68, indicating a narrower distribution of strengths (Figure 2.6e). Note that
these results exclude the extreme outlier specimen for MOC-Ag at PLR of 1.2gmL™!.
Assessment of relative density by He pycnometry and dimensional measurements found
minor variations, however all MOC and MOC-Ag cements exhibited relative densities over
80% (Figure 2.6f).

As a significant difference in compressive strength is seen at the 1.4 gmL™! ratio be-
tween MOC and MOC-Ag, these formulations were investigated by uXCT. Assessing the
pore distribution, the largest defects for both MOC and MOC-Ag have radii of approx-
imately 400 pm (Figure 2.7a and b). A volume-weighted average particle size of 117 to
140 pm for MOC and MOC-Ag was used to calculate fracture toughness using equation

2.10, resulting in values of 0.40 and 0.23 MPam™'/2, respectively (Table 2.2).
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Figure 2.6: Mechanical properties of cements cured for 48 hours at room temperature; (a)
Typical compressive stress profile with key parameters labelled; (b) Ultimate compressive
strength of cements; (¢) Young’s moduli; (d) strain energy density at failure; (e) Weibull
plots for MOC and MOC-Ag, with best fit lines excluding outlier; (f) relative density of
cements.
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Figure 2.7: Example 2D XCT cross section of (a) MOC and (b) MOC-Ag at 1.4gmL~!
PLR; (c) Volume distribution of pore radii in MOC at 1.4 gmL~! PLR according to pXCT
analysis, with log-normal fit.
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Table 2.2: Estimated values of fracture toughness (K;) for samples based on volume
weighted mean pore radius.

Formulation MOC MOC-Ag
Powder to liquid ratio (gmL™1) 14 14
Ultimate compressive strength (MPa) 35+9 18+5
Apparent density by pycnometry (%) 94+4 90 + 2
Volume weighted mean pore radius (pm) 117 140

Volume mean fracture toughness (MPam~'/2) 0.40+0.10 0.2340.07

The volume of pores measurable by uXCT provides an apparent density of 98.1 + 0.1
and 98.8 +0.4% for MOC and MOC-Ag respectively. Comparing this to porosity cal-
culated from relative density (Figure 2.6f), this indicates that 4.1 and 8.8% of cement
volume consists of micropores below the resolution of pXCT scans performed (8 pm pixel
size).

Investigating the structure of defects at fracture surfaces with SEM revealed spherical
pores present in all samples (Figure 2.8). The presence of cracks perpendicular to the
surface of pores is characteristic of their involvement in crack nucleation (Figure 2.8a/b).
Additional pores of approximately 10 pm diameter were observed in MOC-Ag samples
surrounded by silver rich phases, particularly AgCl (Figure 2.8e). This second population
of pores do not show cracks perpendicular to their surface, instead fault lines tended to
divert along the interface between the silver phases and the magnesium hydrate matrix
(Figure 2.8c/d). These silver rich regions are of a similar size to the agglomerations of
particles observed in the Ag;PO, powder (Figure 2.8f), suggesting that these clusters
do not entirely dissociate during mixing of the formulations. Assessment of the Ag,PO,
feedstock with He pycnometry indicates a density of 99.3%, confirming pore formation
occurs within the formulation itself, and is not due to inherent porosity with the smaller

sub-particles.
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Figure 2.8: Scanning electron micrographs of pores present in a) and b) MOC, with arrows
indicating radial cracks from pores; ¢) and d) MOC-Ag cements, with arrows indicating
crack diversion at the interface of Ag rich regions; e) EDS mapping of elements present
around Ag rich regions in Ag;PO, cement; f) SEM micrograph of Ag;PO, reagent powder.
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2.3.3 Cytotoxicity assessment of cements

After 24h, MOC showed a statistically significant reduction in the fraction of live cells
compared to both DCPD cements and empty control transwell inserts, but with 96% of
cells remaining live. Promisingly, no significant difference in viability was observed after
seven days of culture, with over 98% of cells alive in all groups. Compared with cell
only control samples, Alamar blue assays indicated no significant difference in metabolic

activity after exposure to MOC, MOC-Ag or DCPD positive control cements.
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Figure 2.9: Cyotoxicity and viability assessment of MC3T3 cell cultures when exposed to
cements for 24h and 7d; a) fraction of cells alive according to fluorescence microscopy;
b) viability of cultures compared to control according to Alamar Blue assay.

2.3.4 Antimicrobial efficacy of cements

Both the MOC and MOC-Ag samples caused zones of inhibition in the agar diffusion assay
after 24 hours culture for both S. aureus and P. aeruginosa, indicating an antimicrobial
effect (Figure 2.10a). Efficacy was observed when the cements were cured in-situ, and
applied as a crushed powder after setting. In contrast, DCPD and CS cements showed
no inhibition of growth in the cured state. Notably, zone size is increased when curing in-

situ versus cured cements for all formulations except the negative CS control. Efficacy is
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seen for DCPD when cured in-situ, possibly due to the acidity of the freshly mixed paste
[186], and the susceptibility of P. aeruginosa to organic acids [187], such as the citric
acid present in the DCPD. These initial results provide strong evidence for an inherent
antimicrobial efficacy of MOC cements, with additional efficacy against P. aeruginosa
from the inclusion of Ag;PO,.

The retention of efficacy beyond the initial curing period is further demonstrated
when cured cements are in direct contact with planktonic bacterial cultures, with efficacy
approaching the minimum detectable limit (MDL) of surviving bacteria for the test per-
formed (Figure 2.10b). This high efficacy is retained for MOC-Ag after 72 hours aging at
cement to broth ratio of 0.5gmL™!, though the efficacy of MOC is slightly reduced with
a 6.8log reduction in viable CFUmL™! versus 8.7log for aged MOC-Ag.

Cement extracts from this 72-hour aging were also demonstrated to be highly bacteri-
cidal, leading to a total reduction in viable S. aureus CFU after just 3 hours for MOC-Ag
(Figure 2.10c). Again, in this case, the efficacy of MOC-Ag is higher than that of MOC
with complete eradication of viable CFU after 3 hours, though both show strong antimi-
crobial response after 24 hours culture of 8.4log and 7.6log reduction compared to control
cultures. Broth extracts from a release study at a low cement to broth ratio of 0.14 g mL ™!
were also investigated, with day 1 samples for both MOC and MOC-Ag demonstrating
bactericidal properties (Figure 2.10d). At day 2, the efficacy of the unmodified formu-
lation is reduced with MOC only showing bacteriostatic behaviour, with no increase in
viable CFUmL™!. MOC-Ag maintained strong bactericidal behaviour over both day 1

and 2.

2.3.5 Release characteristics

Over the course of 14 days, the pH of LB broth cement extracts were elevated for both
the MOC and MOC-Ag formulations (Figure 2.11a), remaining at approximately pH 8.50
from day 2 onwards. This strong increase in pH compared to the starting value of below

7.0 may link to the lack of buffering capacity present in LB. When immersed in PBS, the
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Figure 2.10: Microbial assessment of cement formulations with S. aureus and P. aerugi-
nosa; a) Zones of inhibition for both crushed and curing cements; b) response of LB broth
cultures to incubation with cements, including MOC and MOC-Ag aged for 72 hours; c)
24 hour S. aureus growth curves in extracts from 72 hours aging at cement to broth ra-
tio of 0.5gmL ™! cement, and from 24 hours aging at a ratio of 0.14gmL™"; d) 24 hour
survival of S. aureus cultures in extracts from 0.14 gmL~! cement to broth ratio release
study. For planktonic cultures, dotted and dashed lines represent bacteriostasis and the
minimum detectable level of viable bacteria, respectively.
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MOC formulation still shows an increase to pH 8.5 at day 2 and a positive correlation over
the course of the 14 days. In contrast, the pH of the MOC-Ag PBS eluent only varied
between 7.09 to 7.26 over the two week period. Visual inspection of the cements showed
that the MOC cements in PBS had physically degraded, with fracture across the plane of
the cylindrical samples in several cases and a greater amount of fine particulate matter
in suspension. MOC-Ag cements showed variable discolouration, with cements in PBS
showing a grey colouration similar to that seen after extended exposure to light. Those
stored under LB media darkened further, with a blackened surface.

A low level of ROS generation is observed in MOC-Ag eluant by the PMAC chemi-
luminescence assay, with an average of 36 and 51 counts~! for PBS and LB respectively
(Figure 2.11b). No excess ROS generation above the 12 count s-1 background is ob-
served in MOC LB media, or for the first eight days in PBS. From day 9 to 14, a rise to
372 + 207 count s~! is present. Examining the release characteristics of Mg (Figure 2.11c),
the MOC shows a burst-release behaviour, with 82% and 54% of all magnesium released
in the first 24 hour elution period for PBS and LB media, respectively. This decreases
from 4000 ppm to a consistent release of 25 (PBS) and 250 ppm (LB) daily after the sec-
ond day. For the MOC-Ag, a more sustained release is observed over the 14 day period,
with only 27% and 18% of Mg released during day 1. Initial concentrations of 1100 and
750 ppm Mg for PBS and LB fall to the same baseline level as the MOC after 8 and 14
days, respectively. This results in the concentration of Mg in elution media overtaking
the MOC after the second day. Ag release is also sustained, and shows no burst-release
characteristics, with 6% of Ag released in the first day for LB media (Figure 2.11d). An
order of magnitude more Ag is released in LB media, with an average of 5.9 ppm over
the 14 days compared to only background levels of 0.2 ppm in PBS, as seen for the MOC

formulations.
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Figure 2.11: Characteristics of release study media; a) pH, b) reactive oxygen species
chemiluminescence assay, and background corrected concentrations of ¢) Mg, and d) Ag.
The pH and chemiluminescence of control LB and PBS media are shown. For ICP data,
LB and PBS blanks are substracted from sample measurements as part of the calibration
process and as such are not displayed.
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2.3.6 Statistical analyses

In order to better assess the influence of PLR and the formulation type upon performance,
results were subject to 2-way ANOVA. The addition of Ag;PO, was found to influence
all characteristics assessed except for the peak injection force during extrusion. PLR

significantly altered responses except for the UCS.

Table 2.3: Statistical parameters for 2-way ANOVA of data, with the formulation type
(MOC/MOC-Ag), PLR, and the interaction of these two variables considered.

Type PLR Type*PLR
Variable F-value P-value F-value P-value F-value P-value
Initial setting time 575 0.000 141 0.000 73.1 0.000
Final setting time 811 0.000 84.6 0.000 43.8 0.000
Mass extruded 107 0.000 432.06  0.000 103 0.000
Injection force 3.40 0.084 137.89  0.000 5.30 0.010
UucCs 25.1 0.000 0.48 0.969 3.39 0.023

Relative density 6.47 0.022 34.9 0.000 1.88 0.173
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2.3.7 Two phase implant model

Zones of inhibition were observed around two-phase implant models containing MOC, with
no inhibitive effect for Ti—6A1—4V cylinders alone (Figure 2.12a). For models with highly
reduced orifice diameter of 1 mm, a distinct radial inhibition zone was visible around each
pore of 1 mm, with zones insufficiently large to meet.

Elution of BTB showed a clear dependency on orifice area and the resulting exposure
of MOC to the immersion media, with the same mass of indicator eluted per total pore

area (Figure 2.12b).
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Figure 2.12: a) Zone of inhibition sizes measured around MOC-Ti two phase implants; b)
concentration of bromothymol blue eluted from polymer two-phase implants.
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2.4 Discussion

There remains a continuing need to develop antimicrobial biomaterials for the prevention
of infection. In particular, developing approaches that utilise a broader range of antimi-
crobials, such as inorganic species, may help to reduce the burden of antibiotic usage
[70, 146]. Doping of existing biomaterials to generate antimicrobial efficacy has been
heavily investigated, with silver showing promise in a range of hard and soft biomaterials
[55]. Less attention has been paid to the prospect of generating inherently antimicrobial
hard materials, with focus instead on antimicrobial polymers [188]. The combination of
these two approaches - doping of an inherently antimicrobial matrix with a known antimi-
crobial, such as Ag - may improve efficacy while also providing the possibility to control
activity via both mechanisms. It is crucial, however, to consider how addition of such a
dopant will alter the physical properties of the MOC scaffold.

The behaviour of MOC formulations can be understood within the existing framework
posited by Dehua et al [156], with addition of sufficient MgO resulting in neutralisation of
the excess, as demonstrated by the greater presence of Mg(OH), as PLR increases (Figure
2.3a). However, the addition of Ag;PO, has a deleterious effect on curing behaviour that
is more complex than excess MgO. The formation of AgCl at an early stage, prior to the
formation of phase 5 in undoped MOC at 60 min (Figure 2.3d), may play a disruptive
role at all three stages within the curing process. First, the exchange of C1” for PO,* will
deplete free H in solution, due to the significantly higher pK, of orthophosphoric acid
(2.16, 7.21, 12.32) [189] in comparison to HCI (-5.9) [190]. This limits the neutralisation
of MgO, a step required for curing to begin. Despite an initial consumption of MgO in the
MOC-Ag formulation, the mass of MgO present returns to the original level, signified by
the decrease in £ from a peak of 0.25 after 100 minutes of curing to 0 at 300 minutes (Figure
2.3d). This suggests that MgO initially neutralised and dissolved may reprecipitate,
possibly due to the pH change as phosphate ions deprotonate the formulation. In turn this
may limit the conversion of excess MgO to Mg(OH),. If the outer surface of MgO particles

is not neutralised but is hydrated, MgO will not be solubilised, limiting the surface area
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accessible for further reaction as Mg(OH), does not react to form the hydrated phases.
This may explain both the lower total amount of hydrated phases formed in MOC-Ag,
ranging from 28 to 60 % compared to 63 to 80 % for MOC (Figure 2.4b), and the greater
ratio of phase 3 to phase 5 present, which rises to 1:1 due to the lower amount of neutralised
MgO per mole required.

Second, the hydrolysing-bridging process of mononuclear Mg species requires both
solvated Mg*" ions in parallel with the decreased pH caused by neutralisation of MgO.
Alongside deprotonation of the formulation, PO,* ions may cause precipitation of Mg
phosphates, depleting Mg in solution. No additional such phases are observed by XRD
however.

Finally, as Cl is required for the crystallisation of the hydrogel phases, a lower fraction
of phase 3 and phase 5 will crystallise from the polynuclear complexes. This lack of
crystallisation is evidenced by the greater remnant amorphous material observed for MOC-
Ag, with lower crystallinity across all tested PLR (1 to 1.6 gmL™!) (Figure 2.3a). Such a
mechanism would, however, run counter to the greater fraction of phase 3 present in the
MOC-Ag, which contains a larger number of chloride atoms per mole of MgQO.

As a result of these changes in chemistry, the MOC-Ag formulations take from 3 to
5 times longer to set (Figure 2.4a). The significantly slower curing rate of MOC-Ag
correlates with real-time XRD results that showed no measurable formation of phases 3
or 5 within the first six hours of curing (Figure 2.4a). In comparison, the final setting
of the 1.4gmL™" PLR MOC occurs after 45 min (Figure 2.4a), prior to the onset of
phase 5 formation after 60 min (Figure 2.3d), confirming that the set cement is the amor-
phous hydrogel phase and not the crystallised hydrate phases. Reducing the setting time
would be crucial to developing a practical formulation in future for conventional clinical
use. Note however that for delivery of cements from additively manufactured implants,
pre setting of cements within the implant would be feasible prior to commencement of
surgery, reducing the need for this setting acceleration. Given that setting occurs prior

to crystallisation for the MOC formulation, it is the initial mechanism of H' depletion
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that should be tackled first. Though the depletion of free hydrogen may be resolved by
use of an alternative silver dopant instead of a phosphate, the consumption of chloride
ions by AgCl is likely to occur for the majority of silver compounds given the very high
affinity of Ag™ for CI” [191]. Use of AgCl as a dopant may be the most viable alternative,
though the higher photosensitivity of the compound may prove a challenge to creating a
shelf-stable formulation. Acidification of the MgCl, brine to increase the concentration
of H" may also assist in this.

In comparison to the phase diagram of the MgO-MgCl,-H,O system, a lower mass of
remnant MgO than would be expected at equilibrium, and excess Mg(OH), and Phase
3, are observed by XRD (Table 2.4). The lack of MgO and increased Mg(OH), can be
most easily explained through the presence of excess moisture, for example from the MgO
and MgCl, - 6 H,O feedstock. Both materials are hygroscopic under ambient conditions.
XRD of the MgO powder shows a clear presence of Mg(OH),, calculated as 20% by mass.
No useful information can be obtained on the moisture content of MgCl, via XRD as the
higher co-ordination hydrate phases MgCl,-8 H,O and MgCl,-12 H,O are both unstable at
room temperature [192], and so any adsorbed water will not induce a clear crystallographic
transformation. A portion of the absent MgO may also be due to the amorphous fraction
observed, ranging from 16 to 23%. The justification for formation of phase 3 is more
complex. Stoichiometrically, a larger ratio of H,O:MgO and MgCl,:MgO is required for
formation of phase 3 than phase 5. Provided excess moisture is introduced via the MgO
feedstock, thereby reducing the actual mass of MgO delivered, the effective MgCl,:MgO
ratio will be increased, driving formation of phase 3 (Figure 2.1). If, however, excess
moisture were introduced via MgCl, - 6 H,O feedstock, the driving force for formation of
phase 3 would instead be reduced.

Alongside setting, the ability to deliver any potential biomaterial is key to consider.
Injectable formulations are increasingly favoured to minimise invasiveness of any clinical
intervention [193]. Though direct correlation between extrusion force and real-world use is

challenging, recent studies have shown that extrusion forces in excess of 38 N are imprac-
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Table 2.4: Comparison of the phases measured in unmodified MOC by XRD, with antic-
ipated composition from stoichiometry.

Stoichiometric composition Measured composition
PLR 5-Phase Mg(OH), MgO 5-Phase 3-Phase Mg(OH), MgO
1 85.1 8.3 6.5 71.8 8.2 19.9 0.1
1.2 78.1 7.7 14.2  63.0 9.7 25.8 1.5
1.4 722 7.1 20.7 61.1 11.6 26.2 1.1
1.6 67.1 6.6 26.3 489 13.6 33.5 3.9

tical for use in 5 mL syringes [194], and whilst use of a smaller 1 mL syringe cross-section
may reduce the force requirements, there is greater risk of syringe failure. Considering
these results, the 1.4 gmL™ mixes of MOC and MOC-Ag showed an ideal combination
of shape retention (Figure 2.4b) and shorter setting times in comparison to other studied
formulations of 45 and 160 min (Figure 2.4a), whilst retaining extrudability with peak
extrusion forces of 11 and 14N (Figure 2.4d).

It is also key to balance these handling properties with appropriate mechanical be-
haviour. As cements crack in a brittle fashion under compression, structural defects such
as pores play a crucial role in determining UCS [182]. In all cases, MOC and MOC-Ag
cements exhibited a larger UCS than the DCPD and DCPD-Ge cements used in this
study and values reported in literature for off-the-shelf reagents (8 to 20 MPa) [147, 195]
though strengths of 100 MPa have been achieved with more complex processing of calcium
phosphates [196]. The relatively low porosity of both MOC formulations (<17% MOC
and <15% MOC-Ag) (Figure 2.6b) compared with DCPD (typical range 40 to 60 %) [195]
likely effects the significantly higher average strength (18 to 35 MPa). Though a signifi-
cant difference between individual formulations is only observed for MOC-Ag at a PLR
of 1.4gmL™! (Figure 2.6a), the formulation type (MOC/MOC-Ag) is a significant factor
in 2-way ANOVA (Table 2.3). The stiffness of MOC (2.3 to 2.5 GPa) is approximately
double that of MOC-Ag (0.6 to 1.4 GPa), and within the typical reported range of Ca

phosphate cements (0.4 to 0.8 GPa) [197]. More remarkable is the increased strain energy
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density of MOC-Ag at failure, particularly at low PLR. Investigating the stress against
strain curves, small reductions in stress can be observed whilst strain continues to increase
(Figure 2.6a). These fluctuations can be attributed to small subcritical fractures within
samples, followed by densification as the applied strain increases. These small deviations
increase the effective strain energy density and the strain to failure, and are more frequent
within the low PLR MOC-Ag formulations.

Investigating the Weibull distribution of MOC and MOC-Ag formulations independent
of PLR, MOC exhibits a greater characteristic strength of 33.3 MPa versus 22.8 MPa. The
Weibull moduli of both materials (3.7 MOC, 4.2 MOC-Ag) are comparable to calcium
phosphate cements [198]. Mechanical reliability remains a challenge for ceramic bone
cements [199], but it is positive that MOC is comparable to established cements. The
specimens examined in this study also exhibit high strain to failure, resulting in large
strain energy density at failure (Figure 2.6d). For understanding the underlying mech-
anism for differences in mechanical behaviour, assessing both the chemical and physical
differences between MOC and MOC-Ag, with a focus on the 1.4 gmL~! PLR, is informa-
tive.

Considering the physical properties, the relative density of over 90% (Figure 2.6b) and
similarity of pore distributions observed for both MOC and MOC-Ag formulations at PLR,
1.4gmL™!, are unlikely to be dominant features in reducing strength. Two-thirds of pores
measured by XCT smaller than 120 pm (Figure 2.7c) in both cases, with similar mean pore
sizes of 117 and 140 pm. Estimating toughness further indicates that the reduced strength
is not dominated by macroporosity. Using the volume weighted mean pore size derived
from log-normal best fit distributions results in toughness of 0.40 and 0.23 MPam~'/? for
MOC and MOC-Ag (Table 2.2) similar to other cement materials, which lie in a range
of 0.2 to 1.2 MPam~"/2 [200-202]. More accurate determination of the local fracture
toughness may be achieved by indentation testing, but may be difficult to extrapolate to
the bulk performance of material where microstructures are inhomogeneous [203].

Inspection of microstructure by SEM shows that the addition of AgsPO, has not
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altered the morphology of larger pores present in MOC, however as observed in uXCT
(Figure 2.7b), silver is not uniformly distributed throughout the cement matrix (Figure
2.8c). Small pores are observed at the centre of these Ag rich regions. The formation of
these fine pores will not be caused directly by the reaction of Ag;PO, to form AgCl as, per
mole of Ag, silver chloride exhibits a lower density. One hypothesis is that the cluster-like
particles (Figure 2.8f) trap air or water when mixed. This entrapment results in a pore
when the reaction to form AgCl occurs, during which time the silver phase precipitates at
the boundaries of this pore, leaving a phosphate rich core. These agglomerations of silver
rich phase significantly weaken the MOC-Ag formulation at PLR 1.4gmL~!. However,
cracks are not seen to nucleate within this second phase, instead appearing to propagate
along the interface of the phase and cement matrix (Figure 2.8¢c and d). Given that
crack deflection typically increases the toughness of materials [204], the slightly reduced
toughness of the MOC-Ag could suggest a weak interface with the magnesium oxychloride,
or an overall reduction in strength of the matrix. The significant effect of Ag on phase
composition across all PLR (>60% hydrate phases MOC and <60% MOC-Ag) (Figure
2.3b) may be a driving factor in this strength reduction. Phase 5 is widely reported as the
primary strengthening phase in MOC, and the lower mass fraction observed is likely a key
aspect of reduced strength, along with the increased degree of microporosity in MOC-Ag.
Based on the difference between relative density and the total pore volume measured by
uXCT, 4.1 and 8.8% of MOC and MOC-Ag volume is microporosity, compared to 1.9 and
1.2% for macropores.

Both MOC and MOC-Ag formulations show antimicrobial efficacy in agar diffusion
(Figure 2.10a), in direct contact with planktonic bacteria (Figure 2.10b), and in the gener-
ation of an antimicrobial eluent (Figure 2.10c/5d). Lower efficacy is seen than the positive
control DCPD-Ge, but is expected when assessing inorganic antimicrobials against strains
that do not exhibit resistance to antibiotics, which remain the most effective antimicro-
bial agents in such cases [205]. Inclusion of positive biomaterial controls is infrequent

in studies of antimicrobial cements, making direct comparison challenging. Efficacy is
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observed both for gram positive S. aureus and gram negative P. aeruginosa. The larger
zones of inhibition observed for S. aureus may relate to membrane specific activity of
Mg?* against staphylococci, though activity of Ca*" ions is also reported [206].

Remarkably, efficacy against S. aureus is even seen for extracts at a cement to broth
ratio of 0.14 gmL ™!, significantly below the 0.8 gmL~! ratio used in similar studies [151].
No antimicrobial efficacy was expected for the cement extracts taken from this study,
given the system is much closer to sink conditions. This behaviour and the variation
in response to MOC versus MOC-Ag cannot be explained by pH alone, with only small
differences between the pH of the media observed, and S. aureus growth demonstrated
up to pH 10 [207]. Previously demonstrated antimicrobial extracts from Mg cements
have exhibited high osmolarity [151], and the decreasing efficacy of MOC eluent over time
(Figure 2.10d) could link to the rapid decrease in Mg release, which was found to be only
760 ppm after 48 hours in LB media versus over 4000 ppm in the first 24 hours (Figure
2.11c).

Addition of AgsPO, does mitigate this decrease in efficacy, with extracts from day
2 and 3 showing bactericidal and bacteriostatic behaviour respectively (Figure 2.10d).
Considering that the average silver concentration of 6 ppm is below the minimum in-
hibitory concentration (MIC) for this strain indicates neither Mg nor Ag release alone is
the determining factor in efficacy. The exact MIC of silver ions is difficult to determine
in practice due to its strong affinity for thiol groups, which may be present in culture
media proteins [65], with this level of silver above the reported MIC of some laboratory
S. aureus and FE. coli strains of 1ppm [47], but below typical ranges of 8 to 128 ppm
[65]. Crucially, the observed release of silver is sustained between 7.5 and 5.0 ppm over
14 days in LB media, crucial for encouraging long-term antimicrobial function. Peak
concentrations of 0.4 ppm Ag in PBS reinforce the importance of media used in release
studies, which can drastically alter kinetics and degradation behaviour [208]. Neither the
MOC nor MOC-Ag formulations altered mammalian cell viability or metabolic activity

within a 7 day period, demonstrating that the addition of Ag;PO, enhances antimicrobial
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efficacy without negatively impacting the established cytocompatibility of MOC in these
conditions [173, 174].

The more rapid elution of Mg from MOC compared to MOC-Ag may explain the higher
pH observed by the end of the study, sufficient to overcome the buffering capacity of PBS
(Figure 2.11a). This behaviour is contrary to the higher microporosity of MOC-Ag, which
typically increases release of active species from cements [209]. As has been previously
demonstrated, addition of soluble phosphates can have a protective effect against aqueous
degradation of MOC [170, 176]. Conversely, silver phosphate exhibits very low solubility
in aqueous conditions, with a molar solubility product pKj, of 16.05, and the gradual
colour change of formulations (Figure 2.3d) suggests it does not dissolve in MOC. In
this case, it is instead the retardation of hydrated phase formation by AgCl that limits
degradation and Mg release, due to the lower solubility of MgO compared to the hydrate
phases [210]. Future investigation of the morphology of microporosity, for example the
tortuosity of pores, may provide a better understanding of how physical and chemical
properties have contributed to release characteristics.

Due to the implication of ROS generation in the antimicrobial efficacy of MgO suspen-
sions, the possible production of ROS was investigated as a contributing factor (Figure
2.11b) [83, 184]. Whilst a low background chemiluminescent response is observed for all
conditions from day 1 to day 10, the MOC PBS extracts showed a significant increase
toward the end of the 14-day study, albeit with high variability in measurements. As no
antimicrobial behaviour was observed for extracts after the first three days, it is unlikely
that ROS played a significant part in the efficacy of formulations. The increase in chemi-
luminescent response correlated with visual observations of greater particulate matter in
suspension in the final days of the study for PBS MOC extracts. Given the short lifespan
of ROS, this indicates that outside of the local environment of the cement surface, there
is no consistent ROS generation.

Though the underlying mechanism of antimicrobial action remains unclear, the suc-

cessful demonstration of inherent antimicrobial function of MOC is promising. As the
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observed pH is established as insufficient to inactivate S. aureus, and no significant ROS
generation is observed at the peak of antimicrobial efficacy, it is posited that the re-
lease of Mg?" directly contributes to the efficacy of the cements. Establishing the exact
mechanism of action for inherently antimicrobial Mg cements should be a priority of fu-
ture work. Mg®" ions have demonstrated membrane disruptive activity against S. aureus
[206], but this does not explain the demonstrated efficacy against P. aeruginosa and the
established efficacy of Mg phosphates against gram negative strains. Appropriate control
studies comparing the confounding variables of Mg concentration, osmolarity, and pH,
will be necessary to unpick this mechanism.

Tailoring antimicrobial behaviour by doping with Ag to control Mg release rate may
prove advantageous, and the sustained release of silver from the modified formulation over
14 days suggests that MOC may prove a useful carrier for other inorganic antimicrobials.
Future work should therefore be focused on making minor modifications to improve setting
rate to within a 10 to 30 min window [151, 158] and to tailor silver dosage to achieve
elution within the typical MIC range of 8 to 128 ppm [65]. These modifications will
alter the other physical properties of the cements, and should be assessed in parallel to
other key performance indicators, such as the cohesivity of cement pastes once injected
[195]. A range of hydrophilic colloids to improve cohesivity such as carboxymethylcellulose
salts have been previously identified as compatible with MOC, and may prove promising
candidates for future optimisation of washout resistance [211].

Whilst MOC shows promise as an inherently antimicrobial cement alone, it is worth
also considering its behaviour as a component of two-phase implant model. The reduction
in zone of inhibition size (3 versus 6cm for cement alone) is likely due to the reduced
surface area of cement in direct contact with the agar, and the resulting limit on diffusion.

Using BTB as an easily measurable molecule provides a basic model of the release
behaviour in a two-phase model. Given the significantly larger molecular size of BTB
than the ionic species eluted from unmodified MOC and MOC-Ag, these results cannot

be directly correlated with Mg or Ag release. However, conventional antibiotics such as
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gentamicin exhibit similar molecular mass and so release characteristics can be considered
comparable, and may provide an understanding of degradation. As observed for Mg
concentration in the 14 day release study (Figure 2.11¢), an initial burst release of BTB in
the first 24 hours quickly subsides to a gradual background release. When normalised for
the surface area of cement exposed by the pores, release characteristics appear independent
of pore diameter. Given that the internal reservoir size and pore number is identical across
samples, this indicates that elution is dominated primarily by contact area, as observed
in the zones of inhibition. This indicates that in assessing two-phase implant models for
clinical use, careful design of surface pore area will be crucial in tailoring antimicrobial

release kinetics.

2.5 Conclusion

This work demonstrates that an inherently antimicrobial magnesium oxychloride cement
can be produced. Crucially, this formulation has good practical characteristics with ini-
tial setting time below 30 mins, ease of injection with peak extrusion force of 10.5 N, and
significantly higher strength of 35 MPa compared to 8 to 20 MPa for typical calcium phos-
phate based cements. Modification of the cement to release a constant silver dosage over a
14 day period has also been shown, further enabling use as an alternative to conventional
antibiotic doped formulations. The increased antimicrobial efficacy of silver doped formu-
lations against planktonic cultures in broth is encouraging, with complete eradication of
S. aureus after 3 hours exposure to broth extracts, and no observed cytotoxicity within
7 days. Based upon the suggested mechanism for Ag,PO, to disrupt curing behaviour,
it should be feasible to modify the formulation to better retain the advantageous curing
behaviour of undoped oxychloride by using an alternate silver dopant or acidification of

the formulation.

66



CHAPTER 3

IN-SITU ALLOYING OF TITANIUM AND SILVER
BY LASER POWDER BED FUSION

Using blended elemental or pre-alloyed powders as feedstocks for selective
laser melting (SLM), new alloy compositions can be assessed by alloying in-
situ. This process is typically challenged by the need to generate homogeneity
of composition, relying either upon large melt pool volume during printing or
post-processing thermal treatments. However, for materials where mechanical
properties are not the primary goal, greater flexibility in microstructure utilis-
ing deliberate segregation of alloy components in SLM may be advantageous.

The Ti-Ag system provides a challenging manufacturing regime to investigate
this behaviour, given the severely different optical and thermal properties of Ti
and Ag. Manufacturing parameters for pure Ti, Ag, and Ti-xAg blends were
compared. The feasibility of producing well consolidated Ti-3Ag, Ti-10Ag and
Ti-25Ag alloys was demonstrated, with observed pore volumes below 0.1 %
achieved for all three blends. By tailoring laser parameters, microstructures
ranging from homogeneous to highly segregated were demonstrated, with sig-
nificant microstructural segregation observed at incident energy densities be-
low 300 Jm~!. A model for this microstructure formation is suggested, with
results of track melting experiments informing understanding of layer densifi-
cation. To assess the performance of blended powders, samples were assessed
based upon their location within the build bed, demonstrating that spread
induced de-mixing of the Ti-Ag blend was occurring.
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3.1 Introduction

As an approach for delivering inorganic antimicrobials from additively manufactured im-
plants, use of an inherently antimicrobial alloy offers a conceptually simple approach.
However, in order to do so, development of appropriate alloy compositions and microstruc-
tures must be performed rapidly. Manufacture of blended alloys by PBF is one possible
approach to this, mitigating the need for pre-alloyed powders. As discussed in §1.4.1,
use of blended feedstocks allows for more rapid assessment of a wide compositional range
than production of pre-alloyed feedstocks. This may also allow for a wider range of mi-
crostructural features than conventional alloying approaches. However, whilst there has
been some investigation of how blended powders may alter microstructural development
in SLM, this has often focussed on achieving a homogeneous resulting alloy akin to that
achieved with pre-alloyed feedstock [212-214].

Previous efforts to deliberately generate non-homogeneous alloys via SLM have often
used nanoscale additives with low solubility in the bulk matrix, for example inclusion of
wear resistant ceramics to improve the mechanical properties of the end microstructure
[215, 216]. In a biomedical context, hydroxyapatite and Ag nanoparticles have been
assessed in a range of base alloys (see Table 1.1, §1.4.1). Whilst it may be possible to
generate an alloy feedstock by blending conventional 15 to 45 um SLM powders with Ag
nanoparticles, the challenges of regulating nanoparticle behaviour in vivo [217, 218] and
the additional safety measures required for handling of nano-scale materials [219, 220]
pose barriers to industrialisation of such an approach. The tendency of biomodal particle
distributions to segregate or “de-mix” into component powders, adds to the challenge
[221, 222]. It may instead be favourable to use a blended powder with a monomodal
distribution. This in turn would enable a more aggressive pursuit of microstructural
segregation, given the greater diffusion distance required to achieve homogeneity versus
nanoscale feedstocks.

In order to explore the potential of bulk microstructural segregation in SLM - i.e.

at the 15 to 45 pum scale of individual powder particles - several key characteristics are
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desirable in a candidate alloy system:
e Binary alloy to reduce complexity at the proof of concept stage

e Alloy components with differences in optical or thermal properties that may encour-

age segregation
e Individual alloy components with an established feasibility of manufacture by SLM

e An alloy system where microstructural segregation may provide functional benefits

that offset potential mechanical disadvantages

e System that may be amenable to microstructural development on heat treatment

that cannot be achieved from a homogeneous feedstock

Considering these criteria, the Ti-Ag binary alloy system provides an optimal starting
point. Ti and Ag have widely divergent thermal and optical properties, with silver ex-
hibiting the highest thermal conductivity of any pure metal. Both Ti and Ag alloys have
been widely manufactured by SLM, including high purity Ag and cp-Ti [223, 224]. The
in-situ alloying of Ti-Ag alloys has only been briefly assessed, with a blend of 15 to 45 pm
Ti-6A1-4V, and Ag particles of below 5 pm, shown to homogenise in process [116]. There
is however, reasonable evidence for a higher likelihood of microstructural segregation in a
monomodal blend. Melt spinning of Ti-Ag-Cu alloys has demonstrated a miscibility gap

! which may be achieved during SLM given

for Ti and Ag at cooling rates of 10°Ks~
established values of over 10° Ks™! in Ti alloys [91, 225, 226]. Ti-Ag has seen develop-
ment for dental applications, with a combination of good corrosion and wear behaviour,
and evidence of antimicrobial response [227, 228|. Intermetallics have been implicated in
the antimicrobial response of Ti-Ag alloys, though the exact mechanism remains unclear
[124, 229]. In particular, Ti,Ag has been suggested as the dominant contribution to this
behaviour. Provided this is the case, by generating localised concentration of Ag, precip-
itation of intermetallics such as Ti,Ag during ageing at lower bulk silver concentrations
may be possible (Figure 3.1, phase diagram modified from [280])).

In order to optimise SLM of new materials, it is common to perform a screening of

laser parameters. Laser scanning speed and power are frequently selected as the vari-
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Figure 3.1: Schematic showing the proposed model for generating non-equilibrium mi-
crostructures by in-situ alloying. Initially highly segregated microstructures are generated
by SLM, and act as spherical diffusion couples. The possible microstructural evolution
with heat treatment is shown schematically, with intermetallic formation and subsequent
homogenisation. The current established Ti-Ag phase diagram is shown at right to con-
textualise the equilibrium phases. Phase diagram adapted from Dezellus et al, 2011.

ables, providing a two-dimensional parameter space to explore. These parameters can be

combined to provide a single parameter - an applied energy density - which is in principle

representative of the thermal energy a point will experience.

Simple models for linear, area, and volumetric energy density Fy can all be calculated:

Laser power o
Qonm cond d

Linear energy density = S 1=
can spee

Linear energy density _pA
Scan spacing x Focus diameter d

Area energy density =

Area energy density _ Ry

Volumetric energy density = —————*
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In practise, several of the parameters included above are fixed based on the physical
nature of the SLM apparatus used and practical manufacturing considerations. Increasing
focus diameter will reduce resolution, and the necessary scan spacing required to achieve
overlap of scanning paths and adequate densification will be dependent on this factor.
Altering of layer thickness may have greater practical relevance to either increase vertical
resolution or conversely maximise build rate, but again is typically selected for a specific
value. If layer thickness is too large, powder layers may not melt to full depth, resulting in
delamination [230]; excessively thin layers reduce manufacturing speed and increase risk of
uneven layer spreading [231]. Given this, the use of simple linear energy density is assumed
in future discussions, as both area and volumetric E; will be directly proportional due
to these factors being fixed. Simplistic energy density models do suffer from significant
assumptions and oversimplifications, only assessing the theoretical energy applied by the
laser, and take no consideration of optical effects such as the reflectivity, or thermal
behaviours including heat diffusion and melt pool behaviour [232]. For a mixed powder
these factors are particularly challenging to take account of. As such it is key to perform
screening builds to understand in-situ behaviour, as current models of PBF processes
struggle to account for these complexities in untested materials [233].

Existing parameter spreads explored for the manufacture of cp-Ti and Ag show wide
divergence in the optimal laser parameters used, as expected given their divergent thermal
and optical properties (Table 3.1). The majority of prior research has used continuous
mode lasers, where each scan line vector is a single exposure. For a pulsed laser, scan speed
is not directly fixed. Instead, scan vectors consist of a series of individual point exposures
with a set spacing and duration of exposure. As such, the effective scan speed is given by
the ratio of exposure spacing to exposure duration. Behaviour does not necessarily convert
directly between continuous scan speed and effective pulsed scan speed, but provides some
guidance for a likely manufacturing window, and as such the effective scan speed is used
to make comparison across these processes.

Alongside manufacturing of bulk samples, single track melting experiments may be
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Table 3.1: Laser parameter spaces previously explored for manufacture of c=cp-Ti and
pure Ag by SLM. Scan speeds and powers for cp-Ti are notably lower than those used to
manufacture other Ti alloys, with recommended values provided by Renishaw of 200 W
and 1500mm s~ for Ti-6Al-4V.

Material Power Scan speed Spot size  Layer thickness Source
W mms ! pm pm

cp-Ti (Gd 1) 30-75 20 - 30 2000-3000 45 [234]
50 - 250 - - 30 [235]
122 - 166 400 64 30 236
150 - 200 100 - 180 80 100 [237]
100 - 200 50 - 200 100 50 [238]

Ag (99.9%) 350 - 370 400 - 1000 100 30 - 60 [223]

performed as a model to understand the interaction of laser and powders in-situ. Typically
these consist of a single layer of powder spread across a substrate, onto which individual
scan paths are exposed. Whilst this may not be reflective of the bulk behaviour of material,
formation of a continuous single track is often correlated with good performance of melting
parameters [239]. In reality, several limitations of the single track model can be noted
and are rarely discussed. Neglecting the remelting and densification that may occur both
from adjacent scan paths and the subsequent layer are reasonable concessions, but perhaps
most notably the thermal effect of the interaction between tracks and substrate is also
neglected. For a single powder layer, the contiguous material provided by the underlying
substrate may significantly alter laser absorptivity, thermal diffusion, and wettability
[240]. Practical experience of SLM also raises the often atypical behaviour of spread
powders in the first few layers of manufacture, due both to the difference in friction
across a solid substrate versus powder layers, and any tilt of the baseplate.

In this work, a series of Ti-Ag alloys with varying microstructure have been produced
by SLM of blended elemental Ti and Ag powders. To assess the effects of laser parameters
and composition on microstructural development, imaging by SEM and extensive image

analysis have been performed. Density, porosity, composition, microstructural segrega-
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tion and microhardness have been quantified. Statistical analyses of variation in these
characteristics with sample location were made to establish any de-mixing of powder com-
ponents during manufacture. Based on these results, a probable route for the formation
of microstructures observed is posited. To further characterise densification behaviour,

single track melting experiments were performed on plinths produced in-situ.

3.2 Materials and methods

3.2.1 Sample preparation
Feedstock preparation

Argon atomised commercially pure grade 1 titanium (cp-Ti) (LPW Ltd) and high purity
nitrogen atomised Ag-999 (CooksonGold Ltd) powders of 15 to 45 um size distribution
were blended in ratios of 3, 10 and 25 wt% Ag under Ar atmosphere with O, below 40 ppm
and H,O content of below 3ppm. The subsequent Ti-Ag blends were homogenised by
roller blending for 10h. For manufacture of pure Ag and cp-Ti, powders were used as

supplied with no additional conditioning.

Powder bed fusion

All samples were manufactured by PBF with a continuous wave 500 W 1070 nm Ytterbium
fibre laser (RenAM 500M, Renishaw Plc). Energy is delivered to the powder bed as a
series of modulated exposures with a given spacing and exposure duration. This was
performed within an Ar atmosphere, with O, below 1000 ppm during lasing. Printing
of c¢p-Ti, Ag-999, and Ti-3Ag powders, utilised a manufacturer provided reduced build
volume (RBV). To further minimise required powder volumes for Ti-10Ag and Ti-25Ag,
apparatus was modified with an in-house ancillary, described as the U-RBV (Appendix
B). Samples were manufactured onto Ti-6Al-4V substrates.

In order to optimise laser parameters for each material, a parameter spread was gen-

erated with variable laser exposure time and power. Layer thickness, scan spacing pa-
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rameters, and exposure point distance were maintained across all builds from existing

optimised Ti-6Al-4V build parameters (Table 3.2).

Table 3.2: Additional parameters that must be defined for manufacturing via selective
laser melting, and the fixed values chosen for all experiments in this work.

Parameter Value Description

Exposure point distance 90 m Distance between each point in a line vector of

exposures
Hatch distance 90pm  Spacing between each hatch line vector
Slice thickness 30um  Thickness of each layer
o Orientation of line vectors in each layer, relative

Layer angle 67 .

to the previous layer

Vertical offset to account for elevation of RBV ap-
Focus offset —4mm )

paratus in chamber.
Spot diameter 75um  Nominal diameter of laser in focal plane

Samples of cp-Ti, Ag, and Ti-3Ag were produced as a grid of vertical cylinders with
12.5mm diameter and 5 mm spacing between each cylinder. Due to the restricted build
volume of the U-RBV, samples of Ti-10Ag and Ti-25Ag were produced as 5 mm cubes
with 1.5mm spacing. Given the possibility of in-process de-mixing of blended powders,
additional quality control samples were manufactured for all Ti-Ag builds. These extra
parts were built using duplicate laser parameters at different points along the length of
build substrates, in order to assess any de-mixing of the powder blend during process-

ing. Manufactured samples were removed from substrates by wire electrical discharge

machining (EDM) (CUT 20 P, GF AgieCharmilles).

Track melting

To assess the formation of melt tracks during processing, a series of Ti-3Ag samples were
prepared. Plinths of 2 mm height and 10 mm side length were produced during printing,
upon which individual laser tracks could be formed during the subsequent layer of powder

spreading and laser exposure. Five tracks were exposed along each sample, parallel to the
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spreading direction to minimise the risk of damage by subsequent motions of the recoater
blade. Orientation of layers was generated such that the line vectors of these layers lay at
approximately 67° to the previous layer, as is standard in the bulk processing of materials
(Table 3.2). A second set of samples featured four consecutive layers of laser track, with
each layer of track offset by 45pm to reduce repeated re-exposure of the same exact

position along the track.

3.2.2 Characterisation
Powder feedstock validation

Powder feedstock was characterised for size, composition, and morphology. Particle size
was assessed by laser particle size distribution (LPSD) with water as the dispersant media
(Mastersizer M2000, Malvern). Droplets of Polysorbate 80 detergent were used to min-
imise agglomeration where necessary. Multi-element panels of ICP-OES, inert gas fusion
for oxygen and nitrogen, and combustion measurement of carbon and sulphur interstitials
were used to confirm composition (AMG Superalloys, UK).

To assess particle morphology, backscattered electron (BSE) SEM analysis of as re-
ceived powder and of blended feedstocks was performed (TM3000, Hitachi). A sample of
powder was directly added to an adhesive carbon tab, tapped to remove loose particles,
and imaged.

Due to observed poor flow performance of Ag-999 powder, assessment of moisture
content was performed by thermogravimetric analysis (TGA), with nitrogen purge gas
(TGA 209 F1, Netzsch). A powder sample was placed in an Al,O; crucible and heated
at 10 Kmin™! to 300°C, before dwelling for a further 30 min. Mass readings were taken

at 15s intervals.

Microstructure and compositional analysis

Sample cross sections were cut parallel to the build substrate with abrasive SiC cut-off

wheels, and hot mounted in conductive Bakelite (Presidon-ML-C, Aptex Ltd). Samples
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were ground and polished according to the recommended protocol for cp-Ti (Table 3.3)
using an automated rotary preparation machine (Tegramin-25, Struers) according to the
protocol described in table 3.3. For final polishing of samples, activated oxide polishing
solution (OP-S) was prepared using colloidal silica suspension (Struers) and 10 vol% H,O,
(Sigma).

Table 3.3: Sequence of polishing procedures used to prepare metallographic specimens
with the Struers Tegramin-25 automated rotary preparation machine.

Step Surface Dosing Force Duration Rotation Co-rotation
1 MD-Piano 220 Water 25 N Until plane 300 rpm 150 rpm
2 MD-Largo DiaPro 15N  4:00 min 150 rpm 150 rpm
3 MD-Chem OP-S 10N 25:00 min 150 rpm 150 rpm

Imaging of microstructures was performed by BSE SEM due to the strong composi-
tional contrast between Ti and Ag (Z = 22,47). Images were taken towards the centre
of samples, avoiding the external contour region which is subject to additional remelting
and less representative of the bulk microstructure.

Compositional analysis was performed on mounted and polished cross sections by
X-ray fluorescence (XRF) (M4 Tornado, Bruker). Maps were taken with a point spacing
of 25 pm, 15 ms acquisition time per point at 50kV voltage and 500 pA tube current. A
Rh anode with no filters was used, and a vacuum of below 20 mbar maintained. Peaks for
Ti, Ag, and Rh were separated, and a series of Ti-Ag samples with known composition

used to calibrate measurements.

Density

For cp-Ti and Ti-3Ag samples, apparent density was assessed by Archimedes measure-
ment (Adventurer Precision AX223, Ohaus) in pure ethanol. The liquid temperature was
allowed to equilibrate for one hour prior to measurement of samples, and measurements
recorded after one minute of immersion. One sample of cp-Ti exhibited sufficient open

porosity that entrapped gas was observed escaping the sample with a resulting drift in
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measurement over the course of immersion. This outlying sample was dried, and mea-
surement instead taken immediately upon immersion.

Due to the smaller volume of Ti-10Ag and Ti-25Ag samples, density was instead
assessed by He pycnometry (AccuPyc II 1340, Micrometrics, USA). Three sequential

measurements of each sample were made, with five gas purges at 19 MPa per measurement.

Surface topography

Topographical measurements of track melting samples were made using an optical non-
contact profilometer (Infinite Focus G5 Optimax, Bruker Alicona Austria). Scans were
taken at x20 magnification, with light intensity and contrast selected to minimise scanning
artefacts. A 1.5 mm wide strip was imaged perpendicular to the track melting direction.
Data was levelled by mean plane subtraction, and the surface roughness of regions between

tracks measured (Gwyddion 2.57).

3.2.3 Image analysis
General procedures

Image analyses were performed using the Fiji distribution of ImageJ [241, 242]. Initial
processing of images involved the removal of any non-uniform background, for example
caused by sample tilt, by fitting and subtraction of a cubic polynomial. Any analysis of

thresholded images was preceded by use of automated despeckle function.

Estimating microstructural segregation

Due to the varying degrees of porosity, silver segregation, and limitations of the Hitachi
TM3000 SEM, imaging with a fixed brightness and contrast across all samples was not fea-
sible without loss of detail or overexposure. As a result, it is not possible to quantitatively
analyse images without further processing.

Given the variable degree of mixing and resulting diffuse boundaries of silver agglom-

erates with the matrix, automated methods for both local and global thresholding such as
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those available in Fiji face challenges, particularly when seeking a consistent methodology
that is reproducible for both highly segregated and homogeneous samples. To avoid re-
sorting to subjective manual thresholding, a criterion for selecting a consistent greyscale
threshold was sought.

The greyscale histogram of each image was extracted. The distribution of brightness
values can be considered as an overlap of four distributions, visualised in Figure 3.2:

1. A Gaussian distribution of values for the primarily Ti matrix

2. A Gaussian distribution with higher mean brightness for the regions where Ti and

Ag have mixed

3. A distribution of values for highly segregated silver, truncated to a delta function

for greyscale values above 255

4. A distribution of values for porosity, truncated to a delta function for greyscale

values below 0

Original image Distribution fitting model

v”':k dgs s T . Gaussian fit = Timatrix = Ag enriched

TRy : X S '
g4 Iy
5 3 Underexposed I Overexposed
c 24 pores Iy Ag rich phase
o i i
§ 1 i / \ i
80 =_ _______ mr T TS s e !

0 64 128 192 256

Greyscale value

Figure 3.2: Example of a typical greyscale distribution from a backscatter SEM micro-
graph of a Ti-25Ag alloy sample. Increased electron yield from Ag due to its higher atomic
number than Ti results in strong elemental contrast. Fitted Gaussian distributions for the
bulk Ti matrix and Ag enriched phase are shown, with fully saturated and de-saturated
values representing Ag and pore regions.

A model of two overlapping Gaussian distributions was fit to each histogram (R 4.0.2),
neglecting the extreme saturated values of each distribution due to pores and segregated
silver (greyscale values of 0 and 255 respectively). Where attempts to fit two Gaussian
distributions resulted in a singular convergence - indicative that fitting does not support
the number of parameters utilised - a single Gaussian distribution was used instead. As

the degree of mixing will be variable between samples, histograms are matched based upon
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fit for the primary Ti matrix Gaussian. Translating distributions such that the mean for
Ti matrix Gaussians overlap, and scaling the range of each histogram such that the same

standard deviation is achieved, results in an approximation for all samples returning the

same distribution (Figure 3.3).

Original images Distribution matching and scaling Threshold overlay
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Figure 3.3: Diagram of the basic procedure for matching greyscale distributions for mi-
crostructures with different degrees of segregation and potentially variable imaging con-
ditions. Once fitting of Gaussian distributions for each histogram has been performed,
they are normalised to the same mean and standard deviation for the Ti matrix phase.
This allows for a uniform threshold value to be applied to these scaled distributions.

From this, any threshold chosen will be consistent across all images, allowing a single
selected greyscale value to reliably be used for microstructural analyses. Though still
reliant upon the subjective manual selection of a threshold value, this step is only required

once for all samples, allowing quantification of the microstructural differences present.

3.2.4 Statistical analysis

To assess dependency of physical characteristics on plate position, a statistical framework
is needed for considering the quality control (QQC) samples included in Ti-Ag builds (Figure
3.4). Whilst comparison of response within a specific set of QC samples - with identical

laser parameters and composition - can simply be done through regression, the statistical
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power is highly limited by the number of samples, and verifying if the same dependency

applies across other sample sets is necessary.

Blend composition Laser parameters Position of QC samples Response

® TisAg @® 133.m" P 'Y Y ) | T° Density

i @® 200Jm 8 uEm i

A Ti-10Ag S 000 H4H Porosity

B Ti-25Ag ® 400Jm g —+Ha Composition
|
® Non Ci)C o 000 Segregation
samples =
8'_ . ‘ EEE
L ' o 180 L 4
T 5 RBV U-RBV I
Determines series X Dependent variable

Figure 3.4: Schematic describing the variables involved in analysing positional dependency
of manufacturing. Each individual alloy composition and laser parameter defines a series
of samples, which have specified positions on the printing substrate. Sample position, X,
is defined relative to the substrate edge over which powder is first spread. A statistical
model is required to assess the relative significance of the sample series, and the position,
on each of the measured responses.

To achieve this, regression can be performed across the entire group of QC samples,
but with the inclusion of dummy variables for which specific series an individual datum
relates to. In the simplified example model below, we wish to establish whether the
response is dependent upon position, and if this dependency is consistent between the

different series. As such, a linear model can be generated as follows:

where « is the initial intercept, and ( the gradient. In this model, v represents the
change in intercept between the two series, and o the difference in gradient. Crucially,

the indicator variable D; has a value dependent upon the series, such that

0 for series 1
D; = (3.5)

1 for series 2

As a result, the model effectively fits an initial gradient to series 1, and includes the
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modifiers v and ¢ in fitting series 2 (Figure 3.5). Subsequent statistical analysis by
analysis of variance (ANOVA) can be used to assess the significance of model parameters,

determining whether a trend is observed and how this is modified between series.

Linear model Extended linear model
Y=a+BX+Dj(y +0X) Y=a+BX+Yy;+8X
Y=a+Y,+(B+d,)X
Y=a+y+(B+0)X
@ B+d @ Y=a+y;+(B+d,)X
c c
a o S
é é T Y=a+y3+(B+05)X
a+y Y=a+pX
a Y=a+BX
Position Position
Statistical analysis: ANOVA
| i A If B significant: If y significant: If & significant:
B| 55.8 3.8e-5 *** ) . . . "
103 0.002 ** Response variable is Initial value of response Magnitude of position
g 3'9 0'04 * dependent on position variable is series specific dependency is series specific

Figure 3.5: Schematic describing the parameters used in the linear fitting model for
assessing quality control samples. Assuming a linear dependency of the response variable
upon the position, an initial gradient and intercept of best fit are assigned to a series.
Subsequent series may be compared by including parameters for the change in intercept, ~,
and difference in gradient, §. The implications of statistical significance for each parameter
is described.

Considering the physical situation assessed in this model, the resulting parameters «,
B, 7, and § can be described as follows. The baseline value of the response at the plate
edge - e.g. the anticipated density of a sample produced at x = 0 - may be given by
a. Regarding positional dependency, this value can in effect be neglected, and is fixed
across series. If the gradient parameter [ is statistically significant, this means all of the
series assessed show a common trend in response with position - e.g. density increases
for parts manufactured farther from the plate edge. Similarly to «, the series specific
intercept + describes the anticipated response at the plate edge for a specific manufac-
turing parameter, and allows the model to account for variations between materials and

laser parameters, that may otherwise mask overall trends. Finally,  acts to establish if
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positional dependency of responses is series specific, i.e. whether any trend in behaviour is
shared across all builds. If the inclusion of ¢ is not significant, this suggests any behaviour
is a shared characteristic of the manufacturing process, independent of the specific alloy
blend or laser parameters used.

Where there are more than two series, this approach can be extended such that each

series is modelled as

Vi=a+BX;+7+06X; (3.6)

with differing values of v and § per series. ANOVA can again be applied to the parameter
set. This will determine if the overall inclusion of 3, v and ¢ are statistically significant
across the entire data set, as opposed to assessing quality of fit only on a per-series basis.
Note that use of the ANOVA framework ensures no dependency upon which series is used
to fit initial model parameters of o and S. This statistical framework was used to assess
the physical properties of Ti-Ag builds (R 4.0.2). Results for each build were normalised
to assign each result a Z-score prior to analysis, enabling comparison of characteristics

across different materials.

3.3 Results

3.3.1 Powder characterisation

The particle size distribution (PSD) of as-received feedstock and powder blends show
agreement with the nominal 15 to 45pm size range required for SLM (Figure 3.6a).
Blended powders do not show bimodal distributions, with dj, ranging from to 29 to
37um. Inspection by SEM shows high sphericity in c¢p-Ti, but significant agglomeration
and satelliting of Ag-999 powder (Figure 3.6a and b). Individual Ag agglomerates consist
of larger 15 to 45 pm particles and very fine <5 pm satellite particles. Agglomerates within
blended powders form primarily from Ag-999, with Ti particles of around 5 pm adhered.

Visual inspection of Ag-999 showed poor flow behaviour. Investigating the moisture con-
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tent by TGA indicated no mass loss after 30 min dwell time at 300 °C, indicating the high

cohesivity of Ag was not caused by entrapped moisture [243].

Powder -=- Ag-999 -+ cp-Ti —= Ti-3Ag —+ Ti-10Ag -8 Ti-25Ag

a b 100}

~ 151 9 d10 | d50 | d90
°\° ~

S o 751 Ag-999 |20.6|31.5 | 48.1
£ 10- 3 cpTi |21.3(32.2 | 48.1
£ o 907 Ti-3Ag | 21.3|33.8|53.0
(] =]

£ Y Ti-10Ag |18.7 | 29.3 | 45.8
3 57 g 25

S 3 Ti-25Ag | 26.3|37.0|51.9

0 : 0 { e
0 25 50 75 100 0 25 50 75 100
Particle size (micron) Particle size (micron)

Figure 3.6: Powder analyses of feedstocks, with a) range and b) cumulative particle size
distributions of each powder with d10, d50, and d90 given; and SEM micrographs of ¢) Ti,
d) Ag, and e) Ti-3Ag powders. The satellited and agglomerated nature of Ag is apparent,
and the accumulation of fine Ti particles into Ag agglomerates is visible in e).

All powders met specifications for composition. c¢p-Ti powder showed oxygen and
nitrogen content of 0.12wt% and 0.03 wt% respectively. In comparison, Ag-999 had sig-

nificantly lower interstitial content of 0.006 wt% O, and < 0.001 wt% N,.

3.3.2 As manufactured microstructure

During manufacture of pure Ag, geometric deviation was observed on the leading edge
of cylinders, with the gradual formation of a melted lip disrupting powder spreading.

Manufacture of these parts were suppressed for subsequent layers to minimise interference
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with other samples on the build plate. Very little densification was observed during
processing across the full range of linear energy densities, ranging from 133 to 1833 Jm™1,
with cylinders after manufacture appearing visually similar to the unmelted powder in
colouration and texture. Large, open pores along layers indicative of delamination were

visible in several samples (Figure 3.7).

Figure 3.7: Optical micrographs of the a) top and b) side surface of additively manufac-
tured Ag, showing highly porous and unmelted texture with large delamination perpen-
dicular to the build direction.

Removal of material from the build plate by EDM caused fragmentation and delami-
nation in some cases, with cylinders falling away prior to the completion of cuts. Samples
exhibited sufficient open porosity to make measurement of density by Archimedes method
infeasible. Geometry measurements were instead taken, with density estimated from this
and mass measurements. No significant difference between samples was found, with an
average density of 6.8 & 0.4 gcm ™2, equivalent to a nominal 65 £ 4% of fully dense silver.
This indicates that any melting was insufficient to cause densification, effectively fusing
particles together in an open pore network.

In comparison, cp-Ti showed good melting from 67 to 1333 Jm~?. Significant porosity
is present below a linear energy density (EZ) of 200Jm~" (Figure 3.8). All samples

manufactured at scan speed of 150 mms~! show near complete densification. However,
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significant sparking and generation of condensate was observed for these samples during
manufacture, indicative of excess energy input, though there is no clear indication of
keyhole pore formation. The presence of unmelted particles within pores indicate porosity
was primarily caused by lack of fusion, however the > 100 um size of pores may indicate
discontinuities in the powder bed. This remained the case at 200 W and 1500 mm s}, the
existing optimised parameters used for manufacturing Ti-6A1-4V.

Ti-3Ag samples showed similar trends of behaviour to ¢p-Ti, with increasing energy
density within the range of 133 to 667 Jm™' reducing observed porosity (Figure 3.9).
Regions of high Ag were present, typically 30 to 100 pm with elongated and rough shape.
The extent of silver segregation similarly reduces with EZ. The addition of 3wt% Ag
appears to increase densification when assessing samples of the same scan speed and laser
power, most significantly at low energy densities (see Figure 3.8 and 3.9 at 133 Jm™1).

Ti-10Ag and Ti-25Ag exhibit similar microstructures, with segregation decreasing as
energy density increases (Figure 3.10 and 3.11). Notable is the lower porosity observed by
SEM for Ti-10Ag. Within larger 200 pm agglomerations of silver, 15 to 45 um spherical
pockets of Ti rich phase are observed. Retained silver rich phase does not exhibit the
same geometry as Ag agglomerations observed in the unmelted powder, indicating these

are not lack of fusion defects.
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Figure 3.8: Backscatter SEM micrographs of additively manufactured cp-Ti. Each sample
is labelled with linear energy density (E%) values. Lack of fusion defects are visible,
identifiable as pores with unmelted powder particles. As energy density increases, the
apparent porosity of samples decreases.
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Figure 3.9: Backscatter SEM micrographs of additively manufactured Ti-3Ag. Each
sample is labelled with linear energy density (EZ) values. Small regions of high silver
content are identifiable by higher brightness. Increasing energy density results in increased
microstructural homogeneity, as indicated by fewer bright regions and greater uniformity
of greyscale.
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Figure 3.10: Backscatter SEM micrographs of additively manufactured Ti-10Ag. Each
sample is labelled with linear energy density (E%) values. Regions of high silver content
are identifiable by higher brightness, with larger 200 pm silver regions present than the
30 pm particles in Ti-3Ag. Increasing energy density results in increased microstructural
homogeneity, as indicated by fewer bright regions and greater uniformity of greyscale.
Spherical Ti particles are visible entrapped within Ag rich regions, as marked.
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Figure 3.11: Backscatter SEM micrographs of additively manufactured Ti-25Ag. Each
sample is labelled with linear energy density (EX) values. Lack of fusion defects are present
at lower energy density, alongside regions of silver rich phase identifiable by higher bright-
ness. At higher EZ. segregation and porosity decrease, indicated by more homogeneous
brightness.
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3.3.3 Physical characteristics

Both cp-Ti and Ti-3Ag show trends in density that correlate with increasing energy den-
sity, with consolidation improving rapidly up to a plateau around 400 Jm~! (Figure 3.12).
Measurement of envelope density according to the Archimedes balance method showed
densities ranging from 89 to 100% density compared to the theoretical 4.506gcm ™3,
though it should be noted that cp-Ti samples at 100 and 67 Jm™! exhibited sufficient
open porosity that the suspending liquid infiltrated samples, possibly artificially inflating
the apparent density. This trend is not apparent for Ti-10Ag or Ti-25Ag, with a random
scatter of values showing no clear correlation. Broadly for all materials, a converse trend
in porosity is observed with a plateau towards zero porosity above 400 Jm™!. Both cp-Ti
and Ti-25Ag show significantly higher pore volumes at energy density below 200 Jm™!.
Assessing the silver content measured by XRF, no significant trend in behaviour is
present as Fy increases, suggesting that evaporation or sublimation of Ag during process-
ing does not vary between parameter sets (Figure 3.13). The wide variability in apparent
Ag content may correlate with inhomogeneity of the powder bed between different lay-
ers, providing an indication of the total variability in Ag content within a build. Lower
scan speed does appear to reduce Ag content at high energy densities as observed for
Ti-10Ag and Ti-25Ag at 667 Jm~!. Microstructural segregation shows a clearer trend in

behaviour as observed in SEM micrographs. Increasing energy density results in increased

homogeneity, with all three Ti-Ag blends showing minimal segregated Ag at 667 Jm™1.

91



Scan speed (mms™") 150 ® 375 ® 750 ® 1500

Laser power (W) @ 100 @ 150 @ 200 250

CP-Ti || Ti-3Ag i Ti-10Ag i Ti-25Ag
(o) (¢
1004 ----- - S g
© ® o
()
. .
> [ ) o
% 951 o ...
c . ’.’ ° o
[0]
a [ ]
[ )
° ® .
@® e © ° o
90 () .’ (]
o
200 600 1000 200 400 600 200 400 600 200 400 600

Linear energy density (J m_1)

CP-Ti || Ti-3Ag | Ti-10Ag i Ti-25Ag
(0]
7.51 ©
' (¢
. )
=
£5.0
2 e °
e . °
251
4 0.
0.0- o o o:.. o o“o-. o @ ® o
200 600 1000 200 400 600 200 400 600 200 400 600

Linear energy density (J m'1)

Figure 3.12: Relative density of samples compared to theoretical value of a binary mix of
Ti and Ag, and porosity of samples based on SEM image analysis, versus linear energy
density. Colour scales representing applied laser power and effective scanning speed are
shown, to differentiate between scan parameters with the same linear energy density.
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Figure 3.13: Composition of samples according to XRF, and microstructural segrega-
tion based on image analysis, versus linear energy density. Colour scales representing
applied laser power and effective scanning speed are shown, to differentiate between scan
parameters with the same linear energy density.
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3.3.4 Variation with build plate position

Investigating location dependent behaviour of Ti-Ag blends, a general trend is observed
in the density and Ag content of samples (Figure 3.14). As plate position relative to the
recoating direction increases, the density and Ag content increases. No apparent trend is

present for porosity.

Composition @ Ti-3Ag &k Ti-10Ag W Ti-25Ag

Linear energy density (J m™') @ 133 @ 200 @ 400

Density (%) | | Porosity (vol%) | | Composition (wt%) | | Segregation (vol%)

Normalised value (Z-score)

Plate position (mm)

Figure 3.14: Variation of density, porosity, composition and microstructural segregation
of Ti-Ag QC samples, versus location on build substrate in the direction of spreading.
Values have been normalised relative to the distribution of each build. Linear regression
lines of best fit are shown for each series, providing an indication of any trend in behaviour
along the build plate. Statistical analysis of these linear fits can indicate whether trends
are shared across series, indicating a behaviour that is inherent to the manufacturing
process.

Assessing the statistical significance of parameters by applying ANOVA to the model
described in equation 3.6, density, composition, and microstructural segregation all show
statistically significant dependence on the position of samples on the substrate (Table 3.4).
A weakly significant dependence on the interaction of position and the series variable for
density and composition can primarily be attributed to the Ti-3Ag 200 J m~! series, which

shows outlying behaviour in both cases (P = 0.031,0.002 respectively).
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Table 3.4: ANOVA statistical comparison of density, porosity, composition and mi-
crostructural segregation relative to position within the build bed, the specific series (i.e.
laser parameters and composition), and the interaction of position with series. These
variables are labelled (3, v, and  as per the model described in equation 3.6. Significance
is labelled such that 0 < *** < 0.001 < ** < 0.01 <* < 0.05 <. < 0.1 < < 1. Parameters
have been rounded to two significant figures for ease of display.

Density Porosity Composition Segregation

F P F P F P F P

Position (8) 56 3.8e-05 *** (.64 0.44 84  T7.6e-05 *** 15 0.0036 **
Series (7) 10 0.0021 ** 1.8 0.22 22 0.00011 *** 6.7 0.0088 **
Pos*Ser (§) 3.9 0.043 * 0.62 0.66 6.7 0.0089 ** 2.0 0.19

3.3.5 Single track melting

Single and quad track melting tests of Ti-3Ag showed marked variations in layer quality
and track continuity. Imaging with SEM shows higher roughness in the plinth surface
at lower energy density (Figure 3.15). At 133Jm™', single layer tracks do not appear
to stand proud of the underlying surface variation, though four layer tracks are more
apparent. Small regions of silver rich phase in the plinth surface and the tracks do not
appear to interrupt the continuity beyond general variability seen. The outer contour
region of the plinths is also apparent, with a notable difference in surface texture to that
of the core (outer 0.3 mm of plinths in Figure 3.15).

Visualising the sample surface by optical 3D measurement, surface properties indicated
by SEM are apparent. At 133Jm™!, the plinth layer is heavily textured, with areal
roughness S, of 42 + 4yum between tracks (Figure 3.16). This compares to roughnesses
of 1342 and 17 & 3um at 167 and 267 Jm~'. As observed by SEM, single layer tracks

at lowest energy density are difficult to distinguish from plinth surface variations.
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tests, labelled with linear energy density. At 133 Jm™!, the surface texture of the plinth

is notably pronounced, with single layer tracks difficult to distinguish from the underlying

roughness.
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Contour regions show different surface texture to the plinth, visible as the outer
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Figure 3.16: Surface profile measurements across Ti-3Ag single and quad laser track
melting tests. A 2mm wide height map across the centre of each sample is shown with
a pseudocolour, with a line profile - shown by a dashed white line - represented below.
Surface tracks are more easily distinguished from the underlying plinth roughness at higher
energy density.
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3.4 Discussion

Comparing the manufacturing performance of Ti-Ag to cp-Ti, it is apparent that Ag
significantly alters behaviour during SLM. Remarkably, the addition of silver at 3 and
10 wt% improves consolidation, with samples manufactured using the same parameters
exhibiting improved density and less visible porosity than cp-Ti. This is particularly clear
for samples at 133Jm™! (see Figure 3.8, 3.9, 3.10, and 3.11). This may be unexpected
given that silver has a reflectivity of over 85% compared to below 40% for Ti at the 1070 nm
wavelength used by the RenAM 500M (Table 3.5), suggesting an increased energy input
would be required. There remains some disagreement in the optical constants of Ag,
particularly in the near infra red (NIR) region. Tabulated data from Johnson and Christy
is frequently quoted, however has a particularly large error margin in the NIR region
(n =0.04£0.03 and k£ = 7.15+ 0.07 at 1080 nm) [244]. Experimental determination of
behaviour is further complicated by the variation in techniques used, and particularly the
extent to which thin metallic films are exposed to atmosphere. Recent attempts to avoid
oxidation produce values in good agreement with modelling and a resulting reflectance
of 0.54 [245], though whether this accurately represents the realistic optical properties
of material not prepared in high purity vacuum is difficult to determine. Though the
Ag-999 shows low interstitial content, being N, atomised it is unlikely to exhibit the same

properties as the high purity films.

Table 3.5: Optical constants of Ti and Ag at 1070 nm, and the implied reflectance and
penetration depth for normally incident radiation from vacuum. Calculations assume
Fresnel regime reflectivity and Beer-Lambert regime attenuation (see Appendix §A.2).

Refractive Extinction Reflectance  Penetration

Material index n coefficient k& R depth 0,, nm Source

Ti 3.47 4.01 0.31 21.2 [246]
4.14 4.34 0.37 19.6 [247]

Ag 0.04 7.65 0.85 11.1 [244]
0.15 7.27 0.54 11.7 [245]
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Whilst Ag shows a shorter penetration depth than Ti due to the higher extinction
coefficient, reflectance at the initial vacuum/metal interface is significantly higher, both
for experimentally derived and modelled optical coefficients [244, 245]. Given the stan-
dard specification of SLM powders is typically within the range of 15 to 45 nm, the very
short penetration depth ensures any radiation initially transmitted into a particle will be
absorbed within the outer 10 to 100 nm skin-layer. As such, the effective power transmit-
ted is dominated by the reflectance of a material. In practise, the absorption of radiation
within a powder bed system is significantly more complex than that of a planar solid.
Ray-tracing models of powder bed absorption show that where the beam radius is sig-
nificantly larger than the size of particles, the effective absorptivity of Ag increases by a
factor of 7.2 compared to a planar solid. Given the nominal laser spot size of 80 pm and
powder size of 15 to 45 pm, more realistic modelling of a Gaussian particle size distribution
with similar laser spot size suggests a factor of 4.5 increase in absorbance for Ag [248].
This still, however, places the absorptivity of a silver particle bed at 0.081, below even
conservative estimates of the absorptivity of a single Ti sphere of 0.40. In effect, whilst
the inclusion of scattering effects within the powder bed is likely to bring the effective
absorptivity of Ag closer to that of Ti, it is unlikely to surpass it.

Whilst the relative absorptivity of phases will heavily influence the effective energy
input from laser exposures, subsequent thermal and thermodynamic properties will then
play a significant role in how this energy is distributed and the effect on melting and
subsequent microstructure. Based upon literature values for heat capacity and enthalpies
of fusion, the estimated enthalpy to raise Ti and Ag to 2000 K from 298 K, beyond the
melting point of Ti at 1941 K, is 70.7kJmol™! and 63.3kJmol™! respectively [249, 250].
Whilst to melt Ag requires just 38.8kJ mol~!, as the anticipated energy input to a particle
of Ag is estimated to be just a fifth of that to Ti at 1070 nm, achieving full melting across a
blended powder bed is still likely to require significantly higher energy input than Ti alone.
This estimate neglects the effect of heat diffusion from the melt pool to the surrounding

material during the lasing process, effectively modelling the melting of powder as an
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instantaneous process. The anisotropy in thermal behaviour across the powder bed can
be further demonstrated by considering the difference in thermal diffusivity for Ag and
Ti. Effectively acting as a quantification of the thermal inertia of a system, diffusivity
provides a indication of how quickly variations in temperature return to equilibrium for
a given material.

Thermal diffusivity, «, is given by

K
o= — 3.7
. (3.7)

where r is thermal conductivity, p density, and c, specific heat capacity at constant
pressure. Assessing estimates for o based upon measured or calculated values for k, p
and c,, it is immediately apparent that in both liquid and solid state, Ag particles will
rapidly equilibrate temperature variations (Table 3.6). Given the established significance
of heat flow down through already solidified material in underlying layers and the low
thermal conduction through powder [251], any heat absorbed by Ag - either from direct
laser exposure or adjacent melting of Ti - will be more rapidly conducted across the entire

particle to surrounding and underlying material.

Table 3.6: Reported thermal conductivity &, specific heat capacity ¢, and density p for
species in the Ti-Ag binary system at respective melting points, and estimated thermal
diffusivity . Note that estimates of thermal diffusivity in liquid neglect any considerations
of convection. *Data for thermal conductivity of liquid Ag taken at 1373 K.

Eemp Species Wm 1 K™? ?Dmol_l]E{_1 gcm_3 gmz st Source

1235 Ag(s) 360 31.4 9.665 130 250, 252, 253]
Ag (1)  180* 33.4 9.346 62 250, 253, 254]
Ti(s) 150 30.2 4371 54 249, 255, 256]

1943 Ag(l) 180* 33.4 8.703 67 250, 253, 254]
Ti(s) 15.0 47.9 4.321 3.5 249, 255, 257]
Ti(1)  34.0 48.9 4.195 7.9 258, 259]
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Previous experimental measurements of melt pool behaviour in Ti-6Al-4V have shown
peak melt pool temperatures of over 4000 K and cooling rates in excess of 107 Ks™! [226].
As a crude model to visualise cooling behaviour in Ti and Ag melt pools, consider a 30 pm
deep melt pool with a homogeneous initial temperature and ideal interface with a substrate
at fixed temperature. Neglecting the slower conduction of heat to surrounding powder
particles, the resulting evolution in thermal gradient demonstrates the significantly faster
cooling of an Ag melt pool (Figure 3.17) [260]. Crucially, for initial temperatures well in

excess of the melting point of T1i, the solidification front transits significantly faster in Ag.
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Figure 3.17: Model of thermal evolution in a homogeneous melt pool with an ideal inter-
face to a fixed temperature substrate, for a pure a) Ti and b) Ag melts. Respective melting
points are shown to indicate transit of solidification front as cooling time progresses.

To estimate how microstructural evolution is likely to be limited once solidification
has occurred, consider a simple case of an infinite source of Ag diffusing into (3-Ti in
one-dimension. The diffusion length, 2v/Dt, provides a convenient measure of how far
solute has propagated after a duration of time, ¢. The diffusivity, D, can be readily
calculated given that Ti and Ag observe Arrhenius diffusion behaviour (Table 3.7). Even
at the melting point of the Ti matrix itself, the diffusion length after a second is just
1pm. Given an ambient chamber temperature of approximately 35 °C, the build bed will

cool sufficiently quickly that - beyond remelting due to subsequent layer exposures - once

101



initial solidification occurs, bulk microstructural evolution can be neglected. In effect,
for in-situ alloying, the melt pool lifetime, which can be directly controlled through laser

parameters, will be the determining factor in microstructure formation.

Table 3.7: Arrhenius type diffusion coefficients for species in the Ti-Ag binary system.
The maximal diffusion coefficient Dy, and activation energy (), are provided for each of
the relevant matrices.

Solute Matrix Dy, m?s™! Q, kJmol™! Source

Ag o-Ti (1.00 £0.75) x 107* 279+6 261]
3-Ti (1.08 £1.25) x 1073 358 + 18 262]

Ti Ag FCC (1.3340.49) x 107* 198+ 3 [263]

Given the high anticipated cooling rates, and likely local variations in absorptivity,
microstructural evolution of Ti-Ag may therefore be anticipated to follow one of two

paths:

1. Homogenisation: by formation of sufficiently large melt pools to form a Ti-Ag melt,

with possible further homogenisation in remelting from subsequent layers

2. Segregation: by incomplete melting, or rapid quenching inducing melt segregation

through miscibility gap

Considering the microstructures observed in Ti-10Ag and Ti-25Ag, even in segregated
microstructures, melting of Ag must be occurring. Unlike classical lack of fusion where
the boundaries of particles can be distinguished, the structure of Ag rich regions do not
show boundaries consistent with original Ag agglomerations (see Ag particles in figure 3.6¢
versus 3.10). However, spherical pockets of Ti rich phase are observed within the Ag rich
regions, consistent instead with retention of Ti particles. These Ti pockets are frequent
across all segregated microstructures, giving the appearance of Ag bubbles forming the
surface of Ti cores. A suggested mechanism for this is shown in figure 3.18, with the
reduction in energy due to reflection and the rapid conduction of heat in liquid Ag (Table

3.6) meaning that Ti particles captured in Ag melt pools are not melted. This results
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in the well defined boundaries between phases. As observed in SEM of Ti-Ag powder
blends, agglomerations of Ag particles have a tendency to capture approximately 5 pm Ti
fines (Figure 3.6), but the size of these particles does not correlate with the 15 to 45 pm

Ti pockets observed in solidified microstructures.

a  Powder spreading Laser exposure Cooling
z —
50 um Scattered Incident
T incident laser
energy
Ag rich Ag melt wets
agglomeration 75 surface of Ti
with Ti fines A particles
beam waist

S
Rapid thermal conduction

Underlying from Ag to heatsink

solidified layers

= Short melt lifetime
= Low interdiffusion

Substrate

Figure 3.18: a) Schematic of suggested formation mechanism of segregated microstruc-
tures observed in Ti-Ag blends. Silver rich agglomerations are packed within the pre-
dominantly Ti powder layer. Upon laser exposure, the low absorptivity of Ag results in
temperatures that far exceed the melting point of Ag, but are similar to or below that
of Ti. Combined with the rapid cooling observed in SLM, Ti particles solidify before
homogenisation occurs, followed by solidification of the surrounding silver rich melt. b)
Example powder particles, and c¢) resulting microstructure. Note the discrepancy in size
of 5pum Ti fines within the Ag rich agglomeration, versus the 15 to 45um Ti pockets in
solidified microstructure.

The unexpected improvement in consolidation at 3 and 10 wt% Ag could be attributed
to the reduction in liquidus temperature of Ti. Whilst on a bulk scale the addition of
10wt% Ag will only reduce the liquidus and solidus temperatures from 1668°C to 1625
and 1638 °C respectively, at the boundary between Ag and Ti particles the local concen-
tration will be significantly higher once melting begins. Above 32wt% or equivalently
17 at%, the gap between solidus and liquidus widens dramatically, with the solidus fixed
at the melting point of TiAg at 1025°C (Figure 3.1). In effect, this means that provided
a degree of mixing occurs at the Ti-Ag particle boundary during melting, the solidifica-

tion temperature of the Ti melt pool will decrease. This in turn will likely increase the
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melt pool lifetime, allowing more time for a Ti melt to fill surrounding interstices before
solidification is induced by diffusion of heat to the surrounding material.

Given that porosity increases again for Ti-25Ag, particularly pores associated with
adjacent silver particles, it is apparent that several competing effects are likely in evidence.
As Ag content increases and the effective absorptivity of the powder bed decreases, the
local absorption will eventually reduce to the extent that heating of Ti is insufficient to
melt adjacent Ag particles, thereby reducing the role of the solidus effect. This in turn
correlates with the extremely poor consolidation observed for pure Ag even at significantly
higher energy densities (up to 1833 Jm™1).

The differences in consolidation behaviour as energy density increases is shown clearly
through the single track melting experiments performed in Ti-3Ag, especially regarding
the differences between final track layers and the underlying top surface of the Ti-3Ag
plinths. The surface of 400 and 667 J m~! show minimal roughness, with only small spatter

1 agglomerated

particles adhered between tracks (Figure 3.15). In contrast, at 133 Jm™
molten splashes are clearly visible, and the approximate geometry of some individual
powder particles remain present.

Considering the extreme surface roughness of the low energy density plinth surface
(133 Jm™1), it is surprising that porosity of less than 0.2 % is apparent under SEM (Figures
3.9 and 3.12). The clear distinction of the plinth contour from the core of the samples
provides an indication of how this may occur, with a smoother texture apparent. The
additional re-melting of contour regions that occurs before subsequent spreading of powder
results in improved apparent consolidation. The re-melting of underlying material is
inherent to the adequate bonding of layers in PBF processes, and whilst the powder layer
attenuates this compared to the contouring process, it will still be sufficient to allow
the densification that must be occurring in these low energy density samples. As silver
content increases up to Ti-25Ag, the net absorptivity of the layer decreases, and given the

poor flow dynamics of Ag-999 particles, we may expect rougher powder layers. This may

contribute to a lack of infill in the underlying roughness of low energy density samples,

104



and the dramatic increase in porosity from a maximum of 0.6 % in Ti-3Ag to 8.9 % for
Ti-25Ag (Figure 3.12).

Whilst the feasibility of producing a range of microstructures has been demonstrated,
a key consideration for manufacturing with blended powders is the concern of spread
induced de-mixing during processing. As has been demonstrated, a higher silver content
is measured towards the end of spreading each layer (Figure 3.14), suggesting that silver
particles are preferentially deposited towards the end of the spreading motion. This
correlates with visual observations of higher Ag particle frequency in the excess powder
slop at the end of each sweep. The elevated silver content partly explains the increased
density and greater microstructural segregation seen in these samples. It is interesting that
the fraction of porosity observed does not show a significant trend based on bed position,
indicating that spontaneous variability within this small sample size masks any effect that
Ag particles may have on pore formation. This is despite an apparent association of silver
at the surface of pores in Ti-25Ag, though this apparent correlation does not indicate any
causal link.

De-mixing may be induced by large variations in particle size within a given powder.
The deposition of larger particles at the end of recoating sweeps has been demonstrated
both in computational modelling and physical experiments [264—-266]. Whilst the powder
blends are monomodal, agglomeration of Ag-999 is observed under SEM (Figure 3.6),
and this may be a contributing factor. The response to spreading conditions may also
be contingent upon the differing density or flow behaviour of Ag. The high cohesivity of
Ag-999 and tendency to agglomerate both in pure feedstock and Ti-Ag blends may link to
the nobility of Ag. Whilst Ti powders form a passive oxide surface film even in low oxygen
atmospheres, Ag and other precious metals show much lower tendency to oxidise. The
presence of oxide films may play a significant role in reducing the cohesive surface energy
of metal powders [267]. As shown by inert gas fusion measurements, the oxygen content
of the Ag powder is 0.006 %. Concurrent to this, the surface area of particles is also

an established factor in powder cohesion, with finer particles showing a greater tendency
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towards agglomeration [268]. Though the PSD of c¢p-Ti and Ag powders are similar and
monomodal, as observed by SEM the Ag consists of agglomerated and satellited particles
of far smaller individual size, simultaneously increasing the surface area and the risk of
particle inter-locking causing disrupted flow [266].

Changing the physical characteristics of the Ag powder will be crucial to establishing
which factors dominate the spread induced de-mixing behaviour. Improving feedstock
sphericity and altering surface chemistry could provide indications to whether de-mixing
can be avoided, or is a natural consequence of the significant differences in density of Ti

and Ag.

3.5 Conclusion

The feasibility of manufacturing high density Ti-Ag alloys from blended powder feed-
stocks was demonstrated by selective laser melting. Significantly, the ability to produce
distinct microstructures whilst retaining high densities was proven by altering scanning
parameters. Use of energy densities below 300 Jm~! was shown to cause significant mi-
crostructural segregation, with silver rich agglomerations within a Ti matrix. Densifica-
tion and microstructural homogeneity increased with applied energy density, with samples
manufactured below 200 Jm™! at significantly higher risk of porosity. Statistical analyses
of sample behaviour dependent on position indicated de-mixing of powder components
during spreading, with reduced Ag deposition towards the start of each spread. This has

significant implications for future manufacture of blended powder alloys.
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CHAPTER 4

INVESTIGATION OF BINARY TITANIUM SILVER
ALLOY BEHAVIOUR

In order to provide localised antimicrobial prophylaxis for metallic implants,
formulation of an inherently antimicrobial alloy would be advantageous. This
work investigates previous claims of efficacy for Ti-Ag alloys.

In order to elucidate the relationships between composition, microstructure,
and antimicrobial efficacy of Ti-Ag, a series of alloys ranging from 6 to 25 wt%
Ag with different thermal histories have been considered. In-depth microstruc-
tural characterisation with SEM and TEM confirmed the formation of Ti,Ag
precipitates after ageing for up to 555h. Both nanoscale and bulk lamallae of
intermetallics correlated well with the established phase diagram for the bi-
nary system, with the ability to suppress precipitation during quenching from
[3-Ti solid solution to supersaturated o-T1i also confirmed. Bulk characterisa-
tion confirmed a predominantly TiO, oxide layer, with no significant changes
in oxidation state between supersaturated solid solution alloys, and equilib-
rium intermetallic precipitated samples. Across the range of microstructures
and compositions assessed, no antimicrobial efficacy against S. aureus was ob-
served under the study conditions used. The absence of antimicrobial response
is likely linked to the lack of Ag release from alloys, due to the low corrosion
potential of silver in the metallic state.

This calls into question previously asserted elution-free mechanisms for efficacy
in Ti-Ag, with the presence of either nanoscale or bulk Ti,Ag insufficient.
Based upon these results, it should be feasible to further narrow the possible
routes of antimicrobial efficacy for future biomedical alloys.
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4.1 Introduction

With increasing frequency of antimicrobial resistant nosocomial and implant associated
infections, increasing emphasis is placed on alternative modes of antimicrobial delivery,
and the use of a wider variety of antimicrobials [37]. Inorganic antimicrobials, such as
metal ions and oxides, are of particular interest given their lower tendency for resistance
development versus antibiotics [269], and the possibility of easier integration into existing
biomaterials.

In concert with this, formulation of antimicrobial alloys has been a field of interest
for some time. Whilst Cu alloys have long been favoured for self-sterilising behaviour
in healthcare settings, such as brass contact points [270-272], the cytotoxicity of Cu has
limited its use in biomedical alloys [273-275]. Conversely, though use of silver doped
alloys has been less extensive in healthcare settings, it has frequently been used as an
alternative inorganic antimicrobial in vivo, with an extensive history of Ag coatings and
surface treatments for orthopaedic implants [276]. The implantation of silver alloys has
predominantly been limited to dental regimes, given its historic use as an alloying compo-
nent of up to 70 wt% in dental amalgams and casting alloys [277]. However, antimicrobial
efficacy has not been a focus of these materials, and their use may not be appropriate in
other implantation sites.

As Ti and Co-Cr alloys remain the predominant implanted metals for hard tissue
repair, both Ag doped Co-Cr and Ti alloys have been explored in laboratory settings
[228, 278]. Given the biocompatibility of Ti alloys, owing to the stable Ti oxide and its
osseoconductive nature, more extensive research has been performed on the development
of binary Ti alloys for biomedical applications [279]. The Ti-Ag binary system is charac-
terised by high solubility of Ag in the body-centred cubic 5-Ti phase, with Ag acting as
a weak [-stabiliser (Figure 4.1, modified from [280]). Two intermetallic phases - body-
centred tetragonal y-Ti,Ag and primitive tetragonal n-TiAg - are present. Whilst Ti,Ag
shows a stoichiometric composition, investigations have shown a widening of the TiAg

phase field at higher temperatures. The most rigorous explorations of the Ti-Ag alloy
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system has been due to interest in the Ti-Ag-Cu ternary, commonly used as a diffusion

barrier layer when joining Ti alloys to dissimilar materials [280, 281].
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Figure 4.1: Binary phase diagram for the Ti-Ag system. Adapted from Dezellus et al,
2011.

Brazing applications tend to focus on high Ag and Cu content, with additions of
below 10 wt% used to allow the Ag-Cu eutectic to wet Ti alloys [282]. For biomedical
applications, it is desirable for Ti to form the majority of the alloy, with sufficient Ag con-
tent to achieve the desired antimicrobial properties. Alongside ensuring sufficient efficacy
against infection, it is important to minimise long-term exposure to any physiologically
active compounds where possible. Whilst most patients show good tolerance of silver

compounds, the risk of atypical responses should be considered. Case series for silver
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coatings of megaprostheses have reported localised argyria in 23 % of implantees, despite
no neurological symptoms and no elevated blood silver levels versus non-presenting pa-
tients [75]. More frequent reports of negative reactions to silver in burn patients have
been reported, though this is likely due to the high prevalence of silver coated dressing
use for burn treatment, typically delivered as nanocrystalline Ag bonded to a polymer
mesh [283-285].

For biomedical use, the primary focus of Ti-Ag alloys has been for dental usage.
The need for durable, biocompatible materials able to cope with a corrosive environment
makes Ti-Ag alloys a natural fit. Thanks to the high nobility of Ag, corrosion resistance
in artificial saliva solution is improved compared to pure Ti alone at Ag concentrations
up to 15 wt% [124, 228, 286-288]. As is the case for conventional Ti alloys, fluoride ions
- commonly used in topical dental applications - have been shown to disrupt the passive
TiO, film, but to a reduced extent compared to cp-Ti [287, 288].

Mechanically, reports into the binary alloy indicate reduced ductility on the addition
of Ag. Materials with up to 25 wt% Ag showed increased ultimate tensile strength (UTS)
and yield strength than pure Ti, at the expense of reduced elongation [227]. Microhardness
assessments of cast alloys show increasing hardness with Ag content, as acicular o« — 3 Ti
or lamellar Ti-Ti,Ag microstructures form [227, 228|, with sintered materials also showing
significantly higher hardness than cp-Ti [286, 289].

Previous efforts to produce Ti-Ag alloys have used a variety of approaches, ranging
from powder metallurgy routes of sintering to conventional ingot casting. It is important
to consider that the manufacturing route will influence the possible complexity of implant
structure that can be achieved. For large scale production, investment casting is likely to
reach a near final implant geometry more efficiently. Production of antimicrobial alloys
has been explored primarily by casting, with mass fractions of up to 15 wt% considered.
There is however, no direct relationship between alloy composition and efficacy, further
complicated by variations in definition of antimicrobial efficacy. Ti alloys with as low as

0.7 wt% Ag have demonstrated over 98 % Kkill rate against both S. aureus and E. coli
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[290], whilst alloys with a greater silver content show negligible antimicrobial behaviour
[116, 124, 286]. As yet, explanations of this have focussed on linking efficacy to specific
intermetallic phases, rather than silver in solid solution or metallic form [124].

Ternary and thin-film Ti-Ag alloys further complicate the relationship between mi-
crostructure and efficacy. Antimicrobial response has been observed from an Ag rich
phase in Ti-Nb-Ag alloy which does not show the tetragonal Ti,Ag structure [290], whilst
Ti-Ag thin films and surface modifications have also shown efficacy that is independent
of Ti,Ag, with metallic silver or Ti;Ag attributed [291]. The efficacy of alloys has been
notably variable, with the minimum concentration within alloys needed ranging from 1

to 15 % (Figure 4.2) [124, 286, 290, 292].
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Figure 4.2: Summary of previously demonstrated antimicrobial Ti-Ag alloys, with the
stated efficacy against E. colt and S. aureus shown.

The range of preparation methods, lack of detailed reporting of subsequent microstruc-
tures, and microbial testing methodologies used (Table 4.1) complicates discussion of the
specific mode of action of Ti-Ag, with suggestions ranging from ionic release of silver
to surface contact with nanoscale intermetallic precipitates [124, 293]. No positive con-
trols are presented in any of these studies, making claims regarding their relative efficacy

difficult to assess.
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Table 4.1: Parameters used in previous bacteriological assessments of antimicrobial Ti-Ag
alloys.

Species Media CFUmL™' Duration (h) Media to Source
sample ratio
(mL cm™?)
S. aureus Nutrient broth 10° 24 0.04 286]
S. aureus Nutrient broth 10° 24 Not stated [124]
S. aureus; Nutrient broth 4 x 10° 24 0.5 [290]
E. coli
S. aureus PBS 10° 24 0.25 292]

In brief, the key requirements for antimicrobial efficacy in Ti-Ag alloys have not
been established, with alloy composition, phases present, and microstructural features
frequently confounded within the literature. To attempt to separate these factors, a fun-
damental study of the Ti-Ag system is needed. Starting from well homogenised feedstocks,
heat treatments in different phase fields allows precipitation and ageing of precipitates to
generate variable microstructures.

Considering the phase diagram (Figure 4.1), several key compositional regimes can be
considered in the low silver content region. Given the intention to start from homogenised
stock with nominally identical microstructure independent of composition, homogenisa-
tion must occur in the body centred cubic (bcc) 3-Ti state. This establishes a maximum
Ag content of 25 wt% at which this can reliably be achieved. If it is possible for alloys
in the solid-solution state to exhibit antimicrobial behaviour, feedstocks of different com-
position within this phase field should determine any dependence on Ag concentration
(Figure 4.3).

As the presence of Ti,Ag precipitates has been posited as the key cause of efficacy, sub-
sequent controlled precipitation by ageing will enable comparison of how phases present
alter antimicrobial response, independent of bulk composition. Considering the hexagonal
close packed (hep) o-Ti phase field, a minimum of 6 wt% Ag is necessary to precipitate

Ti,Ag at 600°C. Any further reduction in silver content is likely to require prohibitively
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Figure 4.3: Annotated section of Ti-Ag binary phase diagram, indicating the composition
and heat treatments used to generate samples in this work. A brief description of each
point is provided.

low temperatures for ageing, such that kinetic barriers for nucleation and diffusion may
not be overcome.

With the sequence of key equilibrium phase fields established, consideration must be
given to the manufacture of an initial feedstock which may be homogenised in the [3-
Ti field. Whilst ingot casting has been frequently investigated for Ti-Ag alloys, reliable
melting of Ti without contamination with interstitial elements such as O and N can be
challenging and requires specialised inert furnaces. The dissimilar melting temperatures
and miscibility gap of Ti and Ag may also prove challenging [294]. Conventional sintering
can be performed at lower temperatures, but requires significant time to achieve good
densification. Instead, hot isostatic pressing (HIP) of blended Ti-Ag powder feedstock
allows rapid densification in an inert atmosphere, whilst avoiding the melting of alloy
components. The resulting feedstock is likely to be locally inhomogeneous, providing
another microstructural state to be assessed for antimicrobial efficacy.

Based upon this need for a targeted study, this work aims to establish what com-

positional and microstructural characteristics control the antimicrobial efficacy of Ti-Ag
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alloys. In order to assess the effect of Ag content and microstructure independently, Ti-
xAg with 6, 10 and 25 wt% Ag were produced and subjected to a series of heat treatments.
Specific phase fields within the established Ti-Ag binary were targeted. Thorough mi-
crostructural assessment was performed, with a focus on confirming the specific phases
present and validating the existing phase diagram. A combination of SEM, XRD, and
compositional measurement by EDS were used to characterise the alloys produced. Spe-
cific alloys of interest were investigated by transmission electron microscopy (TEM) and
X-ray photoelectron spectroscopy (XPS). Alloys were then characterised for antimicrobial
response. Given the importance of S. aureus in nosocomial infections and the established
literature regarding its response to Ti-Ag, it was chosen as a clinically relevant species.
Finally, to elucidate mechanisms for any observed variations in efficacy between alloys,
their response to culture conditions was assessed, with extracts from a release study in-

vestigated for metal ion elution.

4.2 Materials and methods

4.2.1 Alloy production and sample preparation
Feedstock preparation

Commercially pure grade 1 titanium (cp-Ti) (LPW Ltd) and high purity Ag-999 (Cook-
sonGold Ltd) powders of 15 to 45 pm size distribution were blended in ratios of 6.0, 10
and 25 wt% Ag. Powder blends were homogenised by roller blending for 10 h under Ar
atmosphere with O, below 40 ppm and H,O content of below 3 ppm. Homogeneity was
assessed by SEM (TM3000, Hitachi) and LPSD (Mastersizer 2000, Malvern). Particle
size analysis was performed at two wavelengths, with red 633 nm and blue 433 nm lasers.
Tween 80 detergent was used as required, with distilled water as the dispersant fluid. A
Mie scattering hard sphere model of particles is assumed. For cp-Ti and blended Ti-Ag

powders, refractive indices of pure titanium were used [246], as both numerically and
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by volume the Ti alloy particles dominates the blend. For analysis of Ag-999, refractive

indices for pure silver were used [244].

Hot isostatic pressing

Welded mild steel cans of 2.5cm diameter and 15cm height, degreased with anhydrous
acetone, were filled with use of vibration table to ensure compaction. Cans were evacuated
overnight before crimping to seal. Powders were densified by HIP at 850 °C with a dwell
time of 4 h, with applied isostatic pressure of 150 MPa and heating and cooling rates of
5°Cmin~'. Post HIP, cans were sectioned lengthways into quarters by EDM (CUT 20
P, GF AgieCharmilles). Cylindrical cores of 12.5 mm diameter were removed from the
centre of each segment to minimise interdiffused contamination from the canning steel.
After EDM, the passivated oxide surface of each sample was removed by manual grinding
with 240 grit SiC paper (MetPrep Ltd). Samples were then assessed for density using an

Archimedes balance (Adventurer Precision AX223, Ohaus) in anhydrous ethanol.

Heat treatment

Subsequent heat treatments were performed in a box furnace, with temperature monitored
by K-type thermocouple (Table 4.2). To minimise oxidation, samples were wrapped in
0.1 mm thick Mo foils (Sigma-Aldrich) to act as a getter, and encapsulated in 99.999%
quartz (Multi-Lab Ltd), evacuated and backfilled with Ar. Fresh Mo foil and quartz
encapsulation was used for each subsequent heat treatment, with oxide films removed by

grinding with 240 grit SiC paper before re-encapsulation.

Table 4.2: Parameters of heat treatments used for samples

Heat treatment Label Temperature (°C) Cooling Duration (h)
Hot isostatic pressing HIP 850 Furnace cooled 4
Homogenisation HOM 1200 Water quench 120

Primary ageing Al 865 Water quench 435
Secondary ageing A2 600 Furnace cooled 120
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TEM sample preparation

EDM was used to cut 500 pm thick discs of materials. Both faces of sections were sequen-
tially ground using SiC papers to a thickness of below 120 pm. A hole-punch was used to
cut 3mm diameter discs from the thinned sections. Discs were twin-jet electropolished
(Struers Tenupol-3) with 5% perchloric acid / methanol solution cooled to below —10°C

with liquid nitrogen, at an applied potential of 10V.

Microbiological sample preparation

Samples were sectioned and manually polished to 2400 grit according to procedures de-
scribed in Table 4.3. Control samples of Cu (99.99%, Alfa Aesar) and Ag (99.9%, Alfa
Aesar) were cut from 1.0mm thick foils. Squares of length 11 mm were cut such to
maintain surface area equivalent to Ti-Ag discs. In order to produce cp-Ti controls, the
same powder used for blending of alloys was manufactured into solid cylinders of 12.5 mm
diameter by SLM using the machine default parameters for Ti-6Al-4V (RenAM 500M,

Renishaw).

Table 4.3: Sequence of polishing procedures used to prepare samples for bacteriological
testing.

Step Surface Dosing Duration (min) Rotation (rpm)
1 400 grit SiIC ~ Water  1:00 150
2 1200 grit SiC ~ Water  3:00 250
3 2400 grit SiC ~ Water  3:00 250

Sterilisation was performed by immersion in 75% ethanol and drying in a sterile flow

cabinet.
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4.2.2 Physical and chemical characterisation
Electron microscopy

SEM images were taken of mounted and polished samples (TM3000, Hitachi) equipped
with an EDS module (Oxford Instruments). Images were taken in BSE mode to provide
elemental contrast with the high atomic number of silver. Contrast and brightness ad-
justments were made using the Fiji distribution of ImagelJ [241, 242]. Point EDS spectra
were taken of key microstructural features, with large area scans taken at x500 magnifi-
cation for 100 s to assess bulk composition. Measurements were taken at five locations on
each sample. EDS measurements were taken at the recommended focal distance of ap-
proximately 7.5 mm, with standard background correction for spectra used in the Bruker
QuantAX software package during quantification.

TEM analysis was performed on select samples (JEM-F200, JEOL). TEM, scanning
transmission electron microscopy (STEM), EDS and electron energy-loss spectroscopy
(EELS) measurements were made of features of interest. Key microstructural features
were also used to generate selected area electron diffraction (SAED) patterns, which were
indexed against reference files (Table 4.4) using the CrystalMaker SingleCrystal software

package (version 4.0.3).

Table 4.4: Reference files used for indexing of TEM SAED patterns.

Phase Reference  Crystal structure Source
o-Ti 90008517  Hexagonal close packed (6/mmm) [295, 296]
Ti,Ag mp-979115 Tetragonal (4/mmm) [297]

Quantitative STEM-EDS mapping data was analysed taking the ratio of Ti and Ag at
each point (R 4.0.2), with the net ratios converted to a point raster image. Regions within
each image were analysed for the average composition of the respective area (Imagel

1.52g).
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X-ray diffraction

In order to establish the bulk phases present, 1 mm thick discs were subjected to XRD
analysis using a Bruker D8 diffractometer with a Cu-Koa anode. Diffraction patterns were
collected between 20 = 25° to 85°, using a step size of 0.02° and acquisition time per
step of 0.3s. Bruker Diffrac. EVA software (version 4.2.2) was used to analyse collected
patterns, with background automatically removed and peaks indexed against references

from the International Centre for Diffraction Data (Table 4.5).

Table 4.5: Reference patterns used for identification and indexing of alloy phases in XRD.

Phase Reference Quality mark Crystal structure
pattern
o-Ti  00-044-1294  Star Hexagonal close packed (6/mmm)
B-Ti  00-044-1288  Calculated Body centred cubic
TiAg 00-006-0560  Blank Tetragonal (4/mmm)

Ti,Ag 01-078-9899  Prototyping  Tetragonal (4/mmm)

X-ray spectroscopy

For assessment of surface oxidation state, 1 mm thick discs were used for XPS with a
VG ESCALab Mk II photoelectron spectrometer, combined with an Al-Ko anode. An
incident angle of 30° was maintained for all substrates, with calibration conducted using
the C 1s spectra peak, charge corrected to 284.8eV. Survey and high-resolution scans
were conducted over a binding energy range of 0 to 1200 eV, with step sizes of 1 and 0.2eV
and acquisition times of 0.2 and 0.4s per step respectively. Five scans were taken in each
case, with resulting spectra analysed in CasaXPS. Full Width at Half Maximum was
constrained to the same value for all deconvoluted spectral peaks for the same element.
In addition, all j-j coupling/spin orbit splitting peaks, most notably Ti 2p peaks, were

constrained to an area ratio of 2:1 for 3/2:1/2 peaks, respectively.
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Hardness testing

Vickers microhardness testing of mounted and polished samples was performed at 50x
optical magnification and 100 g indentation force (Buehler Wilson VH1202). Five inden-
tations were made per sample, with additional tests made to distinguish between the Ti
matrix and large intermetallic particles in the as-HIPed state. Measurement of indents
was performed automatically, with manual adjustments made when software failed to

accurately locate indent corners (DiaMet, Buehler).

4.2.3 Microbiological characterisation

Bacterial cultures used unsupplemented LB broth (Lennox, Sigma) or LB agar (Lennox,
Sigma) plates, and were under aerobic conditions at 37°C. Calibration of colony form-
ing units per mL (CFUmL™!) to optical density at 600 nm (ODggy) was performed using
a spectrophotometer (Evolution 300, Thermo Scientific), with an ODgy of 0.2 approxi-
mately equal to 108 CFUmL™!. For all tests, overnight cultures in LB broth were initially
grown to 10 CFUmL™! at 37°C and 150 rpm. This overnight culture was then diluted
100-fold in fresh LB broth, re-incubated for 2h before dilution to an ODgy of 0.020,
equivalent to approximately 10° CFUmL~!. A 20 L droplet of culture was pipetted onto
sterile alloy discs, and incubated for 4 h at 37 °C, in order to assess the initial colonisation
period.

Samples were then transferred to 2mL of aqueous 0.024m M Tween 80 detergent,
equivalent to twice the critical micelle concentration, and vortexed for 10s. The resulting
suspension was sampled and serially diluted for viable CFU by the Miles-Misra method
[183]. Selected additional samples were also cultured for a 24h period under the same

protocol.
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4.2.4 Release study

Three sample discs of each material were suspended in 3ml of sterile LB broth culture
media to achieve alloy to media ratio of 0.4mLcm™2, and incubated for 15d at 35°C
in dark conditions. Resulting media was acidified with 10 % hydrochloric acid before
filtration through 0.22pm PES filters. Acidified samples were subjected to ICP-OES
(Perkin-Elmer 8000 Optima), with matrix-matched Ag and Ti standards used for cali-
bration. In and Sc internal standards were used to correct the intensities of Ag and Ti

respectively due to their similar atomic weights.

4.2.5 Statistical methodology

Prior to any assessment of the statistical significance of results, samples were assessed
for equal variance using Levenes test (o« = 0.05). Where equal variances were confirmed,
one-way Fisher ANOVA was used to determine if any difference in means was observed.
For statistically significant differences in mean, the Tukey-Kramer post-hoc test was used
for comparison and on an individual alloy basis, with nominal composition (6, 10 and
25 wt%) and alloy state (HIP, HOM, A1, A2) treated as a single variable (ax = 0.05).
For results with non-equal variance, Welchs ANOVA and the Games-Howell post-hoc test
were instead applied (¢ = 0.05).

In order to assess the significance of nominal composition and alloy state on behaviour,
results were also subject to two-way ANOVA (« = 0.05). The results of fitting the general

linear model are listed in table 4.8.
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4.3 Results

4.3.1 Alloy production

All three powder blends exhibited a distribution of Ag particles throughout, visible both
by visual inspection and SEM (Figure 4.4). Ag-999 showed a tendency to agglomerate,
with c¢p-Ti fines of below 5pm frequently captured in the agglomerations. All particle
size distributions show good agreement with a nominal 15 to 45 pm size range, with d
ranging from 19 to 26 pm and dgy 48 to b3 pm. Ti-25Ag shows the highest diy and ds,
which may indicate a greater agglomeration of fine particles, though no bi-modality of

the distribution is apparent.
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Figure 4.4: Particle size analysis of feedstocks, with a) range and b) cumulative size
distributions; and SEM micrographs of ¢) cp-Ti, d) Ag-999, e) Ti-6Ag, f) Ti-10Ag, and
g) Ti-25Ag powders. Accumulation of fine Ti particles onto Ag agglomerates is marked
in d).
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After HIP each alloy ingot was sectioned into four segments. The uniform densifi-
cation and distribution of Ag between segments was confirmed by Archimedes balance
assessment, with densities of 4.69 4 0.01, 4.77 4 0.02 and 5.30 & 0.06 gcm 2 for Ti-6Ag,
Ti-10Ag and Ti-25Ag respectively. Predicted densities for a binary mix of Ti and Ag
would be 4.579, 4.691 and 5.168 g cm ™ respectively.

Analysing the oxygen content of alloys post heat treatment, all samples exhibited
oxygen content below 0.5wt% (Figure 4.5a). Broadly, oxidation over the course of heat
treatment is lower for higher Ag content. The composition of alloys is consistent between
heat treatment states, though a reduced apparent Ag content of 3.0, 5.4 and 18.1 wt% is
observed by EDS in the as-HIPed state (Figure 4.5b). The presence of trace Si, particu-

larly in Ti-10Ag samples after primary ageing, may indicate de-vitrification of the quartz

encapsulation.
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Figure 4.5: a) Oxygen content by inert gas fusion of alloys with base alloy powders
shown, and b) composition of Ti-Ag alloys according to SEM-EDS with nominal target
composition of 6, 10 and 25 wt% shown. A scale for the wt% of Ag is provided; note that
this does not accurately represent the wt% of Si present.
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4.3.2 Microstructural characterisation

Scanning electron micrographs taken under BSE imaging conditions provide a visual in-
dication of silver distribution within samples, due to the increased electron yield of Ag.
After HIP, high Ag content particles are constrained within the Ti matrix, with a second
silver rich phase at the boundary (Figure 4.6). Samples showed good consolidation, with
only small amounts of residual porosity visible in Ti-10Ag.

Following homogenisation, no clear microstructural variation or compositional segre-
gation is present in any samples, indicating quenching was sufficient to suppress precipi-
tation. An increased degree of porosity is observed, particularly for Ti-10Ag, suggesting
that Ar entrapment may have occurred during HIP, with heat treatment leading to con-
densation into larger pores. An apparent string-like texture visible in several samples was
established as a surface artefact of the polishing procedure, and not a microstructural
feature.

Primary ageing results in precipitation of Ti,Ag in the Ti-25Ag samples, with a lamel-
lar microstructure interspersed with larger intermetallic precipitates. Both Ti-6Ag and
Ti-10Ag remain homogeneous in structure. Following secondary ageing, fine grain bound-
ary precipitates are found in Ti-6Ag (Figure 4.7 a and b). No significant change in mi-
crostructure is observed for Ti-25Ag A2, indicating that the primary ageing process was
sufficient to achieve an equilibrium microstructure. No high-contrast phases are present
in the aged Ti-10Ag samples, indicating a lack of silver rich phases. Dark, irregularly

shaped precipitates do appear in Ti-10Ag A2.
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Figure 4.6: SEM micrographs of Ti-6Ag, Ti-10Ag, and Ti-25Ag after at each stage of
the heat treatment process. Scale bars are 20 pm. HIP samples comprise 100 pm Ag rich
particles within a Ti matrix. Porosity is observed in Ti-10Ag, and dark precipitates are
present in Ti-10Ag A2.
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Figure 4.7: SEM micrographs of specific microstructural features of interest; a) and b)
grain boundary precipitates in Ti-6Ag A2 indicating precipitation of Ti,Ag as predicted
by phase diagram; and low magnification comparison of Ti-25Ag ¢) Al and d) A2, demon-
strating that no major changes in microstructural features occurred on secondary ageing.

Provided the microstructures imaged are representative - i.e. assuming samples are
approximately isotropic - the area fraction of phases can be directly correlated with volume
fraction. The proportion of intermetallic phase in both Ti-25Ag Al and A2 correlates
with the current binary phase diagram (Table 4.6). Due to the small scale of precipitates
present in Ti-6Ag, measurements of phase distribution from SEM micrographs were not
feasible.

Table 4.6: Ratio of phases present in Ti-6Ag A2, Ti-10Ag A2, and Ti-25Ag Al and A2.

The expected proportion according to phase diagram is present for nominal and measured
composition, alongside the imaged phase ratio by SEM.

Calculated from phase diagram Measured
Sample Nominal Ti,Ag (vol%) EDS Ti,Ag (vol%) SEM Ti,Ag (area%)
Ti-6Ag A2 3 7 N/A
Ti-10Ag A2 5 5 N/A
Ti-25Ag Al 20 20 34
Ti-25Ag A2 35 34 33
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Based upon EDS measurements, as HIPed microstructures consist of a TiAg core
with a Ti,Ag boundary layer (Figure 4.8). However, deviation from the expected stoi-
chiometry is observed (Figure 4.8). In the HIP state, both Ti-10Ag and Ti-25Ag show
silver deficiencies of approximately 5at% in the TiAg phase, whilst Ti,Ag intermetallics
in Ti-25Ag Al and A2 exhibit measured silver contents of 29 & 1 at%. This may suggest
microstructural inhomogeneity below measured length scales, but there is no clear indica-
tion of multiple phases present within these regions. No Ti-Ag intermetallics are noted in
aged Ti-10Ag samples, with precipitates previously noted instead Si rich particles. Their

darker colouration is therefore due to reduced backscatter yield from Si.
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Figure 4.8: Composition of individual microstructural features according to SEM-EDS.

A scale for the wt% of Ag is provided; note that this does not accurately represent the
wt% of Si present.
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To investigate the microstructure of intermetallic precipitates in the secondary aged
state, Ti-6Ag A2 and Ti-25Ag A2 were subjected to TEM. Bright and dark field images
indicate grain boundary precipitates present in Ti-6Ag (Figure 4.9), as was observed in
SEM. An apparent depletion zone is present either side of grain boundaries, with very
fine 30 nm precipitates distributed in a band outside of the depleted region (Figure 4.9¢).
Dislocation pile-ups are frequently observed around precipitates, indicating they may
provide pinning locations (Figure 4.9d).

In Ti-25Ag A2, the lamellar nature of precipitates is apparent, with 0.5pum wide
lamellae visible (Figure 4.10 a and b). Lamellae appear wedge-shaped, though this is likely
an artefact of increasing sample thickness away from the thinned hole edge, visible also
in the decreasing contrast at the top left of micrographs. As in Ti-6Ag, dislocations are
visible. Clusters of dislocations bridge perpendicular between individual Ti,Ag lamellae
(Figure 4.10 ¢ and d).

Identification of phases from SAED patterns confirmed that microstructures consisted
of hep o-Ti and tetragonal (I4/mmm) Ti,Ag precipitates for both Ti-6Ag and Ti-25Ag
A2 (Figure 4.11) [297]. This correlates with predicted phases from the current Ti-Ag
phase diagram (Figure 4.1).

Attempts to generate EELS spectra to investigate local oxidation state were unsuc-
cessful due to excessive thickness of samples, indicating the need for further optimisation
of electropolishing. Efforts to thin samples by Ar ion milling (Precision Ion Polisher
System, Gatan) resulted in sample damage, negating any reduction in thickness.

Quantitative compositional maps of microstructures indicate a higher proportion of Ag
present in the core of precipitates than the 33 at% expected for Ti,Ag stoichiometry, and
diffuse boundaries below stoichiometry. Selecting the boundaries of precipitates manually,
the composition of the precipitate measured in Ti-6Ag is 33 &= 8 at%. The surrounding Ti
matrix contains 11 £ 5 at%, with denuded zones adjacent to precipitates in Ti-6Ag ranging
from 4 + 2at%. Lamallae in Ti-25Ag were measured as 36 + 6 at%, with surrounding Ti

matrix containing 11 4= 2at%. Whilst results for precipitates correlate well with both
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Figure 4.9: Bright field STEM and TEM micrographs of grain boundary precipitates in
Ti-6Ag A2. a) The presence of elongate precipitates along the length of boundaries are
apparent. Both for b) individual 0.5 pm precipitates and ¢) 2.5 pm wide agglomerations
of precipitates, clusters of smaller 30 nm precipitates are visible either side of the grain
boundary. A precipitate-free denuded zone is present between the larger grain boundary
particles and the nanoparticles. In d), a 2 pm long precipitate is shown to have an adjacent
network of dislocations in the Ti matrix.
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Figure 4.10: Bright field and HAADF STEM micrographs of Ti-25Ag A2. a) and b)
Parallel lamellae of intermetallic precipitates are clearly distinguishable, with a network

of dislocations spanning between adjacent lamallae. These dislocations are shown at
higher magnification in ¢) and d)
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Figure 4.11: Indexed SAED patterns for a) Ti-6Ag A2 and b) Ti-25Ag A2, with best
fitting phase considering spot locations and systematic absences. Two reciprocal lattice
vectors are labelled to clarify orientation.

phase diagram and SEM-EDS measurements, matrix compositions indicate excess Ag

has been measured compared to the equilibrium phase diagram. This may indicate poor

measurement quality due to excess sample thickness.
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Figure 4.12: Quantitative maps of TEM-EDS analysis for a) and b) Ti-6Ag A2, and c) Ti-
25Ag A2. Composite map colour scale has been chosen to visually differentiate between
TiAg and Ti,Ag intermetallics.

4.3.3 Bulk characterisation of alloys

In the as HIP state, TiAg particles exhibit a hardness of approximately 135HV0.1, though
this value is likely an overestimate given their constraint within the stiffer Ti matrix
and similar length scale to the indentation at 100g force. For heat treated samples,
increased silver content decreases hardness, with Ti-25Ag samples broadly showing the
lowest hardness for each heat treatment state (Table 4.7).

In homogenised, supersaturated state, higher Ag content is associated with decreasing
hardness, with Ti-6Ag HOM and Al showing the highest hardness of 354HV0.1 and
334HV0.1 respectively. However, the statistical significance of variations between samples
is low, with various groups overlapping.

In order to better assess the influence of nominal composition and the alloy state upon

hardness, results were subject to 2-way ANOVA (Table 4.8). Nominal composition was
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Table 4.7: Vickers hardness of polished samples at loading of 100 g force. Due to in-
homogeneity at the length scale of indentations for samples in the HIP state, separate
indentations were made for intermetallic particles and the Ti matrix phase. Groupings are
presented based on Tukey statistical comparison, with samples that do not share letters
significantly different from one another.

Ag wt% Heat treatment Microstructural feature HVO0.1 Grouping

HIP Intermetallic particles 144 +£14 E
HIP Matrix 178+ 11 DE
6 HOM 354+38 A
Al 334+49 BCD
A2 248+28 AB
HIP Intermetallic particles 148 +£7 E
HIP Matrix 166 =15 E
10 HOM 2714+24 ABC
Al 1994+30 AB
A2 329+26 CDE
HIP Intermetallic particles  127+8 E
HIP Matrix 173424 DE
25 HOM 2713+£17 ABC
Al 22548 ABC
A2 256+11 BCD

found to be a significant factor in determining hardness, as well as the alloy state. This
remains the case when the high softness of samples in the HIP state is removed from
statistical analyses.

Assessing the bulk crystallographic phases present in samples was performed by XRD.
Analysis of XRD patterns correlates with the phases predicted by phase diagram, and
those indicated by compositional analyses and SAED patterns. In the as HIP state, there
is no clear indication of additional Ag rich phases beyond TiAg and Ti,Ag present in
patterns (Figure 4.13). Suppression of precipitation in the homogenised state is confirmed,

with only «-Ti peaks present.
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Table 4.8: Statistical parameters for 2-way ANOVA of hardness data, with the alloy
composition and heat treatment state considered. Results are presented both for all
samples, and excluding samples in the HIP state due to the significant inhomogeneity at
the length scale of indentations.

Composition State
Variable F-value P-value F-value P-value
Hardness (All) 6.94 0.002 45.76 0.000
Hardness (-HIP) 6.41 0.004 3.68 0.034

In the aged states, Al and A2, the large proportion of Ti,Ag present in Ti-25Ag
is clear. Overlap of the Ti,Ag {103} and «-Ti {002} peaks at 38.0° and 38.4° makes
identification of intermetallic in Ti-6Ag and Ti-10Ag challenging, suggesting any volume
fraction present is below the threshold of noise in the data.

In order to understand how the oxidation state of Ti and Ag may change in inter-
metallics compared to in solid solution, XPS was performed on pure Ti, Ti-25Ag HOM,
and Ti-25Ag A2 samples. No significant change in the oxidation state of Ti was observed
between samples, with only a slight shift in the position of peaks (Figure 4.14). In both
the homogenised and aged state, Ag was found in a mixture of Ag® and Ag,O oxidation
states. Ag,O was the dominant state in both cases, indicating that precipitation of the
Ti,Ag intermetallic does not significantly alter the passive oxide film. No Si content was

observed for the three materials assessed.
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Figure 4.13: Indexed XRD patterns of materials. Markers for reference patterns are shown
at the expected 20 values, allowing the assignment of phases to relevant peaks. Peaks
correlating with Ti, TiAg, and Ti,Ag are observed in all HIP samples, with intermetal-
lic peaks subsequently missing in the HOM state, confirming that samples are in solid
solution. Ti,Ag diffraction peaks are clearly present in the Ti-25Ag Al and A2 states,
however are not distinguishable in Ti-6Ag and Ti-10Ag.
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Figure 4.14: Measured XPS spectra of c¢p-Ti, and Ti-25Ag HOM and A2. Survey data
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a) indicates similar behaviour across all three materials, with the presence of Ag 3d and

3s the most notable change. Peaks for b) C 1s, ¢) O 1s and d) Ti 2p show only minor
variations. Si spectra e) indicated no contamination. Slight shifts in the oxidation states
of f) Ag are observed, but with Ag,O remaining the dominant oxidation state for both

HOM and A2 states.
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4.3.4 Antimicrobial efficacy of alloys

Assessing the response of S. aureus to alloys within the initial four hour culture period,
there was no significant antimicrobial effect for any Ti-Ag alloys compared to cp-Ti (Figure
4.15a). Whilst complete eradication of all cultures is observed for Cu, neither pure Ag
nor Ti-Ag in any heat treatment state exhibited any antimicrobial response. A distinctive
region of corrosion where culture media contacted the sample surface is observed for Cu
samples, whilst no visible change in the surface is observed for other materials, including
Ag. Investigating behaviour after a full 24 h culture again showed no significant difference

in response for the selected alloys (Figure 4.15b).
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Figure 4.15: Response of S. aureus cultures to the surface of alloys after a) 4h culture,
compared to c¢p-Ti, and b) after 24 h culture for select samples.

After incubation in LB broth at 35 °C for 15 days, negligible release of Ag is observed
for all alloys investigated, with less than 1ppm detected (Figure 4.16). Only the as-
HIPed Ti-25Ag shows release above the background level observed for ¢p-Ti and blank LB
controls. Samples of Ti-10Ag in the as-HIPed and homogenised state were not assessed
due to microbial contamination in the eluent. All samples show significantly less Ag

release than the high-purity Ag plate controls, which even at the high surface area to
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eluent volume ratio of 0.4mL cm™2 produced a concentration of only 4.7 & 0.3 ppm.
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Figure 4.16: Concentration of Ti and Ag in LB broth eluent after ageing alloy samples
for 15d at 35°C. Eluent of Ti-10Ag in the as-HIPed and homogenised state were not
assessed due to microbial contamination. Control samples of cp-Ti, Ag, and an LB blank
are included for comparison. Samples marked * were excluded due to microbial contami-
nation.

4.4 Discussion

Considering the physical properties of the Ti-25Ag alloys produced in this study, there
is broad agreement with previously manufactured Ti-Ag binary alloys. The absence of
precipitates after initial homogenisation and quenching, internally consistent composi-
tion, and a-hcp phase of all three alloys, correlates with the massive transformation of
homogenised -bcc, as has previously been demonstrated for a range of both hyper and
hypo-eutectoid Ti-Ag alloys [298]. Etching of polished sections to generate grain bound-
ary contrast under polarised optical microscopy may allow the identification of martensite
laths to confirm this transformation [299].

The ratio of phases present in Ti-25Ag A2 matches well with the existing phase dia-

gram (Table 4.6). The increased proportion of Ti,Ag present in the A1 condition suggests
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that quenching was insufficient to prevent further intermetallic precipitation as [3-Ti trans-
formed to supersaturated «-Ti. Given that no precipitation was observed after quenching
in the homogenised state - which exhibits a significantly greater supersaturation of Ag
- it is likely that existing Ti,Ag precipitates continued to grow, rather than additional
nucleation occurring as undercooling increased.

A possible deficiency in Ti,Ag for Ti-6Ag and Ti-10Ag raises some questions. As
precipitates are only observed on the grain boundary in Ti-6Ag, the ratio of grain to
precipitate size makes measurement of phase ratio by SEM infeasible. Previous studies
have indicated a lower proportion of Ti,Ag than anticipated, with ingot cast materials
at 15 wt% where only 0.7% nanoscale Ti,Ag was observed [124]. The cause of a lack
of Ti,Ag precipitation in Ti-10Ag A2 is more difficult to ascertain. It may be that
the Si contamination detected by EDS and observed as darkened precipitates in SEM
(Figure 4.6) suppresses intermetallic nucleation or growth. The presence of high Si content
precipitates in Ti-10Ag may correlate with previously observed precipitation of coarse
silicides in Ti alloys [300]. Long ageing periods, as used in this study, may contribute
to the size of these precipitates, as coarsening of silicides is an established behaviour in
long-term high temperature service. Whilst this Si contamination prevents conclusions
being drawn on the behaviour of aged Ti-10Ag A2, both the HOM and A1 states can be
considered when drawing trends across samples.

Considering the position of Ti-6Ag A2 samples on the phase diagram (Figure 4.3), the
alloy is in the hypo-eutectoid state. Previous assessments of hypo-eutectoid Ti-X alloys
have typically exhibited bainitic microstructures, however Ti-Cu - a binary system with
significant similarities to Ti-Ag - does favour lamellar microstructures as undercooling
increases [301]. The lines of precipitates observed under TEM in Ti-6Ag (Figure 4.9)
are more representative of the bainitic structures observed in hypo-eutectoid Ti-X alloys,
which may indicate the trend in Ti-X behaviour holds true for Ti-Ag.

In contrast, Ti-25Ag has a strongly hyper-eutectoid composition. The lamellar mor-

phology of Ti,Ag precipitates has been observed in cast alloys of 22.5 to 30 wt% [227]
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and sintered 20 wt% Ag alloy [289]. As large volumes of intermetallics are typically con-
sidered mechanically unfavourable, the hyper-eutectoid regime in Ti-X binary alloys has
been less well explored. The formation of a lamellar structure - analogous in appearance
to the well characterised pearlitic ferrite-cementite microstructure in the Fe-C binary -
has previously been observed in Ti-X binaries near the eutectoid composition [302]. This
microstructure is likely formed through the same co-operative growth mechanism leads to
in both Ti-Ag and pearlitic steels. Co-operative growth significantly reduces the required
diffusion distance to reach an equilibrium phase distribution, compared to formation of
equiaxed precipitates.

Both Ti-25Ag Al and A2 exhibit the same microstructural features, with lamellar
colonies of Ti,Ag and larger grain boundary precipitates (Figure 4.7 ¢ and d). This
indicates that, even after combined ageing duration of 555 h, consolidation of lamellae into
larger equiaxed precipitates is not favourable. Considering evolution of the analogous Fe-
Fe,C system, ageing of pearlitic microstructures below the eutectoid temperature results
in spheroidisation of the Fe;C phase. Spheroidisation of overaged pearlite is demonstrated
to be clearly distinguishable after 10 h and to reach visible completion after 100 h [303, 304]
Given that the co-operative growth of lamellae is functionally the same for Ti-Ag and Fe-
C, it might be anticipated that the same subsequent microstructural evolution would be
observed when aged further.

However, the process of spheroidisation will be highly constrained by diffusion rate.
The difference in diffusivity at typical ageing temperatures between Ti-Ag and Fe-C
is several orders of magnitude (Ag in «-Ti: 4.0 x 1072 m?s™! at 865°C; C in o-Fe:
4.9 x 107" m?s™! at 700 °C respectively) [307]. An approximate diffusion length can be
estimated as 2v/Dt for a given duration, t. Despite the significant total ageing dwell
time of 555 h, the estimated diffusion distance for Ag is an order of magnitude less than
that expected for C after just 10 h, making any significant microstructural change unlikely
(1.74 x 1077 and 2.66 x 107%m) [261, 262, 307]. Even if the boundary between Ti,Ag and

«-Ti is sufficiently disordered as to enable fast grain-boundary type diffusion, distances
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remain short (7.2 x 107%m) [308], though this is on a similar scale to the interlamellar
spacing. In summary, after the initial rapid co-operative growth of lamallae, the slow
rate of substitutional diffusion makes further microstructural evolution unlikely without
extreme ageing times.

To understand possible thermodynamic factors for microstructural evolution, it is
also informative to consider how precipitation of Ti,Ag alters local strain in the alpha
Ti matrix. Assessing the HOM state, the lack of precipitation present in Ti-25Ag after
homogenisation may be surprising, given the significant supersaturation of the lattice with
Ag solute. However, despite their difference in electronic structure and atomic mass, the
radii of Ti and Ag are remarkably similar. The Seitz radii - calculated from the atomic
volume - of Ti and Ag are 1.6153 and 1.5969 A [305, 306]. Whilst the presence of solute
atoms does alter the effective radii of the surrounding matrix, volumetric strain can be
crudely approximated based on a rule of mixtures, such that

AV (zRa,* + (1 —2)Ry®) — Rp®  x(Ra,” — Rpi®)

vV RTZ'3 RTi3 ( )

where AV is the effective volume change caused by solutes, and R, and Ryp; are the
Seitz radii of Ti and Ag respectively. For 25 wt% Ag in solution, this results in a —0.44 %
strain (i.e. for a ¢p-Ti cube of unit volume, the volume of a Ti-25Ag cube with the same
number of lattice points is 0.9956). This low strain is clearly sufficiently low that it can
be accommodated by the «-Ti matrix on quenching, and does not provide the required
driving force for any form of rapid precipitation as a form of strain relief.

Similarly, the effective volumetric change on precipitation of Ti,Ag can be estimated.
Considering the respective crystallographic unit cell volumes of «-Ti and Ti,Ag, the
effective volumes per atom of 17.658 A® and 17.421 A3 indicates a volume difference of
—0.47 % between pure «-Ti and precipitation of Ti,Ag [297]. For 25 wt% Ag, the volume
of Ti,Ag present is expected to be 35 %.

The estimated volume change of aged Ti-25Ag compared to cp-Ti is —0.50 %, indicat-

ing an additional —0.06 % volume reduction after precipitation. Assuming zero strain in
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Ti,Ag, the remaining volumetric strain in the surrounding «-Ti matrix is just —0.05 %. As
expected, the overall lattice strain is likely to therefore be reduced as Ti,Ag precipitates
in Ti-25Ag. It may be possible to confirm this through higher resolution XRD analyses,
comparing the location of o-Ti peaks in patterns. However, the overlap of Ti,Ag peaks
in spectra for the aged Ti25Ag samples may require Rietveld analysis of a sample series
to accurately assess lattice strain.

The composition of microstructural features broadly agrees with that predicted by the
Ti-Ag phase diagram. SEM-EDS indicates a slight Ag deficiency of intermetallic phases in
the as-HIPed and aged states. This effect could be caused by measurement errors, wherein
adjacent Ti matrix is included in the sampled volume. This is unlikely to be the case for
TiAg intermetallics in the HIP state, given the penetration depth of EDS is typically below
5pm [309]. It is possible that the difference in backscatter coefficient between Ti and Ag
has resulted in inaccurate quantification, though this effect is considered automatically
by the software used. Given that no additional phases are present in XRD patterns
for the as-HIPed state, this suggests that any deviations in the measured Ag content
of phases are either within measurement error, or the TiAg intermetallics are slightly
deviating from stoichiometry. As has previously been demonstrated, TiAg does not exhibit
perfect stoichiometry, with the phase field widened at elevated temperatures (Figure 4.1).
Given the nature of HIP as a powder metallurgy process, alloys are likely to have a high
vacancy concentration, allowing for more defective structures, able to support atypical
compositions.

As the largest precipitates in the A1 and A2 samples are below 10 pm in width, the
small but consistent deficiency in Ag content in SEM-EDS can be ascribed to overlap of the
measurement volume with surrounding «-Ti matrix. This is confirmed by measurements
of Ti,Ag in STEM-EDS, where the mean composition of precipitates agrees well with
the expected 33 at% composition (Figure 4.12). Variability across individual precipitates
may be an artefact of excess sample thickness, such that the cross section of non-equiaxed

precipitates changes throughout the sample volume. Efforts to thin samples further by Ar
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ion milling resulted in pockmarking of samples, possibly due to the wide difference in the
sputtering rates of Ti and Ag [310]. Further refinement of electropolishing parameters for
Ti-Ag binary alloys will be necessary to improve resolution in TEM. This may also allow
for EELS spectra to be successfully measured, providing data on the relative oxidation
state of specific microstructural features. This may also allow SAED patterns to be
collected from the nanoscale precipitates observed either side of the denuded zone in
Ti-6Ag A2 (Figure 4.9).

In summary, despite some minor variations and the contamination of Ti-10Ag A2
with Si, the physical characteristics of alloys agree well with existing literature. This
includes hardness measurements. The lack of a statistically significant difference between
Ti-25Ag in the A1 and A2 states compared to Ti-6Ag A2 may be surprising, given the
dramatically different intermetallic contents (Table 4.7). Other binary Ti intermetallics
typically exhibit hardnesses significantly above that of a surrounding o matrix [311].
However, previous investigations of Ti-Ag intermetallics suggest only a small trend in
increasing hardness as Ag content rises, from 130Hv to 264Hv at 30 wt% [227]. In this
work, both the alloy state (HIP, HOM, A1, A2) and the composition (6, 10 and 25 wt%)
were statistically significant factors in the hardness of alloys (Table 4.8) Whilst coarse
grain size due to long ageing durations can contribute to a low hardness, the interlamellar
spacing of below 1 pm within grains should limit ductility, and both alloys in the A2 state
have undergone the same thermal history. Any residual porosity due to Ar entrapment
would also contribute to reduced hardness, though these results remain surprising given
the absence of porosity observed in SEM for Ti-25Ag.

Given that these alloys can be considered well characterised, with the presence of
Ti,Ag intermetallic confirmed, previous literature suggests bactericidal behaviour should
be observed. However, despite the broad compositional range and variety of microstruc-
tural states assessed, no significant antimicrobial efficacy was observed for these alloys
(Figure 4.15). For comparison, pure Cu control material showed complete elimination of

bacterial cultures. Given the distinct lack of any antimicrobial response from these alloys
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under the conditions assessed, two key hypotheses for this can be presented. First, that
the bulk or surface chemistry of alloys is such that they are inactive or inactivated by the
culture medium; and second, that if ionic release does occur, silver ions are complexed by

other agents within the culture medium (Figure 4.17).
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Figure 4.17: Schematic of possible mechanisms for inactivation of antimicrobial behaviour
in Ti-Ag alloys.

Consider first the possibility of total surface inactivation or passivation. It is the pas-
sive surface oxide that will first encounter any biological system, and plays a crucial role
both in any release mediated behaviour, and any contact associated bactericidal mecha-
nism. For Ti alloys, XPS can provide information regarding the oxide film present as a
surface sensitive technique [312] The lack of significant change in oxide state either for Ti
or Ag between the homogenised and secondary aged state of Ti-25Ag may correlate with
the continued absence of antimicrobial response observed, despite significant microstruc-
tural change (Figure 4.14). Subsequent research into Ti-Ag alloys has demonstrated that
selective etching - effectively exposing Ti,Ag particles within the Ti matrix - does increase
efficacy, albeit fractionally [229]. There has been demonstrated antimicrobial action for
Ag doped TiO, films, which may further confirm the need for Ag to be either present
in the oxide film or otherwise exposed [313-315]. Within this work, surface preparation
of bacteriological samples was limited to grinding with SiC grit papers, and subsequent
degreasing. Previous studies have followed similar protocols, occasionally including an

additional 1.5pm diamond particle polishing step [124]. Whilst this is likely to reduce
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surface roughness, it is unlikely to alter the passive oxide film, suggesting this difference
in procedure does not account for the lack of antimicrobial action in this work.
Regarding the adhesion of proteins and other long chain amino acids, there is an
established behaviour for absorption of proteins such as albumin and fibrinogen to Ti
alloys in vitro [316-319]. In an in vivo setting, recent studies have assessed the specific
proteins adsorbed to the surface of titanium implants after an initial two minutes of
insertion. The resulting implant proteome consists primarily of intracellular proteins, with
haemoglobin subunit B and serum albumin dominating [320]. Approximately 7pgcm™2
of adsorbed protein was recovered from implants. For comparison, assuming that surface
adsorption is limited by surface availability, rather than protein availability, for the release
study samples at a ratio of 0.4mLcm™2, this would indicate 17.5pgmL~! of protein
would need to be deposited to reach the same coverage. In comparison to biological
sera encountered in vivo, LB broth contains significantly less long chain protein by mass.
Considering the components of tryptone and yeast extract respectively, both contain a
wide range of short chain amino acids, but have undergone sufficient enzymatic processes
to contain minimal long chain proteins [321]. Whilst this does not preclude the adhesion
of these short chain compounds to the passive TiO, surface, the fundamental response
of both bacteria and the TiO, to short chain peptides versus proteins may differ [322].
Empirical studies disagree on the fundamental effect of proteins on ionic release, with
both accelerated and decelerated corrosion demonstrated under similar conditions [323,
324]. Whilst measurement of any protein adsorption observed on Ti-Ag alloys may be
informative, the relative tendency for adsorption will fundamentally be driven by the
nature of the oxide film, and as such this can be argued to be the primary factor.
Regarding the possibility of oxide growth leading to further passivation, whilst the
corrosion potential of alloys was not directly assessed, previous investigations of Ti-Ag
have found the addition of Ag does not have a significant deleterious effect on corrosion
resistance [286, 325]. Given the sensitivity of Ti to F, the presence of fluoride ions in an

oral environment has been a frequent consideration, with additions of Ag up to 3.5 wt%

145



mitigating the effect on open circuit potential of F~ concentration [228]. However no
significant F~ concentration is anticipated in LB media.

If, as has been previously suggested, o-Ti and Ti,Ag were to act as galvanic couples in
corrosion conditions, the microstructural state will play a significant role. It has previously
been established that lamellar Ti intermetallic microstructures can show anomalously
high corrosion resistance [326]. This was ascribed to the low projected area of individual
lamellae resulting in a contiguous ”envelope” of corrosion protection from the adjacent
phase. This would correlate with the lack of change in oxidation state between the HOM
and A2 states for Ti-25Ag (Figure 4.14), which indicates a contiguous oxide film across
samples.

Assessing the second possible route of alloy inactivation - the formation of silver com-
pounds or complexes by the culture media used - release study results provide perspective
on the significance of this effect. The peak concentration of Ag detected is below 1 ppm for
all alloys, significantly below the 4 ppm of pure Ag controls and within the baseline noise
level of negative cp-Ti and LB controls (Figure 4.16). It is likely that the silver measured
was bound as an insoluble precipitate. Past attempts to prepare ICP calibration standards
with LB media made clear that conventional acidification with HNO; alone is insufficient
to maintain Ag"' in solution. Subsequent filtering at 0.22 pm removed Ag compound pre-
cipitates, resulting in inconsistent standards. As has been used in the protocol for this
study, acidification with sufficient HCI does solvate Ag, converting AgCl precipitate into
the soluble AgCl '™ anionic complex. Together, this indicates that precipitation of Ag*
ions in LB media is likely dominated by halide precipitation, rather than binding of thiol
groups or glucose mediated reduction. Thiol groups may dissociate with relative ease, but
the anticipated thiolate bond strength with Ag' will be significantly less than that for
free Cl". Neglecting solvation effects, the bond dissociation energy (BDE) of Ag,S is less
than that of AgCl (AH; AgCl 341kJmol, Ag,S 213kJmol) and will be further attenu-
ated given that the thiolate RS~ will exhibit lower polarity than free S* [327, 328]. This

behaviour is unlikely to change in vivo, as previous studies have demonstrated that ionic
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silver rapidly reacts to form colloidal AgCl nanoparticles in biological media including
glucose, PBS, and LB media [185]. The nanoparticles are stabilised by a protein corona,
and it is through surface interaction or uptake by cells that antimicrobial effect is likely
to occur.

Whilst the electrochemical behaviour of Ti,Ag is not well established, pure silver
controls were included to provide a negative control that still contained silver. As has
previously been observed, pure Ag shows negligible antimicrobial activity in various media
due to a lack of corrosion [329]. Pourbaix diagrams can be constructed for the conditions
observed in LB media, with an approximate chloride concentration of 0.05 M (Figure 4.18)
[330]. A metal concentration of 5 x 107> M is shown, equivalent to the 5ppm release
measured for pure Ag samples in LB media (Figure 4.16).
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Figure 4.18: Pourbaix diagrams for a) Ag and b) Cu at 35°C in aqueous conditions, with
a CI” concentration of 0.06 M. Metal concentration was set at 5 x 107°> M. Dashed lines
represent the region of stability for water.

It is further apparent that generation of Ag™ ions is improbable, and that any corrosion
of pure silver that occurs will only generate insoluble AgCl. For comparison, the positive
control material used, Cu, showed significant corrosion over the study duration. Both
soluble CuCl, and Cu," are stable within the region of stability for water, and only a

small cathodic potential is required for active corrosion to take place. The stability of
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Ag further drives the point that, in a metallic state, silver is unlikely to generate any
aqueous species, without a significant cathodic potential. The presence of Ti is only likely
to further enhance the stability of Ag, given the highly stable oxide of Ti cannot provide
an appropriate anode.

It has, instead, been suggested that a contact mode-of-action is the predominant
mechanism for antimicrobial activity of Ti-Ag alloys [124, 229]. The true mechanism
behind this contact sterilisation has still not been established, with investigations to
demonstrate the physiological basis for this still needed. Currently established modes of

action for silver indicate two key pathways of antimicrobial efficacy:
e Membrane specific activity resulting in rapid loss of integrity [65]

e Generation of ROS and interference with oxidative stress response [331]

Both of these mechanisms will require the release of Ag in some respect. Given how
frequently efficacy has been demonstrated with negligible elution of Ag™, it may be that
the metabolism of bacteria adsorbed or otherwise adhered to the surface encourages micro
corrosion. Whilst microbe-induced corrosion is a well established phenomenon in ferrous
alloys and has been briefly observed in titanium [332], this is a process that occurs due to
sulphate reduction at a bulk scale. Studies of how microbial adhesion alters the immediate
surface chemistry of materials are comparatively scarce [333]. As has been done in this
work, assessing ionic release is predominantly performed in sterile conditions, not with
active bacterial or cell cultures present, and often in different media to that used for
culture experiments [118, 124, 229, 286, 292, 334].

However, this still fails to adequately explain the antimicrobial action observed in
previous studies. In comparison, the bacterial results within this work show increased
variation. Variability in experimental technique may therefore be masking statistically
significant variations in efficacy. However, it is also important to consider the practical
significance of results. Previous studies have typically presented antimicrobial efficacy
as a percentile value, with no positive antimicrobial controls included. This can have

the effect of implying greater practical significance of results than may be merited. An
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apparent 99 % Kkill rate is equivalent only to a 2log;y reduction in viable colonies. For
comparison, the positive control used in this work - samples of high purity copper -
exhibited a blog;g reduction versus control samples. Improved bacteriological technique
may reveal statistically significant differences in efficacy that have been masked, but the
likely practical significance of any such results must be considered. The lack of significance
for actual clinical practise in current surface testing protocols has been noted in the past,
and it may be appropriate to consider a new standardised approach to testing beyond the
existing ISO 22196 and ASTM E2149 standards [335, 336].

Given the dearth of conclusive evidence for the antimicrobial mode of action of Ti-Ag
alloys, significant further research is needed. First, conclusive evidence de-coupling the
posited surface-mediated response and a more likely elution-mediated efficacy is crucial.
In the first instance, recovery of cultures for analysis with inductively coupled plasma
mass spectrometry (ICP-MS) may provide sufficient resolution to confirm if Ag is be-
ing eluted under the culture conditions used to demonstrate efficacy. Use of combined
flow-cytometry ICP could allow direct correlation between the silver content of bacteria
exposed to the surface of such alloys and the degree of stress they are under [337], further
distinguishing between bacteria damaged by Ag uptake and any that have been killed by
surface interaction.

Second, confirming what specific aspect of microstructure and composition cause any
efficacy is still required. Whilst previous research has indicated Ti,Ag as the dominant
phase, this work has clearly demonstrated that even in high quantities, that alone is
not sufficient for efficacy. It is possible that targeting high Ag content alloys with the
exact stoichiometry of Ti-Ag intermetallics could allow clearer distinction of whether the
intermetallic phase alone can be responsible for any antimicrobial effect, and establishing

corrosion behaviour of the intermetallic phase alone.

149



4.5 Conclusion

This work demonstrates the correlation of highly aged Ti-Ag alloys with the established
phase diagram for the binary system. The suppression of precipitation during quench-
ing from (-Ti solid solution to supersaturated «-Ti was observed. Subsequent ageing
allows for the formation of hypereutectoid lamellar microstructures in Ti-25Ag, and fine
grain boundary precipitates in Ti-6Ag. Nanoscale precipitates either side of denuded
zones adjacent to grain boundaries were also observed. Crucially, despite the range of mi-
crostructures and compositions assessed, no antimicrobial behaviour was observed under
the study conditions used. The absence of antimicrobial response is likely linked to the
lack of Ag release from alloys, due to the low corrosion potential of silver in the metallic
state. This calls into question previously asserted elution-free mechanisms for efficacy in
Ti-Ag, with the presence of either nanoscale or bulk Ti,Ag insufficient. Based upon these
results, it should be feasible to further narrow the possible routes of antimicrobial efficacy

for future biomedical alloys.
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CHAPTER 5

CONCLUSIONS AND FUTURE WORK

5.1 Antimicrobial magnesium oxychloride cements

The inherent antimicrobial efficacy of magnesium oxychloride cements was demonstrated
in Chapter 2. Generation of such inorganic antimicrobial materials with established bio-
compatibility will be a key strategy for the biomaterials community in tackling antimicro-
bial resistance in the coming decades. Translating bench-top research to clinical settings
will require significant further investigation, both to understand the biological mechanisms
of inherently antimicrobial materials, and the practical limitations of such an approach.

Establishing the mechanism of antimicrobial efficacy for MOC will be challenging given
the numerous confounding factors that may contribute. Improving the PMAC based
reactive oxygen luminescence assay may prove helpful. In the experiments performed in
this work, PMAC was added to cements ex-situ before measurements were taken. Using
a plate reader equipped with an in-situ dosing mechanism would allow for immediate
readings, which may be important if reactive oxygen is present in high quantities and
neutralises PMAC rapidly before reliable measurements may be taken.

Beyond understanding how formulations interact with bacteria, practical improve-
ments to the formulation are required prior to clinical translation. In particular, the
sensitivity of uncured cement to water will need to be tackled. This is particularly rele-

vant for any uses where cements will be delivered in vivo as uncured pastes, such as root
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end fillings. It may also be clinically relevant to accelerate the curing reaction, provided
it does not become sufficiently exothermic as to cause localised tissue damage. Use of
phosphoric acid dopant in the magnesium chloride brine has shown some promise in this
area, but further work will be required to confirm this does not have a deleterious effect
on efficacy.

Development of composite additively manufactured and cement filled structures, with
appropriate load bearing properties, should also remain an area of active research. Whilst
the feasibility of permanent implants with these behaviours remains out of scope in current
clinical settings, use for short term implants such as hip spacers in two-stage revision may
be viable. Only limited load bearing is permitted on current hip spacers. With the
addition of an additively manufactured titanium core or intercalating lattice, it may be
possible to greatly improve patient mobility between surgeries, whilst effectively tackling
any infections in surrounding tissues. Modelling of the release behaviour from MOC in
such a setting will be necessary, alongside significant mechanical assessments to ensure

appropriate strength for the intended duration of implantation.
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5.2 Binary Ti-Ag alloys

Both Chapter 3 and 4 focus upon the Ti-Ag binary alloy system. Whilst the challenges
of additive manufacture of Ti-Ag and development of antimicrobial microstructures were
assessed in parallel, it will be crucial in future to unify these two avenues of research.
Based on the investigation of antimicrobial response to Ti-Ag, it is not anticipated that
the as-manufactured additively manufactured alloys will be effective. Provided a specific
antimicrobial microstructure can be identified through conventional alloying means, a key
next step will be investigation of microstructural development of additively manufactured
Ti-Ag alloys. This will allow heat treatments to be targeted at microstructures that will

provide optimum functionality of the final alloy.

5.2.1 Additive manufacture of Ti-Ag alloys

The work presented in Chapter 3 has demonstrated clearly the ability to generate strongly
segregated binary Ti-Ag microstructures by SLM. Using in-situ alloying, with appropriate
selection of laser parameters results in samples that exhibit low porosity, whilst having
controlled degrees of homogeneity. Several key challenges remain to be assessed for any
future experimental work in the Ti-Ag system.

First, from a manufacturability perspective, solving the issue of spread-induced Ag de-
mixing presents a critical challenge both for this alloy and for any future multi-component
powder bed systems. Given the observed difference in flow behaviour and tendency of
Ag-999 powder to agglomerate, homogenising the flow properties of the two component
powders may help in this. Second, homogenising the optical properties of Ti and Ag,
though counter-intuitive to the efforts to induce microstructural segregation, may pro-
vide advantages for improving densification. If, as posited, the microstructural features
observed are primarily determined by the rapid cooling of Ag as opposed to reduced local
absorptivity, improving homogeneity of optical response could ensure that surrounding

Ti particles are not optically shielded by adjacent Ag.
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One as yet untested approach to homogenising the optical response of blended pow-
ders is to alter the absorptivity of one component in the blend. Previous efforts to tailor
reflectivity of powders have been effected by producing a core-shell microstructure within
particles through a heat treatment induced chemical gradient [338]. Whilst this approach
as demonstrated for Cu-Cr may be extended to other alloy systems, it relies upon initial
production of alloyed feedstock. An approach to altering surface absorptivity with a de-
sired chemistry is required, as has been demonstrated by immersion coating of powders
and fluidised bed chemical vapour deposition [339, 340]. Coating of Ag powder with a sur-
face layer of Ti would allow improved homogeneity of optical response, whilst maintaining
alloy chemistry for Ti-Ag blends. Further to this, as the cohesive nature of powders is
dominated by surface energy, such an approach may simultaneously improve flow charac-
teristics and reduce the tendency for further agglomeration during blending. Preliminary
work in this area shows promise, but has yet to be rigorously demonstrated in-blend.

Beyond the general use of Ti-Ag as a proof of concept system for in-situ segregation,
assessing the microstructural development of segregated feedstocks is a crucial next step.
Whilst a probable microstructural development has been posited in line with bulk dif-
fusion couples, it has not been demonstrated that intermetallic phases may be reliably
precipitated in alloys deficient in Ag at the bulk scale. Ti,Ag intermetallic precipitation
has been observed in Ti-3Ag alloys by sintering nanoparticulate Ag with Ti, but this may

only be feasible due to increased diffusivity at grain boundaries [124].

5.2.2 Antimicrobial response of Ti-Ag alloys

As discussed in Chapter 4, a reliable understanding of the relationship between microstruc-
ture and antimicrobial efficacy in Ti-Ag alloys has yet to be established. Despite previous
assertions that Ti,Ag phase was the primary cause, alloys with up to 35 % intermetallic
content showed no significant efficacy. The absence of positive controls in previous stud-
ies may have resulted in statistically significant, but practically insignificant differences in

efficacy being reported. Two primary research challenges need to be met before further
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consideration of these binary alloys can be made for translation to medical applications.

First, repeatable generation of demonstrably antimicrobial alloys will be required.
Direct replication of previous studies that have demonstrated apparent efficacy may elu-
cidate what specific microstructural characteristics are required and, by extension, must
be absent from the alloys produced in this study. Whilst previous research has indi-
cated Ti,Ag as the dominant phase, this work has clearly demonstrated that even in high
quantities, that alone is not sufficient for practical efficacy. It is possible that targeting
high Ag content alloys with the exact stoichiometry of Ti-Ag intermetallics could allow
clearer distinction of whether the intermetallic phase alone can be responsible for any
antimicrobial effect.

Second, provided efficacy observed in previous studies can be confirmed, the antimi-
crobial mode of action requires examination. Understanding the relationship between
silver ion release and efficacy in vitro will be a crucial first step. Assessing elution under
bacterial culture conditions as used to test efficacy would allow for any direct relationship
to be demonstrated. Recovery of cultures for analysis with ICP-MS may provide sufficient
resolution to confirm if Ag is being eluted, whilst use of combined flow-cytometry ICP
could allow direct correlation between the silver content of bacteria exposed to the surface
of such alloys and the degree of stress they are under [337], further distinguishing between

bacteria damaged by Ag uptake and any that have been killed by a surface interaction.
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5.3 Overall conclusions

The formulation of antimicrobial biomaterials, suitable for delivery in additively manu-
factured implants, shows promise as an approach for implant associated infection man-
agement.

First, an antimicrobial cement formulation was investigated. An injectable magnesium
oxychloride cement (MOC) was formulated, and the effect of doping with Ag,PO, as an
antimicrobial agent considered. Whilst silver doped MOC showed sustained Ag release
over 14 days and enhanced efficacy in vitro, undoped MOC also showed significant inherent
antimicrobial behaviour.

Second, novel Ti-Ag alloy microstructures were produced through laser powder bed
fusion (L-PBF) additive manufacturing. Blended elemental feedstocks were manufactured
with a range of laser parameters, with resulting microstructures ranging from highly segre-
gated to homogenised. Statistical analysis demonstrated in-situ spread induced demixing
of the powder blend, with varying Ag content across the build bed.

Finally, the possible mode of action of antimicrobial Ti-Ag alloys was assessed. Despite
previous assertions that specific intermetallic phases dominate efficacy, high Ti,Ag content
alloys showed no statistically significant change in antimicrobial action versus control
samples. This study further indicates the poorly understood nature of antimicrobial
alloys, and the need for more in depth mechanistic investigations.

Together, this work contributes to the growing need for biomaterials driven approaches

to infection prevention in hard tissue reconstruction.
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APPENDIX A

MATHEMATICAL DERIVATIONS

A.1 Solutions to Fick’s Law

A.1.1 One dimensional case

For a one dimensional case, Fick’s second law given by

oC 52C

— =D — Al

ot { dx? } (4.1)
where C'is the concentration of solute, t is time, D the diffusion coefficient, and x distance.

For a fixed quantity of solute diffusing into a semi-infinite bar, boundary conditions

are as follows:
e Inside the bar, initial solute concentration is zero; C' {x,t = 0} = C)

e The amount of solute within the system is constant, i.e. fooo C{z,t} dr = B, where

B is a constant.

Solution for the boundary conditions given by
2

C {1} = \/%ea:p { ;gt} (A.2)

Considering an infinite source, i.e. that in the diffusion time assessed solute will not

be depleted at the far end of the source, a sequence of the thin sources described above

can be summated. Boundary conditions:
e Solute concentration within the bar is Cj initially, i.e. C{x,t =0} = C)

e At the end of the bar, solute concentration remains constant, therefore C' {x = 0,t} =
Cs
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Using the above boundary conditions, the solution given is

C ot} =Cs — (C, — Colerf {me} (A.3)

where er f(x) is the error function. Analytical solutions to the erf(x) are not possible,

but accurate numerical solutions can be calculated.

A.1.2 Three dimensional case

)
Multiple dimensional case = 5—? = D{V’C} (A.4)

where C'is the concentration of solute, t is time, D the diffusion coefficient, and x distance.

A.2 Optical properties of materials

The key optical characteristics of a material can be represented by the complex refractive
index, n = n + ik where n is the refractive index and k£ is the extinction coefficient.
Using a naive model of normally incident, unpolarised radiation travelling from one

medium to another, the Fresnel equations provide a reflectance, R, given by:

2
ng—n
R= [ ! 2} (A.5)
ny + No
where n, and ny are the refractive indices of the materials.
Where the Beer-Lambert law applies, the penetration depth ¢, at which intensity
of penetrating electromagnetic radiation falls to é of the incident intensity, is inversely

related to the attenuation constant, a:

1 A

o= - -2
P 4k

(A.6)

where \ is the wavelength of incident radiation and k is the extinction coefficient.
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APPENDIX B

DESIGN AND SPECIFICATION OF U-RBV
REDUCED BUILD ANCILLARY
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