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ABSTRACT

To avoid a second surgery to remove ureteral stents, degradable metals have been
studied. Since Fe and Mg alloys have not shown an adequate combination of
biocompatibility and degradation rate in vivo and in vitro, in the present work, the Zn
based samples were investigated as potential biodegradable material for ureteral stent

application.

In this study, the characterisation of mechanical properties, determination of the
degradation resistance under artificial urine (AU) for electrochemical and immersion
tests, and analysis of the elemental composition of the corrosion layer were carried out

in pure Zn samples (wire and sheet).

The corrosion rate of Zn in the electrochemical test was 0.10 £ 0.04 mm/year. In
contrast, the corrosion rate in immersion test under a period of one day and three days
were 0.08 (+0.45 and -0.24) mm/year and -0.20 (+0.41 and -0.01) mm/year, respectively.
However, the corrosion rates implied a slower degradation ratio than the results of other

studies with pure Zn samples.

The corrosion rates obtained were affected by the presence of the ZnO. Non uniform
corrosion of Zn was observed and Ca in the corrosion layer is an undesirable result.
Moreover, the diameter reduction for Zn wire samples displayed a relationship between

mass loss and immersion time.

This work shows significant results to take account in further studies in the urological
field; however, mechanical properties and corrosion behaviour of pure Zn samples need

to be improved.
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Chapter 1

Introduction

Ureteral stents have become an important part of new urological practices, and a lot
of studies have been improved biocompatibility, reducing encrustation with
modifications in the biofilm formation, infections and stent-related morbidity with long-

term use [1].

Some adverse effects with the use of ureteral stents are pain, stent fragmentation and
migration, encrustation, and even death [2, 3]. The time that the stent is inside the body
promotes the bacterial adhesion and the increase of anchor zone to lead encrustations [4,
5]. Thus, the removal procedure of the stent is the unique alternative to prevent patient’s

morbidity due to possible complications generated by the ureteral stents [6].

So, a biodegradable ureteral stent would be a breakthrough as it would obviate the
need for multiple procedures and would minimise incrustation and other adverse side
effects. In the last decade, iron (Fe) and magnesium (Mg) -based alloys have been
studied as potential biodegradable metals for medical applications. However, some
experiences with these materials reveal critical limitations in terms of mechanical
properties and biodegradation behaviour. Recently, Zn-based alloys have been proposed
as promising degradable metallic alternatives. One advantage of Zn is that the main
degradation product, Zn?*, is presented in the physiological systems and in different

biochemical processes [7].



1.1

Objectives

The main aim of this project is the Zn based samples were investigated as potential

biodegradables material for stent applications through in vitro corrosion testing and

surface characterization of the corrosion layer.

(i)

(i)

(i)

(iv)

Determine the biodegradation rate of the Zn alloy as ureteral stents, on
the simulated urological fluid.

Corrosion rates were measured by potentiodynamic polarisation, and
immersion tests, for a period of one day and three days using artificial urine

solution.

Characterise corrosion layer after degradation in vitro testing:
Corrosion layer characterisation was done using SEM and EDS in order to
observe the elemental composition and the thickness of it.

Development of a set-up to mimetic the ureteral system, considering
properties such as: temperature, pH, flow, and chemical substances.

The apparatus designed to simulate the upper urinary tract and perform the
immersion tests check the following design criteria: length and diameter of
ureter based on healthy men, flow rate of urine through the ureter and body

temperature.

Characterise the mechanical properties of the Zn samples used:
Vickers micro-hardness test was performed in order to evaluate the hardness

of the Zn samples employed in this study.



Chapter 2

Literature Review

2.1 The Urinary System

The renal system is made-up of two kidneys, two ureters, a bladder, a urethra, (Figure
1), and striated sphincter. The kidneys produce urine. Urine is stored in the bladder
which flows through the ureters. Finally, the urine is carried out of the human body
through the urethra and striated sphincter.

The system using urine, eliminates products of the metabolism of the organism and
conserve elements such as water, minerals and electrolytes. The urinary system

contributes to the homeostasis of the human body [8].
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Figure 1. The scheme of normal urinary system anatomy [8].

2.1.1 Kidneys and ureters
The kidneys are located on the ribs and behind the belly, sitting on the posterior
abdominal wall. Each kidney is about: 11 cm long, 6 cm wide and 3 cm thick and weighs

around 150-160 g [9]. The functions of the kidney generally are to filter the blood,



regulate minerals in human body, maintain body fluid balance, and also produce
hormones [8].

On other hand, ureters are 22-30 cm long and thick-walled. Ureteral diameter varies
from 1 to 15 mm along the renal pelvis and the urinary bladder [9, 10]. The shape of the
whole length of the ureter could be described as a tube, a funnel, or a combination of the

two, undulated [11], as shown in the Figure 2.

The flow of urine is contributed by the activity of the muscular walls of the ureters,
peristaltic contractions, hydrostatic pressure and gravity [10]. About 1 to 5 peristaltic

contractions occur per minute in the ureter [11], causing a bolus of urine [12].

Tubular Funnel-shaped Undulated

(a) (b) (c)

Figure 2. Ureter shapes on human anatomy. The ureter was (a) tubular, (b) funnel-shaped, or
(c) undulated [11].

2.1.2 Urine

Through the formation of urine, the volume and physicochemical characteristics of
extracellular and intracellular fluid are stabilized. For this, the kidney conserves water
and electrolytes present in body fluids, mainly sodium, potassium and chloride; and it
eliminates excess water and electrolytes from intake, metabolic waste products (urea,

creatinine, hydrogen ions) and, toxic products that may have penetrated the body [9].

However, the amount, composition and ionic strength of human urine can be
influenced by factors which include gender, age, race [13], dietary intake, exercise,
environmental temperature and medical conditions [14]. Furthermore, urine changes

throughout the day in the same person, more concentrated in the morning [15]; making



it difficult to establish normal levels for each compound in the urine. Table 1 shows the

physiological ranges of selected compounds and characteristics in healthy human urine.

The physical characteristics of urine are important to identify if the patient is healthy
or not. For instance, the colour and odour of the urine are rough descriptors of the
hydration state. A healthy human urine is mildly aromatic and transparent when freshly
discharged and becomes ammonia-like and turbid (cloudy) on standing. Finally, the pH
varies with diet. Acidity in the urine is associated with high-protein diets, while

alkalinity is related with vegetarian diets [10, 16].

Table 1. Physiological ranges of selected compounds in healthy human urine. Adapted from
[10, 13, 16].

Property and composition Molar mass (g/mol) Normal range (reference age in

years)
pH 4,5 - 8.0, average 6.0.
Specific gravity (SG) 1.002-1.030 g/ml (all)
Volume 0.8-2 L/d, average 1.1 L/d.
Ammonium (NH,") 18.05 15-56 mmol/d (all)

. . Males: <250 mg/d
Calcium (Ca®™") 40.08 Females: <200 mg/d (18-77)
Chloride (C17) 35.45 40-224 mmol/d (all)
Citrate (C4H50,27) 192.12 221-1191 mg/d (20-40)
Creatinine (C,H,N;0) 113.12 Males: 955-2936 mg/d

Females: 601-1689 mg/d
Magnesium (Mg2*) 24.31 51-269 mg/d (18-83)
Oxalate (C,0,27) 88.02 0.11-0.46 mmol/d (all)
Phosphate (P0,27) 94.97 20-50 mmol/d (>18)
Potassium (K*) 39.10 17-77 mmol/d (all)
Sodium (Na™) 22.99 41-227 mmol/d (all)
Sulphate (S0,27) 96.06 7-47 mmol/d (all)
Urea (CH,N,0) 60.06 10-35 g/d (all)
Uric Acid (CsH,N,03) 168.11 <750 mg/d (>16)

2.2 Artifical urine (AU)
Since human urine can be influenced by many factors, the artificial urine (AU) is
prefered for research and educational purposes. For this reason, some AU protocols

available in literature is presented below.

A commercial AU was invented by Laith Haddad and patented in USA [17]. Urea
and creatinine were the organic substances on this AU formula. Urea constitutes ~95%
of the nitrogen content of urine, and creatinine may be twice than uric acid in the urine.

Also, the principle inorganic constituents evaluated in this AU are chlorides, phosphates,

5



sulphates and ammonia. Lock J et al. [14] used this information to evaluate the
degradation of Mg alloys in AU for potential resorbable ureteral stent applications. This
AU solution formulation is used in this project, so, the exact composition of AU formula

is presented in the Chapter 3 on this work.

Sarigui et al. [18] presented, a multi-purpose artificial urine formulation which
imitates a healthy human urine. Their formulation (MP-AU) is compared to other AU
formulations in literature: formula for studying the growth of urinary pathogen by
Brooks, T. and Keevil, W. (BK-AU) [19] and formula for in vitro cellular study by
Chutipongtanate, S. and Thongboonkerd, V. (CT-AU) [20].

CT-AU fails to mimic the urine of health young people [18]. Meanwhile, BK-AU
includes a not naturally component found in human urine, the bicarbonate [18]. Thus,

MP-AU is the closest formulation to human urine [18].

2.3 Urinary tract obstruction
The urinary system is susceptible to variety diseases or conditions. They include
urinary tract infection (UTI), kidney stones, and congenital anomalies which amongst

another affect urinate.

Obstruction at any point in the urinary tract is another medical condition. Any
complete or partial obstruction on the urological system can slow the flow of urine and
increase the pressure in the tract. There are many causes of upper or lower urinary tract
obstruction: congenital or acquired, stones anywhere in the urinary tract and health
conditions. Some health problems can be: infections, cancer, gastrointestinal complaints,

and ureteral obstructions [21, 22], (see Figure 3).

For instance, men, particularly those over 60, have obstruction in the urinary tract
due to the prostate which tends to increase in size and block the flow of urine [23].
Patients with urinary obstruction had higher morbidity and mortality than patients
without it [24].



Ureteral stent, urinary catheter, percutaneous nephrostomy?, and nephrectomy? are
some procedures to decompress the urinary tract [25]. Ureteral stents are considered
effective (level of evidence 1b®) for decompression of the urology system by the

European Association of Urology guidelines [26].

Renal Pelvis
= Transitional Cell Carcinoma
*Renal Calculi

Ureteropelvic Junction Obstruction
= Stricture
= Caleuli

Ureter (internal)
= Tumor

Ureteral Stricture

Ureter (external)
= Pregnancy
= Retroperitoneal Fibrosis

Ureter (internal)
= Calculi

Narrowing at
Ureterovesical
Junction
Bladder
= Tumor
* Galculi
= Neurogenic Lower Urinary -
Tract Dysfunction [
Prostate ==
= Carcinoma,
= Hyperplasia
= Infection

@ Bladder/Urethra (external)
= Tumor of the Cervix

= Endometriosis

= Pelvic Organ Prolapse
Urethral Stricture

Figure 3. Upper and lower urinary tract causes and sites of obstruction [22].

2.4 Ureteric stents
Ureteric stent, or ureteral stent, is a thin tube inserted into the ureter, placed for short-
or long-term use. Ureteric stent is an indispensable common medical device used in the

management of ureteric obstruction.

Ureteric stents facilitate the flow of urine from the kidney to the bladder in blocked
ureters [14]. One clinical scenario where ureteric stent is used is in stone-forming
patients, where the medical device avoids obstruction of the ureter and helps urinary

function (see Figure 4) [5].

1 Percutaneous nephrostomy is an interventional procedure for decompression of the renal collecting
system. This procedure involves inserting a catheter, through the skin, into the kidney to drain the urine
into a collecting bag, outside the body [152].

2 Nephrectomy is a surgical procedure to remove all or part of a kidney [153].

3 According to Oxford Centre for Evidence-Based Medicine Levels of Evidence, level 1b is a prospective
cohort study with good follow-up under a period of 1-6 months or 1-5 years to acute or chronic diagnosis,
respectively [154].



Few years ago, ureteric stents have been investigated; however, an ideal stent without
significant side effects is yet to be engineered. Generally, ureteric stents are associated
with physical and psychologically problems and clinical complications, which influence
patients’ health-related quality of life. Some complications are, encrustation, bacterial
adhesion, mispositioning, and stent fracture [14, 27]; such complications require a

second procedure to take out the stent [5].

To reduce side-effects related to ureteral stents, evolution of several features and

novel ureteral stent models with improved efficiency have been explored

2.4.1 Stents complications

After placement of ureteric stent in the urinary system, the creation of anchor points
and biofilm success for the deposition of urine components around the surface of the
stent. In the biofilm, the bacteria may adhere and start to grow, developing, at the end,
the encrustation [5]. Figure 4 shows the previous conditions mentioned when the stent

is inserted into the ureter.

O

Kidney (A) Urine components deposition
Ureter —» (B) Deposition of ions and minerals
(C) Creation the urinary conditioning film
Stent—»

(D) Bacterial adhesion
(E) Stent encrustation

Ureteral stone

Figure 4. Conditioning film, bacterial adhesién and stent encrustation after placement of
ureteric stent.

Bacterial colonisation, also, induces a simple urinary tract infection (UTI); however,
if the UTIs are not controlled correctly, complicated UTIs usually affect structural or

anatomic factors [28].



Other side-effects related to ureteral stents include that the stent might penetrate the
ureter or kidney due to improper placement of it or ureteral peristalsis can cause stent
migration [29]; occasionally, stents are forgotten and cause difficulties due to their
splintering and disintegration, as well as stent fractures due to the harsh interaction

between the urine and stent material.

Therefore, an appropriate stent length and avoiding coated stent with hydrophilic
material should be selected to prevent mispositioning [27]. Stent position follow up can
be done with computed tomography (CT), ultrasound [30] and X-ray [31]; however, to
date, the best remedy to reduce any undesired consequence of stent is to remove it.

All complications relate with a stent are directly proportional to the time the device
remains within the urinary tract [27]. Thus, biodegradable ureteral stents offer clinical

benefits.

2.4.2 Engineering solutions

As stent is indispensable medical device in the area of urology, it should be
redesigned to improve their tolerance reducing the unfavourable effects of the stent.
Following, ideal ureteric stent, stent material principles and ureteric stent designs are

described.

2421 Ideal ureteric stent

The characteristics of an ideal ureteral stent [32, 33] should include: easy
manoeuvrability, resistance to migration, biological inertia, resistance to fouling and
infection, chemical stability in urine, radiopaque or visible with ultrasound, resistant to

encrustation (calcification), excellent urine flow, and affordable.

In other words, an ideal ureteric stent should possess the following characteristics:

biocompatibility, biodegradability, suitable mechanical properties and shape.

2.4.2.2 Stent material principles: biomaterial, biocompatible,
biodegradable

Hudecki et al. [34] defined a biomaterial as “a substance that has been engineered to

take form, which, alone or as a part of a complex system, is used to direct, by control of



interactions with components of living systems, the course of any therapeutic or

diagnostic procedure”.

Since biomaterials are in contact with the human body, these materials must be
biocompatible. This means, that the biomaterial can be present in a physiological
environment without adversely affecting the environment or the environment rejecting
the material [35].

Although the presence of body fluids and friction between the implant and other
tissues allow degradation of biomaterials, some biomaterials are destined to undergo
degradation within the host's organism over a period, where the released breakdown
product is biocompatible (biodegradable). The use of biodegradable materials in
urological applications avoids the need to perform a second surgery to remove ureteral
stents [32, 36].

2.5 Ureteric stent designs

Different shapes of ureteric stents have been developed through years (Figure 5).

e Open-ended ureteral stent: In 1967, Zimskind P.D et al. [37] used an indwelling
silicone ureteral in the clinic. This stent is an open-ended, which has no coils and
can provide temporary drainage [38], but produces reflux [37] (Figure 5(a)).
Avoiding massive encrustation and migration, different designs of end segment-

stent are developed, see Figure 5(b, f).

e Double pigtail (double-J) stent: To date, this shape is considered as the standard
of the ureteric sten. The J shape in each end of the stent secures it in the kidney
and the bladder, to prevent migration. This stent decreases urological
complications such as and urinary tract irritation and infection [39], see Figure
5(c).

e Spiral or grooves stents: To improve urine flow through the ureter, the standard
double-J was modified. New designs have spiral or grooves along the exterior of

the stent [40], Figure 5(d, g) respectively.
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e Tail stents: Another variation of double-J stents are tail stents. These are double
J stents with an elongated closed-tip tail in the distal end to decrease stent-related
bladder irritability and pain by less material in situ [41] , Figure 5(e); similar to
tail stents are pigtail suture stent, which in the lower part has a 0.3 Fr* suture [42].

e Magnetic stent: magnetic material-tipped ureteral stent, Figure 5(h), used to
eliminate the morbidity related to stent removal and reduce the clinical cost that

require the standard double-J stents [43].

e Dual-durometer stents: Stents which incorporate a smooth transition of a

biomaterial between at the renal end to the bladder [44], Figure 5(i).

Furthermore, the ureteral stent shape can be modified with variable stent lengths and
diameters. An increase in the flow is correlated with an increase in the internal diameter
of the ureteral stent. In contrast, stent’s external diameter is not correlate with increase
of extraluminal flow [45]. Symptoms worsen with too long stent, but too short stent can
result in migration [46, 47].

Some investigations have been describing the relationship between ureteral stent size
and stent-related symptoms (SRS). Up to now only Cubuk et al. [48] demonstrated that
ureteral stent sizes, 4.8 Fr and 6 Fr, affect SRS; where 4.8 Fr ureteral stent improved
SRS. Other studies compared symptoms with different stents size; however, those did

not find statistical differences in symptoms between the groups [49, 50, 51, 52].

Finally, to compare different types of stent in research for SRS, the Ureteral Stent
Symptom Questionnaire (USSQ) is used. It includes several stent-affected health
domains in six sections (38 items): urinary symptoms, body pain, general health, work
performance, sexual matters, and additional problems [53]. However, Lingeman et al.
[54] suggested the use of USSQ for longer term comparisons in studies with presence or

not of stents.

4 French scale (Fr) is used for denoting the outside diameter of tubular instruments [155]. Outside
diameter (mm) = Fr * 0.33.
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Figure 5. Stent architecture evolution through years.

(a)Open-ended silicone stent, 1967 [37]. (b)Silicone stent with a distal flange and sharply
pointed barbs, 1974 [55]. (c)Silicone double J-stent, 1976 [56]. (d)Spiral stent, 1987 [57].
(e)Tail stent, 2002 [58]. (f)Self-expandable nitinol stent covered with a co-polymer. Model has
an anchor segment to place in the renal pelvis or the bladder, 2012 [59]. (g)Olympus
LithoStent™ ureteral stents. (h)Magnetic material tipped, 2017 [60]. (i)Stent ureteral PolarisTM

Ultra, Boston Scientific.
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2.6 Urological applications materials

Studies of materials for ureteral stents focus especially on biocompatibility,

mechanical strength, flexibility and surface roughness.

Polymers and metals are the two main types of biocompatible materials that are

generally used for fabricating ureteral stents.

2.6.1 Polymers

Different polymeric materials have been studied in urological applications. Silicone
showed a less encrustation rate in artificial urine (AU) than polyurethane and
Percuflex™ ° [61]. However, restoration and maintenance of flow, difficulties during
stent insertion, risk of stent migration are side effects related with silicone [35].
Percuflex™ was designed to obtain the shape of the ureter. Helical ureteral stent

improves the behaviour of Percuflex™ [62].

Firm (polyurethane) and soft (Sof-flex®) stents showed significant differences in
dysuria, kidney and suprapubic pain in the firm group [63]. Nevertheless, Joshi et. al.
did not demonstrate difference in the quality of life of patients between ureteral stents
composed of firm (Percuflex™) and soft polymer (Contour™ 7) [64]. Another
comparison is Polaris™ @ ureteral stent with a soft tail versus Percuflex™ ureteral stent;
which showed clinical advantages from Polaris™ over the conventional Percuflex™
[44].

Strength, versatility and low cost are the benefits of Polyurethane. Also, Polyurethane
is ideal only for short term utilisation [35, 65], but generates epithelial ulcerations and
erosion [66]. Polyether-urethane stents are associated with incrustation, infections,
obstruction of the urinary tract for longer times (>3 months) and urologic stone
formation [67].

> A proprietary olefinic block copolymer from Boston Scientific Corporation (Natick, MA, USA).
Material name is not disclosed.

& A proprietary compound from Cook Urological (Spencer, IN, USA). Material name is not disclosed.

7 Soft Percuflex™ stent with HydroPlus™ Coating from Boston Scientific Corporation (Natick, MA,
USA). Material name is not disclosed.

8 Dual durometer Percuflex™ stent with HydroPlus™ Coating featuring a distinct soft Nautilus™ Bladder
Coil from Boston Scientific Corporation (Natick, MA, USA). Material name is not disclosed.
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Other polymeric materials used in urological field include polypropylene and poly(e-
caprolactone) (PCL)/poly(lactide-co-glycolide) (PLGA). A polypropylene suture in
pigtail suture stent was not calcificated 6 months after stenting [42]. And PCL/PLGA
stent did not induce obstruction and had a control degradation in comparison to the

polyurethane Shagong® stent [68].

2.6.1.1 Polymeric stent coatings

One approach to reduce encrustation, bacterial adhesion and complications in the
placement of ureteral stents due to surface friction is to modify the surface of the ureteral

stents. For this reason, various stent coatings have been explored.

Hydrogels are characterised for their lack of mechanical strength; however, strength
is only important when it is used as a bulk material. As a coating it makes use of the
strength of the substrate and at the same time reduce the friction coefficient and hence
improving patient comfort especially since it also offers resistance to encrustation [69].

For this reason, C-Flex and Percuflex™ are coated with hydrogels [35].

A hydrogel is defined as a wettable polymeric biomaterial able to swell in water but
which does not dissolve in an aqueous environment [70]; characteristic of a hydrophilic

material.

Hydrophilic coating ureteral stents need regular follow-up because they are encrusted

in vitro [70], and did not reduce or prevent the bacterial adhesion [71].

Another alternative as biomaterial implanted in the urinary tract is Poly(vinyl
pyrollidone)-coated polyurethane. It was more hydrophilic than either silicone or

polyurethane; and avoid complications such as encrustation and bacterial adhesion [72].

The heparin-coated stent is used for long-term urinary drainage [73, 74]. Heparin is
a glycosaminoglycan which is used as an anticoagulant and helps prevent cell adhesion
[73]. Heparin coated stents were free of encrustation [74, 75, 76]; but, Lange D. et al.
[77] showed that the bacterial adhesion in heparin-coated stent does not decrease.

Other stent coatings include either Pentosan Polysulfate, a semisynthetic
polysaccharide considered as a low molecular weight heparin, useful in reducing the
encrustation of long-term indwelling silicone stents in the human urinary tract [78]; and
a diamond-like carbon coating effectively decreases friction, biofilm and encrustation
formation [79].
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2.6.2 Metals

Metals have better mechanical properties like strength and degradation properties
compared to the polymeric material used in stent applications [80]. For this reason,
commercial stents as, Allium Ureteral Stent (URS)®, Memokath™ 051%°, Uventa™ 1!
metal Resonance® ureteral stent'? are available to use in clinical application. However,
in recent years, some metal-based alloys have emerged as potential degradable
biomaterials in the urinary field, to avoid removing the ureteral stent, and to decrease
patient discomfort, encrustation and stent-related infection [81].

26.2.1 Permanent metals

Expandable titanium stent showed effective urinary flow re-establishment [82], and
using nickel-titanium alloy (NiTinol) in urethral strictures’ treatment is viable [83].
Moskovitz B. et al. [59] evaluated an ureteral stent made of a super-elastic nitinol and
is covered with a new biocompatible, biostable polymer, the Allium URS. This stent
prevents encrustation and it is used for temporarily long-term internal ureteral drainage.
Another use of NiTinol is in the Memokath™ 051 stent, which is an alternative for non-

curable ureteral obstruction [84], however migration and obstruction can occur [85].

Uventa™ stent has double-layered polytetrafluoroethylene membrane-covered self-
expandable segmental NiTinol. This stent is an effective and safe option for palliative®
treatment of intractable ureteral obstruction [86], with a higher clinical success rate than
the Memokath™ 051 [87]. However, in long- term, the Uventa™ demonstrated

complications with chronic ureteral obstructions and migration inconvenient [88].

The metal Resonance ureteral stent (made of a nickel-cobalt-chromium-—
molybdenum alloy) appears to have good tolerability [89] and effective for treating
ureteric obstruction [30]; but, Liatsikos et al. [90] demonstrated that Resonance ureteral

stent did not provide a significant reduction in encrustation rates.

® From Allium Medical Solutions (lIsrael).

10 From PNN Medical (Denmark).

11 From Taewoong Medical (Seoul, Korea).

12 From Cook Medical (Bloomington, IN, USA).

13 Specialized medical care focuses on providing to patient relief from the symptoms and stress of a serious
illness [152].
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2.6.2.2 Biodegradable ureteral stents (BUS)

BUS have emerged as a new generation of urological devices, reducing healthcare
costs and risk to second removal of stent or the “forgotten stent syndrome”. BUS,
sometimes, are made of absorbable metal. The aim of the use of this kind of metal is that
the corrosion products need to be non-toxic in a physiological environment.

For this reason magnesium (Mg) and its alloys are possible candidates for use in
urological devices [14]; however, sometime show problematic degradation properties
resulted in alkaline pH in the immersion solution due to hydrogen generation [14, 91],
and the corrosion rate is too fast and the degradation behaviour is not homogeneous [92].
In contrast, mechanical properties of Fe-based alloys are appropriate, while the corrosion

rate is low [93].

As a vascular stent and bone implant application, Zn has been studied as a relevant
degradable metal with a moderate in vitro degradation rate compared to Fe and Mg.
Then, Zn is the new target metal to be considered for stent applications in the urological
field.

2.7 Zinc

Zn based alloys have been explored to overcome the limitations of magnesium and
iron alloys. Fe and Mg have not shown a satisfactory combination of biocompatibility,
controlled degradation rate and mechanical properties on in vivo and in vitro studies
[94].

2.7.1 Toxicological aspects of Zn

In biological systems, Zn is recognised as a highly essential element for humans.
Many biochemical processes involve Zn, for instance, in the regulation of repair
mechanisms of DNA, in the cell cycle with the presence of transcriptional factors [95],

signal messenger and neurotransmission [96], vitamin A metabolism [97], among others.

In the body, the distribution of Zn are: skeletal muscle!* store about 60%, bones
~30%, and the liver and skin ~5%, the remaining percentage is located in the kidneys,

brain, and pancreas [98]. So, zinc insufficiency or excess can moderate a cascade of

14 Muscular system is conformed of skeletal, cardiac and smooth muscle.
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metabolic processes that adversely affect the health of humans. Zinc excess can result
from three major routes: inhalation, through the skin, or by ingestion [99], while zinc

deficiency can be acquired or inherited.

Symptoms/consequences of Zn excess related with urological system are renal
failure, mild albuminuria and red urine [100], in contrast, Zn deficiency effects are not
described in the literature.

2.7.2 Mechanical properties of conventional and absorbable Zn-based
alloys

Zn has an atomic number of 30, a molar mass of 65.38 g/mol, a density of 7.13 g/cm?,
and exhibits a single oxidation state (+2) [101]. Zinc is one of more used metal, including
Fe, Al and Cu [102], with nearly 13 million tonnes produces around the world in 2018
[103]. In medical implants, the Zinc is used for bone regeneration [104] or repairing

damaged blood vessels [80].

The common biomedical zinc alloys are shown in Table 2 and Table 3. Table 2 also
displays the mechanical properties of zinc and its current alloys in biomedical

applications, to use as references in this study.

Three studies, of pure Zn samples which recorded the micro-hardness test as shown
in Table 2, will be described. Mostaed, E. et al. [93] used Zn cylindrical billets (99.995%)
with a length and diameter of 60 mm and 15 mm, respectively. Vickers micro-hardness
test was performed following ASTM E8-04 specification. The result is an average of

five different measurements.

Sotoudeh, P. et al. [105] performed the Vickers microhardness measurement with a
load of 100 g for 15 s and repeated 10 times. Using mechanical alloying powder process
to their Zn samples. Finally, Tang, Z. et al. [106] used a 4N Zn wire (99.99+ wt%,
Goodfellow Corporation, Oakdale, Pennsylvania). Vickers microhardness (HV) was

measured using a load of 200 g for 5 s and repeated 18 times.
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Table 2. Mechanical properties of pure Zn and Zn alloys. Adapted from [94].

Micro-hardness

Alloy (%wt) (HV) YS(MPa) UTS (MPa) E (%) Ref.
Zn 34+1.7 51+3.7 111+4.5 60+5.9 [93]
Zn - 45+3.5 61+3.7 3.8+0.8 [106]
Zn - 65 110 14 [107]
Zn 18 - - 16 [105]
4N Zn 42+3 86+14 116+13 50+5 [108]
Zn-0.15Mg 52+4.9 114+7.7 250+9.2 22+4.0 [93]
Zn-0.02Mg - 136 +2 167 +4 27+3 [109]
Zn-0.02Mg® - 388+2 455 +2 5.4+0.3 [109]
Zn-0.05Mg - 160 225 26 [107]
Zn-0.5Mg 65+3.9 159+8.5 297+6.5 13+0.9 [93]
Zn-0.5Mg 67+2 - 134 9 -4.8 +0.7 [110]
Zn-0.8Mg 83+5 203+7 301+8 13.4+1.8 [111]
Zn-1Mg 75+3.9 180+7.3 340+15.6 6+1.1 [93]
Zn-1Mg’ 65+10 90+ 20 155+15 1.8+0.2 [112]
Zn-1Mg’ ~78 - - - [113]
Zn-1Mg 74+2 - 143 15 3.3+05 [110]
Zn-1Mg - - 120 0.4 [114]
Zn-1Mg - 316 435 35 [114]
Zn-1Mg 65 - 153 15 [115]
Zn-1Mg - 92 138 0.5 [116]
Zn-1Mg - 182 255 115 [116]
Zn-1Mg-0.5Ca ~90 - - - [113]
Zn-1Mg-1Ca 92 £10 80 £9 131 16 1+0.3 [117]
Zn-1Mg-1Ca" - 205 +10 257 +13 52+1 [117]
Zn-1Mg-1Ca™ 107 10 138 +9 198 +20 85+1.3 [117]
Zn-1Mg-0.1Mn 98 114 132 11 [118]
Zn-1Mg-0.1Mn™ 108 195 299 26.1 [118]
Zn-1Mg-0.1Sr 94+7 109+14 132410 1.4+0.4 [119]
Zn-1Mg-0.1Sr™ 104+10 197413 300+6 22.5+2.5 [119]
Zn-1Mg-0.5Sr 10948 12945 144+15 1.1+0.1 [119]
Zn-1Mg-1Sr 85+2 87+7 138+9 1.3+£0.2 [117]
Zn-1Mg-1Sr" - 202+5 253+18 7.4+1.3 [117]
Zn-1Mg-1Sr™ 92 £5 140 £10 201 +10 9.7+1 [117]
Zn-1.2Mg 93+7 117+1 130+6 1.4+0.6 [120]
Zn-1.2Mg 967 220+15 363+5 21.3+2.3 [120]
Zn-1.5Mg 100£10 - 150425 0.5+0.3 [112]
Zn-1.5Mg 93 - 147 0.4 [115]
Zn-1.6Mg 97+4 23218 368+8 4.440.3 [111]
Zn-2Mg 96+4 - 154 +37 22104 [110]
Zn-3Mg’ 210+10 - 3249 0.2+0.1 [112]
Zn-3Mg 11746.1 29149.3 399+14.4 1+0.1 [93]
Zn-3Mg 206 - 28 0.2 [115]
Zn-3Mg" 2007 65+9 84+9 1.31£0.3 [121]
Zn-3MmgPom 17548 36 £3 46+1 2.140.1 [121]
Zn-3MgLECAP 180+4 137+2 153+4 4.6+0.5 [121]
Zn-3MgZECAP 186+4 2054 220+3 6.3+0.9 [121]
Zn-5Mg 101+7 - - - [110]
Zn-7TMg 10642 - - - [110]
Zn-0.5Al 59+5.8 119+2.3 203+9.6 33+1.2 [93]
Zn-1Al 73+4.6 13445.8 223+4.3 24+4.2 [93]
Zn-4Al-1Cu 80 210 171 1 [112]
Zn-4Al-1Cu - 210 171 1 [112]
Zn-2Ag-1.8Au-0.2V* 61 129 231 59 [122]
Zn-2Ag-1.8Au-0.2V*? 96 168 233 17 [122]
Zn-2.5Ag" - 14747 20315 35+4 [123]
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Table 2 (continued)

Micro-hardness

Alloy (Yowt) (HV) YS (MPa) UTS (MPa) E (%) Ref.
Zn-4Ag* 73 157 261 37 [124]
Zn-4Ag*® 82 149 215 24 [124]
Zn-5Ag" - 21010 252+7 37+3 [123]
Zn-7TAg" - 23612 287+13 32+2 [123]
Zn-1Cu - 148.7+0.5 186.3+0.5 21.0+4.4 [106]
Zn-1Cu-0.1Ti - 177 200 21 [125]
Zn-1Cu-0.1Ti" 72.6+0.6 86.1+2.6 92.4x4.4 1.4+0.8 [126]
Zn-1Cu-0.1Ti™ 70.6+1.8 175.4+3.8 205.745.5 39.2+14 [126]
Zn-1Cu-0.1Tihe™" 56.4+0.8 204.2+4.3 249.9+3.8 75.2£1.9 [126]
Zn-1.0Cu-0.2Mn-0.1Ti - 196 212 19 [125]
Zn-2Cu - 199.7+4.2 240.0£14 46.8+1.4 [106]
Zn-3Cu - 213.7£1.2 257.0£0.81  47.2+1.0 [106]
Zn-3Cu” 367+1 247+8 288+4 45.943. [127]
Zn-3Cu-0.5F¢" 761 232+3 284+2 32.7+4.2 [127]
Zn-3Cu-1Fe” 82+1 222+6 272+7 19.6+1.4 [127]
Zn-3Cu-0.1Mg" - 34015 360 +15 5+1 [128]
Zn-3Cu-0.5Mg" - 400£10 42045 2+1 [128]
Zn-3Cu-1Mg - 42545 440 5 1+0.5 [128]
Zn-4Cu - 250+10 270+10 51+2% [129]
Zn-4Cu - 227.0£5.0 270.7£0.5 50.6+2.8 [106]
Zn-4Cu” - 250+10 270+10 51+2 [130]
Zn-1Ca-1Sr 91 +12 86 £5 140 +9 1.2+0.2 [117]
Zn-1Ca-1Sr" - 212 £15 260 £15 6.7+1.1 [117]
Zn-1Ca-1Sr™ 87 +7 144 +9 203 £10 8.8 +1.2 [117]
Zn-0.2Mn - 132 220 48 [131]
Zn-0.35Mn-0.41Cu - 77 84 0.3+0.1 [132]
Zn-0.35Mn-0.41Cu™ - 198+7 292+3 29.6+3.8 [132]
Zn-0.4Mn - 123 198 54 [131]
Zn-0.6Mn - 118 182 71 [131]
Zn-0.75Mn-0.40Cu - 113 120 £3 0.4+0.1 [132]
Zn-0.75Mn-0.40Cu™ - 196+11 278+4 15.3+3.9 [132]
Zn-1Mn-0.1Ti - 180 198 7 [125]
Zn-4Mn 102 - - 14.9 [105]
Zn-24Mn 71 - - 19.4 [105]
Zn-0.2Li" 98+6 24010 360+15 14.242.0 [133]
Zn-0.4Li" 115+7 425+15 44045 13.8+2.9 [133]
Zn-0.7Li" 13748 47550 565+2 2.4+0.4 [133]
Zn-0.8Li - 183.5 238.1 75.0 [104]
Zn-0.8Li-0.2Mg - 253.7 341.3 30.6 [104]
Zn-0.8Li-0.2Ag - 196.2 254.7 97.9 [104]
Zn-LiP 97+2 238+60 274161 1747 [108]

“As cast; “rolled; ™ hot rolled; " hot rolled plus cold rolled; *thermomechanical treatment;
*Pthermomechanical treatment additional precipitation hardening; E“A" equal channel angular pressing;

-extruded; ° extruded drawn; hom homogenized.

2.7.3 Corrosion behaviour and biodegradability of Zn-based alloys

Generally, cathodic and anodic reactions occur in the degradation of biodegradable
metals in neutral physiological condition. In an aqueous solution, the corrosion form and
the rate of zinc corrosion can be affected by pH, temperature, concentration and
dissolved species [134].
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Anions present in solution greatly affect the corrosion of zinc. Chloride and sulphate
increase the solubility of zinc. In contrast, carbonate and phosphate reduce the solubility
of zinc and promote the protective behaviour due to precipitation of zinc salts. Chromate
reacts with the zinc surfaces and, depending on the reaction products, may form a passive
film [134].

Egs. (1)-(3) give the corrosion reactions of Zn [134] in aqueous solution. The anodic
reaction, Eq. (1) shows the oxidation of Zn when exposed to body fluid. The corrosion
products Zn(OH). and ZnO form on the metal surface, where hydrogen gas release does
not take place, according to Egs. (2) and (3).

Anodic reaction: Zn — Zn?* + 2¢° Eq. (1)
Zn(OH)2 formation: Zn?* + 2H,0 — 2Zn(OH); + 2H* Eq. (2)
ZnO formation: Zn(OH), — ZnO + H20 Eg. (3)

The dissolution of the corrosion products of Zn (Zn(OH)2 and ZnO) in the surface
promotes further corrosion of the exposed metal into soluble salts. If the physiological
environment has high concentration of CI™ ions, the formation of degradation products
tends to break, generating pitting corrosion [134]. Moreover, in the pure Zn and Zn-
based alloys, carbonate and phosphate ions have been found on the degradation products
[135].

The pH value of the aqueous solution is another relevant aspect to consider in the
degradation of Zn. According to Pourbaix diagram (Figure 6) over the pH range of 0-9
and the potentials ~820 mV to ~ —670 mV, Zn is present as hydrated Zn?* (aq). But, in
the pH range of 7-10, protective layer is not formed due to the lower cathodic reaction
rates [134]. Thus, over time, the Zn samples immersed in a solution of pH of ~7.4 will

dissolve.
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Figure 6. Pourbaix diagram of Zn [94].

Table 3 provides summaries information obtained from corrosion studies of Zn and
Zn-based alloys for biomedical purposes where only one study was done with artificial

urine (AU), highlighted in blue.

Champagne et al. [136] studied the in vitro degradation behaviour of absorbable zinc
alloys in artificial urine (AU). In this study the corrosion rate varies under all the alloys
evaluated (pure Zn, Zn-0.5 Al and Zn-Mg) with pure Zn having the lowest value. Also,
hydroxide, carbonate, phosphate, and oxygen are the compounds of the corrosion layer
in the Zn group. They conclude that the Zn-0.5Al has a uniform corrosion layer due to

the low affinity with the ionic compounds in the AU [136].

Meanwhile, an in vitro study evaluated the bioabsobable behaviour of pure Zn and
Zn-Mg alloy in rat bladder. Okamura, Y. et al. [137] observed the time-dependent

volume reductions in urine. In this study, Zn-1.8Mg has a better degradation than pure

Zn.
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Table 3. Degradation rates of different Zn and Zn-based alloys form immersion (CRI) and
electrochemical (CRE) tests. Adapted from [94].

Alloy (Yowt) Solution pH OCP (V) CRE (mml/year) CRI (mml/year) Ref.
Zn-0.8Mg - - 0.0134:0.0003___- [111]
Zn AU 600 -111%0.06  0.87%0.09 : [136]
Zn-0.5Mg AU 6.00 -118+0.01  1.39+0.07 . [136]
Zn-1Mg AU 6.00 -1.17+0.01  150+0.08 . [136]
Zn-0.5Al AU 6.00 -1.15:0.01  1.14+0.03 . [136]
Zn* c-SBF - - : 0.022£0.005  [106]
Zn-1Cur c-SBF - - . 0.033x0.00L  [106]
Zn-2Cur c-SBF - - . 0.027£0.005  [106]
Zn-3cur c-SBF - - . 0.030:0.004  [106]
Zn-4Cur c-SBF - - . 0.025:0.005  [106]
Zn DMEM - - . 6.850.02 [124]
Zn-4Ag* DMEM - - . 10.75£0.16 [124]
o qi FeSSIF 500 - : 0.12 [125]
Zn-1Cu-0.1Ti  FeSSIF 500 - . 0.13 [125]
Zn-1Mn-0.1Ti _FeSSIF 500 - . 0.11 [125]
Zn Hank 740 - 0.137%0.004 : [93]
zn Hank 740 - 0.134+0.008 0.074+0.004  [93]
zn* Hank 740 - 0.157+0.012 . [138]
zZn" Hank 740 - 0.306+0.019 . [138]
Zn Hank - 0,992 0.0360.007 0.023:0.006  [139]
Zn Hank - 0.05+0.01 . [119]
zn Hank 740 - 0.133£0.010 0.0770.004  [123]
Zn Hank - 2.71 : [105]
Zn-0.5A1 Hank 7.40 - 0.165+0.009 . [93]
Zn-0.5AF Hank 7.40 - 0.143+0.008 0.079+0.005  [93]
Zn-1AI Hank 7.40 - 0.166:+0.007 : [93]
Zn-1Al Hank 7.40 - 0.145+0.007 0.078+0.006  [93]
Zn-2.5Ag Hank 7.40 - 0.137+0.021 0.0790.007  [123]
Zn5Ag Hank 7.40 - 0.144+0.007 0.081+0.001  [123]
Zn-1Ag Hank 740 - 0.147+0.018 0.0840.005  [123]
Zn-0.5Ca Hank T 1031 0.042%0.013 0.035£0.005  [139]
Zn-1Ca Hank - -1.033, 0.0570.009 0.0400.003  [139]
Zn-1Ca-1Sr  Hank - 0.19+0.01 0.11+0.01

Zn-2Ca Hank - 1044 0.084+0.021 0.074+0010  [139]
Zn-3Ca Hank - 1041 0.062:0.017 0.066:0.003  [139]
Zn-1Cu-01Ti Hank 542 - . 0.02 [125]
g_”l‘TliE:”‘ Hank 740 - 0.315+0.006 - [126]
Zn i Hank 740 - 1628+0.013 : [126]
g_”l’TliﬁE: Hank 740 - 0.991+0.007 . [126]
2o i Hank 542 - : 0.02 [125]
Zn-3Cu* Hank - 0.005 0.0124¢0.003  [128]
5”1&3” Hank - - 0.018 0.023+0.002 [128]
gg,\%” Hank - 0.024 0.030+0.003  [128]
Zn-3Cu-IMg"  Hank - 0.180 0.043:0.004  [128]
Zn-4Cu™ Hank - - 0.009:0.001 . [129]
Zn0.15Mg"  Hank 740 - 0.172%0.003 . [93]
Zn0.15Mg"  Hank 740 - 0.164+0.003 0.079:0004  [93]
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Table 3 (continued)

Alloy (%wt) Solution pH OCP (V) CRE (mml/year) CRI (mml/year) Ref.

Zn-0.5Mg Hank 740 - 0.164+0.008 0.081+0.002 [93]

Zn-0.5Mg" Hank 740 - 0.175+0.004 - [93]

Zn-1Mg’ Hank 740 - 0.169+0.006 0.083+0.004 [93]

Zn-1Mg" Hank 740 - 0.177+0.007 - [93]

Zn-1Mg-

0.1Mn Hank 740 - 0.26 0.12 [118]

Zn-1Mg-

0.1Mn™ Hank 740 - 0.25 0.11 [118]

Zn-1Mg-0.1Sr  Hank - - 0.12+0.01 - [119]

Zn-1Mg-

0.15r™ Hank - - 0.15+0.05 - [119]

Zn-1Mg-0.5Sr  Hank - - 0.11+0.01 - [119]

) i i 0.08+0.01(30 d)
Zn-1.2Mg Hank 0.12 0.07+0.01(90 d) [120]
. 0.11(30d)

Zn-1.2Mg Hank - - 0.19 0.09+0.02(90 ) [120]

Zn-1.5Mg-

0.1Mn Hank 7.40 - 0.14 0.09 [118]

Zn-3Mg’ Hank 740 - 0.128+0.005 0.076+0.005 [93]

Zn-3Mg" Hank 7.40 - 0.135+0.006 - [93]

Zn-4Mn Hank - - 0.72 - [105]

Zn-24Mn Hank - - 0.02 - [105]

Zn-5Ge” Hank 740 - 0.1272+0.0132 - [138]

Zn-5Ge "™ Hank 7.40 - 0.2255+0.0146 - [138]

Zinc Human -1.09t0-1.11 0301 . [135]

plasma
. McCoy’s

Zn-4Ag EA - - - 0.00380+0.0014 [124]

Zn PSS . 0.00289+0.0008  [124]

Zn PBS - - - 0.0087+0.0035  [122]

Zn PBS 7.40 -1.00 <0.1 - [135]

Zn-1Mg’ PBS 740 - 0.012+0.002 - [113]

Zn-1Mg-

0.5Ca- PBS 740 - 0.066+0.004 - [113]

Zn-Ag-Au-V* PBS - - - 0.007+0.006 [122]

Zinc Ringer 7.40 -1.06 0.15t00.3 - [135]

Zn-0.8Li Ringer 740 - 0.12 - [104]

Zn-0.8Li- .

0.2Mg Ringer 740 - 0.17 - [104]

Zn-0.8Li- .

0.2Ag Ringer 740 - 0.11 - [104]

Zn SBF - - 0.0050t0 0.0075 - [135]

Zn SBF 740 - 0.653 0.15 [107]
7.20

Zn SBF to - 0.16 - [133]
7.40

Zn-0.5Al SBF - - 0.0204+0.0013 - [110]

Zn-0.5Al-

0.5Mg SBF - - 0.0095+0.0003 - [110]

Zn-3Cu” SBF - - 0.085 0.045+0.008 [127]

Zn-3Cu-0.5Fe” SBF - - 0.105 0.064+0.004 [127]

Zn-3Cu-1Fe” SBF - - 0.130 0.069+0.007 [127]
7.20

Zn-0.2Li™ SBF to - 0.06 - [133]
7.40
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Table 3 (continued)

Alloy (%wt) Solution pH OCP (V) CRE (mml/year) CRI (mml/year) Ref.
7.20
Zn-0.4Li™ SBF to - 0.05 - [133]
7.40

Zn-0.05Mg" SBF 740 - 0.728 0.15 [107]

Zn-Mg SBF - - 0.0050-0.0075 - [135]

Zn-1Mg SBF - - 0.08 0.070 [112]

Zn-1Mg SBF 6.50 - 0.053 - [115]

Zn-1Mg" SBF - - - 0.28+0.01 [116]

Zn-1Mg SBF - - - 0.12+0.05 [116]

Zn-1.5Mg SBF 6.50 - 0.058 - [115]

Zn-1.5Mg SBF - - 0.08 0.063 [112]

Zn-3Mg SBF 6.50 - 0.052 - [115]

Zn-3Mg SBF - - 0.08 0.070 [112]

Zn-3MgMem SBF 7.40 - 0.30 0.25 [121]
_ hom 1-

Zn-3Mg SBF 740 - 0.24 0.18 [121]
_ hom 2-

Zn-3Mg SBF 740 - 0.28 0.19 [121]

Zn-0.35Mn-

0.41Cu SBF 740 - - 0.050+0.004 [132]

Zn-0.75Mn-

0.40Cu SBF 7.40 - - 0.065+0.006 [132]

. Whole
Zinc blood - -1.12 0.05t00.2 - [135]

“As cast; “"rolled; ™ hot rolled; " hot rolled plus cold rolled; *thermomechanical treatment;
*Pthermomechanical treatment additional precipitation hardening; E“A? equal channel angular pressing;
"extruded; P extruded drawn; hom homogenized; FeSSIF Fed-state simulated intestinal fluid.

2.8 Techniques for electrochemical degradation

Engineers and scientists use different experimental procedures to study the chemical
and metallurgical characteristic for each material, prior insertion of it in the human body.
Identifying also side-effects with degradation of biomaterials. In aqueous solution,
transfer of electronic charge is involved in all metallic corrosion processes. Therefore,

the electrochemical nature of corrosion is studied.

Electrochemical polarisation methods include potentiostatic techniques where the
potential is controlled. Potentiostatic techniques are: open circuit potential (OCP),
potentiodynamic polarisation (PDP), electrochemical impedance spectroscopy (EIS),
scanning vibrating electrode technique (SVET) and scanning electrochemical

microscope (SCEM).

2.8.1 Open circuit potential (OCP)
The electrochemical corrosion potential, also known as OCP, uses a metal immersed

in aqueous environment and a standard reference electrode (SRE) to obtain voltage
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difference between them. Transitions between passive and active states and the time
needed for the system to reach a constant state can be provided for the OCP [140].

2.8.2 Potentiodynamic polarisation (PDP)

The technique PDP implies a variation of the potential of the electrode over a large
range at a selected rate, while through the electrolyte flows the current [140]. PDP
provides information on the degradation rate of materials. A PDP sweeps the potential

between two set values to cover the anodic and cathodic branch [141].

Two methods are available for measurement of corrosion by electrochemical
polarisation, a Tafel extrapolation and polarisation resistance. Only Tafel extrapolation

was used in this project, for this reason is described below.

2.8.2.1 Tafel extrapolation

To determine the corrosion current density T, icor (MA cm™2), and thus, determine
the corrosion rate, Tafel extrapolation of polarisation curves is used. Extrapolation of
the linear portion of the curve to corrosion potential (Ecorr), both anodic and cathodic

branch, is utilized to gain the corrosion current density, as depicted in Figure 7.

However, the formation of thin films on certain metallic surfaces under oxidising
conditions may generate corrosion resistance on the samples [141]. This condition is

known as passivity.

The passive behaviour displays the polarisation curve as shown in Figure 8. The
parameters displayed are based on empirical observation [142]. Some studies identified

passive behaviour on Zn samples, as the present study.

Corrosion current density
\ Mo M2t 260

Anodic branch
Tafel slope (ﬁa)

E V)

R — - Corrosion potential
2H + 2¢ > Hy
Cathodic branch

Tafel slope (BC)

i (mA/cmz)

Figure 7. Example of Tafel extrapolation, corrosion of metal in acidic aqueous medium [143].
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Figure 8. Hypothetical cathodic and anodic polarisation plot for determining localized
corrosion parameters [142].
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Chapter 3

Materials and Methods

3.1 Material specification and characterisation

Pure zinc, sheet and wire, samples used throughout this work were supplied by
Advent Research Materials (UK). Pure Zn sheet samples were 3.0 mm thick, sized 50
mm x 50 mm and was specified to be of 99.9% purity. Pure Zn wire sample had 1.0 mm
diameter and were specified to be of 99.99% purity.

Characterisation of both Zn samples was carried out by scanning electron microscopy

(SEM), energy dispersive spectroscopy (EDS) and X-ray diffraction (XRD).

The crystalline phases of both Zn samples were investigated, prior tests, using a
Bruker D8 Advance X-Ray diffractometer (Germany), with a Bragg-Brentano setup.
The diffractometer made use of a copper tube X-ray target and a Cu-Ko radiation
(A =0.154 nm). The Zn sheet sample analysed was cut to a 15 x 15 mm square and the
Zn wire sample was cut into pieces of 12 mm each to cover an area of about
12 x 12 mm.

The scanning range was 26 = 20° - 90°, scanning step was of 0.02° at a dwell time of
0.5 s; with a voltage and current of 45 kV and 40 mA, respectively. The diffraction
patterns obtained were analysed and indexed using X'Pert High Score analytical

software.

A Zeiss Merlin Field Emission scanning electron microscope (Germany), was used
with current and voltage setting at 15 kV and 225 nA, respectively. SEM was used to
verify the surface of wire samples prior immersion test. Also, EDS analysis was carried
out to analyse the chemical composition in (wt.%) of elements presents in the surface of
the Zn samples prior tests. In this characterisation method the Zeiss SEM was equipped
with an Apollo X Ametek EDS detector (USA).
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3.2 AU solution preparation

To evaluate the corrosion resistance of Zn-based samples, the artificial urine was used
as the corrosion solution. The AU solution was used without further purification. All
chemicals used in this study were in powder form. For a practical and economical AU
formulation, the composition of the AU solution was based on U.S. patent #7109035
[17], see table 4; and the AU solution preparation published by Lock J et al. [14].

Table 4. AU solution composition brought to 500 ml by adding distilled H,O (diH.O) and tris

solution.
Component Mass (g)
Ammonium Phosphate dibasic” (NH,),HPO, 0.85
Calcium Chloride® CaCl, 0.12
Creatinine” C4H;N30 0.75
Magnesium chloride hexahydrate” Cl,Mg- 6H,0 0.25
Potassium chloride KCl 1.01
Sodium Sulphate” Na,S0, 1.01
Urea” CH,N,O 0.38

Suppliers: “BIOCHEM Chemopharma, France. *Levo Laboratory Service, Malta. ~Avonchem Ltd, UK.

The chemicals were weighed with the precision balance Kern PLJ (Balingen,
Germany) and were crushed in the order provided in Table 4 and dissolved in a Tris
solution. Since Zinc corrosion can be affected for the pH of the aqueous solution, tris

solution in the AU was used to maintain a stable pH.

A tris solution was prepared with 6.06 g Tris(hydroxymethyl)aminomethane
(BIOCHEM Chemopharma, France) diluted with 60 ml diH20. Then, 4.60 ml HCI
(BIOCHEM Chemopharma, France) was added and, finally, the solution was diluted to
100 ml with diH20. Then, the solution was diluted with diH20 to create 500 mL of AU

solution with a stabilised pH around 7.

The AU solution was stirred with a magnetic stirrer at 320 rpm. Also, the temperature
of the solution is kept constant at 37 = 0.5°C using the heater function of the stirrer
(VWR Hotplate/Stirrer MET 355).

Figure 9 is a summary of the schematic description of the AU solution preparation
process. After the preparation of AU, Universal Indicator Paper pH 1-14 (Metria CSPH
002 001) was used for pH verification. The AU solution was stored at 4°C. Since the pH
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was taken into account in the corrosion properties tests of the Zn based samples, the AU
solution used was prepared at most one day prior to the research study [18].

(3) diH;0 to 500 mL of AU
solution

(2) Mix of crushed powders

Figure 9. Schematic of the AU solution preparation.

3.3 Vickers microhardness test

The mechanical Vickers microhardness test was carried out to characterise the
mechanical properties of the Zn samples. The zinc wire sample as received was mounted
in a cold mounting resin coupon Tri-Hard Cold Mounting Resin supplied by MetPrep

Ltd. (UK). The resin coupon was 30 mm diameter.

Coupon was ground using silicon carbide paper starting from grit size P2500 up to
grit size P4000 to achieve a flat surface and remove any oxide layer. Sample was then

polished using a 1um diamond suspension on a Kemet polishing pad.

Vickers microhardness (HV) was measured using a Mitutoyo MVK-H2 (Tokyo,
Japan) micro-hardness testing machine with a Vickers hardness indentor. Indentations

were made on the surface at a load of 50gf. Measurements were repeated ten times.

3.4 Corrosion testing
3.4.1 In vitro degradation testing, Zn sheet samples

3411 Electrochemical corrosion test

Two methods of electrochemical corrosion test were conducted: open circuit potential
(OCP), and potentiodynamic polarisation (PDP).
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All samples were ground with silicon carbide abrasive paper from grit size P320, up
to grit size P2400, then, for 15 minutes, the samples were immersed in ultrasonic bath
with ethanol to remove surface particles, finally, the samples were rinsed with distilled
water for 2 min, prior to electrochemical testing. The specimens were weighed after

drying and test.

The specimen working area, 0.196 cm? (0.5 cm of diameter), was exposed to 300 mL
of artificial urine (AU) solution and a solution temperature of 37 + 1 °C was maintained
for the duration of the OCP and PDP tests. Four repeats were performed to obtain

statistical conclusions.

OCP and PDP were performed one after another on all metal specimens in accordance
with the ASTM G59: Standard Test Method for Conducting Potentiodynamic
Polarization Resistance Measurements. A three-electrode cell configuration was used,
the working electrode was the metallic samples, the counter electrode was a platinised
titanium rod, and the reference electrode was a saturated calomel electrode (SCE). The

electrodes were connected to a Gamry Interface 1000 potentiostat, (USA).

The OCP experiments were conducted for 3600 s and was followed by a PDP
experiment using a scan rate of 0.167 mV/s, from -0.25 to +0.35 V (V vs OCP).

The corrosion rate (CRE) was calculated according to ASTM G102-89: Standard
Practice for Calculation of Corrosion Rates and Related Information from

Electrochemical Measurements using Eq. (4).

CRE = 3.27-10-3 oW Eq. (4)

where CRE is the corrosion rate (mm year™), i, is the corrosion current density
(MA cm) deduced from Tafel extrapolation, EW is the equivalent weight of metal
(32.68 gleq for pure Zn [144] ) and p is the density (7.13 g cm for pure Zn).

Then, the tested samples were rinsed in an ultrasonication bath with ethanol.
Subsequently, SEM was conducted in order to observe and characterise the degradation
products on the surface. Also, EDS analysis was carried out to analyse the chemical

composition in (wt.%) of elements presents on the surface of the Zn samples.
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3.4.2 Invitro degradation testing, Zn wire samples

3421 Set-up in vitro degradation for Zn wire samples

An apparatus to simulate the ureter of the human was designed and built to evaluate
the corrosion resistance of the Zn wire. In the design, considerations were given to
dimension of a ureter, which was based on adult men who did not have any diseases in
their urinary system; the flow rate, temperature and the low pressure of transporting
urine between kidney and urethra.

Considering the normal range volume of the urine as 0.8-2 L/d (0.55-1.38 mL/min),
and that the rate of production of urine by the kidneys is equal to the mean rate of flow
of urine through the ureter over a long period [145]. Hence, the ideal flow rate in the
ureter is 0.55-1.38 mL/min; an average of 0.97 mL/min. Human urine also comes out
of the body at 37°C.

Moreover the ureter model used in this study was based on the data collected from
Kyung-Wuk Kim et al. [11] where 19 healthy men patients, had three ureter models:
tubular ureter, funnel-shaped and undulated ureter. Tubular ureter was selected, since
the luminal flow rate was relatively constant along the whole ureter. According to this
study, the length and the diameter of the ureter model was 226.21 mm and 4.57 mm,

respectively.

Thus, Table 5 summarises the design criteria considered for the construction of the
simulation apparatus. With these design criteria, a schematic set-up was elaborated
(Figure 10). Which includes a peristaltic pump, a heater with negative feedback and a

container of AU.

Table 5. Design criteria for set-up for in vitro degradation for Zn wire samples.

Design criteria Value
Length of ureter 226.21 mm
Diameter of ureter 4.57 mm
Flow rate through ureter 0.97 mL/min
Temperature of urine 37°C

The validation of this set-up car was carried out measuring each criteria triplicate for
statistical analysis. The flow rate and temperature were identified every 2 hours while

the peristaltic pump worked 6 hours continuously.
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Figure 10. Schematic illustration of the in vitro degradation set-up used to investigate the
degradation behaviour of zinc wire samples.

The apparatus created to evaluate the corrosion resistance of the Zn wire samples is
shown in Figure 11(a). The ureter had 22.62 + 0.02 cm length and 0.46 = 0.02 cm
diameter, avoiding undulations between the tract. The flow rate obtained, through the
simulate ureter without Zn wire sample, was 1.01 £ 0.19 ml/min.

The set-up had a feedback of urine to avoid: (1) waste artificial urine solution and (2)
because with trials, the pH of the AU solution not showed a change in contact with the
samples over 7 h due to the use of tris buffer.

The assembly was made with a commercial peristaltic pump (12 V and 0.26 A),
silicone pipe, 3-connector plastic (), air valves and non-return valves. Also, a big bowl
covered with aluminium foil was used to control the temperature of the AU solution with

heat transfer by hot conduction. The temperature was measured with a thermometer.

The position of the Zn samples is shown in Figure 11(b). The air valve was separated
from the proximal end of the ureter to put or remove the zinc wire sample. The proximal
end was used as the unique zone to touch directly the zinc wire samples. The silicone

stopper avoided migration of the wire sample to the AU container (simulated bladder).
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Ureter
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Figure 11. Final schematic diagram of (a) the set-up to immersion test. Blue arrows show
direction of the flow or the AU artificial urine. (b) position of Zn wire sample in the simulated
ureter.
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3422 Immersion corrosion test

Immersion corrosion testing was performed in order to analyse the corrosion layer in
zinc wire samples generated in artificial urine solution over a period of 1 day and 3 days.
The initial length and diameter of wire samples were 23.08 = 0.14 cm and 1.00 mm,

respectively.

Each day, 150 mL of the AU solution was changed to use fresh solution as possible
and the pH of AU solution was measured with Universal Indicator Paper pH 1-14
(Metria CSPH 002 001).

Each sample was washed with distilled water for 2 min prior and after to immersion

test. The specimens were weighed after drying and testing.

Immersion corrosion test was carried on two duration, one day and three days, each

with three samples.

The corrosion rate (CRI) was calculated according to ASTM G1: Standard Practice
for Preparing, Cleaning and Evaluating Corrosion test specimens using Eq. (5).

AW Eq. (5)
Axtx*p

CRI = 8.76 - 10*
where CRI is the corrosion rate (mm year?), AW (g) is the weight change
(AW = initial weight — final weight), A(cm?) is the surface area of the specimen, t (h) is

the immersion time and p (g cm ) is the density of the metal.

Two samples for each period were then transferred to the SEM and EDS in order to
reveal the compounds of the corrosion layer remnant and identify the diameter of the

sample through twelve points along the wire with distance between them of 2 cm.

Finally, a statistical analysis was carried on with the SPSS 22.0 software to determine
the significance of means of two data sets with T-student (for normalized distribution
data) and U-mann Withney (for not normalized distribution data). The normalization
was determined with Kruskal Wallis analysis. A p value < 0.05 was selected for

statistical difference.
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Chapter 4

Results

This chapter features the characterisation of Zn samples prior electrochemical and
immersion tests, the microhardness results, the data obtained with the open circuit
potential, potentiodynamic test, as well as, immersion test. Finally, describes the AU

solution used in this study.

4.1 Characterisation of Zn samples prior corrosion testing
X-Ray diffraction patterns for both as-received Zn sheet samples and Zn wire samples

can been seen in Figure 12. The diffractograms revealed the prominent peaks of the

hexagonal crystal system of the zinc: (00 2), (100), (101) and (2 0 1) [146].

The diffractograms showed that Zn sheet pattern has more intensity than Zn wire
pattern. For this reason, peaks (0 0 4) and (1 0 4) are weak in the Zn wire diffractogram.
In the X-ray diffractograms, the characteristic zinc peaks are present with no extra peaks,

so, impurities do not exist.

EDS was carried out to validate the purity of the samples (Table 6), showing the
amount of oxygen, carbon, and zinc as average and full range as error of n = 3. Moreover,
Figure 13 shows a smooth and homogeneous surface of Zn wire. Ideal surface to

immersion test without grinding and polishing procedures.

Table 6. Elemental composition of Zn samples as received.

Element  Zn sheet sample (wt. %) Zn wire sample (wt. %)

C 428+0.71 11.20+£2.54
@) 1.64 +0.30 4.65 +0.95
Zn 94.08 £1.00 84.15+3.05
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Figure 12. Diffractogram of as-received Zn sheet sample and Zn wire sample.
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Figure 13. SEM image of the surface of Zn wire sample as received.

4.2 Microhardness test

Under the Vickers Scale and an applied load of 50 gf. The microhardness value
obtained was 42.24 + 2.72 HV, as result of n = 10, with average data and standard

deviation.

The bar chart shown in Figure 14 compares the Vickers microhardness results from
4 studies; (ref. [93]), (ref. [105]), (ref. [108]) and the present study (TPS). The lowest
HV is from the study 1 (ref. [93]), while TPS and study (ref. [108]) have the similar
average data as the standard deviation.

50
S T T
40 1 I
35
30

& 25
20
15
10

HH

Study 1 Study 2 Study 3 This study

Figure 14. Comparison of Vickers microhardness results of study 1 (ref. [93]), study 2 (ref.
[105]), study (ref. [108]) and this study.
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4.3 Set-up used in the immersion test

The apparatus used in the immersion test followed the design criteria showed in the
Table 5. However, during the test was observed the presence of bubbles in the artificial
urine solution due to the use of air valves to control de flow rate of the solution through
the simulate ureter.

4.4 AU solution

Under the same protocol presented in the methodology section, different artificial
urine (AU) solutions can be obtained if the protocol is not followed correctly. The ideal
AU solution is shown in Figure 15 (b), while variants of AU solutions are shown in
Figure 15 (a, c-d).

N

Figure 15. Result of the AU solution under the same protocol. (a) Powder chemicals were not
crushed enough, (b) ideal AU solution, (¢) Tris solution added on the chemical powder mixture
and (d) the HCI used was contaminated.

Under the immersion test, the pH was taken to identify possible variations as
function of the immersion time, 1 day and 3 days. Since a pH-meter cannot be used
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due to technical issues, the Universal Indicator Paper pH 1-14 did not detect any
evident change in the pH (Figure 16).

Possibly, the pH of the AU solution alkalinises in the day 1 and more after 3 days
in the AU solution, because the indicators papers after both immersion time are more
dark green than the prior papers, as can be observed in the Figure 16(b) and Figure

16 (c), respectively. However, it was not confirmed with another instrument.

This means that the pH of the AU solution prior and after immersion whatever
time of immersion is nearly constant to 7, with a little increase to 8, however, any

considerable change was not be able to identify.

Figure 16. Results of pH of prior and after immersion test (a) Reference colour bar of the

Universal Indicator Paper pH 1-14, (b) results over 1 day, (c) results over 3 days.

4.5 Electrochemical corrosion analysing test

The corrosion resistance of the Zn sheet samples was evaluated by electrochemical
tests: open circuit potential (OCP) and potentiodynamic test (PDP). Under OCP (Figure
17), the voltage in all the Zn samples tended to a constant value after 2800 s. However,
the voltage of the sample C increased at 1200 - 2000 s, due to presence of bubbles
between reference electrode and exposed area of the specimens with the AU solution, as
was observed only in this test. The voltage in sample C dipped and then acquired the
voltage trend.
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Figure 17. OCP plots of the n = 4 Zn sheet samples, in artificial urine solution. Potential vs.
time.

Figure 18 shows the PDP curves for the Zn sheet samples, when exposed to AU
solution. In the passive region, the current continues to rise till a potential of
~Vocp + 300 mV, when the current decrease till a potential of -1.05 V. At this point, the

current increases drastically, changing the gradient of the slope, and the material enters
in the transpassive dissolution.

Additionally, Figure 18 shows a typical curve of passivation behaviour in the Zn
samples. The passivity is attributed to the presence of a passive film, the formation of
the ZnO layer [14]. The presence of the biofilm inabilities the dissolved oxygen to reach
the surface, leading to a reduction in metal ion dissolution [17]. After a Tafel
extrapolation, the CRE obtained in this work was 0.10 + 0.04 mm/year. Table 7

summarizes the corrosion parameters derived from PDP: Ecorr, icorr and corrosion rate.
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Figure 18. Potentiodynamic plots of n = 4 Zn sheet samples in artificial urine solution. Current
density vs. potential.

Table 7. Corrosion parameters calculated from the potentiodynamic curves.

Sample OCP (V vs.SCE)  Ecorr (V) leorr (WA/cm?)  Corrosion rate (mm/year)

A -1.10 -1.16 6.21 0.09
B -1.05 -1.20 3.96 0.06
Cc -1.04 -1.19 7.07 0.11
D -1.06 -1.18 9.36 0.14

After the polarisation test, the surface characterisation was carried on. When the
potentiodynamic scan was stopped, it was noticed that the AU solution produced three
circumferences identifiable in the sample surface as shown in the SEM images in Figure
19 (a-c).

Diameter of each circumferenceis: @ = 4.82 + 0.36 mm, @ = 7.37 + 0.16 mm and
@ = 8.04 £+ 0.13 mm, inner, intermediate and external diameter, respectively. In each
circumference was identifying the elemental composition of the corrosion layer on the

Zn samples, in specific zones (Figure 19 (d)), to compare differences between them.
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Figure 19. SEM images showing the typical diameter of the circumferences produced by the
AU solution on Zn sheet samples after polarisation. (a) Inner circumference, Zone A. (b)
Intermediate circumference, Zone B. (c) External circumference, Zone C. (d) Location of each
EDS area on each zone.

Table 8 summarizes the elemental composition (wt. %) of corrosion products of Zn
zones from EDS (Figure 19 (d)). Figure 20 shows the comparison of the elemental
composition (wt. %) of Zn sheet samples as received, and the three zones identified after
the PDP test. Only the C, O and Zn elements was taken account. No difference was
observed in the elemental composition of C, O and Zn, between the initial surface prior

tests and the zones: inner, intermediate and external, after tests.

Table 8. Elemental composition (wt. %) of corrosion products, n =4 of Zn sheet samples after
polarisation test. Typical zones showed in Figure 19(d); average and standard deviation.

Zone C @) Si p S K Ca zn
A 448+086 282+137 032+0.14 064+021 0.19+027 030+042 0.10+0.13 91.18+3.12
B 371+096 295+096 023+0.11 075+016 0.12+0.16 0.16+022 0.17+023 91.93+262
C 492+148 292+197 0.23+0.11 0.72+049 0.06+0.08 0.17+0.24 0.12+0.17 90.88+4.33
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Figure 20. Elemental composition (wt. %) comparison between samples prior test, and zones
identified after PDP tests in AU solution regarding to C, O and Zn elements. Average value
and standard deviation as error.

Focusing in the inner circumference, both SEM images and EDS were done to
identify possible crystallizations and anchor zones to encrustation. Table 9 describes the

elemental composition of the specific zones showed in Figure 21.

Table 9. Elemental composition (wt. %) of corrosion products of Zn after polarisation test.
Zones showed in Figure 21.

Zone C N (@) Si P S Cl K Ca Zn
A 04.46 - 04.02 00.15 00.92 00.06 00.15 00.25 00.21 89.79
B 05.98 01.37 20.71 00.12 06.04 00.52 00.54 00.47 00.07 64.18
C 05.09 - 25.07 00.15 08.89 - - - - 60.81
D 0345 - 02.22 00.29 00.60 - - - - 93.45
E 09.39 03.18 31.30 00.12 10.59 - 01.81 01.68 01.13 40.80
F 10.08 02.92 16.04 00.12 02.14 0.13 00.35 00.64 00.23 67.34
G 08.36 0230 16.85 00.35 08.77 00.07 01.22 01.69 01.31 59.08
H 09.57 02.27 21.98 00.83 03.68 - 00.06 02.32 00.28 59.01

I 03.37 - 01.67 00.10 00.56 - - - - 94.29
J 07.22 - 30.96 00.10 09.75 - - - - 51.97
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Figure 21. SEM micrographs showing the surface morphologies of Zn sheet samples after
potentiodynamic testing in artificial urine solution and subsequent rinsing and sonication in
ethanol at (a-c)500 X. (d) 1K X. (e, f) 2K X and (g) 10K X.
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4.6 Immersion corrosion analysing test

The corrosion resistance of the Zn wire samples was evaluated by immersion
corrosion test in a simulated ureter tract a period of 1 day and 3 days. The corrosion rate
was calculated using the Eq. (5) and was registered in Table 10. Figure 22 compares the
corrosion rates acquired in the electrochemical and immersion tests, showing the
average data and the range as the error. The corrosion rate obtained in the immersion
test for 3 days reveals a mass increase, while the other corrosion rates are related with

mass loss.

Variation in the diameter along the zinc wire is presented in the Figure 23. Samples in
both immersion times present decreases in their diameter on the twelve points registered.
The decrease of the diameter of samples in 3 days remains nearly constant along the
wire. In contrast, the decrease of the diameter of samples in 1 day varies along the wire.
The diameter of the proximal end (location in the wire 1) was less than the diameter of

the distal end (location in the wire 12) in the samples of 1 day in immersion test.

Table 10. Corrosion rate of n=3 samples of wire for each immersion time (1 day and 3 days);
average data and range as error.

Average Corrosion rate (mm/year)

15t day 3" day
0.08 Y% 0.20 ol

0.4

0.3
:—T 0.2
: T
> 0.1 T
. ]
E o
% CRI 1 day CRI 3 days CRE
& -0.1
5
2 -0.2
=
s
o

-0.3

0.4

-0.5

Figure 22. Comparison of corrosion rate obtained in electrochemical tests (CRE) and
immersion time (CRI) in 1% day and 3" days.
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Figure 23. Average diameter for the zinc wire after 1 and 3 days of immersion test in AU
solution, with range as error.

Another feature analysed was the thickness of the corrosion layer on the surface.
Figure 24 displays the typical thickness of the corrosion layer from samples for both
immersion times (1 day and 3 days). The corrosion layer decreases along the wire,
thinner in the distal part (location in the wire 12) for both immersion time. Also, the
corrosion layer retained on the surface becomes thicker when the immersion time

increases.

The typical morphologies of the corrosion products on the surface along the wire
samples in one day and three days of immersion time are shown in Figure 25 (a-d) and
Figure 26 (a-d), respectively. Also, the boundaries of the wire samples were characterised

with SEM and EDS as shown in the Figure 25 (e-h) and Figure 26 (e-h), respectively.

Difference in morphology was found between the samples after immersion testing in
AU solution. This result can be considered as “no-uniform” corrosion occurring on each
of the surfaces, due to the presence of porous and occasionally denser groups in the

samples of immersion time of 3 days.

Then, elemental composition for each zone (zones A, B and C showed in Figure 25
and Figure 26) per each sample was analysed. Zone A was focused in the white areas,
whereas zone B included areas with less corrosion product. Zone C represented the

boundaries of the wire.
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Differences were observed between the elemental composition recorded when
samples were immersed to AU solution (Table 11). This was validated using T-student
and U-mann Whitney analysis in function of time in the immersion sample (Table 12),
in which the p-values of the Si in zone A, and the p-values of the elements C, O, Al and
Zn were fallen below the threshold value of 0.05. However, in zone C was not obtained
any difference in the elemental composition.

Moreover, Zone A and Zone C were compared in order to identify if elemental
composition is significantly different according to the position of analysis in the sample
(center part (Zone A) versus boundary (zone C)) as function of the immersion time
(Table 13). In the samples of 1 day in AU solution only N, Mg, P, Ca, not showed
differences; about the samples of 3 days in the AU solution, only Al did not show

difference. The impact of this data is discussed in the next section.

Note that the presence of the Al and Si are not expected elements because neither are

components of the as received samples nor to the AU solution used.

Proximal part Distal part

Figure 24. SEM images of corrosion layer develop on the surface of Zn wire samples after
immersion test in AU solution, (a, b) 1 day and (c, d) 3 days in two points on the wire:
proximal part (part near to the kidney, location in the wire 1) and distal part (part near to the
bladder, location in the wire 12). Dotted lines mark the corrosion layer.
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Figure 25. SEM images showing the typical morphology of (a-d) corrosion layer and (e-h)
corrosion products in the boundaries of wire generated in samples in 1 day on immersion test
in artificial urine solution. SEM images at 2 KX. Red squares (zone A), yellow squares (zone

B) and blue squares (zone C).
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Figure 26. SEM images showing the typical morphology of (a-d) corrosion layer and (e-h)
corrosion products in the boundaries of wire generated in samples in 3 days on immersion test
in artificial urine solution. SEM images at 2 KX. Red squares (zone A), yellow squares (zone

B) and blue squares (zone C).
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Table 11. Composition obtained in EDS areas along the wire in the immersion test (1 day and 3 days samples) as a function of zones A, B and C shown in the
Figure 25 and Figure 26. Data expressed as: average value and standard deviation of n = 24.

Zone Immersion time C N (0] Mg Al Si P S Cl K Ca Zn
A 1 day 981+085 165+0.17 20.08+161 0.27+005 0.09+001 0.15+001 4.14+0.77 057+014 028+0.05 045+0.06 155+0.29 61.01+246
3 days 1171138 147+014 1739+x149 033+x0.03 040%x025 0.24+0.04 336%027 053+015 024%£003 043+0.03 149%0.12 6244+2.68
1 day 834+329 834+380 835+399 832+443 834+379 835+539 835+425 836+358 835+450 832+355 833+437 834+344
3 days 1740262 331+0.73 2707103 046+0.04 012003 0.29+0.02 7.23+0.71 135026 095027 085+0.10 343%x0.36 37.55%297
c 1 day 4553+272 246+080 1889+1.09 0.78+061 081+039 0.23+005 285+050 056+0.14 043+0.10 059+£0.15 123+0.10 25.33+2.85
3 days 4476 +£212 203+034 17.78+1.12 0.21+0.04 240+128 022+0.07 315+031 040+0.06 0.28+0.07 040+0.03 159+0.17 26.82+262

Table 12. p-values from T-student* or U-mann Withney testing of comparison of the composition obtained in each zone along the wire as function of the
immersion time. p-values>0.05 implies that no difference can be observed between the two datasets being compared.

Zone C N @] Mg Al Si P S Cl K Ca Zn
A 0.248 0.453 0.232* 0.184 0.202 0.005 0.351* 0.954 0.707 0.760* 0.299 0.697*
B 0.015 0.644 0.004 0.603 0.002 0.298 0.065 0.488 0.299 0.204 0.248 0.000
C 0.826* 0.862 0.484* 0.885 0.794 0.603 0.618* 0.862 0.202 0.488 0.090 0.908

Table 13. p-values from T-student* or U-mann Withney testing of comparison between composition of zone A and zone C obtained in EDS along the wire in
the immersion test where p-values>0.05 implies that no difference can be observed between the two datasets being compared.

Time of immersiontest C N O Mg Al Si P S Cl K Ca Zn
1 day 0.000 0.817 0.013 0.065 0.033 0.037 0.525 0.021 0.028 0.033 0.954 0.008
3 days 0.000 0.010 0.000* 0.000 0.755 0.008 0.000* 0.000 0.045 0.000* 0.000* 0.004
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Chapter 5

Discussion

5.1 Zn samples Degradation Resistance
The corrosion rates acquired in the electrochemical and immersion tests were lower
than the corrosion rate of Zn samples in AU solution registered by Champagne et al.

[136]. This difference is probably due to the use of different AU solution formulation.

Additionally, Figure 18 shows a typical curve of passivation behaviour in the Zn
samples. The passivity is attributed to the presence of a passive film, the formation of
the ZnO layer [108], in the electrochemical tests did in this work. The presence of the
biofilm inabilities the dissolved oxygen to reach the surface, leading to a reduction in

metal ion dissolution [147].

Furthermore, in this study, the negative corrosion rate of the immersion test under a
period of 3 days implies an error in the experimental procedure used. The standard
practice for cleaning the specimens to obtain the weight loss was not carried out correctly
due to the samples stored for a long time due to technical issues, and the samples also
were not re-weighted n times until the weight recorded at time n-1 was equal to the

weight at time n.

Another feature that can describe the degradation resistance of the Zn wire samples
is the variation of the diameter along the wire (Figure 23). Since samples in both
immersion times present decreases in their diameter, it shows a mass loss of the
specimens; however, due to the incorrect determination of the weight loss, the mass loss
cannot be corroborated. Also, the nearly constant decrease in the diameter of samples
in 3 days, but major than 1 day, shows the growth of the corrosion layer, affirming the

formation of layers to avoid corrosion.
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However, the AU solutions used in the present study is different of the solution used
by Champagne et al. [136]. The Zn samples were exposed to extremely complex
corrosive medium. AU solution can alter the degradation behaviour and corrosion rates
of the samples [108]. Therefore, the difference in the corrosion rates acquired and

provided in the literature may also be related to the difference in solutions.

To improve the degradation rate of pure zinc in biomedical applications, several
methods include coatings, surface film manipulation, alloying, and microstructure
modification [148]. Also, further studies with long immersion tests might be done to
analyse the corrosion behaviour of the Zn-based and Zn alloys samples.

5.2 Elemental composition of the corrosion layer of Zn
samples

The pure Zn samples in artificial urine solution can have the formation of zinc oxide,
zinc hydroxide, zinc carbonate, zinc phosphate and, calcium phosphate on the top layer
as mentioned in the previous non-urinary studies [93, 108, 135] and, urinary study [136].
EDS analysis confirmed that the elemental composition of as received Zn samples (wire
and sheet) included only Zn, C and, O (Table 6).

After the potentiodynamic test, the elemental composition did not show differences
regarding the elements of as received Zn samples (Figure 18). Also, the formation of
zinc oxide was corroborated (Figure 21 (f)) [136]. ZnO is an expected corrosion product
due to the relation between the pH of the AU solution (pH 7) and the zinc Pourbaix

diagram (Figure 6).

A high concentration of carbon on the boundaries of the wire (high concentration of
C, zone C in Table 11) may be related to C-C, C-O(H) or, carbonate [108]. If the latter is
present in the samples, the AU solution it is not acidic because carbonate dilutes in
diluted acids. The presence of Zinc phosphate may affect the corrosion rates due to is

used as a resistant coating in metal surfaces [149].

In the corrosion layer of the samples, the presence of Ca may produce calcification,
thus, encrustation [136], and prompting the formation of urinary stones. Uric acid,
calcium phosphate, struvite and calcium oxalate are the mainly compound of these
stones [150].
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However, the XPS analysis might confirm the formation of the zinc corrosion

compounds mentioned previously.

In the immersion test, the significative difference (Kruskale Wallis or T-student, p <
0.05) was observed in the zone A (EDS area on white zones) about Si and the zone B
(EDS area on dark zones) with O, Al and, P. In contrast, in the zone C, boundary along

the wire samples, do not have a difference in the chemical composition.

Si and Al should not be presented in the elemental composition due to the Zn samples
did not have impurities and the AU solution formulation did not include these elements.
Probably, the samples after corrosion tests would be contaminated in contact with any

surface metallic; but another reason that they are presented is not identified.

About the zone B, the difference of O along the samples implies that the oxidation

does not happen homogeneous throughout the wire under the immersion tests.

On the other hand, according to the comparison between zone A and zone C, the
elemental composition has a significant difference. In the immersion tests of 1 day, C,
O, Al, Si, S, CI, K, and Zn vary between the central area to boundaries; while under
immersion test of 3 days, only Al does not have a statistical difference. These results
mean that the reaction of the zinc samples with the AU solution would be affected by

the immersion time.

After immersion test, the remnant thickness of the corrosion layer on the surface of
specimens (Figure 24) increased for both immersion times. This result means that the
reaction of the zinc samples with the AU solution would be affected by the immersion
time. The corrosion layer was determined to be composed mainly of carbon (zone C in
the Table 11 ) as determined by EDS.

The results make this project an approach to the elemental composition of the Zn-

based samples under artificial solution with urological propose.

5.3 Mechanical properties of the Zn samples

The difference between the microhardness values (Figure 14) is a consequence of the
purity of the Zn samples and the procedure to obtain the Zn specimens. Zang et al. [108]
were the unique authors that used a commercially Zn wire with a purity of 99.99+ wt%,

and for this reason, difference significative do not exist between the results obtained.
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The literature showed that the microhardness and other mechanical properties as
Yield strength, tensile strength, and ductility elongation of pure Zn could be improved
significantly in Zn alloys with Mg, Al [93], Mn [105] and L.i [108].

Nevertheless, while inserting and removing the ureteral stents is not recommend use
force to prevent the creation of anchor zones for urinary tract infection, encrustation,
and fractures along the stent [151]. So, some side-effects of ureteral stents can be

avoided improving the mechanical properties of the material used.

5.4 AU solution

The purpose of controlling the pH was to regulate the acidity or alkalinity of the AU
solution to use the information related to the Pourbaix diagram, redox states of the zinc
as a function of pH. However, for technical issues, the use of a pH meter was not
possible, so the Universal Indicator Paper pH 1-14 (Metria CSPH 002 001) was used.

The indicator paper used is not a reliable meter, it could not be stated whether
alkalinisation was present in the AU solution. The chromatic perception is subjective
and can be wrongly perceived. Furthermore, the sensitivity of the tool does not allow

identifying slight variations during all the time of the experiments.

Zhang, X. [134] affirms that zinc degradation does not produce hydrogen bubbles or
increase alkalinity. Also, the presence of the tris solution in the formulation of AU
solution used will not allow the shift in the pH. Since Figure 16 suggests alkalinisation
in the AU solution during the immersion test, the result can be associated with the use

of a not reliable meter and not for the increase of hydrogen ions in the AU solution.

5.5 Set-up used in the immersion test
Since the set-up design followed correctly the design criteria, the apparatus was a

helpful tool to simulate the upper urinary tract and to do the immersion tests.
However, the following recommendations can be drawn to further studies;

(1 Do not use air valves to control the flow rate of the solution through the

system. At times, air valves generate air bubbles. The presence of air bubbles

54



(i)

(iii)

causes turbulent flow and increases the O in the urinary tract, affecting the

control corrosion of the metallic samples

Include electrodes to control more variables like current, voltage, and pH.

If the simulated ureter is made of silicone pipe, it should be changed for each
immersion test. This action prevents contamination of the new sample due to
the remaining corrosion product adhering to the ureter of the previous sample

that was removed.
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Chapter 6

Conclusion

In this study, pure Zn samples have been investigated as possible candidates for

biodegradable stent applications. Analysing the results obtained, the following

conclusions can be drawn;

(i)

(i)

(iii)

(iv)

The purity of the zinc samples corroborated with XRD demonstrates that the
samples used can be the source of Zn matrix to mechanical alloy with other
elements to improve the mechanical properties of the material. The micro-
hardness value was 42.24 + 2.72 HV in the pure Zn.

Corrosion rates were measured by potentiodynamic polarisation and
immersion tests using artificial urine solution. The corrosion rates of Zn in
electrochemical test was 0.10 £ 0.04 mm/year, and in immersion test under
period of 1 day and 3 days were 0.08 (+0.45 and -0.24) mm/year and -0.20
(+0.41 and -0.01) mm/year, respectively. However, the corrosion rates
implied a slower degradation ratio than results of other studies.

In this study, the negative corrosion rate of the immersion test under a period
of 3 days implies an error in the experimental procedure used, because the
degradation products that are still stuck to the Zn sample surface increase the
mass. However, the variation of the diameter along the wire samples shows

the degradation of the samples in the AU solution.

The nearly constant decrease in the diameter of samples in 3 days, but higher
than day 1, implies the growth of a corrosion layer. Moreover, the diameter
reduction for Zn samples displayed a relationship between the mass loss and

immersion time.
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(V)

(vi)

(vii)

(viii)

(ix)

(x)

(i)

SEM images and elemental composition of the samples did not reveal a
uniform corrosion, mainly due to the presence of a compacted passive layer

on their surface.

ZnO layer affects the degradation rate of the samples. ZnO reduces the
reaction between the ionic content of the urine solution and the surface of the

metallic specimens.

The presence of Ca in the corrosion layer of the specimens is an undesirable
result due to increases in the anchor zone to encrustation and production of

urinary stones.

The EDS analysis confirmed the presence of the elements that generate
corrosion products like calcium phosphate, zinc oxide, zinc chloride
hydroxide, and zinc carbonate.

Si and Al, (0.15 — 8.35 and 0.09 — 8.34)¥°, respectively, should not be
presented in the elemental composition due to the Zn samples did not have

impurities and the AU solution formulation did not include these elements.

The AU solution used was a complex corrosive medium; however, variation
in the pH was not identified due to the AU formulation control possible
change in pH with the use of tris solution. Also, the zinc degradation does

not produce hydrogen bubbles or increase alkalinity [134].

The apparatus designed to simulate the upper urinary tract and perform the

immersion tests met all design and function criteria as expected.

Then, Zn is a new challenge to biodegradable applications in the urology field. However,
the corrosion rate should be improved with surface film manipulation, alloying, and
microstructure modification. Also, further studies with long immersion tests might be

done to better control of the corrosion behaviour of the based-Zn samples.

s Range of average values registered in Table 11.
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Future medium-term works

Zn is a new challenge to biodegradable application in the urology field. In order to
optimise and improve the contributions of this project there are further studies that

should be carried out.

e Study and characterise Zn-alloys, in order to investigate the degradation
behaviour in the same AU solution.

e In vitro studies use the AU solution proposed by Sarigui et al. [13] to more
approach to the human urine and improve the measurement of pH with the use
of a precision instrument.

e Study and characterise the cytocompatibility in cellular cultures such as, in order
to study in vitro degradation resistance and cell conditions.

e Further study on the biodegradation behaviour of the Zn samples using longer
immersion tests.

e Modify the surface of the Zn-based samples to remove the ZnO formation to
improve the corrosion rate.

e Elaborate a new set-up to mimic the ureteral system considering not use air
valves, a changeable simulated ureter with funnel and, undulated shape made of
silicone pipe, simulate different urological complications, and avoid reuse of AU
solution used in the immersion time.

e XPS analysis, as another alternative to EDS, to identify correctly the compounds
of corrosion products.

e Implement the characterisation of different urological complications that need a
ureteral stent as the solution, for instance, obstructions throughout the ureter.

e Study the effect of the funnel and, undulated shape of the ureter may suggest new
designs of ureteral stents.

e Avoid reuse of the urine solution to mimic the fresh production of urine by the
bladders.
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