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Abstract: The influence of the chemical composition and structural state of Zn–Ti alloys on corrosion
behaviour and mechanical properties was studied. Zn-based alloys were investigated, more precisely,
pure technical Zn and Zn with 0.10, 0.25 and 1.00 wt.% Ti. The microstructure and chemical com-
position of these materials were analysed using light optical microscopy (LOM), scanning electron
microscopy (SEM), energy dispersive X-ray spectroscopy (EDS) and X-ray diffraction (XRD). The
chemical composition of the alloys and the surface after immersion were analysed using an EDS
detector from Bruker. The alloys’ electro-chemical corrosion resistance was further investigated
through linear (LP) and cyclic (CP) potentiometry and open-circuit potential (OCP) analysis. A
tensile/compression equipment (Instron 34SC-5) was used to determine the compression behaviour.
UMT testing equipment was used to determine microhardness (by Rockwell indentation) and COF
vs. length. For percentages higher than 0.25 wt.% Ti, the formation of a primary TiZn16 intermetallic
compound in the (α-Zn + TiZn16) eutectic matrix was observed, a slight influence of TiZn16 on the Zn
corrosion resistance results, and a greater influence on the mechanical properties was confirmed.

Keywords: Zn–Ti biodegradable alloy; corrosion resistance; degradation rate

1. Introduction

There are three main classes of biodegradable metals: Mg-, Fe- and Zn-based ma-
terials [1,2]. Although Mg-based materials have compatible mechanical properties with
bone tissue and high osteopromotive and biocompatible behaviour during degradation,
their biomedical applications are limited by their high degradation rate, which can cause
both local gas accumulation and loss of mechanical integrity before the surrounding bone
is fully healed [3]. Currently, Mg-based biodegradable materials are being used in the
manufacture of commercial coronary stents and bone screws and pins [1,4,5]. For Fe-based
materials, best machinability, excellent mechanical properties and cost-effectiveness are
the main advantages as biodegradable materials; however, they have a slow degradation
rate in the bone environment, and therefore, research has mainly focused on cardiovascular
applications [1–4,6]. So far, there are no commercially available Fe-based materials on the
global market, and their development is expected to require more time as their performance
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depends on the complexity of their interactions with the physiological environment [6]. In-
vestigations on Zn-based materials for biomedical applications have only recently emerged
as a result of the favourable biodegradability characteristics in physiological environments,
which are intermediate between those of Mg and Fe biodegradable metals [2,4]. Although
the role of Zn in structural, catalytic and signalling processes is thoroughly proven and the
human body has developed its own homeostatic capacity to maintain tight regulation of
zinc levels in relation to its essentiality/toxicity duality [7,8], both deficiency and excess of
Zn levels are associated with many disease conditions in the human body [9–11]. Despite its
physiological relevance, Zn is not usually considered a first choice as a biodegradable med-
ical material, corresponding to less than 100 publications in the last decade [3]. Even under
these conditions, Zn-based materials have a great potential for clinical applications, such as
biodegradable vascular scaffolds and bone implants, when considering their favourable
association of mechanical properties, degradation behaviour and biocompatibility [4,12].
However, no clinical use of Zn-based orthopaedic devices has been reported [2].

Chen et al. [13] summarised both the issues and the perspectives of Zn-based materials
for orthopaedic internal fixation implants. The study showed that biodegradable Zn-based
materials have great potential for application as temporary implants for internal osteosyn-
thesis due to their versatility, which can be modified and controlled by both chemical
composition and processing, mechanical properties, degradation behaviour, biocompatibil-
ity and bacteriostatic activity. Furthermore, it has been shown that there are still important
concerns, such as the correlation of the degradation rate with the tissue healing and the
toxic dose of Zn2+ level, the stress corrosion and corrosion fatigue behaviour, the high lon-
gitudinal elastic modulus compared to the bone tissue and the creep effect at physiological
human body temperature [7,13].

During the decades of Zn-based biodegradable material development, various strate-
gies have been employed to improve their performance, but all have resulted in modifica-
tions of the microstructural features. Alloying has been widely used, namely for binary,
tertiary, quaternary and quintenary alloys, using different chemical elements [14–21]. By
alloying and casting, the main microstructural features consist of a dendritic Zn-based
solid solution as the primary phase (matrix) and secondary phases, often intermetallic
compounds, formed by various reactions [22]. Thermomechanical processing can provide
a further improvement in performance by altering the microstructural features (grain
size, texture, phase volume fraction ratio, phase morphology, etc.), resulting in enhanced
mechanical properties, degradation behaviour and biocompatibility [16–21].

As far as the binary Zn–Ti system has been studied, only a few studies have been
conducted towards its use as a biodegradable material. In his master’s thesis, Yin [23]
extensively investigated some Zn–Ti alloys with Ti = 0.01, 0.1 and 0.03 wt.% as biodegrad-
able materials for stents. The study showed the best combination of tensile properties
for the hot-extruded Zn-0.1 wt.% Ti alloy without testing the corrosion and degradation
behaviour, the friction and wear performance or the biocompatibility of these Zn–Ti alloys.
Wang et al. [24] extended their investigations on some Zn–Ti alloys (Ti contents of 0.05,
0.1, 0.2 and 0.3 wt.%, cast + hot-rolled processing) by a comprehensive evaluation of their
corrosion and degradation properties, friction and wear behaviour and in vitro cytotoxicity,
motivated by the consideration that a high Ti ion concentration was toxic to osteoblast-like
SaOS2 cells, and the threshold of the Ti ion concentration was 15.5 µg/L. It was concluded
that the microstructure was formed from an α-Zn matrix and a TiZn16 intermetallic phase,
with increased Ti content causing microstructural modifications and improved mechanical
properties, higher corrosion current densities and higher corrosion rates, improved wear
behaviour and no cytotoxicity to MG-63 cells for extracts with Ti ion concentrations ≤ 25%.

In this work, some cast binary Zn–xTi alloys with specific contents of x = 0.00, 0.10, 0.25
and 1.00 wt.% have been studied regarding the relationship of their chemical composition
and processing with their microstructural features and, hence, with their mechanical
properties, degradation behaviour and frictional behaviour in order to determine their
availability as biodegradable materials for temporary internal osteosynthesis implants.



Metals 2024, 14, 764 3 of 20

Although various Zn alloy systems have been investigated, in the present study, the binary
Zn–Ti alloy system was chosen in consideration of (i) the availability of the Zn–Ti phase
diagram, (ii) the design of the cast Zn–Ti alloy and (iii) the potential of Ti as an alloying
element to induce changes in microstructural features and, hence, significant changes in
mechanical properties, degradation rate and biocompatibility.

2. Materials and Methods
2.1. Materials

A two-step laboratory-scale processing pathway was used: The first was the syn-
thesis of a Zn-5 wt.% Ti master alloy (Zn-5Tima) from ingots of commercially pure Zn
(cp-Zn, 99.99 wt.%, each impurity < 0.005 wt.%) and Ti sponge (Tisp, 99.90 wt.%, each
impurity < 0.02 wt.%), and the second was the synthesis of the targeted Zn–xTi alloys,
x = 0.00 wt.%, 0.10 wt.%, 0.25 wt.% and 1.00 wt.%, using cp-Zn and necessary quantities
from Zn-5Tima. To perform melting and alloying, both for the master alloy and targeted
alloys, an induction furnace with an argon protective atmosphere and a silicon carbide cru-
cible were used (medium frequency static generator, 20 kW/8 kHz/300 V, Electrotehnica SA
Bucharest, Bucures, ti, Romania). The melted material (casting temperature approximately
600 ◦C) was poured into a metal mould preheated at 225 ◦C (cooling rate approximately
3–4 ◦C/s until the melt was completely solidified), then held in the mould for 10 min and
finally extracted and air cooled. The primary ingots of the Zn–xTi alloys had approximately
500 g and dimensions of 25 mm × 40 mm × 70 mm.

The primary ingots were subjected to mechanical and, where necessary, electroerosion
processing to produce the final samples. After removing the upper part of the primary
ingots, secondary ingots measuring 25 mm × 25 mm × 70 mm were processed and used to
produce the four semi-finished samples (12 mm × 12 mm × 70 mm). The samples were
used to characterise the microstructure, mechanical properties and the corrosion, wear
and friction behaviour. Samples measuring 12 mm × 12 mm × 5 mm were prepared for
microstructural characterisation. For the mechanical compression tests (10 mm × 12 mm)
and for corrosion and degradation behaviour (10 mm × 5 mm), the samples were produced
by electroerosion cutting and turning. A further set of specimens was prepared for micro-
indentation testing to investigate the friction characteristics. To determine the chemical
compositions of the investigated materials, the energy dispersive spectroscopy (EDS)
method was used and performed on the grinded and polished samples (see Section 2.2)
using an X-ray energy dispersive detector (energy dispersive spectroscopy (EDS), Bruker,
X-Flash 6-10, Billerica, MA, USA, working mode in Esprit 2.2 for spectrum acquisition:
automatic mode and Mapping).

2.2. Microstructure Analysis

To observe and analyse microstructure features, the samples were subjected to conven-
tional preparation methods, mechanical grinding (SiC disks, P80-P2400 grit), mechanical
polishing (alumina suspension, 1.00 µm, 0.30 µm, 0.04 µm) and an etchant containing 50 g
CrO3, 4 g Na2SO4 and 1000 mL H2O, either alone or, where it was necessary, in combination
with an etchant containing 5 g FeCl3, 10 mL HCl and 240 mL alcohol.

Optical microscopy (OM) was performed using an ISM-M1000 Namicon (INSIZE,
Suzhou, China) trinocular inverted mass metallographic microscope equipped with a
MotiCam camera (10+, 10.0 MP) specialised in microscopic analysis and Motic Images
Plus 3.0 (×86) software (version 3.0.12.41, Motic, China Group Co., Ltd. 2015, Hong Kong,
China). For scanning electron microscopy (SEM), a VegaTescan LMH II (TESCAN, Brno-
Kohoutovice, Czech Republic) microscope was used with a cathode supply voltage of 30 kV,
secondary electron detector and working distance of 15.5 mm.

The X-ray diffraction analysis (XRD) was performed using an Xpert PRO MPD
3060 diffractometer from PANalytical (Almelo, The Netherlands) with a Cu X-ray tube
(Kα = 1.54051 Å), 2θ = 25◦–75◦, step size = 0.13, time/step: 99.45 s and scan speed of
0.033667◦/s with a number of 3808 steps. The XRD patterns were analysed and phases
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indexed using MATCH! Software version 3.16 Build 288 (Crystal Impact, Bonn, Germany).
The samples for X-ray diffraction analysis (XRD) were not etched.

2.3. Mechanical Testing

Compressive testing was performed on an INSTRON 8801 testing machine (Norwood,
MA, USA) (maximum load 100 kN). The compression samples were strained with a traverse
speed (TS) = −0.68 × 10−3 mm/s up to a strain of 0.85. To evaluate the surface hardness, the
microindentation tests on a CETR-UMT-2 tribometer were performed (Campbell, Camden,
NJ, USA) using a Rockwell diamond tip (Milwaukee, WI, USA) (radius 200 µm and angle
120◦, and a vertical load of 10 N). The results were interpreted using the Test Viewer
software (version 2.16).

2.4. Corrosion and Degradation Behavior
2.4.1. Immersion Testing

The samples were immersed in a NaCl solution (9 mg/mL) in a thermostatically
controlled enclosure at 37 ◦C (20 mL/cm2 ratio). For each immersion interval (3, 7 and
14 days), the degradation rate (DR) based on the mass loss was obtained for all Zn–xTi
alloys. The samples were weighed using an AS220 Partner analytical balance (RADWAG
Balances & Scales, Radom, Poland). The samples were subjected to ultrasonic cleaning
in technical alcohol using an ultrasonic equipment (PRO 50 ASonic, Ultrasonic Cleaner,
Beijing, China) for 60 min. The DRs [mm/y] were obtained according to ASTM G31-
21 using the following equation [25], where W = mass loss [g]; A = sample area [cm2];
t = time [h] and ρ = density [g/cm3]:

DR =
8.76 × 104 × W

A × t × ρ
(1)

In addition, the pH of the NaCl solution was registered for the first 72 h with a Hanna
HI98191 (Darmstadt, Germany) pH meter equipped with a HI72911B titanium-bodied pH
electrode and a temperature sensor that were inserted into the sample container during the
experiment. The pH calibration was performed regularly at five points with pre-programed
standard buffer solutions with pH of 4.01; 6.86; 7.00; 9.18 and 10.01, achieving a pH accuracy
of ±0.002 to ±0.001. The data were acquired minute-by-minute using the Hanna HI-92000
software (version 5.0.38) with a USB connection.

2.4.2. Electrochemical Testing

A VoltaLab-21 potentiometer (Radiometer, Copenhagen, Denmark) was used to de-
termine the corrosion resistance by analysing linear and cyclic potentiometry in NaCl as
the electrolyte solution. The acquisition and processing of data were performed using the
Volta Master 4 software (version 6.0.25130). A three-electrode cell was used to analyse
the corrosion behaviour. A sample with an exposed surface of 0.63 cm2 was used as the
working electrode. A saturated calomel electrode (SCE) was used as a reference, and a
platinum electrode was used as an auxiliary.

The solution was stirred with a magnetically driven, Teflon-coated stirring bar to
remove hydrogen. Potentiodynamic polarisation curves were obtained at a scanning rate
of 1 mV/s, and cyclic voltammetry curves were obtained at a scan rate of 10 mV/s. For
linear potentiometry, scanning was performed in the range 500–1200 mV vs. FREE. The
open circuit potential (OCP) was registered for 10 min before the electrochemical tests.

2.5. Friction Behavior Test

To evaluate friction behaviour, microscratch tests were performed using a CETR-UMT-
2 tribometer (Campbell, Camden, NJ, USA). The tests involved a sharp stylus to produce
a controlled and continuous microscratch mark on the material surface. Additionally,
the AE signals provided information on the load-displacement characteristics during the
microscratch test, helping to identify damage initiation and failure mechanisms. Two types
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of microscratch tests were performed: one with a constant load and the other with a linearly
increasing force. The tests were performed with vertical forces of 10 N and 19 N, moving
the table 10 mm in 60 s at a rate of 0.167 mm/s. A widia cutting blade with a tip radius of
0.4 mm was used for the microscratch tests.

2.6. Statistical Analysis

For the mechanical, immersion corrosion and friction testing, the tests were replicated
three times under the same testing conditions for all Zn–xTi alloys. To demonstrate the
effect of the Ti content on the properties of the Zn–xTi alloys, the experimental data were
statistically analysed using either one-way repeated measures ANOVA (OWR-ANOVA)
or two-way repeated measures ANOVA (TWR-ANOVA), performed by Tukey’s test at a
significance level of 0.05.

All experimental activities of this study have been conducted in accordance with the
principles of occupational health and safety, the use of compliant instrumentation and
machinery and proper personal protective equipment [26].

3. Results
3.1. Chemical Composition

The chemical compositions of the investigated Zn-based materials were determined
using EDS and are shown in Table 1.

Table 1. Chemical compositions of the Zn–xTi biodegradable materials.

Element
Average (St. Dev.) (wt.%)

Zn–xTi Alloys

Zn–0.00Ti Zn–0.10Ti Zn–0.25Ti Zn–1.00Ti

Zn 99.99 (0.001) 99.814 (0.028) 99.663 (0.037) 99.007 (0.013)
Ti - 0.113 (0.025) 0.259 (0.037) 0.910 (0.011)
Al 0.003 (0.002) 0.015 (0.002) 0.014 (0.004) 0.016 (0.002)
Ni - 0.016 (0.002) 0.013 (0.001) 0.019 (0.003)
Si - 0.013 (0.001) 0.019 (0.003) 0.013 (0.001)
Cu 0.002 (0.001) 0.015 (0.002) 0015 (0.002) 0.014 (0.004)
Fe 0.004 (0.001) 0.014 (0.004) 0.016 (0.002) 0.019 (0.003)
Sn 0.002 (0.001) - - -

3.2. Microstructure
3.2.1. Zn–Ti Phase Diagram and Alloy Design

It is well-known that, by adding small quantities of Ti into Zn-based alloys, a grain
refinement effect and a change in the eutectic morphology are produced in correlation with
the cooling rate of the melt [27–35]. In addition, the grain size can be controlled by the
cooling rate of the melt, as Leone et al. [30] reported. For example, at 0.004–0.009 wt.% Ti
for all cooling rates, a completely columnar microstructure was observed, but for 0.1 wt.%
Ti and a 0.5 ◦C/s cooling rate, a small columnar microstructure was observed in contrast
with a completely grain-refined microstructure observed at a cooling rate greater than
5 ◦C/s. To limit the grain-refinement effect determined by either the cooling rate or
between the Ti wt.% content and the cooling rate, a 3–4 ◦C/s range value for the last was
maintained for all Zn–xTi alloys. In contrast with other Zn–X phase diagrams, e.g., Zn–Al,
the Zn–Ti phase diagram is still in dispute [35], especially the crystal structures of the low
melting temperature compounds that are formed at the Zn-rich zone of the Zn–Ti phase
diagram [25,36].

Ti has a very low solubility in Zn at room temperature, approximately 0.0004–0.0005 wt.%
(0.00055–0.00068 at.%) Ti [31,37,38], and at 0.160 wt.% (0.118 at.%) Ti content, a eutectic
reaction has been reported [24,27–36]:

L → α-Zn + TiZn16; T = 418.6 ◦C/691.75 K; Ti = 0.160 wt.% (0.118 at.%) (2)
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The Ti content corresponding to the eutectic reaction is dependent on the cooling rate,
with a 0.18 wt.% (0.25 at.%) value at a very low crystallisation rate [37]. Ti solubility in
Zn depends on the temperature, thus at 300 ◦C, it varies in the 0.007–0.015 wt.% range
(0.0095–0.0204 at.%), and at 400 ◦C, it is approximately 0.02 wt.% (0.027 at.%) [38].

The TiZn16 intermetallic compound formed with an α-Zn eutectic, shown above, has
an approximate 4.39 wt.% (5.90 at.%) Ti content [32,34]. According to the Ti–Zn phase
diagram [28,31,34,39] and the chemical compositions of the Zn–xTi alloys (Figure 1), the
main microstructural features for the four Zn–xTi alloys are as follows: (i) Zn–0.00Ti
contains only α-Zn phase; (ii) Zn–0.10Ti, a hypoeutectic alloy, forms from α-Zn phase as a
dendritic matrix and (α-Zn + TiZn16) eutectic; (iii) Zn–0.25Ti, a hyper-eutectic alloy very
close to the eutectic Ti content, contains an α-Zn + TiZn16 eutectic and primary TiZn16
(presumably with a low volume fraction); and (iv) Zn–1.00Ti, a hyper-eutectic alloy with a
Ti content distant from the eutectic concentration, contains an α-Zn + TiZn16 eutectic and
primary TiZn16 (presumably with a higher volume fraction and modified morphology).
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Figure 1. Details of the Zn–Ti phase diagram for wt.% Ti intervals of interest (adapted from
Refs. [28,31,34,39]): (a) 0.00–4.5 wt.% Ti corresponding to TiZn16 content area; (b) the wt.% Ti
content for the Zn–xTi alloys.

3.2.2. XRD Analysis

The experimental XRD patterns are shown in Figure 2. According to the Zn–Ti phase
diagram (Figure 1) [28,31,34,39], the phases formed are α-Zn (space group P63/mmc (194))
and TiZn16 intermetallic compound (space group Cmcm (63)) [34].

To index the diffractograms, the Match! software as well as the XRD standard
patterns from the Crystallography Open Database (COD) and the literature data were
used [31,36,40–42]. The lattice parameters for the two phases are as follows: (i) α-Zn,
a = 2.6648 Å, b = 4.4967 Å (COD Entry 96-900-8523); (ii) TiZn16, a = 7.7200 Å, b = 11.4490 Å,
c = 11.7550 Å (COD Entry 96-210-6429). Match! software provides phase composition based
on the experimental XRD pattern. Thus, the volume percentage of the TiZn16 phase was (i)
2.7% for Zn–0.10Ti; (ii) 7.6% for Zn–0.25Ti and (iii) 20.3% for Zn–1.00Ti.
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3.2.3. Optical Microscopy

Figure 3a–d show the optical microstructure (OM) of the Zn–xTi alloys. The as-cast
Zn–0.00Ti contains large grains (above 500 µm), as shown in Figure 3a.
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Figure 3. Optical micrographs of the experimental alloy microstructures: (a) Zn–0.00Ti; (b) Zn–0.10Ti;
(c) Zn–0.25Ti; (d) Zn–1.00Ti.

In Figure 3b, the microstructure of the as-cast Zn–0.10Ti is characterised by an α-Zn
dendritic morphology, with the average grain size decreasing to approximately 200 (±50) µm.
Also, the dendritic arm size in relation with the relatively low solidification rate and low
Ti content has values in the 20–70 µm range with a shape ratio between 0.3 and 0.5. As
it is observed from the Zn–Ti binary phase diagram (Figure 1), the Zn–0.1 wt.% Ti alloy
is a hypoeutectic alloy. It can be considered that the Zn–0.10Ti alloy comprises primary
Zn dendrites and a eutectic of Zn and intermetallic phase mixtures (TiZn16) placed in the
interdendritic space of primary α-Zn as it is confirmed by the OM from Figure 3b.

Analysing the microstructure from Figure 3c, the OM of the as-cast Zn–0.25Ti shows a
decreasing grain size compared to the as-cast pure Zn and Zn–0.10Ti. The average grain
size decreases to approximately 100 (±27) µm with the Ti content increasing from 0.10
to 0.25 wt.%. Given the low solidification rate and higher Ti content above but close to
the (α-Zn + TiZn16) eutectic Ti content (approximately 0.16 wt.% Ti), Zn–0.25Ti can be
considered as a hypereutectic alloy. The (α-Zn + TiZn16) eutectic morphology has, as the
main feature, the relative coarse lamella of α-Zn phase in eutectic and small and rare
primary TiZn16.

Zn–1.00Ti is also a hypereutectic alloy, but the Ti content is much higher than the
eutectic. The eutectic morphology is different compared to Zn–0.25Ti, with both eutectic
regions having finer or larger lamellae of α-Zn, especially the larger primary TiZn16.

3.2.4. SEM Microscopy

The SEM images of the Zn–xTi alloy microstructures are shown in Figure 4a–d, and
the same features were observed in the OM images.
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(b) Zn–0.25Ti; (c) Zn–1.00Ti-area1; (d) Zn–1.00Ti-area2 and (e) the elemental distribution of Zn and Ti
on the area given in (c).

Supplementary, EDS was performed on three different points (Figure 4c), with 90 nm
diameter spots on different structural entities presenting the formation of two different
TiZn intermetallic compounds, points 1 and 2 spread in the eutectic matrix and point 3.
The energy spectrum obtained from a 4 mm2 area confirmed the presence of Zn and Ti
elements at different energies.

The Zn and Ti elemental distributions, shown in Figure 4e, confirmed the formation of
two TiZn intermetallic compounds. In point 1, a compound with 94.97 (93.26) wt.(at.)% Zn
and 5.03 (6.74) wt.(at.)% Ti was observed. The chemical composition corresponds to the
TiZn16 phase. In point 2, the chemical composition has an average value of approximately
82.85 (77.95) wt.(at.)% Zn and 17.15 (22.04) wt.(at.)% Ti. According to Vassilev et al.,
the chemical composition of the compound identified in point 2 is close to the TiZn3
compound [33], although not identified by XRD analysis, presumably on account of its low
volume fraction.

3.3. Mechanical Properties
3.3.1. Compression

The stress–strain compression curves were analysed and interpreted according to
ASTM E9-09 [43]. Figure 5 shows representative stress–strain curves recorded for all the
alloys investigated and the compression data derived from the stress–strain curves shown
in the comparative plots.

The average (st. dev.) values of the yield strength at 0.2% offset (YS0.2) were
111.49 (6.08) MPa, 170.26 (2.48) MPa, 226.13 (10.20) MPa and 248.02 (6.32) MPa for Zn–
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0.00Ti, Zn–0.10Ti, Zn–0.25Ti and Zn–1.00Ti. For the same alloys, the average (st. dev.)
values of the compressive strength at 50% strain were 361.40 (8.10) MPa, 484.32 (20.14)
MPa, 520.55 (19.20) MPa and 524.23 (23.17) MPa. OWR-ANOVA statistical analysis showed
that, for both mechanical properties, there were significant differences between the mean
values for Zn–0.00Ti, Zn–0.10Ti, Zn–0.25Ti or Zn–1.00Ti. Although the average values for
Zn–0.25Ti are lower than those for Zn–1.00Ti alloys, statistically there are no significant
differences.
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3.3.2. Microhardness

The results of the microindentation tests are graphically shown in Figure 6. The
average (st. dev.) values of the microhardness were 0.328 (0.037) GPa, 0.531 (0.020) GPa,
0.619 (0.034) GPa and 0.694 (0.023) GPa. Despite the average values increasing with
increasing Ti content, the OWR-ANOVA statistical analysis showed that there are significant
differences between the average microhardness values of Zn–0.00Ti compared to all other
alloys and of Zn–0.10Ti compared to Zn–0.00Ti and Zn–1.00Ti.
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3.3.3. Friction Properties

Table 2 shows the values of applied force (F) and the mean (st. dev.) values of friction
coefficient (COF) and friction force (Ff). The TWR-ANOVA statistical analysis showed that
there were significant differences between the average values of COF corresponding to
Zn–0.00Ti and Zn–1.00Ti for 10 N applied force, and Zn–0.00Ti, Zn–0.10Ti, Zn–0.25Ti and
Zn–1.00Ti, the exception being Zn–0.25Ti and Zn–1.00Ti for 19 N applied force.

Table 2. The average values of the coefficient of friction and force friction.

Alloy Applied Force, F [N] COF
Average (St. Dev.)

Ff, [N]
Average (St. Dev.)

Zn–0.00Ti
10 0.578 (0.327) 3.96 (3.28)
19 0.804 (0.401) 9.82 (7.67)

Zn–0.10Ti
10 0.422 (0.270) 2.91 (2.92)
19 0.726 (0.393) 9.16 (7.53)

Zn–0.25Ti
10 0.316 (0.193) 2.12 (2.18)
19 0.661 (0.423) 8.67 (7.9)

Zn–1.00Ti
10 0.245 (0.154) 1.65 (1.76)
19 0.622 (0.417) 8.23 (7.69)

Using the COF values from Table 2 and the TWR-ANOVA results, Figure 7 graphically
shows the dependence of COF on Ti content and applied force.
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3.4. Degradation Behavior

The corrosion resistance of the alloys was evaluated through immersion and electro-
chemical tests.

3.4.1. Immersion

When interacting with an electrolyte solution, metallic materials, particularly al-
loys, undergo an exchange of electrons and ions, causing changes in the chemistry of
the metal/electrolyte interface. The chemical processes at the metal/electrolyte interface
produce acid/base radicals that lead to passivation of the metal substrate or changes in
electrolyte pH, whether the reaction products are soluble or not. For the present study,
the pH of the electrochemical solution was recorded during the immersion tests, and its
evolution is shown in Figure 8. In addition, the chemical compositions of the corroded
surfaces of the Zn–xTi alloys after the immersion tests are shown in Table 3. These mea-
surements were used to investigate the nature of the corrosion products. The degradation
rates obtained for the three different immersion intervals are also given in Table 4.
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Table 3. The chemical composition of the corroded surfaces for the tested alloys after the immersion
intervals.

Time/Samples/Elements
Zn Ti O Na C Cl

at.% at.% at.% at.% at.% at.%

3 days

Zn–0.00Ti 24.4 - 43.6 14.7 16.5 0.6
Zn–0.10Ti 19.5 0.10 46.8 9.9 22.9 0.8
Zn–0.25Ti 29.6 0.10 37.8 16.5 10.2 5.7
Zn–1.00Ti 19.4 0.40 46.8 9.2 23.7 0.5

7 days

Zn–0.00Ti 32.8 - 33.8 18.7 13.5 1.2
Zn–0.10Ti 28.1 0.10 37.9 17.6 15.9 0.5
Zn–0.25Ti 28.2 0.20 37.4 17.6 16.3 0.4
Zn–1.00Ti 23.5 0.30 40.6 14.5 20.3 0.8

14 days

Zn–0.00Ti 19.7 - 45.5 11.5 22.4 0.9
Zn–0.10Ti 28.2 0.02 38.3 21.6 11.3 0.6
Zn–0.25Ti 25.5 0.03 41.04 15.7 17.2 0.5
Zn–1.00Ti 25.6 0.2 38.1 18.3 17.7 0.2

St. Dev. % 0.11 0.01 0.61 0.18 0.44 0.06
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Table 4. Degradation rates determined for all investigated Zn–xTi alloys.

Alloys/Immersion
Time

Degradation Rates (µm/y)

3 Days 7 Days 14 Days

Zn–0.00Ti 268 (67) 163 (53) 13 (3)
Zn–0.10Ti 226 (11) 179 (2) 128 (5)
Zn–0.25Ti 217 (37) 102 (1) 96 (2)
Zn–1.00Ti 166 (17) 152 (17) 159 (7)

The TWR-ANOVA statistical analysis showed that, for all Zn–xTi alloys, significant
differences of DR mean values were found depending on the immersion time. Ti content
caused a significant difference after 14 days immersion for Zn–0.10Ti and Zn–1.00Ti. From
the DR and TWR-ANOVA mean values, the dependence of DR on Ti content and immersion
time is plotted in Figure 9.
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The corroded surfaces of the investigated alloys were analysed by SEM after the three
immersion intervals and ultrasonic cleaning to remove the unstable compounds. The
results are shown in Figure 10. In the same figure, the distribution of the main elements
identified on the surface, Zn, O, Cl, Na and Ti, are also illustrated.
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3.4.2. Electrochemical Tests

Electrochemical experiments on the open-circuit potential (OCP), linear polarisation
and cyclic voltammetry were performed to further investigate the influence of the Ti
addition to Zn (Figure 11). Using Tafel extrapolation (Figure 11a), Icorr has been evaluated,
and degradation (corrosion) rates (DR) have been determined (Table 5).
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Figure 11. Electro-corrosion results of the experimental alloys in NaCl: (a) Tafel diagrams; (b) volt-
ammograms with cyclic curves. 

Table 5. Electrochemical corrosion parameters (in 0.9% NaCl saline solution). 

Alloy 
Corrosion Process Parameters 
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Table 5. Electrochemical corrosion parameters (in 0.9% NaCl saline solution).

Alloy
Corrosion Process Parameters

OCP,
[mV]

E (I = 0),
[mV]

Icorr,
[mA/cm2]

Rp,
[Ohm/cm2]

DR,
[µm/y]

βc,
[mV/dec]

βa,
[mV/dec]

OCP,
[mV]

Zn–0.00Ti −1010 −1065.8 0.0625 468.95 934.2 −203.6 93.6 −1060
Zn–0.10Ti −935 −1005.6 0.0334 645.31 500.0 −496.8 51.8 −1115
Zn–0.25Ti −1020 −1035.3 0.0162 1430.00 241.9 −197.8 49.7 −1100
Zn–1.00Ti −990 −1048.4 0.0156 906.85 233.5 −146.5 50.1 −1050

Experimental electrochemical test results show that the Zn–1.00Ti alloy had the lowest
corrosion rate, 233.5 µm/y and current density Icorr 0.0156 mA/cm2. Linear polarisation
curves show no significant changes in the anodic branch caused by the addition of Ti.
Cyclic voltammograms show similar characteristics for all Zn–xTi alloys. Furthermore, a
passive region between −1.4 and −0.9 V was observed for all alloys.

4. Discussion

The alloying of Zn with Ti resulted in different microstructural features corresponding
to the low-Ti region of the binary Zn–Ti phase diagram, affecting the properties of the
Zn–xTi alloys, as can be observed from the results on mechanical properties and corrosion
behaviour presented above. As the Ti content increased, a different eutectic morphology
was observed, and the volume fraction of the TiZn16 intermetallic compound increased
continuously (Figure 4a–d). As reported in the literature, the increasing Ti addition caused
the modification of the cast cp-Zn to a very coarse grain size (above 1 mm) [44,45], to
a hypoeutectic and then two hypereutectic alloys with the formation of primary TiZn16
intermetallic phase [28,39,44] and finer eutectic. As the percentage of Ti increases, the
appearance of the lamellar eutectic is observed (Figure 4b) as well as its interruption for
higher percentages of Ti (Figure 4d).

The EDS investigation confirmed that primary TiZn16 intermetallic phases were
formed in the as-cast Zn–0.25Ti and Zn–1.00Ti alloys (Figure 4d). The chemical com-
position of the TiZn16 intermetallic compound is approximately 94.97 (93.26) wt.(at.)% Zn
and 5.03 (6.74) wt.(at.)% Ti (point 1 from the SEM image in Figure 4c), corresponding to an
approximate mole ratio for Zn:Ti of 16:1. As shown in the Zn–Ti phase diagram (Figure 1),
it is considered that TiZn16 is the intermetallic compound formed in the Zn–0.25Ti alloy
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and Zn–1.00Ti. These results are in agreement with a previous study, which demonstrated
the presence of the primary Zn–Ti intermetallic phase in as-cast Zn–Ti alloys (0.16, 0.18,
0.23 and 0.34 wt.% Ti) [27]. By increasing the amount of Ti added to Zn from 0.25 to 1 wt.%,
a new intermetallic compound was identified by EDS analysis (point 2 in Figure 4c), TiZn3,
but without validation on the XRD pattern [33,34].

The higher values of mechanical properties were obtained as the Ti content increased
from 0.00 to 1.00 wt.%. However, the increase between 0.25 wt.% and 1.00 wt.% is greater
than between 0.00 wt.% and 0.25 wt.%; a smaller increase was observed in the 0.25–1.00 wt.%
Ti range. A similar compressive strength value (Figure 5) was measured for a Zn–1 wt.% Ti
alloy (approximately 265 MPa) and reported in the literature [46].

The average hardness values of the alloys, based on the results shown in Figure 6,
increased upon the addition of a small amount of Ti to cp-Zn. Two main reasons could be
identified for the increase in hardness of Zn–xTi compared to the cast cp-Zn. The first is
related to the Ti addition resulting in a grain refinement process through the appearance of
a eutectic and intermetallic phases at the grain boundaries [47,48]. Secondly, at a higher
addition than 0.25 wt.% Ti, the formation of the TiZn16 primary intermetallic compound
enhanced the hardening of Zn–xTi alloys.

The variation tendency of the friction coefficient is similar to the microhardness but
inversely proportional. The friction coefficient of cast cp-Zn decreased by Ti addition. By
increasing the Ti content to 1 wt.%, the friction coefficient decreases by 50% at low loads
(10 N) and by approximately 25% at higher loads (19 N).

The hydroxide-based compounds formed from the start of the alloy-solution interac-
tion resulted in a constant increase in the pH of the solution. The larger pH variations at the
beginning of the immersion, namely the first 5–8 h, can be attributed to a more pronounced
electron/ion exchange and the formation of corrosion compounds. In all cases, the pH
of the electrolyte solution increases from approximately 5 to 7.5–8.0 as a result of a much
more frequent exchange of ions between the immersed metallic material and the solution.
After the first hours, a lower intensity in the pH variation is attributed to the stabilisation
of the corrosion process, as the alloy is protected by a corrosion compound layer formed
during this interval. This is supported by the Pourbaix diagram of Zn. There is also a strong
correlation between the electrochemical behaviour associated with Zn corrosion and the
pH of the electrolyte. The Pourbaix diagram of Zn in an aqueous environment [49] shows
that the Zn can be oxidized to dissolved forms of Zn2+, Zn(OH)2, HZnO2− and ZnO2

2−

with increasing pH. The diagram shows the stability of Zn(OH)2 or ZnO compounds in the
range of 6–8 pH.

After the immersion tests, the Zn–xTi alloyed samples showed a higher percentage of
oxides formed on the surface after 3 or 7 days of immersion and a lower percentage after
14 days. On the surface of all samples, regardless of the immersion time, Na and Cl were
identified as salts formed from the interaction between the alloy and the electrolyte solution
or deposited from the NaCl solution (Table 3 and Figure 10). The DRs of the alloys, deter-
mined by the mass losses resulting after the three immersion intervals (Equation (1)), show
a reduction in the corrosion rate caused by the increase in the oxidized layer on the surface,
which correlates with the increase in O wt.% (Figure 9 and Tables 3 and 4). This pattern,
observed in all cases, is inferior for the Zn–1.00Ti alloy, where the determined degradation
rates are more similar for all immersion intervals (Table 4 and Figure 9), attributed to the
influence of titanium on the corrosion rate of pure zinc through the formation of a eutectic
between α-Zn and the TiZn16 intermetallic compound. The degradation rate results are
consistent with those reported by Liu et al. (2019) [50] for pure Zn. In addition to the con-
stituent elements Zn and Ti, the oxygen responsible for the oxide layer formation and the
other elements identified resulted from compounds that remained on the surface, mostly
in the corrosion traces that emerged and were not removed by ultrasonic cleaning. The
corrosion and degradation of the alloys occurred progressively by the repeated removal of
layers that reached an advanced degree of oxidation, losing their stability and mechanical
integrity and entering the electrolyte solution as reactive compounds [51,52]. Furthermore,
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the addition of at least 1% Ti decreased the DR due to the titanium oxide formed on the
surface in contrast to the degradation rate of Zn–0.00Ti (as-cast cp-Zn) (Table 4).

Zinc and zinc-based alloys are very active metals in ionic media, especially in the
presence of chloride ions.

Tafel slopes provide information on the reaction mechanism (Figure 11a). In this case,
the small value of the anodic slope indicates the following reaction:

(Zn → Zn2+ + 2e−) (3)

The above active reaction is controlled only by concentration, while the cathodic
reaction is slower and controls the overall corrosion rate. The control of activation is
determined by the electron transfer rate from the anode to the cathode (Figure 12).
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In the presence of dissolved oxygen at the cathode, the following Reaction (4) occurs:

½O2 + H2O + 2e− → 2OH− (4)

Followed by the Reactions (5) and (6):

Zn2+ + 2OH− = Zn(OH)2 (5)

Zn(OH)2 → ZnO + H2O (6)

Corrosion potential (E), corrosion current density, (Icorr), anodic Tafel slope (βa) and
cathodic Tafel slope (βc) are parameters calculated by the Tafel extrapolation (Table 5). The
corrosion rate varies between 233.5 [µm/y] for Zn–1.00Ti and 934.2 [µm/y] for Zn–0.00Ti. It
decreases with increasing Ti percentage, which means that the newly formed intermetallic
compound ZnTi16 increases corrosion resistance. The corrosion current density (Icorr) also
decreases with increasing percentage of Ti from 0.0625 [mA/cm2] to 0.0156 [mA/cm2].
This is believed to be caused by the stability of the corrosion product layers. In the NaCl
solution, the corrosion potential of Zn alloy is approximately 1.00 V lower than the corrosion
potential reported in potentiodynamic tests of Zn alloys in SBF [53].

The cyclic voltammograms of the four alloys shown in Figure 11b are all similar in
patterning. For all curves, the linear current–voltage dependence starts at an overpotential
of −1000 mV. It can be observed that the reverse branch (cathodic curve) overlaps almost
perfectly with the direct branch (anodic curve). Therefore, the generalised corrosion caused
by the overpotential does not significantly alter the active surface nor causes passivation
through the deposition of reaction products. It may be explained by the formation of OH−

ions, which leads to an increase in the pH; consequently, the formation of zinc hydroxide
chloride on the surface alloys confirms the results shown in Figure 8.
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5. Conclusions

In this study, titanium was used as the alloying element to design the Zn–xTi (x = 0.1,
0.25 and 1.0 wt.%) series of alloys. Their microstructure, mechanical properties and corro-
sion behaviour have been systematically analysed. The main conclusions are as follows:

- For contents higher than 0.25 wt.% Ti, the formation of a primary TiZn16 intermetallic
compound in the (α-Zn + TiZn16) eutectic matrix is observed both by X-ray diffraction
and by structural and chemical analyses. Alloying with Ti leads to refinement of α-Zn
dendrites for hypoeutectic alloys and refinement of eutectic grains for hypereutectic
alloys. These changes in microstructural features led to an improvement in the
mechanical properties of Zn–xTi alloys.

- After the interaction between the alloys and the saline solution, the pH increased after
the first hours (10–15 h) and then remained stable between 7.5 and 8, but different
values of the degradation rate were observed, decreasing for Zn–0.00Ti (as-cast cp-Zn)
and remaining almost constant for Zn–1.00Ti.

- Electrochemical tests performed following immersion, i.e., at a pH of approximately
5.5–6.0, showed that the degradation rate decreased as the Ti content increased.
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