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a b s t r a c t

This study aims to develop TieCueMn alloys with antibacterial capability for reducing the

possibility of bacterial infection during biomedical implant surgeries. Ternary alloys were

designed to be manufactured via powder metallurgy, which has intrinsic manufacturing,

economic, and environmental benefits. The amount of each of the alloying elements was

limited to prevent the formation of brittle phases. It is found that the selected composi-

tions of Cu (0.5-5 wt.%) plus Mn (0.25-2.5 Mn wt.%) can successfully be manufactured

achieving microstructures, tensile properties and antibacterial capability performance

comparable to those of other biomedical Ti alloys. Specifically, homogeneous compositions

are achieved with the selected sintering parameters (1300 �C/120 min). The strength and

hardness of the material increase proportionally with the addition rate of Cu and Mn, and

antibacterial capability values were found to be above the 90% threshold required for

antibacterial certification.

© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Ti alloys, as well as othermetallicmaterials like stainless steel

and CoCr alloys [1,2], are commonly used in the field of

biomedicine as prosthetic materials for the replacement of

failed joints such as hip and knee. This is because metals can

provide the much needed mechanical performance and

endurance for long term implants. As biomedical materials, Ti

alloys are generally favoured due to their combination of

properties including biocompatibility, and relatively low

modulus of elasticity [3,4]. Most metallic biomaterials are, at

best, inert with human body fluids. Surface modification to

reduce the rejection of the prosthesis by the human body is a

common practise [5]. The two most widely adopted Ti alloys
m (L. Bolzoni).

by Elsevier B.V. This is
).
for biomedical applications are pure Ti and the Ti-6Al-4V al-

loys where the latter is preferred for structural prostheses due

to its highermechanical performance. However, reports about

the cytotoxicity as well as other harmful effects such as

neurotic effect [6] of V [7] and Al [6,8,9] are available in

literature.

Formulation of new Ti-based biomedical alloys offers the

possibility to design compositions entailing biocompatible

elements with limited cytotoxicity. Moreover, smart design of

novel alloys could also consider other aspects, namely the

high cost of Ti alloys and the functionalisation of the material

with properties that would not otherwise be achieved if not by

means of further processing. Referring to the latter, patho-

genic infection of biometallic prosthesis is a rising issue [10],
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Table 1 e Features of the TieCueMn alloys studied.

Material Cu
[wt.%]

Mn
[wt.%]

Ti
[wt.%]

Theoretical density
[g/cm3]

Ti-0.5Cu-

0.25Mn

0.5 0.25 99.25 4.54

Tie1Cu-

0.5Mn

1 0.5 98.5 4.57

Tie2Cu

e1Mn

2 1 97 4.63

Ti-3.5Cu-

1.75Mn

3.5 1.75 94.75 4.72

Tie5Cu-

2.5Mn

5 2.5 92.5 4.80
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which leads to the failure of the permanent implants [11].

Therefore, newly designed compositions could consider the

addition of antibacterial elements to prevent pathogenic

bacterial infection. From literature, Sn [12], Ag [13] and Cu [14]

are elements with antibacterial capability. Sn has very low

melting point and this causes problems during

manufacturing, whilst Ag is an expensive element, which will

further increase the cost of Ti-based biomaterials. The use of

Cu as alloying element in Ti alloys to provide antibacterial

capability has recently been investigated. The majority of the

work performed considered binary TieCu alloys [15] or the

modification of already existing Ti alloys such as Tie6Ale4V

[16]. Manufacturing binary TieCu alloys with a Cu content of

up to 25 wt.% via hot pressure sintering, Liu et al. [15]

demonstrated that the addition of Cu leads to the formation of

Ti2Cu particles and the release of Cu2þ ions able to kill bac-

teria. Regarding the modification of existing Ti alloys, both

Aoki et al. [17] and Ren et al. [18] reported the modification of

the Tie6Ale4V with the addition of Cu, up to 10 wt.%. Both

studies showed that cast Tie6Ale4V þ Cu alloys have anti-

bacterial capability. Although not used for antibacterial

response, the use of Mn as alloying element as also been

investigated. Santos et al. [19] developed binary TieMn alloys

as Mn plays a key role in osteogenesis and bone resorption

mechanisms [20], as well as other essential mechanisms for

regular body functions [21].

Both Cu and Mn are cheap and commercially available

chemical elements able to stabilise the BCC b Ti phase, which
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Fig. 1 e Results of the XRD analysis performed on the PM TieCu

Tie2Cue1Mn, 3) Ti-3.5Cu-1.75Mn, and 4) Tie5Cu-2.5Mn alloys.
could be used to enhance the bio-related properties of Ti al-

loys. Moreover, they improve the mechanical properties of Ti

via different strengthening mechanisms. Lowering the spe-

cific cost of the material can be achieved especially if the

manufacturing of such Cu andMn bearing alloys is performed

using powder metallurgy (PM). This is because PM allows to

obtain near net shape products with a reduced amount of

processing steps, limited machining operations, and lower

power consumption. Furthermore, PM consents to easily

change the chemical composition through the addition of

elemental powders via the so called blended elemental

approach [22].

The aim of the current study is thus to investigate the

development of Cu and Mn bearing PM Ti alloys. Specifically,

powder mixtures of Ti alloys with different Cu þMn addition

rates were designed to be produced via blended elemental

powders and converted into solid materials via cold uniaxial

pressing plus vacuum sintering. The alloys developed were

tested to quantify their microstructure, porosity level, me-

chanical performance and in vitro antibacterial activity

against Escherichia coli (E. coli). The purpose was to prove that

they can be successfully implemented as structural bio-

metallic prostheses with the added functionality of antibac-

terial capability.
2. Experimental procedure

TieCueMn alloys were obtained by blending elemental Ti

(D90 < 75 mm, 99.4% purity, irregular morphology, Goodfellow

Ltd.), Cu (D90 < 63 mm, 99.7% purity, dendritic morphology,

Merck KGaA) and Mn (D90 < 45 mm, 99.0% purity, angular

morphology, SigmaeAldrich Ltd.) powders. The total amount

of alloying elements was chosen on the basis of their b sta-

bilising effect and the TieCu and TieMn binary phase dia-

grams [23] to limit the formation of unwanted phases such as

the brittle u Ti phase. The details of the compositions studied

and some of their features are shown in Table 1. The theo-

retical density of the alloys was calculated through the rule of

mixture using the density of the pure elements. The powder

mixtures weremechanically blended for half an hour for their

cold compaction at 600 MPa and subsequent sintering at
70 80
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Fig. 2 e Representative results of the microstructural analysis performed on the PM TieCueMn alloys including optical

micrographs of the: a) Ti-0.5Cu-0.25Mn, b) Tie1Cu-0.5Mn, c) Tie2Cue1Mn, d) Ti-3.5Cu-1.75Mn, and e) Tie5Cu-2.5Mn alloys;

f) elemental mapping analysis (Tie5Cu-2.5Mn alloy), and g) detail of the hypoeutectoid structure of the Tie5Cu-2.5Mn alloy

with EDS analysis of Ti2Cu particles.
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1300 �C for 120 min under a vacuum level of 10�3 Pa. The

heating and cooling rates were set at 10 �C/min.

X-ray diffraction (XRD, X’pert Malvern Panalytical) analysis

was done with scanning step 0.013� between 30 and 80�.
Samples for microstructural characterisation were cut,

ground (SiC), polished (colloidal silica), and chemically etched

using a standard Kroll reagent. The microstructure was ana-

lysed by optical (Olympus BX 60) and scanning electron

(Hitachi S 4700)microscopy. The density of the samples before

(viz. green) and after sintering was obtained via calculation

(mass/volume ratio) and by means of water displacement

measurements, respectively. The porosity level is the differ-

ence between the density of the full dense alloy (i.e. theoret-

ical density) and the sintered material. A minimum of five

Rockwell hardness (HRA) measurements were performed to

quantify the hardness of the materials. At least three dog-

bone tensile samples (2 � 2 mm2 cross section and 20 mm

gauge length) were tested using a cross-head test speed of
0.1 mm/min to obtain the tensile behaviour of the alloys by

means of an Instron 33 R 4204 equipment.

To quantify the antibacterial capability, the TieCueMn

alloys were in vitro tested against E. coli (E. coli, Life Technol-

ogies Ltd.). The JIS2801:2010 standard [24] with minor modifi-

cations was followed to perform the plate count method.

Triplicate samples with 30 mL of inoculum were incubated at

37 �C for 24 h and afterwards the extracted bacteria were

serially diluted up to 10�6 through the addition of 100 mL of PBS

(Phosphate-buffered saline) solution. The antibacterial capa-

bility was obtained by means of the commonly used colony

forming units (CFU) counting.
3. Results and discussion

From the XRD spectra of the TieCueMn alloys shown in Fig. 1,

it can be seen that different phases are found as a function of
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Fig. 3 e Results of the density (a) and hardness (b) measurements performed on the PM TieCueMn alloys.
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the total amount of alloying elements. Themajor phase of the

TieCueMn alloys is always the a Ti phase regardless of the

alloy composition considered. Although both Cu and Mn are

stabilisers of the b Ti phase, the primary peak of the b Ti phase

is not detected when its amount is small, which is typical for

the so called near a Ti alloys [25]. As the amount of stabilised b

Ti phase increases, due to the presence of a higher content of

alloying elements, the primary peak of the b Ti phase becomes

more pronounced. Once the content of Cu added reaches

2 wt.%, precipitation of the tetragonal Ti2Cu intermetallic

phase in the microstructure occurs [23] and thus the corre-

sponding primary peak is detected in the XRD spectra of Fig. 1.

XRD analysis confirms that the formation of Mn-based inter-

metallic particles as well as that of the brittle u Ti phase,

which can potentially be found in TieMn alloys [19], is effec-

tively prevented by limiting the amount of Mn in the PM

TieCueMn alloys.

Fig. 2 shows representative results of the microstructural

characterisation performed on the PM TieCueMn alloys. The

materials have the typical structure of slow cooled aþb Ti al-

loys composed of prior b Ti grains and aþb lamellae. Officially,

the alloys with a total amount of b stabilisers alloying ele-

ments lower than 2e3 wt.% (i.e. Ti-0.5Cu-0.25Mn and Tie1Cu-

0.5Mn) are classified as near a Ti alloys. They are characterised

by much coarser microfeatures and a significantly smaller

amount of retained b Ti phase. The size of the prior b Ti grains

is slightly refined but not greatly affected by the composition

as it is more dependent on the processing route and all the PM

TieCueMn alloys were sintered under the same conditions.

Nevertheless, the amount of Cu and Mn critically changes the

amount of retained b Ti phase in themicrostructure leading to
the formation of finer microstructure as the amount of

alloying elements increases.

As it could be expected from literature about sintering of

blended elemental titanium alloys processed above the b

transus of the material [26,27], the PM TieCueMn alloys are

characterised by the presence of pores that could not be

eliminated during the sintering process. These micrometric-

size pores are regularly dispersed in the microstructure.

They are found both within and at the grain boundaries of the

prior b Ti grains, and have a round shape. These features

indicate that the third stage of sintering was reached with the

processing conditions employed (i.e. 1300 �C/120 min). As

confirmed via EDS elemental chemical analysis, the PM

TieCueMn alloys have a homogeneous distribution of alloy-

ing elements. For instance, the average EDS chemical

composition of the most heavily alloyed Tie5Cu-2.5Mn

composition is: Cu ¼ 5.93 ± 0.88, Mn ¼ 2.51 ± 0.26, and

Ti¼Balance. A fully homogeneous composition was detected

in the most heavily alloyed material (Fig. 2f), as so was for the

other PM TieCueMn alloys. As b Ti stabilisers elements with

reduced solubility in the a Ti phase, Cu and Mn are more

heavily encountered in the b Ti phase and therefore within the

b Ti lamellae. SEM analysis also showed that, for alloys where

the added Cu reaches 2 wt.%, the Ti2Cu intermetallic phase

precipitates at the aþb lamella boundaries. The typical hy-

poeutectoid structure is found at the grain boundaries of the

Tie5Cu-2.5Mn alloy (Fig. 2g).

Fig. 3 shows the results of themeasurements of the density

and hardness of the PM TieCueMn alloys. The density of the

compacted powders decreases somewhat as the content of

the alloying elements increases. Due to their morphology, the
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Fig. 4 e Results of the characterisation of the tensile properties of the PM TieCueMn alloys: a) representative tensile curves,

b) average yield strength, ultimate tensile strength and elongation, and c) comparison with literature [17,29e33].
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three elemental powders used as starting materials are well-

suited to be processed by means of PM. However, their com-

bination and the difference in hardness leads to the density of

the pressed powder to decrease from 82.6% to approximately

81.4%. It can be noticed that this affects the density of the

sintering alloys, which slightly decreases with the addition of

the alloying elements. Nevertheless, the variability within the

range of the values obtained (94e95%) is small. The associated

amount of residual porosity has the opposite trend of the

density of the sintered alloys. It slightly increases within the

4e5% range.

The value of relative density achieved in each alloy (Fig. 3)

is the result of the balance between the green density and the

diffusion of the alloying elements within the titanium base. In
particular, both Cu and Mn have higher diffusivity rates than

that of Ti self-diffusion [28]. Thus, they improve the sold state

sintering response of Ti. It is found that the difference be-

tween the green density and the sintered density for each

alloy is similar (viz. 12.7 ± 0.1%) regardless of the total amount

of alloying elements added. The relative density values ach-

ieved are therefore a direct consequence of the starting green

density value, which slightly decreases as more alloying ele-

ments are present in the powder blend. Whereas the densifi-

cation associatedwith the diffusion of the alloying elements is

constant.

From Fig. 3b, the hardness of the PM TieCueMn alloys in-

creases continuously with the progressive addition of Cu and

Mn as the lamellar structure is refined. Moreover, a higher

https://doi.org/10.1016/j.jmrt.2020.12.044
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Fig. 5 e Results of the fractographic analysis performed on the PM TieCueMn alloys: a) Ti-0.5Cu-0.25Mn, b) Tie1Cu-0.5Mn,

c) Tie2Cue1Mn, d) Ti-3.5Cu-1.75Mn, and e) Tie5Cu-2.5Mn.
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amount of b Ti phase is retained upon cooling from the sin-

tering temperature, and the alloying elements strengthen the

Ti matrix. The hardness increases linearly from 55 HRA to 62

HRA without a greater improvement when the Cu content

is � 2 wt.% meaning that the number of precipitated Ti2Cu

intermetallic particles is fairly low and their size relatively

small.

The representative tensile curves of Fig. 4a show that the

strength of the PM TieCueMn alloys linearly increases and,

with the exception of the Ti-0.5Cu-0.25Mn alloys, the ductility

linearly decreases as more Cu and Mn are added to Ti. More-

over, the yield point is shifted to higher values as the total

amount of alloying elements increases but the modulus of

elasticity is very similar among the different PM TieCueMn

alloys. More in detail, the yield stress ranges from 450 MPa to

650 MPa, progressively increasing with the amount of alloying

elements. The ultimate tensile strength ranges from 550 MPa

to 770 MPa, progressively increasing with the amount of

alloying elements. The elongation at fracture ranges between

6.4% and 17.4%. For the latter, the lowest value is obtained for

the Tie5Cu-2.5Mn alloy and the highest for the Tie1Cu-0.5Mn

alloy with the other alloys having intermediate values. The

progressive strengthening and embrittlement of the PM

TieCueMn alloys is due to the balance between the level of

residual porosity (Fig. 3), the size and characteristics of the

phases present in the microstructure (Fig. 2), which become

finer for higher amount of alloying elements, and the contri-

bution of the substitutional solid solution strengthening of the

Cu and Mn atoms. The majority of these mechanisms hinder

the movement of dislocations justifying the increase in

strength and decrease in ductility. Furthermore, the precipi-

tation of the brittle Ti2Cu intermetallic phase, which becomes

more relevant as a greater amount of alloying elements are

added, contributes to the reduction of the ductility (Fig. 4b).

The average tensile properties of the PM TieCueMn alloys

are comparable to those of the sintered binary Tie5Cu alloy
(yield strength of 627 MPa, ultimate tensile strength of 754,

and elongation at fracture of 9.5% [30]). They also have lower

strength but higher ductility than the sintered binary Tie5Mn

alloy (yield strength of 716 MPa, ultimate tensile strength of

817, and elongation at fracture of 3.0% [31]). The properties

reported in Fig. 4b are higher with respect to those of the bi-

nary Tie5Cu alloys obtained through casting (yield strength of

570 MPa, ultimate tensile strength of 630 MPa, and elongation

at fracture of 3.2% [34]). From Fig. 4c, for low alloying elements

addition rates and independently of the processing route, the

sintered TieCu-Mu alloys generally show lower strength but

higher ductility with respect to other antibacterial Ti-based

alloys. The Tie5Cu-2.5Mn alloy has comparable properties to

those of the cast Tie5Ale1Cu alloy [33]. Moreover, in general,

the alloys obtained via PM have slightly lower strength but

much better ductility than cast binary TieCu alloys [17,32].

Fig. 5 shows the results of the fractographic analysis per-

formed on the fracture surface of the tensile test pieces made

out of the different PM TieCueMn alloys. It is found that the

fracture surface is primarily composed of dimples, typical of

the behaviour of ductile metals. However, the relative amount

of intergranular fracture features increases for higher alloying

elements addition as a consequence of the embrittlement of

the alloy. Specifically, intergranular fracture is found at the

boundaries between the a Ti and b Ti lamellae as clearly

visible in Fig. 5e.

Fig. 6 presents the results of the in vitro antibacterial

capability assessment where it is shown that the number of E.

coli colonies that survived after 24 h of inoculation on the

surface of the PM TieCueMn alloys decreases with the

amount of alloying elements. More in detail, the materials

with an alloying content �3 wt.% have an antibacterial capa-

bility of 89%, which is slightly lower than 90%. According to

the GB/T 4789.2-2010 standard [35], 90% is considered to be the

minimum value for materials with antibacterial capability.

From Fig. 6e, the PM TieCueMn alloys have however better

https://doi.org/10.1016/j.jmrt.2020.12.044
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Fig. 6 e Results of the in vitro antibacterial capability assessment including representative photos of distribution of the E. coli

colonies for: a) Ti-0.5Cu-0.25Mn, b) Tie1Cu-0.5Mn, c) Tie2Cue1Mn, d) Ti-3.5Cu-1.75Mn, and e) Tie5Cu-2.5Mn, f) average

antibacterial capability, and g) comparison with literature [15,36e38]. *p < 0.05.
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antibacterial response with respect to sintered Ti (86.6%),

which was used as negative control, and lower response

compared sintered Tie5Cu (98.2%), whichwas used as positive

control.

The performance of the Ti-3.5Cu-1.75Mn and Tie5Cu-

2.5Mn alloys in terms of antibacterial capability is comparable

to that of other Cu-bearing titanium alloys available in
literature. Specifically, antibacterial rates of 90.3% and 92.6%

for, respectively, the cast and T6 heat treated Tie3Cu and

Tie4Cu alloys were reported by Zhang et al. [39]. Antibacterial

rates of 51%, 67% and 94% were found for the as-cast Tie5Cu,

T4 treated Tie5Cu, and T6 treated, respectively, in the study of

Zhang et al. [38]. From Fig. 6g, it can be seen that the anti-

bacterial capability is significantly affected by the

https://doi.org/10.1016/j.jmrt.2020.12.044
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manufacturing route and a subsequent heat treatment.

Generally T6 (i.e. solution plus ageing heat treatment) is

needed to achieve antibacterial capability in cast Cu-bearing

titanium alloys. This is obviously not the case for the PM

TieCueMn alloys. The antibacterial capability of the PM

TieCueMn alloys is also comparable to that of themore costly

Tie5Moe5Ag alloy [36].
4. Conclusions

From this study about the development of biomedical

TieCueMn alloys with antibacterial capability via the PM

blended elemental approach combined with cold pressing

plus vacuum sintering it can be concluded that TieCueMn

alloys with Cu-to-Mn addition rates of 2-to-1 can suc-

cessfully be manufactured via PM achieving high levels of

relative density, densification as well as homogeneity of

the chemical composition. Although there are minor ef-

fects from the morphology and nature of the starting

powder used, the progressive addition of a greater amount

of Cu and Mn to Ti leads to significant changes at

microstructural level. This consequently determines the

performance of the alloys. Specifically, the higher the

amount of Cu and Mn, the higher the amount of retained

b Ti phase, the finer the microstructural features of the

lamellar structure formed, and the higher the potential to

form intermetallic phases such as Ti2Cu. However, the

amount of alloying elements does not significantly affects

the porosity. The microstructural changes summarised,

combined with the solid solution strengthening effect of

the alloying elements, lead to a linear increase of the

resistance of the materials (yield strength, ultimate tensile

strength and hardness), an inversed U-shaped trend for

the ductility of the materials where the highest strain

value is obtained in the Tie1Cu-0.5Mn alloy, and alloys

with antibacterial capability.
Data availability

All metadata pertaining to this work will be made available on

request.
Declaration of Competing Interest

The authors declare no competing financial interest.

Acknowledgements

The authors would like to acknowledge the financial

support from New Zealand Ministry of Business, Innova-

tion and Employment (MBIE) through the TiTeNZ (Tita-

nium Technologies New Zealand) UOWX1402 research

contract. L. Bolzoni would also like to acknowledge the

financial support from the University of Waikato via the

Strategic Investment Funding scheme.
r e f e r e n c e s

[1] Niinomi M. Mechanical properties of biomedical titanium
alloys. Mater Sci Eng 1998;243:231e6.

[2] Bolzoni L, Ruiz-Navas EM, Gordo E. Influence of sintering
parameters on the properties of PM Ti-3Al-2.5V alloy. Mater
Char 2013;84:48e57.

[3] Niinomi M. Mechanical properties of biomedical titanium
alloys. Mater Sci Eng, A 1998;243:231e6.

[4] Niinomi M. Recent metallic materials for biomedical
applications. Metall Mater Trans 2002;33:477e86.

[5] Priyadarshini B, Rama M, Chetan, Vijayalakshmi U. Bioactive
coating as a surface modification technique for
biocompatible metallic implants: a review. Journal of Asian
Ceramic Societies 2019;7:397e406.

[6] Perl DP. Relationship of aluminum to Alzheimer’s disease.
Environ Health Perspect 1985:149e53.

[7] Domingo JL. Vanadium and tungsten derivatives as
antidiabetic agents: a review of their toxic effects. Biol Trace
Elem Res 2002;88:97e112.

[8] Klotz K, Weistenh€ofer W, Neff F, Hartwig A, van Thriel C,
Drexler H. The health effects of aluminum exposure.
Deutsches Arzteblatt international 2017;114:653e9.

[9] Jaishankar M, Tseten T, Anbalagan N, Mathew BB,
Beeregowda KN. Toxicity, mechanism and health effects of
some heavy metals. Interdiscipl Toxicol 2014;7:60e72.

[10] Seebach E, Kubatzky KF. Chronic implant-related bone
infections - can immune modulation be a therapeutic
strategy? Front Immunol 2019;10.

[11] Jensen LK, Koch J, Aalbæk B, Moodley A, Bjarnsholt T,
Kragh KN, et al. Early implant-associated osteomyelitis
results in a peri-implanted bacterial reservoir. APMIS
2017;125:38e45.

[12] Jeyachandran YL, Venkatachalam S, Karunagaran B,
Narayandass SK, Mangalaraj D, Bao CY, et al. Bacterial
adhesion studies on titanium, titanium nitride and modified
hydroxyapatite thin films. Mater Sci Eng C 2007;27:35e41.

[13] Bai X, More K, Rouleau CM, Rabiei A. Functionally graded
hydroxyapatite coatings doped with antibacterial
components. Acta Biomater 2010;6:2264e73.

[14] Wan YZ, Xiong GY, Liang H, Raman S, He F, Huang Y.
Modification of medical metals by ion implantation of
copper. Appl Surf Sci 2007;253:9426e9.

[15] Liu J, Li F, Liu C, Wang H, Ren B, Yang K, et al. Effect of Cu
content on the antibacterial activity of titanium-copper
sintered alloys. Mater Sci Eng C 2014;35:392e400.

[16] Bolzoni L, Ruiz-Navas EM, Gordo E. Flexural properties,
thermal conductivity and electrical resistivity of prealloyed
and master alloy addition PM Ti-6Al-4V. Mater Des
2013;52:888e95.

[17] Aoki T, Okafor ICI, Watanabe I, Hattori M, Oda Y, Okabe T.
Mechanical properties of cast Ti-6Al-4V-xCu alloys. J Oral
Rehabil 2004;31:1109e14.

[18] Ren L, Ma Z, Li M, Zhang Y, Liu W, Liao Z, et al. Antibacterial
properties of Ti-6Al-4V-xCu alloys. J Mater Sci Technol
2014;30:699e705.

[19] Santos PF, Niinomi M, Liu H, Cho K, Nakai M, Itoh Y, et al.
Fabrication of low-cost beta-type Ti-Mn alloys for biomedical
applications by metal injection molding process and their
mechanical properties. J Mech Behav of Biomed Mater
2016;59:497e507.

[20] Sigel H. Metal ions in biological systems: volume 37:
manganese and its role in biological processes metal ions in
biological systems. CRC Press; 2000.

[21] Santamaria AB. Manganese exposure, essentiality & toxicity.
Indian J Med Res 2008;128:484e500.

http://refhub.elsevier.com/S2238-7854(20)32120-7/sref1
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref1
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref1
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref2
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref2
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref2
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref2
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref3
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref3
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref3
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref4
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref4
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref4
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref5
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref5
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref5
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref5
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref5
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref6
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref6
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref6
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref7
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref7
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref7
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref7
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref8
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref8
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref8
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref8
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref8
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref9
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref9
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref9
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref9
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref10
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref10
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref10
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref11
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref11
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref11
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref11
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref11
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref12
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref12
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref12
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref12
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref12
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref13
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref13
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref13
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref13
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref14
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref14
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref14
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref14
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref15
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref15
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref15
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref15
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref16
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref16
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref16
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref16
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref16
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref17
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref17
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref17
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref17
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref18
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref18
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref18
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref18
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref19
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref19
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref19
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref19
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref19
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref19
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref20
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref20
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref20
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref21
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref21
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref21
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref21
https://doi.org/10.1016/j.jmrt.2020.12.044
https://doi.org/10.1016/j.jmrt.2020.12.044


j o u r n a l o f ma t e r i a l s r e s e a r c h a nd t e c hno l o g y 2 0 2 1 ; 1 0 : 1 0 2 0e1 0 2 81028
[22] Bolzoni L, Esteban PG, Ruiz-Navas EM, Gordo E. Mechanical
behaviour of pressed and sintered titanium alloys obtained
from prealloyed and blended elemental powders. J Mech
Behav of Biomed Mater 2012;14:29e38.

[23] Murray JL. Phase diagrams of binary titanium alloys. 1st ed.
ASM International; 1987.

[24] Japanese standards asociation. 2010.
[25] Bolzoni L, Ruiz-Navas EM, Gordo E. Influence of vacuum hot-

pressing temperature on the microstructure and mechanical
properties of Ti-3Al-2.5V alloy obtained by blended
elemental and master alloy addition powders. Mater Chem
Phys 2012;137:608e16.

[26] Bolzoni L, Ruiz-Navas EM, Gordo E. Investigation of the
factors influencing the tensile behaviour of PM Ti-3Al-2.5V
alloy. Mater Sci Eng 2014;609:266e72.

[27] Bolzoni L, Ruiz-Navas EM, Gordo E. Evaluation of the
mechanical properties of PM Ti-6Al-7Nb alloy. J Mech Behav
of Biomed Mater 2017;67:110e6.

[28] Lütjering G, Williams JC. Titanium: engineering materials
and processes. 1st ed. Manchester, UK: Springer; 2003.

[29] Bolzoni L, Yang F. Development of Cu-bearing PM Ti alloys
for biomedical applications. J Mech Behav of Biomed Mater
2019;97:41e8.

[30] Alshammari Y, Yang F, Bolzoni L. Low-cost PM Ti-Cu alloys
as a potential antibacterial material. J Mech Behav of Biomed
Mater 2019;95:232e9.

[31] Alshammari Y, Yang F, Bolzoni L. Mechanical properties and
microstructure of Ti-Mn alloys produced via PM for
biomedical applications. J Mech Behav of Biomed Mater
2019;91:391e7.
[32] Hayama AOF, Andrade PN, Cremasco A, Contieri RJ,
Afonso CRM, Caram R. Effects of composition and heat
treatment on the mechanical behavior of Ti-Cu alloys. Mater
Des 2014;55:1006e13.

[33] Koike M, Okabe T. Properties characterization of cast Ti-Al-
Cu alloys for dental applications, medical device materials
IV. In: Proceedings from the materials and processesfor
medical devices conference 2007; 2007. p. 109e13.

[34] Kikuchi M, Takada Y, Kiyosue S, Yoda M, Woldu M, Cai Z,
et al. Mechanical properties and microstructures of cast Ti-
Cu alloys. Dent Mater 2003;19:174e81.

[35] GB4789.2-2010. China: Ministry of health of the people’s
republic of China; 2010.

[36] Zhang Y, Chu K, He S, Wang B, Zhu W, Ren F. Fabrication of
high strength, antibacterial and biocompatible Ti-5Mo-5Ag
alloy for medical and surgical implant applications. Mater Sci
Eng C 2020;106:110165.

[37] Zhang E, Ren J, Li S, Yang L, Qin G. Optimization of
mechanical properties, biocorrosion properties and
antibacterial properties of as-cast Ti-Cu alloys. Biomed Mater
2016;11:065001.

[38] Zhang E, Wang X, Chen M, Hou B. Effect of the existing form
of Cu element on the mechanical properties, bio-corrosion
and antibacterial properties of Ti-Cu alloys for biomedical
application. Mater Sci Eng C 2016;69:1210e21.

[39] Zhang E, Ren J, Li S, Yang L, Qin G. Optimization of
mechanical properties, biocorrosion properties and
antibacterial properties of as-cast Ti-Cu alloys. Biomed Mater
2016;11:065001.

http://refhub.elsevier.com/S2238-7854(20)32120-7/sref22
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref22
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref22
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref22
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref22
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref23
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref23
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref24
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref25
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref25
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref25
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref25
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref25
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref25
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref26
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref26
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref26
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref26
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref27
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref27
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref27
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref27
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref28
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref28
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref29
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref29
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref29
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref29
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref30
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref30
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref30
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref30
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref31
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref31
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref31
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref31
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref31
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref32
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref32
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref32
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref32
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref32
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref33
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref33
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref33
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref33
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref33
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref34
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref34
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref34
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref34
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref35
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref35
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref36
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref36
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref36
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref36
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref37
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref37
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref37
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref37
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref38
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref38
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref38
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref38
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref38
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref39
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref39
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref39
http://refhub.elsevier.com/S2238-7854(20)32120-7/sref39
https://doi.org/10.1016/j.jmrt.2020.12.044
https://doi.org/10.1016/j.jmrt.2020.12.044

	Biomedical Ti–Cu–Mn alloys with antibacterial capability
	1. Introduction
	2. Experimental procedure
	3. Results and discussion
	4. Conclusions
	Data availability
	Declaration of Competing Interest
	aclink3
	References


