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Abstract

Ti-15Mo alloy can be an excellent choice as a biomaterial for prostheses. This is due to the
combination of good mechanical properties and biocompatibility. The Mo is a stabilizing element
of the B phase, which provides a smaller elastic modulus, reducing the risk of stress shielding that
induces bone resorption. The present work shows the effect of minor additions of Fe or Cr on
flexural fracture toughness in Ti-15Mo alloys obtained by Powder Metallurgy. The
electrochemical results indicated that the Ti-15Mo-1Cr, showed greater resistance to corrosion,
related to lower B grain size, less porosity content compared to the other conditions. As the Ti-
15Mo-1Fe and Ti-15Mo-3Fe presented more porosity in their microstructure, the saline
composition inside the pores is different in concentration and thus makes diffusion difficult
compared to other regular and more homogeneous zones. Besides, was verified the effect of the
large grain size that decrease the corrosion resistance of the Ti-15Mo-3Cr, demonstrated two
influences in the corrosion resistance, porosity and grain size. Toughness decreases with the
addition of both elements, more pronounced with Fe than Cr. It is related with lower densification,
higher porosity and greater proportion of phase a in grain boundary due to the higher resistance
of diffusion of Mo in Ti when Fe is present, which leads to failure by brittle fracture at lower

shear stresses.
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1. INTRODUCTION

At present, the market request for biomaterials is very high, due to different needs as related to
the increase life expectance of world population and traffic accidents [1]. The uses of biomaterials
in medical applications includes several areas: orthopedics, cardiovascular surgery,
ophthalmology, dentistry, urology, aesthetic surgery, neurology, suture material for wound
healing, and controlled release drug delivery systems [2]. In this sense, is very important to
develop new materials enhancing the mechanical properties, biocompatibility, and long-term
viability as an implant material. Fundamental requirements are that an implant should have
stiffness, strength, fracture toughness, wear resistance, fatigue strength and corrosion resistance
[3-8] and surface attractive for the cells [9]. In this sense, their properties depend on the
microstructure, of the metallic materials and differs depending on the amount of «a or B stabilizing
elements added to them. Ti-based alloys are grouped into a-type, (o + B)-type, and B-type alloys.
Alloying the pure titanium with B-elements leads to the widening of the -phase domain, as well
as the improvement of the biomechanical properties already proved in the literature [10-12].
Molybdenum (Mo) is an element with a lower degree of toxicity, and moreover, is a B-stabilizing
element [13]. Studies in this field have highlighted that Ti alloyed with Mo in different
percentages such as 15%—-20% can decrease the elastic modulus leading to adequate mechanical
properties close to bone tissue [14,15]. The Ti-15Mo alloy, it is already standardized for its forged
state as ASTM F 2066 or UNS R58150. First works developed with Ti-Mo system, showed an
elastic modulus between 70-80 GPa; closer to bone tissue (10-30 GPa), reducing the risk of stress
shielding that induces bone resorption and/failure of the prosthesis purpose [3]. In this respect, it
can be an excellent choice as a biomaterial for prosthetics due to the combination of good
mechanical properties and biocompatibility. The fabrication of these kind of biomedical devices,
powder metallurgy as an alternative method to casting and forging makes it possible to obtain
pieces with dimensions more adjusted to those of the design, homogeneity of microstructure and
composition, and adequate porosity that benefits osseointegration [16-18]. For a given Ti alloy

composition, a well-known and useful parameter for characterizing the B-phase stability is the Mo
3
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equivalency (Mogg). This quantity is a combined measure of the effects of B, a and neutral
elements contained in a Ti alloy on the B phase stability [19-21]. It uses Mo as an arbitrarily
chosen baseline and normalizes other elements to an equivalent Mo value. Mo equivalent theory
was used to choose the concentration of the alloying elements to stabilize the § phase. So, as Mo
is one of the main [ stabilizing elements and, from 10% by weight, this phase is already reached
[15]. Thus, an equation was arrived at that relates the equivalent percentage of Mo to other

elements, indicators of B phase stabilization.

[Cr] [Fe]
[Mo]eq = [Mo] +E+E(1)

where [Mo], [Cr] and [Fe] is the concentration in percentage by weight of the referring element.
Further is a strong p-stabilizer and is regarded as the most suitable -stabilizer element because it
is able to stabilize B-phase in low solute concentration. This is important because it is a refractory
metal with a high melting point (2623 °C). So, the addition of this element to Ti increases the
melting point making the processing of the material more difficult, provides low elastic modulus

which is interesting by also low flexural strength [22].

In order to improve the strength, elements such as Fe and Cr also contribute to the stabilization
of the B phase of Ti [23,24]. Some studies report the loss of ductility of Ti in the presence of Mo,
Cr, or Fe [25-28] and some information obtained from the tensile or bending curves could be
applied to characterize the tough behavior of the alloy, but it is not usually reported in the
literature. There are also no studies in which shear stress is determined as an indicator of
mechanical behavior when testing powder metallurgical materials in bending under a short beam
configuration. So, the present work shows the effect of minor additions of Fe or Cr on the
electrochemical resistance and flexural fracture toughness of Ti-15Mo alloys obtained by
sintering an elemental powder mixture (conventional powder metallurgy), as well as the shear

failure stress associated with ductile brittle behavior of these alloys.

2. MATERIALS AND METHODS



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

2.1. PROCESSING SAMPLES BY PM

Alloys studied in the present work obey the denomination Ti-15Mo-X, where X represents the
nominal content of Fe or Cr: 0, 1 and 3%; which constitutes respectively Mo equivalent by weight
of 15.0 %, 16.6 %, 19.76 %, 17.85 % and 23.6 % [29]. Materials have been formulated from
powder of: Ti with a particle diameter (pd) <44 pum, minimum purity (m.p) 99.7%, supplied
Phelly; Mo of pd <4 um, m.p 99.9%, supplied by Atlantic EE; Fe pd <38 pm, m.p 99.9%, supplied
by Hoganas; Cr of pd <44 pum, m.p 99.8%, supplied by a-Aesar. Conventional powder
metallurgical manufacturing procedure followed includes the following stages: elemental
blending of powders (blending elements) for 30 min at 50 rpm, 600 MPa compaction pressure
and consolidation in 2 phases in a high vacuum furnace (P <10 mbar) as following: (I) heating
at 15 °C/min up to 800 °C kept for 30 min, (II) heating at 10 °C/min up to 1250 °C kept for 2 h,
concluding with cooling at 10 °C/min until room temperature. Dimensions of the sintered

specimens were: length 28.2 + 0.2 mm, width 11.5 + 0.2 mm and thickness 5.5 + 0.1 mm.

2.2 PHYSICAL CHARACTERIZATION

Physical properties such as density (D), relative density (Rp) and porosity (P) have been
determined under the UNE-EN-ISO 2738: 2000 standard in 3 samples of each alloy, with different
content of Fe and Cr. The porosity was also determined by image analysis on 10 different internal
areas of each sample using a Nikon LV-100 microscope, equipped with the Nikon Nis-Elements

AR analyzer program.

2.3 STRUCTURAL AND MICROSTRUCTURAL PROPERTIES OF Ti-Mo-X

Fractographic study was carried out on a Zeiss U55 field emission scanning electron microscope,
also allowing to obtain information about the homogeneity of the alloys. To characterize more
precisely the microstructure, like the grains and the phase quantifications was used electron
backscattered diffraction (EBSD) with a scanning electron microscope (Zeiss Auriga Compact

operating at 20 kV equipped with an Aztec HKL. Max System (Oxford Instruments Ltda) under

5
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an acceleration voltage of 20 kV with a step size of 1 um, selecting two possible phases to be
analyzed, B-Ti and o-Ti were made by EBSD backscattered electron diffraction performed with

a Zeiss Auriga Compact scanning electron microscope.

2.4 MECHANICAL EVALUATION AND FRACTURE OF THE Ti-15Mo-X

Mechanical properties of the samples were obtained by the ultrasound tests. From these tests was
possible to determine the elastic modulus (E), Poisson's ratio (v), and shear modulus (G). First the
measurement of the longitudinal and transverse propagation velocity of waves within rectangular
specimens were analyzed. The 3-point bending tests were carried out on a Shimadzu AG-100KN
universal testing machine, in accordance with the UNE-EN-ISO 3325: 2000 standard. A total of
five specimens of each alloy have been tested. The toughness was determined as breaking energy
Wy from the area under the load-deflection curves (F-d), or as specific breaking energy Wy from

the area under the stress-strain curves (R-¢).

The test configuration is under short beam, in which the length relationship between supports (L)
and specimen thickness (h) was equal to 4, it being possible to calculate the apparent shear stress
(S) by bending at the instant in which the breaking stress (Rg) were obtained by the follow

equations:

3FL

Rp=>,3(2)
3F
S=1 ()

2.5 INFLUENCE OF Fe AND Cr CONTENT ON THE CORROSION RESISTANCE

OF Ti-15Mo ALLOY

Potentiodynamic corrosion tests were carried out at 37°C in the same solution using a surface area
0f 0.785 cm? of each sample as a work electrode, Ag/AgCl, 3M KCl as a reference electrode in a
Metrohm potentiostat (model PGSTAT204). Tafel’s slope cathodic (B.) and anodic (B,), corrosion

current densities (i.,,) and Potential corrosion (E..;) were estimated from Tafel plots. Three
6
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measurements of all the tests were performed at a scan rate of 2 mV/s. In order to estimate the

corrosion rate (C;) the follow equation was used:

Mwallo
C, =315, J

-1
nalloy Fdalloy (4)

Where, Myaioy 1S the atomic mass of the titanium, n is the valence electrons of the titanium,
molybdenum, chromium and iron, and F is the Faraday’s constant. Finally, Electrochemical
Impedance Spectroscopy (EIS) was obtained with a FRA32M module combined with the
potentiometer in the same solution at a frequency range from 100 MHz to 5 mHz and a signal
amplitude of 10 mV at OCP for 1800 s. Impedance data were analyzed by the Zview software
and fitted to simple porous layer equivalent circuits.

3. RESULTS AND DISCUSSION

3.1 LOW CONTENT OF Cr AND Fe IN Ti-15Mo ALLOY PRESENT OPPOSITE

MICROSTRUCTURE FORMATION

The microstructures obtained from PM of Ti-15Mo alloy with and without Fe and Cr content are
represented in figure la-e. The Ti-15Mo alloy indicated in figure 1a is formed by a micropores
microstructure, which is normally found in samples fabricated by PM, that depending on the
particle size, chemical composition of the alloy and also the compaction pressure used. Further
Mo is a [} stabilizer element, characterized as refractory feature which is difficult its sintering. In
figure 1b-c also can be seen the same microstructure, nonetheless it seems to be less porous with
addition of Cr 1 or 3 wt %. For the samples sintered with Fe 1 or 3 wt%, the microstructure was
formed by micro and microporosity, indicating less homogeneity compared to Cr content. In table
1 clearly it is note the influence of Cr and Fe in the porosity formation in Ti-15Mo alloy.
Comparing to the control sample (Ti-15Mo), there was a decreasing of 36% and 72% in porosity
(3.2 % and 1.4 % of porosity-Table 1) with addition of Cr (1 and 3 wt%) while with addition of

Fe (1 and 3 wt%) there was an increasing in 18% and 22% of porosity (5.9 % and 6.1 % of



1  porosity-Table 1). The B stabilizers Cr and Fe elements seems to promote opposite effects on the

2 microstructure, which is can be related with his physical features.

a) Micropore b) Micropore

Micropore

d) Macrp-Pore =~

-—__-—--.—* =

Macro-Pore ; Fre ;
Micro-pore : I Ros

200um

4  Figure 1. SEM of Ti-Mo-X (%) system. a) SEM of Ti-15Mo alloy b) SEM of Ti-15Mo-1Cr, c)

5  SEM of Ti-15Mo-3Cr, d) SEM of Ti-15Mo-1Fe, ¢) SEM of Ti-15Mo-3Fe.

6 Table 1. Physical characteristics of Ti-15Mo -X alloys
X (%)  D(gem)  Dy(%) P (%) Po(%)  Palum)
0 4.73 £0.02 96.0+0.4 40+0.3 50+0.3 24
1% Fe 4.71£0.02 953+0.6 47+0.4 59+03 28
3% Fe 4.69 +0.02 94.0+0.5 6.0+0.5 6.1+04 38
1% Cr 4.71£0.01 954+0.3 46+0.3 32+0.3 23
3% Cr 4.75+0.04 95.6+0.6 44+0.6 1.4+04 26
7
8 3.2. EFFECT OF THE ADDITION OF Fe OR Cr ON THE PHASE FORMATION OF
9 Ti-15Mo-X ALLOYS

10  Details of the microstructure of Ti-15Mo containing 1 or 3 wt% Cr and Fe are represented in
11 figure 2. The Ti-15Mo-1Cr and Ti-15Mo-3Cr alloys are indicated in figure 2a-b. Both alloys

12 present the same microstructure formed majority by large B equiaxed grains (18.58+16.14 um for

8
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Ti-15Mo-1Cr and 24.21 pm + 16.4 pm for Ti-15Mo-3Cr), and around the grain boundaries the
presence of needles a-phase grains (3.50 pm £ 1.29 um for Ti-15Mo-1Cr and 3.18 um + 0.89 pm
Ti-15Mo-3Cr) in dark contrast. It is possible to note that the presence of o decrease with the
increase of the Cr content and the 3 grain size increases when increase the Cr content. The same
microstructure was found in the Ti-15Mo-1Fe and Ti-15Mo-3Fe indicated in figure 2 c-d, which
are also formed by large B grains (10.85+8.21 um for Ti-15Mo-1Fe and 18.44 pm + 17.01 pm for
Ti-15Mo-3Fe) microstructures and grain boundaries well defined with presence of o needles at
the grain boundaries (4.41+2.8 um for Ti-15Mo-1Fe and 2.44 pm + 1.09 pm for Ti-15Mo-3Fe).
The presence of the o (PDF: 44-1294) and B (PDF: 44-1288) phase was also confirmed by X-ray
diffraction measurements, in figure 3. The DRX patterns of all the samples, also in control sample
(Ti-15Mo) are structured under 2 phases, as was showed in figure 2, being a (compacted
hexagonal) and B (body centered cubic), as well as their crystallographic planes. From the XRD
patterns it is clearly noted an increase in § phase represented by the (110), (200), (211) and (220)
planes. The suppress of a phase can be mainly noted in the XRD patterns of the Ti-15Mo-3Fe and
Ti-15Mo-3Cr samples where the (100),, (101),, (102),, (110),, (112), and (201), planes show
higher decrease in its intensity compared to samples with less 3 stabilizer elements content. Phase
quantification was obtained through Maud and SearchMatch softwares and their values are
indicated in table 2. By this result can be say that Cr content present higher P stabilizer effect than

the Fe. Moreover, it is note an antagonic effect of Fe 3 wt %, where the o phase increase.
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2 Figure 2. Microstructure of the Ti-15Mo-X alloys obtained by FESEM. A greater presence of

3 phase is appreciated with the Cr content.
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Figure 3. XRD pattern of Ti-Mo-X (%).
Table 2. Phase content in different Ti-Mo-X (%) alloys.
X (%) Phase p (%)  Phasea (%)
0 95.2 2.7
1% Fe 94.6 34
3% Fe 934 2.3
1% Cr 96.1 3.2
3% Cr 96.4 2.8

3.3 CORROSION RESISTANCE INFLUENCED BY THE p STABILIZER
ELEMENTS IN Ti-15Mo-X ALLOYS

The OCP variation as a function of time for Ti-15Mo and Ti-15Mo-(Crt/Fe) are represented
in figure 4a-d. For the Ti-15Mo samples (Figure 4a), the potential increases exponentially
until it reaches a steady state because of the passive film thickening at the surface, with a
potential of 0.199V. For Ti-15Mo-1Cr and Ti-15Mo-1Fe indicated in figure 6b and c it is note

the potential also increase exponentially as the first one, however the stability of the passive
11



film is not adequate, where can see some regions in the curve related to the break of it. For

the figure 6c¢, this feature is less intense. For the Ti-15Mo-3Cr represented in figure 6d there

is no evidence the loss of passive film, also the potential increase until reach at -0.152 V. In

figure 6e where is indicated the OCP for Ti-15Mo-3Fe, the potential increase exponentially

until it reaches 0.273 V and there was not a loss of passive film. In this sense, the 15Mo

weakly alloyed with Cr present a passive layer more stable than with the low content of Fe.
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Figure 4. Open circuit potential (OCP) as a function of time, for the samples of alloys of Ti—
15Mo—X system.
Potentiodynamic polarization curves obtained for the Ti-15Mo-X alloy in Ringer Hartmann’s
solution at 37°C are shown in figure 5Sa-d. As seen, after the active dissolution of Ti-15Mo
(Figure 5a) it exhibits a large passive plateau (0.873 to 2.280 V vs. Ag/AgCl) characterized
by passive current density in the order of 10* A/cm?. The current density increases at potential
around 0.727 V likely because of the oxygen evolution reaction at the oxide surface.
At this point the current densities started to decreases until the transpassivation occur
indicated by the arrows. For figure Sb-c are indicated the PPCs of the Ti-15Mo-(1/3Cr). It is
note that Ti-15Mo-1Cr present a large passive plateau and there is no evidence of
transpassivation phenomenon whereas for the Ti-15Mo-3Cr exhibit a narrow passive plateau
at -0.54 V by passive current densities in the order of 10°A/cm?. Then the transpassivation
mechanism occur indicated by the arrow and the current density decrease. For 1 and 3 Fe wt%
the PPCs are indicated in the Figure 5d-e, where for Ti-15Mo-1Fe exhibit a good large passive
plateau characterized by passive current densities in the order of 10-3. From this point the
current density increases at potentials around 1.29 V likely also because of the oxygen
evolution reaction at the oxide surface. For Ti-15Mo-3Fe exhibit a large passive plateau
characterized by passive current. The current density increases at potential around 1.334 V
likely because of the oxygen evolution reaction at the oxide surface. At this point the current
densities started to decreases until the transpassivation occur indicated by the arrows quite
similar to the Ti-15Mo.
It possible is caused by the electrochemical dissolution of alloy surface and the next formation
of nonstoichiometric titanium oxides which slow dissolution process:

Ti3* + xH,0 — TiO, + 2xH" + (2x-3)e” (4)
At potentials 0.04-1.16 V vs. Ag/AgCl of PPCs for Ti-15Mo-3Cr there is the transpassivation
of surface, caused by forming of unstable titanium oxychloride TiOxCl, which is oxidized to

titanium dioxide, that causes the existence of the passive region at potentials 3 V Ag x AgCl.

13
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Figure 5. Potentiodynamic polarization curves (PPCs) curves of Ti-15Mo-X alloys obtained
in contact to the Ringer Hartmann’s solution at 37°C.

In table 3 are presented the instantaneous corrosion parameters in the same physiological
environment that the OCP and PPCs. Corrosion potential (E.,,) measured relative to the
potential of the Ag/AgCl reference electrode, is the potential at which the oxidation-reduction
reactions on the alloy surface are at equilibrium; the rate of the oxidation reaction is equal to
the rate of the reduction reaction, and the total current intensity is zero. Increasing the

potential to more positive values increase the rate of the oxidation reaction, while the potential
14



1 shift to negative values is reduced by the oxidation process and the metal passes. It can be
2 seen that the presence of 1 Cr appears to decrease the corrosion rate compared to the presence
3 of 1 Fe and also compared to Ti-15Mo, which is the sample control. Samples obtained with
4 3Cr present higher rate corrosion compared to the others, followed by 3Fe. This significative
5 difference between the samples with low betagenic element content can be explained by the
6 presence of porosity and the grain size in their microstructure. Ti-15Mo-1Cr present B grain
7 size about 18.6 um, which has showed low corrosion rate, followed by Ti-15Mo-1Fe and Ti-
8 15Mo that presented 10.8 pm and 19.5 pm of B grain size while for Ti-15Mo-3Cr indicated
9 higher corrosion rate with § grain size about 24.2 um followed of Ti-15Mo-3Fe with 18.4 um
10 which has similar grain size of Ti-15Mo-1Cr but presented more porosity in it is
11 microstructure. The “corrosive” product of these alloys is mainly TiO,, which is insoluble
12 and adherent to the surface of the alloy. The oxide layer on the surface protects the alloy
13 against the aggressive action of electrolyte medium. Considering the grain sizes of § grains
14 and the porosity formed, this it can be concluded that in the physiological environment used
15 in this work, B-titanium-based alloys with 1 Cr present a fast passivation process and low
16 corrosion rate. Under these conditions the variable corrosion rate is actually passivation rate.
17 The value of Cr and Fe concentrations are important for corrosion studies. The low
18 concentrations of Cr and Fe have a significant influence on the corrosion parameters, thus,
19 the corrosion resistance for Ti-15Mo-1Cr> Ti-15Mo-1Fe> Ti-15Mo> Ti-15Mo-3Fe> Ti-
20 15Mo-3Cr.
21 Table 3. Kinetics parameters obtained from PPCs.
icor (LWA/cm?) Ecorr (V) R, (kQ/cm?) C, (nm/year)
Til5-Mo 0.24 £0.02 -0.47+£0.36 106 =10 22
Til5MolCr 0.08+0.2 -0.22 +£0.02 338 +92 7

15




Ti15Mo3Cr 0.71 £0.08 -0.60£0.15 365 65
Til5MolFe 0.22+£0.12 -0.36 £ 0.11 130 + 67 21
Til5Mo3Fe 0.37+0.36 -0.48 +0.12 136 + 134 34
1
2 Ascan be seen in the Nyquist diagrams, at the corrosion potential the radius of the semicircle is
3 very small, which indicates a low polarization resistance on what is the same, a low resistance to
4 corrosion because on the material begins to form a passive layer, the resistance to form a passive
5 layer. At the potential increases, the resistance to polarization and implicitly the resistance to
6  corrosion increases. In comparison with the diameter of the circle arc of Ti-15Mo, it can be found
7  that the Ti-15Mo-1Cr showed a much large diameter, also when it compared to the Ti-15Mo-3Cr.
8  For the Ti-15Mo-1Fe the diameter of the circle arc is quite similar to the Ti-15Mo, while Ti-
9  15Mo-3Fe presented small diameter of the circle arc compared to all of them.
10  All values of circuit arc elements for the alloys are listed in table 4. The circuit elements values
11 for the solutions resistance (Rs) are about the same order.
12 The true capacitance values were within a range of 0.284-1.4 10-3 F/cm?, and the values of n were
13 in the range of 0.78-0.89, which indicated a non-ideal capacitance interface for Ti-15Mo-3Fe.
14

16
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2 Figure 6. Typical Nyquist diagram for the Ti-15Mo-X alloys.
3  Table 4. Parameters calculated from the electrochemical impedance spectroscopy (EIS)
4  measurements.
Chi-Sqr Rs (Qcm?) CPEdI-T N Ret (KQcm?)
(107) (10-F/cm?)

Til5-Mo 0.24 59.07£12.45 5.31+0.67 0.88+0.01 6.87 £2.64
Til5MolCr 0.88 107.93+57.61 3.41+0.56 0.89+0.02 24.62+4.14
Ti15Mo3Cr 0.37 64.40+41.24 6.20+2.11 0.85+0.04 1.40+0.40
Til5MolFe 0.05 52.10+3.25 5.82+1.44 0.85+0.04 5.91+3.73
Til5Mo3Fe 1.80 43.20+1.41 12.80+1.98 0.78+0.02 1.71£0.35

5
6 3.4.ELASTIC BEHAVIOR OF Ti-15Mo-X
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The elastic properties obtained by ultrasound measurements are shown in table 5. For each
sample, its respective values of elastic modulus (E), shear modulus (G) and Poisson constant (v)
are indicated. The E found for the Ti-15Mo alloy, being higher than the values found in the works
by Ho et al, 1999 and Mohamed et al., 2014 (71 GPa and 78GPa) with a fully B structure [15,30].
The G found was 37.8 GPa, very close to CP-Ti studied in the work of Zhao et al., 2021 [31]. In
addition to the search for adequate values of elastic modulus in the biomedical field, the study
and the effect of the microstructure on G is also of great relevance in designating the ductility of
B-Ti alloys. To the addition of Fe 1 wt% the elastic properties are not changed, nonetheless with
3 wt% the E as well as G drop by 5.3% and 4.5% %. However, for the Ti-15Mo alloys with 1 or
3 wt% of Cr, the elastic properties had very little decrease, showing no difference between 1 or 3
wt% of Cr content. Regarding v, the values found are very similar to those in the literature (0.33),
while G is lower than those of alloys obtained by forging (52 GPa). The G in general is lesser to
forging alloys due to the porosity found, as previously observed, in the microstructures of Ti-
15Mo-1/3Fe alloys. In the work by Xu et al. 2018 reported that the Ti-10Mo alloy with 2.8%
porosity had 66GPa of E with full B microstructure. Also, in the work of Martins et al. 2014
samples were obtained Ti-15Mo, between 75-100GPa of E, in which they presented 0.25% of
interstitial oxygen, related to the presence of o' phase in a mostly  structure (73-98%) as well as,
Yan et al. 2014 obtained E between 105-110 GPa for Ti-15Mo alloys with mostly B
microstructure, with small a+a” phase content [33]. The Ti-15Mo-X alloys studied in this work,
with higher Mo content and higher porosity, seem to be affected by the hardened phases which
are present at the beginning of the slow cooling steps, which do not significantly contribute to the

significant reduction of the values and consequently for the G values.

Table 5. Elastic properties of alloys Ti - 15Mo - X

X (%) E (GPa) G (GPa) M

0 100.5+0.4 37.8+0.2 0.331 +0.001
1% Fe 100.2 + 0.5 37.7+0.2 0.328 + 0.002
3% Fe 952+ 1.2 36.1+0.5 0.318 + 0.002
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1% Cr 99.2+0.5 374+0.2 0.327 £0.001
3% Cr 99.0+0.9 373+ 04 0.327 £0.001

3.5. TOUGH AND STRENGTH BEHAVIOR OF Ti-15Mo-X

The toughness of the material in terms of breaking energy under the load-deflection curve (W)
and energy per unit volume (Wy) under the stress-strain curve is presented in table 6. The results
showed high flexural strength Rg (1530 MPa), as indicated by Hsu et al [34] and Ho et al. 1999
[15] when alloying Ti with Mo. The addition of Fe or Cr to the base alloy Ti-15Mo decreases Ry
mainly for Ti-15Mo-(1 or 3 Fe wt%). Therefore, the shear failure stress S at the moment of failure
also decreases and this effect is more pronounced with Fe than with Cr, consequently, resulting
in a loss of toughness. While for the Ti-15Mo alloy with 3 Fe wt% presented 4.7 J and 29 J/cm?,
with losses up to 70% in W and Wy, confirming the loss of ductility due to the effect of Fe in

Ti-Mo alloys [35,36].

In the case of Ti-15Mo-3Cer, the toughness also decreases, but to a lesser degree: 3.2 J (34%) and

20 Jem? (31%).

The fractographic analyses of the base alloy Ti-15Mo, in figure 7, indicates a rough fracture,
typical of a ductile failure mechanism which exhibits substantial plastic deformation prior to
failure. Ductile fracture mechanism is usually slow, and a large amount of plastic flow is
concentrated near the fracture faces. Also occurs after yield stress, whereas brittle failure is fast
and can occur at lowest stress levels than a ductile failure. Area under the stress strain curve
represents the absorbed energy before failure and during the ductile failure the energy required is

higher than the brittle failure.

This justifies the higher toughness of the material (4.7 J and 29 J / cm?) since it can withstand
higher shear stress (198 MPa). The addition of 3wt% of Fe results in a faceted breakage
characteristic of a brittle cleavage fracture mechanism. The toughness drops dramatically to 1.4 J

and 9 J/cm?; since the capability to withstand shear stresses at the moment of maximum load is
19
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much lower (96 MPa). In the Ti-15Mo-3Cr alloy, a lower incidence of cleavage is observed,
combined with the roughness of the ductile mechanism. The toughness for 3 wt% Cr decreases to
3.2 Jand 20 J/cm?, but to a lesser extent than with Fe additions. The shear stresses that the ternary
alloys Ti-15Mo-Cr withstand at the instant of failure are lower than those of Ti-15Mo (171-164

MPa), but these remain higher than the corresponding Ti-15MoFe (155-96 MPa).

Loss of toughness is influenced by porosity, densification and microstructure. The addition of Fe
decreases densification and increases porosity, as seen in table 1, more intensely with respect to
Ti-15Mo and Ti-15MoCr alloys. The difficulty of diffusion of Mo in Ti is also a factor of
embrittlement, producing alloys less dense and of greater porosity in the presence of Fe or Cr [37-
39]. Densifications obtained with 15% Mo are higher than those reported by Wei et al. 2003 and
Liu et al. 2006 [40,41]. In figure 1 shows black areas corresponding to the porosity derived from
the higher Fe content that diffuses with some ease towards Ti, but not the opposite. The addition
of Cr exhibits densification and porosity similar to that of Ti-15Mo. Cr produces synergistic
effects in the diffusion mechanism between Mo and Ti, which would explain a more tenacious
behavior than with Fe additions and a similar fractography with Ti-15Mo, even observing in some
sporadic points an occasional lack of diffusion in the form of particles of Mo light gray color in
the image corresponding to Ti-15Mo-3Cr (seen in figure 5c). The microstructure is mainly made
up of P grains with the presence of a-phase needles at the edge of the grain, figures 3 and 4. Ebied
et al. 2017 indicate the absence of ® phase in Ti-17Mo alloys [42]. Neither did Ho et al. 2008
report the existence of @ phase in casting alloys with Mo equal to or greater than 15% [43]. The
B-phase content of the Ti-15Mo alloy is 95.2%, table 5, being 2.7% for the a-phase and 2.1%
porosity. The addition of 1 and 3% Fe causes the B phase to decrease to 94.6 and 93.4%
respectively, increasing the porosity to 4.3% due to the presence between 2.3 and 3.4% of a phase.
The B phase remains slightly higher than 96% with Cr while the a phase content (2.8 to 3.2%)
does not promote worse toughness since the porosity remains very low. These data confirm, on
the one hand, the diffusion difficulties of Mo and Ti in the presence of Fe and the consequent loss

of toughness; and on the other, the improvement of the diffusion between both in the presence of
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Cr, contributing to a tenacious behavior closer to that of the Ti-15Mo alloy. The appearance of a
phase in the form of needles at the grain edge hardens excessively, contributes to the brittleness
of the material (Ivasishin et al., 2008; Min et al., 2010c; Esteban et al., 2011; Yan et al., 2014;
Hsu et al., 2015; Xu et al., 2018) [34, 44-48] and the subsequent failure due to cleavage by
exhibiting a lower tolerance to shear stress. On the other hand, the microstructure reveals that the
mean diameter of the B grain is 24 um in Ti-15Mo. Additions of Fe raise it to 38 um, while with
Cr they are close to that of Ti-15Mo (23-26 um), remaining below those reported by Liu et al.
(2003) and Liu et al. (2006) [41, 49]. The diffusion of Mo in Ti is carried out through the grain
edge, which produces a beneficial effect on the refining of the B phase (Liu et al., 2003) [49]. A
larger grain size contributes to an inhibition of densification and an increase in porosity [38,47],
meaning a less tough behavior and a predisposition to brittle fracture. In this case, the synergy of

Cr in the diffusion of Mo prevents the thickening of the grain and attenuates the brittle behavior.

Table 6. Strength and tough flexural characteristics of Ti - 15Mo - X alloys.

X (%) Ry (MPa) S (MPa) Wo (3) Wy (J/em?)
0 1530 = 120 198+ 16 47+07 20+ 4
1% Fe 1195 100 155+ 14 3.040.4 193
3% Fe 747 + 71 969 14402 91
1% Cr 1329 + 210 171 27 3.5+£1.0 247
3% Cr 1281 + 137 164+ 18 32406 20+ 4

Figure 7. Fracture surface of Ti-15Mo-X alloys.

4. CONCLUSION
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1. The Ti-15Mo alloy elaborated in this work presents high resistant properties: elastic, flexural
and shear; in addition to being tough, due to its high densification, low porosity and mostly 3

microstructure, with the presence of a phase.

2. The addition of Fe (1-3%) to the Ti-15Mo alloy decreases the tough behavior to a greater degree
than with Cr (1-3%), showing lower shear failure stress values and a more brittle fracture

behavior. The Cr addition shows tougher fracture and similar to that of the base alloy Ti-15Mo.

3. The diffusion of Fe in Ti interferes with the diffusion of Mo, leading to higher porosity, lower
densification, lower B-phase content, and larger grain size. The presence of a-phase needles at the

grain edge justifies a higher value of elastic modulus in tensile and lower than that of shear.

4. The samples of Ti-15Mo, Ti-15Mo-3Cr, Ti-15Mo-1Fe and Ti-15Mo-3Fe showed greater
resistance to corrosion, which may be due to the effect of the microstructure (larger 8 grain size,
greater porosity), its elemental composition (difficulty in diffusing Mo in the Ti matrix when in
the presence of Fe) in addition to the internal thickness-composition-strains discontinuity of the
passive layer of TiO,. Furthermore, the saline composition within the pores is different in
concentration and thus makes diffusion difficult compared to other regular and more

homogeneous zones.
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