metals

Communication

Design of Near «-Ti Alloys with Optimized Mechanical and
Corrosion Properties and Their Characterizations

Xi-Long Ma 1'*, Kazuhiro Matsugi ? and Ye Liu 2

check for
updates

Citation: Ma, X.-L.; Matsugi, K.; Liu,
Y. Design of Near a-Ti Alloys with
Optimized Mechanical and Corrosion
Properties and Their Characterizations.
Metals 2024, 14, 81. https://doi.org/
10.3390/met14010081

Academic Editor: Petros E.
Tsakiridis

Received: 29 November 2023
Revised: 19 December 2023
Accepted: 23 December 2023
Published: 10 January 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

School of Materials Science and Engineering, Shijiazhuang Tiedao University, Shijiazhuang 050043, China
Department of Mechanical Materials Engineering, Hiroshima University, Higashi-Hiroshima 739-8527, Japan;
matsugi@hiroshima-u.acjp (K.M.)

*  Correspondence: maxilong@stdu.edu.cn

Abstract: The designed alloy Ti-10.56%Al1-2.08%Zr-0.80%Sn-0.88%Mo0-0.51%Si (mol%), modified alloy
Ti-10.81%Al1-4.80%Zr-1.23%5n-0.76%Cu-0.35%Si (mol%) and reference alloy Ti-10.52%Al1-2.07%Zr-
1.1%S5n-0.2%Mo0-0.76%Si (mol%) with the same bond order (Bo;) value of 3.49 and different d-orbital
energy level (Md;) values of 2.43, 2.42 and 2.42 were proposed and their mechanical and corrosion
properties were compared in the present study. The ultimate tensile strength (oy;1s) and fracture
strain (¢y) values of the three near «-Ti alloys at both as-cast and solution-treated conditions were 989
and 1118 MPa and 11.6% and 3.4% for the designed alloy, 993 and 1354 MPa with 13.5% and 2.3% for
the modified alloy and 991 and 1238 MPa with 12.7% and 3.1% for the reference alloy, respectively. The
thickness of corrosion layers of the solution-treated designed, modified and reference near «-Ti alloys
after immersion in hot salts for 28.8 ks were measured at 3.06, 3.68 and 4.89 pum. The comparable
mechanical properties and improved hot salt corrosion resistance ability of designed and modified
alloys compared to those of the reference alloy were obtained by considering their Bo; and Md; values;
this might lead to the development of alternative near «-Ti alloys to conventional materials.

Keywords: Dv-Xa method; near o-Ti alloy; alloy design; CCLM; hot salt corrosion resistance

1. Introduction

Near o titanium (near «-Ti) alloys, containing small amounts of 3 stabilizing ele-
ments with a 3 phase fraction of usually less than 10 wt.%, are commonly utilized in
high-temperature applications due to their exceptional combination of high-temperature
strength and lightweight properties [1]. For example, in the compressor of jet engines, re-
placing nickel-based alloys with titanium alloys could reduce the weight of the fuselage [2].
However, at elevated temperatures (300-650 °C), the interactions between «-Ti alloys and
the salts present in the atmosphere above the ocean lead to a reduction in their service
lifespan and limit their applications [2,3]. Responding to the above-mentioned challenge,
researchers have to continue to develop further strategies to enhance both the mechanical
strength and the resistance to hot salt corrosion. For near «-Ti alloys, adjusting the kinds
and contents of alloying elements is a possible approach to optimize their mechanical and
corrosion properties [4-6]. It was reported that the alloying elements Mo and Cu were
added to develop high-temperature titanium with high heat resistance and especially good
oxidation behavior up to 600 °C [7,8]. Furthermore, to regulate the functionalities of Ti
alloys, it is crucial to achieve extremely low levels of interstitial impurities. Impurities or
contaminants from the crucible and/or atmosphere would greatly affect the mechanical
properties of Ti alloys [9,10]. Cold Crucible Levitation Melting (CCLM) technology offered
an effective means of preventing contaminants from the crucible and efficiently managing
the vacuum within the furnace [11,12]. The molten metals were raised by the eddy current
of CCLM and were melted without contact with the crucible. An even distribution of solute
elements in Ti alloys was attained by diffusion mixing and the strong stirring induced by
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electromagnetic forces, and the solidification cooling processes for molten alloys could be
controlled by CCLM [13-15].

Prior to the proposal of some alloy design approaches, the development of titanium
alloys relied heavily on laborious experimental trials and empirically derived rules that
were costly and inefficient [16]. The commonly used titanium alloy design theories include
electron-to-atom (e/a) ratio, d-electron alloy design and Mo equivalent numbers [17-19].
The stability of the 3 phase with respect to the e/a ratio and Mo equivalent numbers
were an effective way to predict the phase stability and the mechanical properties of 3-Ti
alloys, including Zr, Mn and Cr alloying elements [20-24]. For the metastable 3-Ti alloys
developed for orthopedic applications, their electron-to-atom (e/a) ratio is about 4.24,
which can ensure that they have a lower elastic modulus to alleviate the “stress shielding”
effect [25]. M. Morinaga et al. calculated Md; and Bo; values of varied elements using the
MTi14 cluster and MTil8 models, respectively [26]. High temperature alpha-type alloys,
high strength beta-type alloys, and high corrosion resistant alloys have been developed by
considering their Bo; and Md; values and positions in the Md;-Bo; diagram [27]. Therefore,
the applications of Discrete variational-X« (DV-X«) cluster calculation theory to design
binary and multielement Ti alloys were widely used and accepted [28,29]. However, the
research on the design of optimized compositional near «-Ti alloys with high corrosion,
high mechanical performance and low cost by using Bo; and Md; parameters still showed
them to be inefficient, suggesting an effective approach for the development of new «-Ti
alloys.

In the present study, one widely applied commercial near «-Ti alloy Ti-10.52%Al-
2.07%Zr-1.1%5n-0.2%Mo0-0.76%Si (mol%), TIMETAL 1100, was chosen as the reference
alloy. The modified near «-Ti alloy Ti-10.81%Al-4.80%Zr-1.23%5n-0.76%Cu-0.35%Si (mol%)
possessed the same Bo; value of 3.49 and Md; value of 2.42 to the reference alloy. In
addition, to estimate the influence of Md; value on designing high mechanical and corrosion
resistance near o-Ti alloys, the designed alloy Ti-10.56%Al-2.08%Zr-0.80%5n-0.88%Mo-
0.51%Si (mol%) was prepared with the same Bo; value of 3.49 and a different Md; value of
2.43. The CCLM technique was applied to control the same melting and cooling process for
preparing the three near «-Ti alloys. The mechanical properties and the hot salt corrosion
resistance abilities of the three near «-Ti alloys were compared at both as-cast and after
solution-treated conditions.

2. Alloy Design and Experimental Procedures

The raw materials with Ti, Al, Sn, Zr, Cu, Mo and Si purities of 99.8, 99.9, 98.5, 98.0,
99.0, 99.0 and 99.0 mass%, respectively, were used to produce the three near-Ti alloys. The
mean values of Bo; and Md; of the three near-Ti alloys were calculated on the basis of the
MTi14 cluster model, using Equations (1) and (2) [30].

Bot = Y Xi(Bo)i 1)

Mdt =Y "Xi(Md)i (2)

where X; is the molar fraction of component i in the alloy, (Md); and (Bo); are the numerical
values of Bo; and Md; for each component i, respectively. The designed alloy Ti-10.56%Al-
2.08%Zr-0.80%Sn-0.88%Mo0-0.51%Si (Md;: 2.43, Bos: 3.49), modified alloy Ti-10.81%Al-
4.80%Zr-1.23%5n-0.76%Cu-0.35%5i (Md;: 2.42, Bo;: 3.49) and reference alloy Ti-10.52%Al-
2.07%Zr-1.1%5n-0.2%Mo0-0.76%Si (Md;: 2.42, Boy: 3.49) were proposed and discussed in the
present study.

The CCLM method with the same processing parameters was applied to prepare the
ingots of the three near-Ti alloys. The capacity of copper crucibles for CCLM is 1 kg Fe
(Fuji-CCLMFe, Aichi, Japan). The upper electric coils with a rated power of 100 kW and
the lower electric coils with a rated power of 60 kW provided energy for the melting and
levitation of alloys. The levitation of molten titanium alloys avoided direct contact with
the copper crucible during the production process. The three near-Ti alloys were kept
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at 2300 K for 300 s under an argon (Ar) atmosphere with a purity of 99.99%. Then, the
electrical supply of both the upper and lower coils was gradually turned off until it was
switched off. After 1800 s, the ingots cooled and solidified in the copper crucible. The
as-cast specimens of the three near-Ti alloys were processed from the rectangle blocks
cut from the ingots. The 3 phase transition temperature of the three near x-Ti alloys was
determined using thermal expansion equipment (NETZSCH, Selb, German), as depicted
in Figure 1. The measurements of the coefficient of thermal expansion revealed that the {3
phase transition temperature of the three near «-Ti alloys were 1200 K, 1220 K, and 1250 K,
respectively. Therefore, the three near o-Ti alloys were subjected to solution treatment
under an inert argon atmosphere at 1280 K for a duration of 7.2 ks. Prior to the solution
treatment, all ingots were encased in quartz tubes, which were then shattered, resulting
in a water-quenched process. The microstructure observation of alloys was carried out by
Optical Microscopy (OM) analysis. Sandpaper from 80 to 2500 mesh was applied to grind
the OM specimens, and polishing paper was used to polish the OM specimens. Distilled
water, nitric acid, and hydrofluoric acid with volume percentages of 95%, 3% and 2% were
mixed for etching OM specimens. The X-ray diffraction (XRD) was carried out to identify
the phases and lattice constants of the three near-Ti alloys. The Cu K« radiation of XRD was
generated at 40 kV and 30 mA under room temperature. The Vickers hardness was tested
with a load of 9.8 N for 10 s. For tensile test specimens, the gauge sizes were consistent
with the diameter of 6 mm and length of 20 mm, and the grips diameter was 10 mm. The
initial strain rate for the tensile tests was 1.9 x 1074 s~! at ambient temperature. The
stress—strain curves were recorded by the tensile test machine (Autograph DCS-R-5000,
Shimadzu Corporation, Kyoto, Japan), ultimate tensile strength (o;7s) and fracture strain
(¢p) of specimens were obtained by an extensometer (Shimadzu SG 10-50) during the
tensile test.
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----- Ti-10.81A1-4.8Z1-1.23Sn-0.76Cu-0.35S1
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Figure 1. Coefficient of thermal expansion of the three near «-Ti alloys.

The hot salt corrosion samples, measuring 10 mm x 5 mm X 1.5 mm, were carefully
prepared by wire cutting. Each surface was gently sanded with abrasive papers with
grit ranging from 80-2000. These samples were precisely measured before the hot salt
corrosion test. Next, the test was conducted in NaySO4-45 mol% NaCl at 923 K for 43.2 ks,
with weight loss recorded every two hours. The selected temperature was based on the
applications of titanium alloy in aerospace engines. The crucible holding the melted salt
is made from high-purity alumina, with dimensions of a 46 mm outer diameter, a 36 mm
height and a capacity of 30 mL. The salt is directly exposed to the air, mirroring the actual
application conditions. The samples were hung from a platinum wire on six sides to ensure
full contact. Then, they were immersed in 9.4 mol% NaOH-0.67 mol% KMnQO;, boiling
solution for 30 min to dissolve the solidified salts. After thorough washing in 0.88 mol%
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(NH4),HCH507 boiling solution for 20 min, residues and KMnOy4 were removed. The
specimens were then thoroughly rinsed for 3 min and dried for 2 min to remove any
contaminants. Finally, the cleaned and dried samples were weighed. The investigation of
the hot salt corrosion process of the near «-Ti alloy was further deepened by observing the
microstructures of the hot salt corrosion layer on the specimens through an electron probe
micro-analyzer (EPMA, (JEOL JXA-8200, JEOL, Tokyo, Japan)) after they were continuously
immersed in hot salts for a period of 28.8 ks.

3. Results and Discussion

Figure 2 showed the OM images of the as-cast and solution-treated near «-Ti alloys.
For the three as-cast near a-Ti alloys, the thin films of 3 phase at the « interfaces with
various orientations and the prior 3 boundaries were observed in Figure 2a—c [31,32]. The
similar grain size and microstructures in the three near «-Ti alloys at as-cast conditions were
attributable to the same producing parameters. The occurrence of acicular o or &’ phases
in the three near «-Ti alloys after solution treatment were displayed in Figure 2d—f [33].
The lamellar structure was a distinctive feature of near «-Ti alloys, resulting from the
transformation of a 3 to « phase during the cooling process. In order to provide clear
observation, Figure 2g,h showed higher magnifications of Figure 2b,e, respectively. The two
slip directions and six slip planes of the Ti unit cell provided 12 possible orientations. The
solution treatment with water quenching process frequently results in local elevations of the
a-stabilizing elements and the formation of acicular « or &’ phases [34,35]. Simultaneously,
the three solution-treated near «-Ti alloys also showed similar microstructures with the
absence of prior 3 grain boundaries, which were attributed to the transformation of 3 phase.

Figure 3 showed the XRD profiles of the three as-cast and solution-treated near o-Ti
alloys. The diffraction patterns obtained from the XRD analyses reveal the presence of
both o and  phases in all three near «-Ti alloys, as illustrated in Figure 3a—f. The three
as-cast near o-Ti alloys exhibited a higher peak intensity of 3 phase than « phase. However,
after solution treatment, the peak area ratio of 3 to « phase decreased in the XRD profile.
The different XRD profiles between as-cast and solution-treated specimens were attributed
to the transformation of the 3 phase into either the « or &’ phase. The XRD results also
showed high agreement with their respective OM observations.

The stress—strain curves of the three as-cast and solution-treated near «-Ti alloys were
shown in Figure 4ab, respectively. The oyrs and ¢f values of the three near o-Ti alloys
were discussed in the present study. At as-cast conditions, the oyrs and ¢; values were
989 MPa and 11.6% of designed alloy, 993 MPa and 13.5% of modified alloy and 991 MPa
and 12.7% of reference alloy, respectively. In addition, after solution treatment, the oyrs
and ¢ values were 1118 MPa and 3.4% of designed alloy, 1354 MPa and 2.3% of modified
alloy and 1238 MPa and 3.1% of reference alloy, respectively. The results showed that the
designed and modified alloys with comparable tensile properties to the reference alloy
were proposed by considering the Bot and Mdt values of near «-Ti alloys. The observed
increase in oyrs and significant decrease in ¢f of the three near «-Ti alloys after solution
treatment were attributed to the presence of acicular « or o’ phase. It was reported that
the precipitate of silicide in the grain boundaries was also one of the major reasons for the
drastic decrease of ¢ of solution-treated near «-Ti alloys [36].

The fracture morphologies of the three near -Ti alloys were illustrated in Figure 5a—f,
with corresponding high magnified images appearing in Figure 5a’-f'. Dimple fracture
patterns were observed in the three near «-Ti alloys in their as-cast condition, indicating
a satisfactory level of fracture elongation (¢f). Conversely, brittle fracture patterns were
noticed in the three near «-Ti alloys after undergoing solution treatment. As shown in
Figure 5b’,d’,f/, the brittle trans-granular fracture patterns were visible in the three near
«-Ti alloys, respectively. In the as-cast state, the designed, modified and reference near o-Ti
alloys experienced 13.5, 16.7, and 18.3% area reduction at the fracture surface, respectively.
The area reduction at fracture for the three near -Ti alloys was almost negligible in their
solution-treated state, corresponding to their inferior tensile behaviors.



Metals 2024, 14, 81 50f11

Grain boundaty. Geat prior ¢ o /

B-grain.boundarics - s Grain boundary

Figure 2. OM images for (a,d) of Ti-10.56%Al-2.08%Zr-0.80%5n-0.88%Mo-0.51%Si, (b,e) of Ti-
10.81%Al1-4.80%Zr-1.23%5n-0.76%Cu-0.35%Si, and (c,f) of Ti-10.52%Al1-2.07%Zr-1.1%5Sn-0.2%Mo-
0.76%5i near «-Ti alloys in as-cast and solution-treated conditions, and (g,h) are the higher magnifica-
tions of (b,e), respectively.
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Figure 3. XRD profiles of (a,b) Ti-10.56%Al1-2.08%Zr-0.80%5n-0.88%Mo0-0.51%Si, (c,d) Ti-10.81%Al-
4.80%Zr-1.23%5n-0.76%Cu-0.35%Si and (e f) Ti-10.52%Al-2.07%Zr-1.1%5n-0.2%Mo-0.76%Si alloys in
as-cast and solution-treated conditions.



Metals 2024, 14, 81

60of 11

1500 1500
s-cas! . olution treate
(@) As-cast (b) Solution treated
e
-,
1200f 1200 [ -
1!
I
< Z - - - 3]
& 900 = & 900f |
= s |
N S
% 600F ] 1ii10.56%A1-2.08%Zr-0.80%50-0.88%M0-0.51%Si % 600F Ti-10.56%A1-2.08%Z1-0.80%S0-0.88%Mo0-0.51%Si
o (]
% — = ~Ti-10.81%A1-4.80%Z-1.23%5n-0.76%Cu-0.35%Si S’;)‘ = = = Ti-10.81%A1-4.80%Zt-1.23%S0-0.76%Cu-0.35%Si
300 — . = Ti-10.52%A1-2.07%Zr-1.1%51-0.2%Mo-0.76%Si 300 = - = Ti-10.52%A1-2.07%Zr-1.1%8n-0.2%Mo-0.76%Si
0 1 1 1 1 0 1 1 1 1
0 3 12 15 0 3 12 15

6 9 6. 9
Strain, &7 (%) Strain, & (%)

Figure 4. Stress—strain curves of Ti-10.56%Al-2.08%Zr-0.80%5n-0.88%Mo0-0.51%Si, Ti-10.81%Al-
4.80%Zr-1.23%5n-0.76%Cu-0.35%Si and Ti-10.52%Al-2.07%Zr-1.1%5n-0.2%Mo0-0.76%Si alloys in

(a) as-cast and (b) solution-treated conditions.

Figure 5. Fractographies of (a,b) for Ti-10.56%Al-2.08%Zr-0.80%Sn-0.88%Mo0-0.51%Si, (c,d) for
Ti-10.81%A1-4.80%Zr-1.23%5n-0.76%Cu-0.35%Si and (e,f) for Ti-10.52%Al-2.07%Zr-1.1%Sn-0.2%Mo-
0.76%S5i alloys in as-cast and solution-treated conditions with corresponding high magnified images
of tensile specimens of (a’,b’) for Ti-10.56%Al-2.08%Zr-0.80%5n-0.88%Mo0-0.51%Si, (c’,d’) for Ti-
10.81%Al1-4.80%Zr-1.23%S5n-0.76%Cu-0.35%Si and (e’ f’) for Ti-10.52%Al-2.07%Zr-1.1%Sn-0.2%Mo-
0.76%Si alloys in as-cast and solution-treated conditions, respectively.

To evaluate the degree of corrosion reaction and the reduction in weight of o-Ti
alloys, the ratio of weight loss to initial weight after the 28.8 ks hot salt corrosion test is
shown in Figure 6 for the three near x-Ti alloys. The ratio of weight loss of the as-cast
designed, modified and reference near «-Ti alloys was 1.31, 1.99 and 2.23% respectively.
In addition, the ratio of weight loss of solution-treated near -Ti alloys was 1.21, 1.61 and
2.03%, respectively. The weight loss ratios of the three near «-Ti at as-cast and after solution
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treatment showed an approximately linear increase with an increase of corrosion time, with
an interval of every 7.2 ks. Moreover, the weight loss ratios of the three solution-treated
near o-Ti alloys decreased compared with as-cast specimens, because of the difference in
microstructures and phase compositions. The improvement of hot salt corrosion resistance
ability of designed and modified alloys compared with reference alloy might result from
the different types and quantities of alloying element, such as the addition of different
contents of Mo, Zr and Cu elements in alloys [7,8,20].
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Figure 6. Relationship between the duration and weight loss ratios of the three as-cast and solution-
treated near -Ti alloys immersed in molten salt at a temperature of 923 K for (a,b) of Ti-10.56%Al-
2.08%2Z1-0.80%5n-0.88%Mo0-0.51%Si, (c,d) of Ti-10.81%Al-4.80%Zr-1.23%Sn-0.76%Cu-0.35%Si and
(e,f) of Ti-10.52%Al1-2.07%Zr-1.1%5n-0.2%Mo-0.76%Si, respectively.

In order to delve deeper into the process of hot salt corrosion reactions and evaluate the
dependence of weight loss ratio results, Figure 7 demonstrated the compositional images
and EPMA mappings of the three solution-treated near «-Ti alloy alloys after continuous
immersion in molten salt for 28.8 ks. The cross-section of the solution-treated specimens
indicated the corrosion degrees and the distributions of alloying elements in the respective
alloys. The immersion duration was ascertained before the corrosion layer began to shed
from the specimen surface. According to the compositional images in Figure 7a—c, the
corrosion layers thickness of the three solution-treated near «-Ti alloys were measured at
3.06, 3.68 and 4.89 um, respectively. Furthermore, based on the EPMA mapping findings, it
was observed that reactions occurred at the surface of specimens where near -Ti alloys
were in contact with fused salts. It was discovered that the specimens featured a thick
outer oxide layer of oxidation products and a porous inner oxide layer as a result. There
was no diffusion behavior of solute elements near or away from the alloy-salt interface,
or salt element diffusion into the specimens among three near «-Ti alloys. The different
rates of corrosion reactions happened on the entire contact surface between the specimens,
and the fused salt was attributed to the following: electrochemical attack in local and
concentration-cell corrosion occurred, referring to the corrosion of metal or alloy by a
stagnant solution with a small volume [37,38]; severe corrosion occurred in locations
where there was little ZrO, and Al,O3, where chlorine ions encountered little resistance in
colliding with titanium oxide [39]; slight corrosion was seen on regions coated by refractory
oxides, which exhibited protective behavior. The entire surface of the specimens suffered
general corrosion, indicating widespread metal loss throughout the surface. The synergistic
effects of alloying elements enhanced the corrosion resistance of the Ti alloys, demonstrating
the importance of alloy design and composition in improving the mechanical properties
and corrosion resistance of Ti alloys in harsh environments.



Metals 2024, 14, 81 8of 11

Figure 7. Compositional images of corrosion interface of solution-treated (a) Ti-6Al-2Sn-5Zr-1Mo-
0.35i, (b) Ti-10.81%Al-4.80%Zr-1.23%5n-0.76%Cu-0.35%Si and (c) Ti-10.52%A1-2.07%Zr-1.1%Sn-
0.2%Mo0-0.76%Si near-« alloys after immersion in molten salts for 28.8 ks and EPMA mappings
showing the distribution of alloying elements.
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4. Conclusions

(1) The mechanical and corrosion properties of the three near «-Ti alloys, including two
newly designed and one commercial near «-Ti alloy, were compared by considering
their Bot and Mdt values; the three near «-Ti alloys were fabricated by CCLM with the
same processing parameters. The three near o-Ti alloys showed thin films of 3 phase
at the « interfaces in the as-cast condition and acicular « or &’ phase after solution
treatment.

(2) The tensile results indicated that both the designed and modified near «-Ti alloys
exhibited comparable mechanical properties to the reference near «-Ti alloy at both
as-cast and after solution treatment conditions. The hot salt corrosion test after 28.8 ks
revealed that the designed and modified near «-Ti alloys displayed improved hot salt
corrosion resistance ability compared to the reference near «-Ti alloy.

(3) The consideration of d-electrons was a possible approach for the development of new
near «-Ti alloys with optimized tensile properties and hot salt corrosion resistance.
The modified alloy Ti-10.81%Al-4.80%Zr-1.23%5n-0.76%Cu-0.35%5i showed ors and
¢ values at both as-cast and solution-treated conditions that were 993 and 1354 MPa
higher than those of the reference (commercial) alloy. The thickness of corrosion
layers of the solution-treated designed, modified and reference near «-Ti alloys after
immersion in hot salts for 28.8 ks were measured at 3.06, 3.68 and 4.89 um.
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