



Production and Characterization of Metastable-Beta Type Ti-4Fe-3Cr-3Cu Alloy
Abstract
In this study, precipitation hardenable metastable-beta type Ti-4Fe-3Cr-3Cu alloy specimens were produced by mechanical alloying-powder injection moulding method for aviation applications such as aircraft engine component or aircraft structural material. In the Ti alloys, important parameter for the beta-titanium phase stability is the molybdenum equivalency (MoE) value, which is a key parameter in the design and development of the composition of beta titanium alloy because it determines the amount of metastable beta-titanium phase. In the present study, MoE value of Ti-4Fe-3Cr-3Cu alloy was in the range of metastable-beta region. In this study, metastable beta-type titanium alloys composed of low density, low cost alloying elements such as Fe, Cr and Cu were designed and developed using a new alloy design method based on molecular orbital calculation (Bo-Md method). Employing the Bo-Md method, it is possible to predict the phase stability, Young’s modulus, and plastic deformation mechanism of the titanium alloys. In the present study, MoE value of Ti-4Fe-3Cr-3Cu alloy was calculated as 21 MoE, which is in the range of metastable-beta titanium region. After calculation, the (Bo, Md) values of the Ti-4Fe-3Cr-3Cu alloy are (2.763, 2.302), which confirms that the Ti-4Fe-3Cr-3Cu alloy is in the beta-titanium phase region in the Bo-Md diagram. In the present study, initially metal powder mixture was mechanically alloyed in a ball-mill. Secondly, mechanically alloyed Ti-4Fe-3Cr-3Cu alloy powders were shaped by powder injection moulding (PIM) method. Binder consisted of 77 % polyethylene, 23 % paraffin. Feedstock consisted of 46 % of binder and 54 % of Ti-4Fe-3Cr-3Cu powder. Polymer binder was removed by chemical and thermal debinding. Lastly, Ti-4Fe-3Cr-3Cu alloy specimens were sintered at 1250 ºC. Sintered Ti-4Fe-3Cr-3Cu specimens were annealed, quenched and aged (precipitation hardening). Effects of aging temperature on the mechanical and corrosion properties were investigated. Compressive strength of the Ti-4Fe-3Cr-3Cu alloy was increased with increasing aging temperature and have shown superior properties at 480 °C. Cu addition was enhanced the sinterability of the Ti-4Fe-3Cr-3Cu alloy by liquid phase formation. Electrochemical corrosion rate of the Ti-4Fe-3Cr-3Cu alloy was increased with aging. 
Keywords: Precipitation-hardening; Titanium alloy; Aviation; Powder injection moulding.
1. Introduction
Titanium alloys can be divided as alpha, near-alpha, alpha-beta, metastable beta, and beta alloys according to their microstructure. Metastable-beta titanium alloys have attracted increasing interest from space, aviation and applications due to their high strength and ductility, high corrosion resistance, low density, low elastic modulus. Metastable-beta Ti alloys have lower beta-stabilizers contents than the beta alloys. Moreover, mechanical properties of the metastable-beta alloys can be increased by aging [1-4]. In the present study, Fe, Cr and Cu were used as a beta-titanium stabilizing element. Addition of Cu enhances the machinability of the titanium. Cu addition also enhances the aging capacity. Cu added titanium alloys can be precipitation hardened (aged) to enhance the wear resistance [1-4]. Cardoso et al. [5] investigated precipitation hardenable Ti-Cu alloys. After homogenization in the beta-titanium region, Ti-Cu specimens were quenched and aged. Fine Ti2Cu precipitates were observed in the aged specimens. Shirai et al. [6] studied Ti-1Cu and Ti-5Cu alloys. Ti‐Cu alloys have antimicrobial activity and reduce the incidence of pin infection. Ti‐1% Cu alloy shows promise as a biomaterial. 

In the Ti alloys, important parameter for the beta-titanium phase stability is the molybdenum equivalency (MoE) parameter.  The molybdenum equivalency (MoE) parameter is important in the design and development of the chemical composition of titanium alloys because MoE determines the amount and stability of metastable beta-Ti phase that can be retained during quenching. MoE parameter uses Mo as the reference and normalizes the other alloying elements in wt. %. Equation of the MoE is given below [7]; 

MoE=1.0Mo+1.25V+0.59W+0.28Nb+0.22Ta+1.93Fe+1.84Cr+2.46Ni

           +1.51Cu+2.26Mn+2.67Co+0.3Sn+0.47Zr+3.01Si-1.47Al (wt.%)                                      (1)

In addition, Neelakantan et al. [7] proposed a relationship between the contents of the beta-titanium stabilizing elements and martensite phase starting (MS) temperature. The martensitic phase transformation starts at the martensite starting (MS) temperature. Stability of the beta-titanium and the MS temperature of the alloy can be determined by using the composition of the alloy [8].

MS (K)=1156-150Fe-107Mn-96Cr-67Ni-49Mo-41Cu-37V-17Nb-7Zr+15Al (wt.%)

(2)
Minimum MoE of 10 is necessary to stabilize the beta-titanium. If the MoE is lower than 5 alloy is alpha-titanium. If the MoE is between 5-10 alloy is near alpha titanium. If the MoE is between 5-30 alloy is metastable-beta titanium. If the MoE is higher than 30 alloy is stable beta-titanium [7]. 
Recently, the use of Bo and Md electronic parameters has proven to be a reliable method for predicting the phase stability of titanium alloys. These values can be computed using the following expressions [9, 10].
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where Xi is the concentration of element i, Bo is the covalent bond strength between titanium and the alloying elements, Md is the mean d-orbital energy level, and (Bo)i and (Md)i is the values for alloying elements. Md parameter correlates with the electronegativity and the atomic radius of elements. Bo parameter correlates with strength of the chemical bond between atoms. Ho et al. [11] added Fe into Ti-5Cr alloy and developed beta-type Ti-5Cr-3Fe alloy. Compressive strength of the Ti-5Cr-3Fe was increased with Fe addition. Addition of Fe transformed the microstructure to single beta-titanium phase, Low stability titanium alloys show twinning type plastic deformation, while the high stability alloys show dislocation slip type plastic deformation. Huang et al. [12] studied production of body centered cubic ternary Ti-Fe-Cr alloys. Diffusion and atomic mobility properties were investigated by using CALPHAD mehod. 
In the present study, precipitation hardenable metastable-beta type Ti-4Fe-3Cr-3Cu alloy specimens were produced by mechanical alloying-powder injection moulding (PIM) method for aviation applications such as aircraft engine component or aircraft structural material. Mechanical properties of the metastable-beta type Ti-4Fe-3Cr-3Cu alloy can be increased by aging heat treatment. In the present study, MoE value of Ti-4Fe-3Cr-3Cu alloy was calculated as 21 MoE, which is in the range of metastable-beta Ti region. After calculation, the (Bo, Md) values of the Ti-4Fe-3Cr-3Cu alloy are (2.763, 2.302), which confirms that the alloy is in the beta phase region in the Bo-Md diagram [13].
2. Experimental

2.1 Alloy Development
The (Bo, Md) values of the Ti, Fe, Cr, and Cu, are (2.790, 2.447), (2.651, 0.969), (2.779, 1.478), (2.114, 0.567). After calculation, the (Bo, Md) values of the Ti-4Fe-3Cr-3Cu alloy are (2.763, 2.302), which confirms that the alloy is in the beta phase region in the Bo-Md diagram. The alloy’s phase composition and deformation behaviour can be discerned by positioning the Bo-Md values on a Bo-Md diagram. Figure 1 illustrates the Bo and Md values of the developed Ti-4Fe-3Cr-3Cu alloy on the mean Bo-Md map of titanium. Ti-4Fe-3Cr-3Cu alloy was in the beta-titanium phase region in the Bo-Md plot. Meanwhile, deformation mechanism of the Ti-4Fe-3Cr-3Cu alloy was in the slip-type plastic deformation region.
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Figure 1. Ti-4Fe-3Cr-3Cu alloy on the Bo-Md plot

2.2 Specimen Production by Powder Injection Moulding

In the present study, metastable-beta type precipitation hardenable Ti-4Fe-3Cr-3Cu alloy specimens manufactured with mechanical alloying-powder injection moulding. Composition of the alloy was 4 wt. % Fe, 3 wt. % Cr, 3 wt. % Cu, and 90 wt. % Ti. Powder mixture was ball-milled with ZrO2 balls (6 mm) with a rotational speed of 400 rpm for 35 hours. Secondly, mechanically alloyed Ti-4Fe-3Cr-3Cu alloy powders were shaped by powder injection moulding (PIM) method. Binder consisted of 77 % polyethylene, 23 % paraffin. Feedstock consisted of 46 % of binder and 54 % of Ti-4Fe-3Cr-3Cu alloy powder. Feedstock was injected using powder injection moulding (PIM) machine at 183-188 ºC. Next, polymer binder was removed by chemical debinding in hexane and thermal debinding at 400 ºC. Lastly, Ti-4Fe-3Cr-3Cu alloy specimens were sintered at 1250 ºC for 90 minutes. Ti-4Fe-3Cr-3Cu alloy specimens were annealed, quenched and aged (precipitation hardening) at 440-500 °C in order to enhance the mechanical properties. Figure 2 shows the Ti-4Fe-3Cr-3Cu alloy specimen main manufacturing steps by mechanical alloying-powder injection moulding (PIM) method.
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Figure 2. Specimen production by mechanical alloying-powder injection moulding method

2.3 Characterisation of Microstructure and Mechanical Properties

A microstructural characterization analysis was performed by scanning electron microscope (FEI, FEG 450). Mechanical properties were studied by the compression test performed on a materials testing machine (Devotrans, Turkey). Electrical conductivity of the specimens was determined by eddy current device (Ether NDE).
2.4. Electrochemical Corrosion Tests

Electrochemical corrosion studies were conducted in the 5% NaCl solution using a potentiostat (Interface 1000, Gamry). Saturated calomel electrode was reference electrode, graphite was counter electrode, and the alloy sample was working electrode. Open circuit potential (OCP) was measured for 7200 seconds. Linear polarization resistance method was employed to determine the polarization resistance and corrosion rate. Potentiodynamic polarization curves were obtained by polarizing the specimens with respect to the open circuit potential (OCP) value. Electrochemical impedance spectroscopy (EIS) tests were carried out in order to determine the surface oxide film resistance of the specimens. EIS tests were carried out in potentiostatic mode in the frequency range from 100 kHz to 0.001 Hz. EIS result was fitted by an equivalent electrical circuit model, which consists of Rsol(C1(R1(C2R2))). Electric circuit model consists os a surface oxide film and metal/oxide interface. Rsol is resistance of electrolyte. R1 and R2 are polarization resistances of the surface oxide and polarization resistances of metal/oxide interface, respectively. C1 and C2 are capacitances of oxide and capacitances of metal/oxide interface. 
3. Results and Discussion

3.1 Mechanical and Physical Properties 

Figure 3 shows the effect of aging temperature on the compressive yield strength. Compressive yield strength values of the specimens were increased with increasing aging temperature and have shown superior properties at 480 °C. This was due to the presence of optimum sized coherent Cu-rich precipitates. Hardening was attributed to stopping the dislocations by Ti2Cu precipitates. Decrease in the mechanical properties with higher aging temperatures was due to the formation large incoherent Cu-rich precipitates [5].
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Figure 3. Effect of the aging temperature on the compressive yield strength of the Ti-4Fe-3Cr-3Cu alloy specimens.
Figure 4 shows the effect of the aging temperature on the Young’s modulus of the specimens. Increasing aging temperature increased the Young’s modulus value of the alloy until 480 °C. Higher aging temperatures than480 °C decreased the Young’s modulus. 480 °C aging was optimum temperature.

[image: image6.png]20

0

100

(edo) suqnpopy s Junox.

500

480

60

440

Aging Temperature ("C)




Figure 4. Effect of the aging temperature on the Young’s modulus of the Ti-4Fe-3Cr-3Cu alloy specimens.
Figure 5 shows the effect of the aging temperature on the hardness of the Ti-4Fe-3Cr-3Cu alloy specimens.

Hardness of the Ti-4Fe-3Cr-3Cu alloy specimens was increased with increasing aging temperature and have shown peak value at about 480 °C. This was due to the presence of optimum sized coherent Cu-rich intermetallic precipitates. Hardening was attributed to stopping the dislocations by Ti2Cu precipitates. Decrease in the hardness with higher aging temperatures was due to the over-aging, which results with the formation large incoherent Cu-rich precipitates.
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Figure 5. Effect of the aging temperature on the hardness of the Ti-4Fe-3Cr-3Cu alloy specimens.

The electrical conductivity is a useful property since conductivity is affected by composition and stress state of the metals.  Electrical conductivity of metals depends on electronic mobility, lattice type, and lattice defects, Figure 6 shows the effect of the aging temperature on the electrical conductivity of the Ti-4Fe-3Cr-3Cu alloy specimens determined by the eddy current conductivity measurement device. Electrical conductivity of the Ti-4Fe-3Cr-3Cu alloy specimens was determined in %IACS (International Annealed Copper Standard). Conductivity of the annealed Cu is defined as 100% IACS at 20 °C. Before conducting electrical conductivity test, equipment was calibrated by using known conductivity. As seen from the Figure 6, electrical conductivity of the Ti-4Fe-3Cr-3Cu alloy specimens was increased with the aging temperature. Variation of the conductivity with the aging temperature was attributed to the variations in the scattering of free electrons. Conductivity was initially increased with increasing aging temperature due to purification of the matrix by formation of semi-coherent metastable phases, Precipitates become larger as the aging proceeds, thus lowering their scattering effect. Conductivity decreased when the amount of precipitates decreased, while increased when fine intermetallic precipitates formed. 
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Figure 6. Effect of the aging temperature on the electrical conductivity of the Ti-4Fe-3Cr-3Cu alloy specimens.
3.2 Microstructure 

Figure 7 shows the optical microscope picture of the microstructure of the Ti-4Fe-3Cr-3Cu alloy. The microstructure of the Ti-4Fe-3Cr-3Cu alloy consisted of beta-titanium phase and some alpha-titanium phase and some fine Ti2Cu intermetallic precipitates at the grain boundaries. Alloying with the Cu, provided liquid phase formation during sintering and then enhanced sintering process and densification of the Ti-4Fe-3Cr-3Cu alloy.
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Figure 7. Optical picture of the microstructure of the Ti-4Fe-3Cr-3Cu alloy
Figure 8 shows the scanning electron microscopy (SEM) picture from the crack surface of the sintered Ti-4Fe-3Cr-3Cu alloy sample. As seen from the SEM image, there is a suitable sintering between the alloy particles in the microstructure of the 4Fe-3Cr-3Cu alloy sample. There is no any micro-cracks or macro-cracks.
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Figure 8. SEM picture from the crack surface of the sintered Ti-4Fe-3Cr-3Cu alloy
3.3 Electrochemical Corrosion Tests

Electrochemical corrosion rate was higher in the aged Ti-4Fe-3Cr-3Cu alloy specimens. In addition, polarization resistance was lower in the aged Ti-4Fe-3Cr-3Cu alloy specimens. Poorer corrosion behaviour of the aged Ti-4Fe-3Cr-3Cu alloy specimens was attributed to the micro-cracks and fine intermetallic precipitates. Fine intermetallic precipitates provide active places for the electrochemical corrosion. Figure 9 shows the effect of aging temperature on the polarization resistance of the Ti-4Fe-3Cr-3Cu alloy. Figure 10 shows the effect of aging temperature on the corrosion rate of the Ti-4Fe-3Cr-3Cu alloy. As seen from Figure 9, polarization resistance of the Ti-4Fe-3Cr-3Cu alloy was decreased from 799 to 728 ohms cm2 with increasing aging temperature. As seen from Figure 10, corrosion rate of the Ti-4Fe-3Cr-3Cu alloy was increased from 541 to 597 mm/year with increasing aging temperature.
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Figure 9. Effect of aging temperature on the polarization resistance of the Ti-4Fe-3Cr-3Cu alloy.
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Figure 10. Effect of aging temperature on the corrosion rate of the Ti-4Fe-3Cr-3Cu alloy.

Figure 11 shows the effect of aging temperature on the surface oxide film resistance of the Ti-4Fe-3Cr-3Cu alloy determined by electrochemical impedance spectroscopy (EIS) tests. As seen from the Figure 11, surface oxide film resistance of the Ti-4Fe-3Cr-3Cu alloy was decreased from 449 ohms cm2 to 418 ohms cm2 with increasing aging temperature. This was also attributed to formation of fine intermetallic particles, which acts like galvanic sites.
[image: image13.png]500

2 g

(> sto) axueystsay 9prxQ adepng

30

500

480

460

440

Aging Temperature (\C)




Figure 11. Effect of aging temperature on the surface oxide film resistance of the Ti-4Fe-3Cr-3Cu alloy determined by EIS test.

Conclusions

In the present study, precipitation hardenable metastable-beta type Ti-4Fe-3Cr-3Cu alloy specimens were produced by powder injection moulding (PIM) method for aviation applications. Effects of the aging on the mechanical properties and electrochemical corrosion properties were investigated. Compressive strength values were increased with increasing aging temperature and have reached its maximum at 480 °C. Aging was decreased the polarization resistance and increased the electrochemical corrosion rate. 
The main conclusions of the present study are as follows:

(1) MoE value of the Ti-4Fe-3Cr-3Cu alloy was calculated as 21 MoE, which is in the range of metastable-beta-titanium region.

(2) After calculation, the (Bo, Md) values of the Ti-4Fe-3Cr-3Cu alloy are (2.763, 2.302), which confirms that the alloy is in the beta-titanium phase region in the Bo-Md diagram.

(3) Compressive strength of the Ti-4Fe-3Cr-3Cu alloy was increased with increasing aging temperature and have shown superior properties at 480 °C. 

(4) Cu addition was enhanced the sinterability of the Ti-4Fe-3Cr-3Cu alloy by liquid phase formation. 
(5) Electrochemical corrosion rate of the Ti-4Fe-3Cr-3Cu alloy was increased with aging. 

(6) Aged Ti-4Fe-3Cr-3Cu alloy sample was corroded more severely than the non-aged sample.
(7) Polarization resistance of the Ti-4Fe-3Cr-3Cu alloy was decreased from 799 to 728 ohms cm2 with increasing aging temperature. 

(8) Corrosion rate of the Ti-4Fe-3Cr-3Cu alloy was increased from 541 to 597 mm/year with increasing aging temperature.

(9) Surface oxide film resistance of the Ti-4Fe-3Cr-3Cu alloy was decreased from 449 to 418 ohms cm2 with increasing aging temperature due to formation of fine intermetallic particles, which acts like galvanic sites.
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