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Abstract
Despite its good mechanical properties and naturally high corrosion resistance, titanium and its alloys are still susceptible to flaws arising from both the refining and manufacturing processes. Improper protection from atmosphere may result in unwanted oxidation and nitriding, too much of which can give the material brittle fracture characteristics not dissimilar to ceramics. Additionally, the largely powder metallurgy-based methods of manufacturing for parts made of titanium alloys are at increased risk of introducing voids and porosities within the metal, perhaps critically compromising the component structure. Ultrasonic detection techniques may be used to identify these flaws early, before too much energy has been spent machining and finishing the components, and for surface imperfections, processes such as laser peening can provide extra protection without much risk of warping from thermal expansion.
1 Introduction

While the majority of mined titanium is used for pigment applications (Woodruff, Bedinger, Piatak 2017), the properties of titanium metal make it a good if costly alternative to steel and aluminum alloys more typically employed in the automotive industry. As figure 1 makes clear, pure titanium and particularly titanium alloys—most commonly Ti-6Al-4V (Motyka, Ziaja, Sieniawski 2019)—offer similar yield strength to steels at close to half the density, which offers the potential for improved power-to-weight ratios via mass reduction as well as the potential to reduce inertial parasitic losses from reciprocating engine components such as connecting rods. Figure 2 compares the fatigue strengths and fracture toughnesses of titanium alloys to common automotive metals and it can again be seen that the titanium materials offer similar performance to the steels often used in engine components, indicating at least in the structural sense a suitability for these purposes. These weight and strength characteristics combined with titanium’s generally recognized corrosion resistance due to its strong oxide layer (Seagle 2019) would seem to suggest it as an optimal material for automotive use both in structural and in powertrain components.
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Figure 1: Density vs. Yield Strength of titanium and common automotive metals, generated using ANSYS Granta 2022
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Figure 2: Fatigue Strength vs. Fracture Toughness of titanium and common automotive metals, generated using ANSYS Granta 2022

However, titanium metal and its alloys still do not see widespread automotive use mainly due to economic reasons. Elemental titanium does not exist in a pure state, and instead can be found as oxides in Rutile, Ilmenite, and several other minerals which are mined mainly in Australia and South Africa (Woodruff, Bedinger, Piatak 2017), which may impose supply restrictions sensitive to geopolitical events. Additionally, the refining of these elements into usable titanium metal and alloys is costly and energy intensive, requiring chemical and thermoelectric processes in several steps (Motyka, Ziaja, Sieniawski 2019) not totally unlike the refining process to turn bauxite into aluminum ingots. In figure 3, the embodied energies for both primary production and recycling of titanium and common automotive metals are compared and the staggering energy costs of titanium production can be clearly seen—over 4 times the energy cost to refine and recycle steels, and double the recycling energy costs of aluminum.
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Figure 3: Embodied Energies of titanium and common automotive metals, generated using ANSYS Granta 2022
Of course, in automotive applications where cost is of secondary concern such as racing and supercar development, titanium components can be used as substitutes for a wide variety of parts from bodywork fasteners to connecting rods, and even the most cursory searches can find many aftermarket and bespoke titanium parts suppliers. But no material is perfect, and components of titanium or titanium alloys can suffer from flaws resulting from the refining and manufacturing processes and from the alloying elements themselves; it should go without saying then that measures must be taken to minimize the risk imposed by these flaws, especially in critical applications such as drivetrain components.

2 Refining and Manufacturing Flaws

The refining process for titanium metal can be thought of as having two stages: the production of titanium tetrachloride, followed by the reduction of titanium tetrachloride into titanium sponge used for ingots via the Kroll process or into titanium powder via the Armstrong process. Powder can also be produced via the hydride-dehydride process using titanium sponge or scrap for the input (Motyka, Ziaja, Sieniawski 2019). Both Kroll and hydride-dehydride processes rely on inert environments for some or all of the reactions taking place—this is not only a source of processing cost but also a potential point of failure. Depending on the process, either argon, hydrogen or vacuum environments are used to displace air. Due to the ready reactivity of titanium with air, any contamination of these environments may lead to unexpected and unwanted oxidation or nitriding of the titanium even before it is formed into an ingot. Additionally, the Kroll process later uses electric arc heating via carbon electrode to melt the titanium sponge to form ingots (Motyka, Ziaja, Sieniawski 2019)—it is not unthinkable then that some degree of titanium carbide may be present even in nominally pure titanium due to degradation of the electrode during heating. Since the beta phase of pure titanium has a body centered cubic crystal structure and the atomic size is similar to iron (Seagle 2019), it follows that oxides, nitrides, and carbides of titanium show similar behaviors to those of iron—namely increased hardness and decreased formability, which may be undesirable depending on the usage and manufacturing processes planned for the titanium stock. Indeed, titanium carbide has been found to have fracture mechanics more resembling that of a ceramic (Tang, Shen, An 2018), behavior which would obviously be undesirable in any automotive structural application.
As illustrated in figures 4 and 5, the low thermal expansion coefficient and low thermal conductivity of titanium gives it relatively good weldability, similar to that of medium carbon steel. Considering the poor formability and machinability of titanium and its alloys—generally comparable to or worse than stainless steel—welding should be used in the construction of titanium components wherever possible. Internal stresses from thermal cycling and the size of the heat affected zone may be considered to be minimal, though one disadvantage of the low heat conductivity of titanium may show itself in the form of bad adhesion in deep welds—sufficient heat for fusion simply may not reach small spaces unreachable by the welding apparatus directly. Of similar cause for concern is titanium’s aforementioned reactivity to atmosphere—welding without proper shield, be it gas or slag—may introduce unwanted levels of nitrides and oxides into the heat affected zone, negatively impacting the region’s fracture toughness
Additive processes may prove to be viable alternatives to conventional methods like milling and forging. Due to additive methods’ capability at producing complex topologies and lattice-like forms, additively manufactured components may see significant weight reduction over conventionally produced analogues, which can cause cascading weight savings in supporting components as well (Nyamekye et al 2023). Additive methods also cause less waste; the ratio of material purchased vs material in the completed component, which is typically around 8:1 for conventional methods, may be pushed at low as 1.5:1 for additive manufacturing, further reducing production costs (Nyamekye et al 2023).
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Figure 4: The Thermal Expansion Coefficient and Thermal Conductivity of titanium compared to common automotive metals, generated using ANSYS Granta 2022
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Figure 5: The weldability of titanium and common automotive metals, generated using ANSYS Granta 2022

But with the savings of additive methods come additional risk of flaws. Most additive manufacturing of titanium involves titanium powder produced with the hydride-dehydride or Armstrong processes and possibly refined via secondary processes to more desirable grain size distributions (Seagle 2019). However, as with all powder based materials, smaller grains mean a larger surface area to volume ratio, which means that finer powders will have a larger percentage of oxides, and all powders will contain more oxides than an ingot of equivalent mass. For components such as connecting rods which must meet exacting strength and toughness requirements, higher oxide levels in additively manufactured parts may push the material properties outside of acceptable bounds, resulting in greater risk of part failure. Additively manufactured titanium components may also be at greater risk of porosities, as gas naturally resting between grains of the powder may become trapped during fusion. An unwanted increase in hardness with the addition of porous stress riser features is a sure recipe for failure.
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Figure 6: Acoustic properties of titanium and common automotive metals, generating using ANSYS Granta 2022
As seen in figure 6, titanium and its alloys have acoustic properties somewhere between aluminum alloys and low carbon steels. This means that for flaw detection, ultrasonic testing may be used to good effect. Unfortunately, low acoustic damping may also enable unwanted resonance within a titanium component, particularly in an environment of heavy vibration such as an engine. In such a case, adverse vibrational effects may be countered by either providing some external source of damping via a bushing or similar connector of softer material or by carefully defining the dimensions of the part to not coincide with the wavelengths of any of the predominant vibration sources in the environment.

3 Alloying Flaws

Due to the naturally strong corrosion resistance of titanium, most alloying elements are used either to raise the stable temperature of the alpha phase or lower the stable temperature of the beta phase (Seagle 2019). Doing so can have quite significant effects on the mechanical properties of the alloy, as displayed in figure 7; fracture toughness in particular may be raised to over twice or lowered to below a third of the values seen in nominally pure metal.
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Figure 7: Fatigue strength and Fracture toughness of titanium alloys, generated using ANSYS Granta 2022
While this variability may not be of much concern to alloys of primary production titanium, alloys using recycled titanium, such as the powder that might be produced via the hydride-dehydride process, may be at risk of contamination from undesired alloying elements, or undesired proportions of elements. For parts which must meet exact tolerances like powertrain components, recycled titanium should be avoided for this reason, though it may be quite suitable for less important and non-structural uses such as exhaust covers and bodywork fasteners.
Aside from the possibility of contamination, the processes of alloying themselves must be examined too. Many titanium alloying processes rely either on powder metallurgy or atomization, the latter of which processes are used typically to generate alloy powders for additive manufacturing methods (Motyka, Ziaja, Sieniawski 2019). The more traditional powder metallurgy methods such as compaction and sintering or self propagating high temperature synthesis, while known to generate components with low internal stresses and nearly homogeneous microstructures, nevertheless have increased risk of voids and oxides forming inside the material (Motyka, Ziaja, Sieniawski 2019).

4 Protection Methods

Because titanium so readily forms an oxide layer, coatings to resist corrosion are not typically necessary. Additionally, titanium resides fairly low in the galvanic series, and so is not generally at risk of anodic degradation from bimetallic corrosion. However, some titanium alloys can have slightly reduced resistance to ethyl alchohols. Since these are commonly used as additives to petrol, care should be taken when using titanium alloys for engine components which may come in contact with fuel—while piston heads, valves, and cylinder sleeves are obvious examples, crankcase components such as driveshafts and connecting rods may also come into contact with fuel via piston blow-by, especially in engines which see much use. The simplest solution to such contamination is to add neutralizers to the engine oil, though the porous finish of sintered alloys would also offer good adhesion to coatings. To protect against stress cracking corrosion, components such as connecting rods which see some of the highest inertial forces in an engine may be laser peened to improve their mechanical properties. Since titanium has a relatively low thermal expansion, this process is not likely to cause undue warping even in thin components.
For much of the flaws which may appear in titanium and titanium alloy components, the main protection is prevention—both during the refining and manufacturing stages. The common practice in the refining stages is, as stated earlier, to use inert or vacuum environments. Since the main risk during refining is unwanted oxidation or nitriding, excluding typical atmosphere during the formative processes is the most logical solution. In addition to this, many of the refining processes also bind the titanium to other elements at intermediate steps—chlorine in the Kroll process and hydrogen in the hydride-dehydride process—in order to minimize the opportunity to form oxides or nitrides. Certain ingot formation methods such as cold hearth melting may also be used to separate out alloying impurities by density (Seagle 2019).
Major subsurface flaws such as voids and porosities may be detected by ultrasonic methods owing to titanium’s low mechanical loss coefficient. In pure titanium, cracks and other surface flaws may be found with eddy current testing, though this technique may be less effective on titanium alloys which are generally less conductive. Depending on the component, tolerances for cracks and subsurface flaws may differ. While cracks may be combatted by surface treatments such as peening, subsurface flaws cannot easily be repaired once identified—therefore detection should ideally be carried out at intermediate steps in the manufacturing process in order to avoid the expenditure of time and energy on an internally flawed component which will fail final inspection.

5 Conclusion

Titanium and titanium alloys offer roughly equivalent performance of common steels at close to half the weight, and are naturally highly corrosion resistant, making them ideal for automotive applications where both weight and environmental resistance are important design factors. However, the high cost of titanium refining as well as its poor machinability impose fierce economic disincentives to its widespread use. Because of its high reactivity with atmosphere, special care must be taken during the processing of titanium to ensure that unwanted oxidation or nitriding does not take place—this usually occurs in the form of inert or vacuum environments during refining and ingot formation. Additionally, since many titanium alloys result from powder metallurgy, either via traditional sintering processes or more recently additive manufacturing methods, titanium components are at a higher risk of developing voids and porosities that can negatively effect component performance. The low thermal conductivity of titanium makes it well suited to welding processes by effectively reducing the size of the heat affected zone, but may also result in incomplete fusion in tight spaces where the welding apparatus may not be able to properly reach. Fortunately, titanium’s acoustic properties make it a good match for ultrasonic flaw detection and in the case of nominally pure titanium, eddy current testing may also be used to find surface cracks before they have an opportunity to cause larger problems.
The potential for great gains in both weight reduction and parasitic loss reduction in automotive applications is present in titanium components, though likely will remain restricted to performance markets due to the high cost. In component fabrication, great care should be taken to properly source titanium feedstock in order to minimize unwanted oxides, nitrides, and alloying additions that may have been introduced in the refining process, and welding and additive manufacturing methods should be properly shielded from atmosphere to avoid the introduction of impurities during fusion. Flaw detection techniques should ideally be performed between key manufacturing steps in order to catch potential subsurface voids and porosities which may result in premature parts failure, while surface treatments such as shot or laser peening may be used to reduce the risk of cracks.
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