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1|Introduction 

Titanium alloys are indispensable materials in the aerospace industry, prized for their exceptional properties 

that are ideally suited for advanced aerospace systems. These materials offer a unique combination of high 

specific strength and the strength-to-weight ratio at both ambient and moderately elevated temperatures, 

reaching up to 600°C. Their outstanding corrosion resistance and biocompatibility further enhance their utility 

  Biocompounds 

www.bic.reapress.com  

              Biocompd. Vol. 2, No. 2 (2025) 98–115. 

Paper Type: Original Article 

Prospects of Powder Metallurgy as the Fundamental 

Technique in the Production of Titanium Alloys for the 

Aerospace Industries 

Ndifreke Etebom Itiat1 , Imoh Ime Ekanem1,* , Aniekan Essienubong Ikpe1  

 

1Department of Mechanical Engineering Technology, Akwa Ibom State Polytechnic, Ikot Osurua, Nigeria; 

ndifreke.itiat@akwaibompoly.edu.ng; İmoh.ekanem@akwaibompoly.edu.ng; aniekan.ikpe@akwaibompoly.edu.ng.  
 

Citation: 
 

Received: 02 February 2025 

Revised: 20 April 2025 

Accepted: 12 June 2025 

Itiat, N. E., Ekanem, I. I., & Ikpe, A. E. (2025). Prospects of powder metallurgy as 

the fundamental technique in the production of titanium alloys for the aerospace 

industries. Biocompounds, 2(2), 98-115. 

Abstract 

The aerospace industry faces increasing demands for materials that can withstand extreme operational conditions while minimizing 

weight and maximizing performance. Traditional manufacturing methods, such as casting and wrought processing, often fall short 

in producing titanium alloys that meet these rigorous standards. These methods can lead to defects, inconsistent microstructures, 

and limitations in geometric complexity, which are critical factors in aerospace applications. Consequently, there is a pressing need 

for an alternative manufacturing technique such as Powder Metallurgy (PM), which can address these challenges effectively. The 

methodology employed in this study includes a comprehensive review of existing literature on PM techniques and their recent 

applications in titanium alloys for the aerospace industry. The findings reveal that titanium alloys produced via PM exhibit superior 

mechanical properties, including enhanced tensile strength, ductility, and fatigue resistance, compared to those manufactured 

through traditional methods. The microstructural analysis indicates finer grain sizes and more uniform distributions of alloying 

elements, which contribute to improved performance characteristics. Additionally, PM techniques allow for the production of 

complex geometries that are often unattainable with conventional methods, thereby enabling innovative designs that can optimize 

weight and performance in aerospace applications. By adopting PM as a standard technique for producing titanium alloys, 

manufacturers can achieve significant reductions in material waste and energy consumption, aligning with sustainability goals. 

Furthermore, the ability to produce tailored alloys with specific properties opens new avenues for design innovation, potentially 

leading to lighter, more efficient aircraft. This development would not only enhance the performance of aerospace components 

but also reduce operational costs and improve overall safety.  
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  in demanding aerospace environments [1]. The primary justifications for incorporating titanium in aircraft 

and spacecraft include substantial weight savings, particularly when replacing heavier materials like steel and 

even aluminum, where strength is a critical factor despite titanium's higher density. Titanium's ability to 

maintain performance at elevated operating temperatures (above approximately 130°C) allows it to replace 

aluminum, nickel, and steel alloys in areas such as nacelles, Auxiliary Power Units (APUs), and wing anti-icing 

systems. 

Furthermore, its excellent corrosion resistance makes it a superior choice over aluminum and low alloy steels, 

especially in harsh conditions, and its compatibility with composites (being galvanically compatible with 

carbon fibers) is crucial for modern airframe designs. These attributes make titanium essential for critical 

aerospace components, including structural elements, engine parts like compressor disks, blades, and turbine 

components, as well as landing gear and missile applications [2]. Despite these compelling advantages, the 

widespread adoption of titanium alloys in aerospace has been significantly constrained by their high cost. This 

presents a fundamental market tension: a material with unparalleled performance for critical applications is 

underutilized due to economic limitations. This dynamic suggests that any manufacturing method capable of 

substantially reducing titanium's cost without compromising performance holds immense potential for the 

aerospace industry, driving advancements in fuel efficiency, extended component lifespan, and new design 

possibilities. 

Conventional manufacturing processes for titanium, such as casting, forging, and machining, are inherently 

resource-intensive. These methods typically involve multiple thermo-mechanical processing steps and result 

in considerable material waste. For instance, the traditional manufacturing of titanium alloy fuselage frames 

for the Boeing 787 can lead to an astounding 83% material loss in the form of chips, highlighting a significant 

inefficiency [3]. This high material wastage is reflected in high "Buy-to-Fly (BTF)" ratios, which represent the 

amount of raw material procured relative to the final component's weight. Compounding this, titanium is 

notoriously difficult and expensive to machine, often costing at least 10 times more than machining aluminum. 

This difficulty in machining contributes substantially to the overall high cost of titanium components. The 

initial raw material, titanium sponge, produced via the traditional Kroll process, is itself energy-intensive and 

generates significant waste, further contributing to the high production costs. The inefficient material 

utilization in conventional methods directly inflates the final component cost, making titanium less 

competitive. This underscores how Powder Metallurgy (PM)'s inherent advantage in material efficiency 

directly addresses this fundamental cost issue [4]. The aerospace industry is relentlessly pursuing weight 

reduction to enhance fuel efficiency and minimize its carbon footprint. Concurrently, there is an unwavering 

demand for high performance, durability, and safety in all components. Given that conventional 

manufacturing methods struggle with cost, waste, and design complexity, PM, with its promise of near-net-

shape production, reduced waste, and the ability to create complex geometries, emerges as a strategic 

imperative. This positions PM not merely as an alternative, but as a transformative approach for the future 

of aerospace manufacturing. 

2|Fundamentals of Powder Metallurgy for Titanium Alloys 

2.1|Overview of Powder Metallurgy Principles and Processes 

PM is a sophisticated manufacturing discipline centered on the production, processing, and consolidation of 

fine metal particles to fabricate solid articles. This methodology offers unparalleled control over material 

properties and the final part's geometric configuration [5]. At its core, PM involves the transformation of fine 

particles into a solid component through a series of controlled steps. A notable characteristic of this process 

is that the use of small, homogeneous powder particles typically yields a uniform microstructure in the finished 

product. As a solid-state process, PM involves the precise blending of graded materials, followed by 

compaction, and subsequent sintering within a controlled environment. The general sequence of PM for 

titanium alloys encompasses several critical stages as highlighted below: 
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  I. The preparation of metal alloy powder is a foundational step, as the characteristics of the powder, including 

its size, shape, and surface area, directly dictate the properties of the final product [6]. 

II. Blending or mixing occurs, where metal powders are combined with alloying additions, often in the form 

of master alloys, to achieve the desired bulk chemical composition. Lubricants may also be introduced at 

this stage to facilitate more effective blending. 

III. Compacting transforms the blended mixture into a "Green" compact. This operation, which can be carried 

out either isostatically or with a mechanical press, applies pressures up to 420 MPa (60 ksi), typically 

achieving 80-90% of the theoretical density [7]. 

IV. Sintering is performed, where the green compact is heated to high temperatures (e.g., 95-99.8% theoretical 

density) to increase density further, homogenize the chemistry, and bond the individual particles. This 

critical step is often conducted in a vacuum or an inert environment to prevent undesirable oxidation of 

the titanium. 

V. Optional post-consolidation treatments may be applied to refine the material's properties further. These 

can include annealing heat treatments, typically carried out at temperatures 20-30% below the beta-transus 

temperature for several hours in a vacuum or inert environment, and hydrogenation, where the article is 

hydrogenated to a specific level (e.g., 0.5-1.5 weight percent hydrogen) to prevent cracking during 

subsequent cooling. 

The inherent ability of PM to start with fine, well-mixed particles means that the final material can possess a 

more consistent and uniform microstructure, potentially leading to more predictable mechanical properties 

and reduced anisotropy compared to conventional methods [8]. This microstructural homogeneity is 

particularly valuable for critical aerospace components where reliability and consistent performance across 

the entire part are paramount. The sequential dependency of PM steps, from initial powder characteristics to 

final post-treatment, highlights that any sub-optimality at an early stage can cascade and negatively impact the 

final mechanical properties, especially for demanding aerospace applications. This necessitates rigorous 

process control and a deep understanding of the inter-stage effects to ensure the highest quality output. 

2.2|Titanium Powder Production Methods and Characteristics 

The quality and specific characteristics of titanium powder are of paramount importance in PM, as they 

directly influence the processability and the ultimate properties of the final titanium alloy components [9], 

[10]. Various methods are employed to produce powders with distinct morphologies and purities, each 

offering unique advantages and limitations as follows: 

I. The Atomization method is widely utilized for producing spherical titanium powder. This category includes 

Gas Atomization (GA), where a high-speed airflow impacts molten metal, rapidly cooling it into fine 

powder. GA typically yields spherical powder with low impurity and oxygen content, making it suitable for 

advanced manufacturing techniques like Additive Manufacturing (AM) [11]. 

II. Plasma Atomization (PA) involves melting and atomizing wire-shaped titanium using inert gas plasma jets, 

resulting in very pure, spherical metal powders, typically ranging from 0-200 µm. This method is particularly 

effective for high-temperature melting materials such as titanium and its alloys. Companies like AP&C 

leverage PA for their powder production. 

III. Another significant method is the Plasma Rotating Electrode Process (PREP). In this technique, a rotating 

bar of feedstock material is arced with gas plasma, producing spherical powders, typically between 100-300 

µm [12]. These powders exhibit excellent packing and flow characteristics, rendering them ideal for high-

quality, near-net shapes produced via Hot Isostatic Pressing (HIP). PREP powders often possess a more 

uniform particle size and lack the common associated phases found in other atomized powders. Tekna, for 

instance, employs plasma spheroidization, a related process. 

IV. The Hydrogenation-Dehydrogenation (HDH) method is a low-cost alternative. It involves hydrogenating 

electrolytic or sponge titanium to make it friable, followed by crushing and subsequent dehydrogenation. 

This process yields irregular, non-spherical powder. While it offers advantages such as low cost, a simple 
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  process, and a wide particle size range, its primary drawbacks include higher oxygen and nitrogen content, 

lower purity, and non-uniform particle size and sphericity [13]. Due to potential contaminants, HDH 

powders are generally deemed unsuitable for critical aircraft applications. However, a hydrogenated sponge 

can be compacted to a higher density.  

V. The Reduction method employs active metals like sodium, magnesium, or calcium to reduce titanium salts 

or oxides, producing sponge-like or irregular powder. Specifically, sodium reduction can yield a high-purity 

powder with low levels of oxygen, nitrogen, iron, and carbon impurities, coupled with good flowability. 

Efforts are also underway with emerging processes like FFC Cambridge, MER, CSIRO, and 

ITP/Armstrong, which aim to produce cost-effective titanium powder directly from TiO2 or TiCl4, 

potentially circumventing the expensive Kroll process [14]. 

VI. Mechanical milling involves breaking down titanium chips into irregular particles. Mechanical methods are 

generally the most economical for powder generation. 

The choice of titanium powder production method is critical, as it directly influences the powder's 

characteristics, which in turn dictate the processability and final properties of PM titanium alloys. Key 

characteristics include: 

I. Particle shape: spherical powders generally offer superior flowability, packing density, sintering behavior, 

and surface finish compared to angular or irregular particles. 

II. Particle size: ranging typically from 10 to 150 microns, particle size significantly impacts sintering behavior 

and the final surface finish. Smaller particles are generally preferred for optimal sintering densification, while 

larger particles are less prone to impurity accumulation. 

III. Purity level: this is a crucial factor that directly affects the mechanical properties and microstructure of the 

final product. Oxygen and moisture content, often measured as loss on ignition, are particularly critical, with 

stringent oxygen control being paramount for aerospace applications [15]. 

IV. Density (apparent/tap): values typically range from 1.5-4.5 g/cc and serve as indicators of compressibility, 

powder flow, and packing density. 

V. Flow-ability (hall flow rate): a typical Hall flow rate of 25-35 s/50g is critical for consistent feeding in various 

PM processes. 

Common titanium alloy compositions used for PM include Commercially Pure (CP) Titanium, known for its 

excellent corrosion resistance, and Ti-6Al-4V, a high-strength, heat-treatable alloy that accounts for 

approximately 45% of total titanium production. Other compositions like Ti-6Al-7Nb (biocompatible), Ti-

555 (machinable), and Ti-1023 (high strength, good ductility) are also utilized [16], [17]. Alloying elements 

such as aluminum, vanadium, and niobium are common additions, enhancing strength and workability, while 

trace elements like boron, carbon, iron, and oxygen also influence properties. 

The selection of powder production methods involves a complex interplay between purity, performance, and 

cost. Low-cost methods like HDH tend to yield irregular powders with higher impurity levels, making them 

unsuitable for critical aerospace applications. Conversely, high-purity, spherical powders, produced via 

atomization or PREP, are ideal for advanced PM techniques like AM and HIP, but come at a significantly 

higher cost. This creates a fundamental challenge: achieving the high performance demanded by aerospace 

necessitates high purity, which currently drives up powder costs. Therefore, breakthroughs in low-cost, high-

purity powder production, such as direct reduction methods, are essential for PM to become a truly 

fundamental technique by addressing the cost barrier at its root. 

Furthermore, the morphology (shape and size) of powder particles is not merely descriptive; it is a critical 

process parameter that dictates flowability, packing density, and ultimately, sintering behavior and final surface 

finish [18]. For example, spherical powders are explicitly recognized as ideal for high-quality, near-net shapes 

produced by HIP and for AM. This highlights a direct causal link: the chosen powder production method, 
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  which determines morphology, directly influences the feasibility of subsequent consolidation techniques and 

the quality of the resulting part, underscoring the interconnectedness of the PM chain. 

2.3|Powder Metallurgy Consolidation Techniques 

Following powder production and blending, various consolidation techniques are employed to transform the 

powdered material into a solid, dense component. Each method possesses distinct advantages and is suited 

for specific aerospace applications as follows: 

I. Press and sinter is a conventional PM approach that involves cold compaction of blended powder, followed 

by a sintering process to increase density and homogenize the material's chemistry. This method can achieve 

densities up to 99% of theoretical density and is frequently used with Blended Elemental (BE) powders 

[19]. A primary limitation, however, is that sintered parts may retain residual porosity, which can lead to 

inferior mechanical properties, including strength, toughness, and fatigue resistance, when compared to 

fully dense castings and forgings. Ductility, in particular, is highly sensitive to the presence of porosity. 

II. HIP represents an advanced manufacturing process that applies uniform high pressure, typically ranging 

from 100-200 MPa, and high temperature, usually 60-70% of the material's melting temperature, using inert 

gases like argon or nitrogen within a sealed container [20]. This combined application of heat and pressure 

facilitates sintering and densification. HIP offers significant advantages, including the ability to achieve 

near-net shape forming of complex parts, even those with intricate internal cavities (see Fig. 1). It produces 

components with very high product densities, often approaching 100% theoretical density, by effectively 

eliminating internal defects such as pores and micro-cracks. The resulting microstructure is highly 

homogenized, exhibiting no macroscopic segregation or residual stresses. Mechanical properties can reach, 

or even surpass, those of forged materials, with fracture toughness potentially superior to both cast and 

wrought materials [21]. HIP also improves material utilization and reduces production costs by minimizing 

the need for extensive post-machining. 

Fig. 1. Steps of the hot isostatic pressing process [21]. 
 

III. AM, also known as 3D printing, builds parts layer-by-layer directly from digital models, typically utilizing 

either powder (Powder Bed Fusion (PBF)) or wire (Directed Energy Deposition (DED)). For titanium, 

common AM types include: 

Powder bed fusion 

Selective Laser Melting (SLM): employs a high-power laser to selectively melt powder layers within an inert 

gas environment, as shown in Fig. 2. This method produces complex parts with high precision and good 

surface quality. While it can yield high yield and ultimate tensile strength (up to 50% higher than forged parts), 

it may also result in high residual stress and anisotropic properties [22], [23]. 
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Fig. 2. Selective laser melting [24]. 
 

Electron Beam Melting (EBM): utilizes an electron beam in a vacuum to selectively melt powder. EBM's 

higher preheating temperatures lead to lower residual stress and high density, as seen in Fig. 3. It can 

manufacture complex, defect-free porous structures with higher energy utilization and faster processing 

speeds [25]. EBMed titanium alloys generally exhibit high ductility and relatively high ultimate tensile strength. 

Arcam is a notable company employing EBM. 

Fig. 3. Electron beam melting [26]. 

 

Directed energy deposition 

Wire Arc Additive Manufacturing (WAAM): uses an arc heat source to melt metal wire, depositing layers 

along a designed path (see Fig. 4). WAAM offers a high deposition rate, short lead times, and high material 

utilization, making it suitable for large structural parts [27]. WAAM-printed Ti-6Al-4V can achieve ductility 

comparable to forged parts. 
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Fig. 4. Wire arc additive manufacturing [28]. 
 

Laser Engineered Net Shaping (LENS): involves injecting powder into a melt pool created by a laser beam, 

as seen in Fig. 5. LENS has been used for experimental gas thrusters. 

Fig. 5. Laser engineered net shaping process [29]. 
 

Cold Spray Additive Manufacturing (CSAM): a non-fusion process where high-speed powder particles deform 

and deposit upon impact. CSAM avoids metallurgical defects, tensile residual stresses, cracks, and 

deformation associated with high-temperature melting processes (see Fig. 6). It shortens production time and 

offers unlimited product size and high flexibility. 
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Fig. 6. Cold spray additive manufacturing [30]. 

 

3|Comparative Analysis between Powder Metallurgy and 

Conventional Titanium Manufacturing for Aerospace 

3.1|Material Utilization and Economic Implications 

Material waste and processing costs profoundly influence the economic viability of titanium components in 

aerospace. PM offers distinct advantages in these areas when compared to conventional manufacturing 

methods. In terms of material utilization and waste reduction, PM is recognized as a "near-net-shape" 

technology. This means it produces parts very close to their final dimensions, significantly minimizing material 

waste [31]. Material utilization rates for PM can exceed 95-97%, a level largely unmatched by other processes. 

A notable environmental and economic benefit is that defective "green" compacts can be crushed and reused, 

and any unused powder can be recycled into subsequent production runs. AM, a subset of PM, specifically 

highlights its capability to reduce waste compared to traditional methods significantly. Conversely, traditional 

methods such as forging, casting, and particularly machining, often result in substantial material waste. CNC 

machining, for instance, removes excess material, leading to significant waste that is often difficult or 

impossible to reuse. Forging, while producing strong parts, also necessitates considerable material removal 

[32]. A stark example is the conventional manufacturing of Boeing 787 fuselage frames, which can result in 

approximately 83% of the original material being lost as chips, demonstrating very low material utilization. 

I. The BTF ratio is a critical metric in aerospace, defined as the ratio of the mass of the starting billet of material 

to the mass of the final, finished part. For conventional manufacturing, BTF ratios of 10-to-1 are common 

in aerospace applications, implying that only 10% of the original material remains in the final component. 

Some instances report ratios as high as 21:1 or even 33:1. In contrast, PM, particularly AM, can drastically 

lower the BTF ratio, with examples showing reductions from 33:1 down to 1.5:1 for EBM-produced titanium 

brackets. This reduction in BTF is a primary means of decreasing the overall cost of titanium components. 

The concept of the "BTF" ratio is a critical economic fulcrum. A high BTF ratio directly signifies that a large 

percentage of expensive raw titanium material is machined away and wasted. This waste, coupled with the 

extreme difficulty and cost associated with machining titanium, creates a compounding effect on the final 

part cost [33]. PM's ability to achieve near-net-shape directly addresses this problem, leading to substantial 

cost reductions by fundamentally altering the cost structure of titanium component manufacturing through 

minimizing the most expensive downstream process-machining. 

II. Regarding cost implications, PM offers several advantages. It can be cost-effective in mass production due 

to faster compaction rates and reduced need for secondary processing. The reduced need for extensive post-

machining further contributes to cost savings. Potential cost reductions can be significant, with the cost of 

titanium before machining possibly decreasing by over 50%, and after machining by over 90% [34]. PM is 

also more energy-efficient, requiring fewer manufacturing steps and consuming less energy than traditional 

Ingot Metallurgy (IM). This aligns with PM's recognition as a "green manufacturing process" due to its high 
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  material utilization (up to 97%), lower energy consumption, and reduced use of cutting lubricants and 

cleaning fluids compared to conventional methods. The aerospace industry's increasing focus on 

sustainability and reducing its carbon footprint means that PM's environmental benefits are not merely a 

secondary advantage but a growing strategic imperative, potentially driving its adoption further. 

III. However, PM also presents disadvantages and challenges related to cost. The raw titanium powder, especially 

high-purity, spherical pre-alloyed powders, can be very expensive, with MIM-grade powders reaching up to 

$600/kg. Furthermore, a high capital investment is required for PM equipment and facilities, including 

mixers, presses, furnaces, and automation systems. The molds used in PM are also costly due to the need to 

withstand high pressure and wear, requiring expensive materials and tight tolerances. For HIP, capsule design 

and production alone can account for over 50% of the total cost for complex structures [35]. Producing 

small quantities of components via PM can still incur high costs. In contrast, conventional titanium 

production generally faces high costs due to complex extraction and refining processes, such as the energy-

intensive Kroll process. Forging, for instance, requires intensive labor, specialized equipment, and significant 

material usage, leading to higher production costs. The paradox of capital investment versus operational 

savings is evident. While PM offers significant operational savings through reduced material waste and 

machining, it necessitates a substantial upfront capital investment in equipment and molds. This initial cost 

can act as a barrier to entry, particularly for smaller companies or for low-volume production. This dynamic 

implies that for PM to become truly fundamental, there needs to be either a reduction in equipment costs, 

government incentives, or a shift towards larger-scale, consistent production runs where the capital 

expenditure can be amortized effectively. 

Table 1. Comparison of key indicators of efficiency, cost, and sustainability in titanium manufacturing for 

aerospace applications. 

  

 

 

 

 

 

 

 

 

 

3.2|Mechanical Properties and Microstructural Control 

The performance of titanium alloys in aerospace applications is critically dependent on their mechanical 

properties and the precise control of their microstructure. This section compares how PM and conventional 

methods influence these vital aspects. 

I. Achieving high density is paramount for PM titanium to exhibit mechanical properties comparable to IM 

titanium. A relative density exceeding 98% is generally required for PM titanium to achieve static strength 

and ductility equivalent to IM titanium. The impact of porosity on dynamic properties, particularly fatigue 

strength, is even more pronounced; only fully densified PM titanium can achieve the same fatigue strength 

as IM titanium [36]. The elimination of the last 2% porosity can lead to a remarkable 400% increase in fatigue 

Process 
Type 

Typical Material 
Utilization Rate 
(%) 

Typical 
BTF Ratio 

Relative 
Production 
Cost 

Primary Cost 
Drivers 

Energy 
Efficiency 

Environmental 
Impact 

PM >95-97%  1.5:1 to 
low single 
digits  

Potentially 
low (for 
mass/small-
medium 
parts)  

Powder cost, 
Capital 
Investment, 
Molds/Capsules  

High  Lower waste, 
emissions  

Forging Lower (significant 
removal)  

10:1 to 
33:1  

High  Raw material 
waste, Labor, 
Specialized 
equipment  

Lower Higher waste, 
emissions  

Casting Near-net-shape  Varies Lower (for 
high-
volume)  

Tooling/Mold 
costs, Quality 
control  

Lower Higher waste, 
emissions  

Machining 
(from billet) 

Very Low (e.g., 
17% for B787 
frame)  

10:1 to 
33:1  

Very High  Raw material 
waste, 
Machining 
time/cost  

Lower Higher waste, 
emissions  
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  strength. HIP plays a crucial role in eliminating pores and micro-cracks, ensuring full density, and 

significantly improving fatigue resistance, ductility, and fracture toughness. Conventional methods, such as 

casting and forging, typically produce fully dense materials. However, castings can contain microscopic voids 

and inclusions that may lead to brittleness, whereas forging significantly reduces porosity and inclusions. 

II. The presence of impurities, particularly interstitial elements like oxygen, carbon, nitrogen, and hydrogen, 

profoundly influences titanium's mechanical properties. Oxygen is particularly critical to ductility. For PM 

Ti-6Al-4V, oxygen content must be controlled to less than 0.3 weight percent to prevent a severe decrease 

in ductility. Higher oxygen levels, while increasing yield strength, tensile strength, hardness, and fatigue 

strength, concurrently compromise ductility, impact strength, and fracture toughness. For aerospace 

applications, a stringent maximum oxygen level of 0.2 weight percent is often required for Ti-6Al-4V [37]. 

Similarly, interstitial carbon increases strength and hardness but reduces ductility. Metal Injection Molding 

(MIM) processes can inadvertently introduce carbon from binders if they are not properly removed. 

Titanium's affinity for hydrogen also necessitates careful control, as hydrogenation to a specific level (0.5-

1.5 wt% is preferred, which can prevent cracking during cooling. The consistent linkage between high density 

and low interstitial impurity content to achieving mechanical properties comparable to wrought titanium, 

especially ductility and fatigue strength, highlights a critical causal chain. Insufficient density or excessive 

impurities directly compromise the mechanical integrity required for aerospace, emphasizing that PM's 

success in aerospace relies on achieving a pristine internal material state [38]. This implies that ongoing 

research and development must focus on simultaneously optimizing densification processes and impurity 

control throughout the entire PM chain, from powder production to post-treatment. 

III. Microstructural characteristics and control are fundamental to the performance of titanium alloys. In PM, 

small, homogeneous powder particles typically result in a uniform microstructure in the final product. Fine-

scale microstructures can be achieved by optimizing the sintering cycle, applying post-sintering heat 

treatments, or through thermo-mechanical processing. HIP can lead to a lack of texture, resulting in equal 

properties in all directions (isotropy) [39], [4]. However, some AM processes, such as Laser Powder Bed 

Fusion (LPBF), can produce a martensitic α′ structure with high micro-hardness but lower ductility. WAAM 

may result in large columnar β particles and anisotropy. Microstructure coarsening during sintering can 

slightly reduce yield strength compared to wrought titanium. The addition of molybdenum in PM titanium 

alloys can increase beta-stabilization. 

IV. In contrast, conventional microstructure from wrought or forged materials typically involves equiaxed alpha 

(α) and beta (β) grain structures, which provide balanced properties and are ideal for fatigue resistance. 

Forging refines the microstructure by aligning grain flow, controlling the distribution of alpha and beta 

phases, and eliminating defects, thereby improving strength, toughness, and fatigue resistance. Post-forging 

heat treatments, including annealing, Solution Treatment and Aging (STA), and stress relieving, are crucial 

for optimizing the microstructure for specific applications [40]. The ability to control and refine 

microstructure through PM processes and subsequent heat treatments is a powerful advantage. Unlike 

conventional forging, which imposes grain flow, PM, especially with HIP, can produce isotropic properties, 

which is beneficial for certain design considerations. The fact that PM allows for a "fine and uniform 

microstructure" and that specific microstructural features directly impact tensile and fatigue properties 

indicates that PM offers a level of microstructural engineering previously difficult to achieve. This suggests 

a shift from simply achieving a shape to actively designing the internal material architecture for optimal 

performance. 

V. When comparing mechanical properties, PM titanium, with optimal processing and HIP, can achieve tensile 

strength comparable to or even superior to wrought material (e.g., 975 MPa tensile strength with 12-14% 

elongation for Ti-MIM with HIP). As-printed AM parts can even demonstrate higher ultimate tensile 

strength than forged counterparts. For ductility, PM Ti requires greater than 98% density and controlled 

oxygen levels (less than 0.3 wt%) to achieve equivalence with IM Ti. High oxygen content severely decreases 

ductility. Fracture toughness of PM products (with HIP) can be superior to cast and wrought material (92.5-

96.5 MNm3/2 versus 55 MNm3/2), though high oxygen content compromises this property [41]. For 

fatigue resistance, only fully densified PM Ti can achieve the same fatigue strength as IM Ti, with HIP 

significantly improving fatigue resistance (up to 100 times higher). Wrought processing is generally 
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  considered ideal for fatigue resistance due to its equiaxed grain structures. Hardness in PM titanium increases 

with oxygen content, and PM Ti-6Al-4V sintered at 1500°C can achieve hardness values (370-400 HV) 

comparable to hot wrought alloys. 

The data indicate that while PM offers unique advantages, no single PM technique is a panacea. Many PM 

processes, such as AM and MIM, often require subsequent post-processing like HIP to achieve the full density 

and mechanical properties needed for critical aerospace applications. This points to a trend of "hybrid 

manufacturing" or integrated process chains, for example, combining AM with forging. The implication is 

that the future "Fundamental technique" might not be a single PM process, but rather a sophisticated 

combination of PM and post-PM treatments, or even PM integrated with conventional methods, to leverage 

the strengths of each and mitigate their weaknesses, thereby achieving both geometric complexity and 

superior mechanical performance. 

Table 2. Comparative summary of mechanical properties and microstructural characteristics of PM and 

conventional titanium alloys.  

3.3|Design Flexibility and Component Complexity 

One of the most compelling advantages of PM, particularly AM and MIM, lies in its unparalleled ability to 

produce complex geometries and integrated components, a feat often challenging or impossible with 

conventional manufacturing methods. 

I. PM demonstrates superior design flexibility. It enables the production of parts with intricate designs and 

complex geometries, including sophisticated internal features such as channels for fluid flow, cooling 

systems, or wire ducts. AM particularly excels in creating complex shapes and internal structures that are 

Property Wrought Ti-
6Al-4V 
(Typical 
Range) 

PM Ti-6Al-4V 
(Optimal 
Processing/HIP) 

PM Ti-6Al-4V (As-
Sintered/Less 
Optimal) 

Microstructural 
Characteristics 
(General) 

Key Influencing 
Factors 

Tensile 
Strength 
(MPa) 

930-1000  900-975 
(comparable/super
ior)  

Generally lower 
than wrought  

Wrought: 
Equiaxed α-β, 
aligned grain 
flow; PM 
(Optimal): 
Fine/uniform, 
isotropic with 
HIP; PM (AM 
specific): 
Martensitic α' in 
LPBF, columnar 
β in WAAM  

Density 
(Porosity), 
Oxygen Content, 
Grain Size, Phase 
Distribution, 
Microstructure 
(e.g., alpha plate 
size/aspect ratio)  

Yield 
Strength 
(MPa) 

860  825 (comparable)  Lower if 
microstructure 
coarsening  

  

Elongation 
(%) 

10-14  12-14 (equivalent 
if >98% density, 
<0.3wt% O)  

Severely decreases if 
oxygen >0.3 wt%  

  

Fatigue 
Strength 

High 
(benchmark, 
ideal)  

Comparable to IM 
if fully densified 
(up to 100x higher 
with HIP)  

Poor if pores 
present  

  

Fracture 
Toughness 
(MNm3/2) 

55  92.5-96.5 
(superior)  

Compromised by 
high oxygen  

  

Hardness 
(HB/HV) 

321 HB  334 HB, 370-400 
HV (comparable 
to hot wrought)  

Increases with 
oxygen content  
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  either impossible or prohibitively expensive to achieve with traditional techniques. This capability allows for 

optimized designs tailored to specific loading conditions [42]. A significant benefit of AM is its capacity to 

merge several individual components into a single, integrated part, which reduces assembly steps, lowers 

energy consumption, and simplifies supply chains. MIM further exemplifies this flexibility by combining the 

design freedom typically associated with plastic injection molding with the strength and durability of metal 

materials, facilitating the creation of elaborately shaped metal structures. Even near-net-shape HIP processes 

can achieve complex geometric structures, including shaped inner cavities, with high dimensional accuracy 

(0.2 mm) and excellent surface quality. 

II. It represents a fundamental shift from "Design for manufacturability," where design is constrained by the 

limitations of the manufacturing process, to "design for function," where the design is optimized purely for 

performance, and PM provides the means for its realization. This paradigm shift holds the potential to 

unlock new levels of performance and efficiency in aerospace components by enabling engineers to create 

lighter, stronger, and more integrated designs. The ability of PM, especially AM, to consolidate multiple 

components into one is a multifaceted benefit. This consolidation directly leads to reduced assembly steps, 

saving both energy and labor. It also simplifies supply chains by reducing the number of parts to procure 

and manage, reduces weight by eliminating fasteners and interfaces, and potentially improves overall 

reliability by minimizing potential failure points [43]. These cascading benefits make PM an exceptionally 

attractive proposition for complex aerospace systems where integration and weight savings are paramount. 

III. In contrast, conventional manufacturing methods often impose significant limitations on design complexity. 

Forging, for instance, is primarily suited for shaping solid billets and offers limited design complexity, making 

it less ideal for intricate geometries or hollow structures. Complex designs often necessitate secondary 

machining operations, adding both time and cost [44]. While casting allows for highly detailed and complex 

shapes, including internal cavities and thin-walled structures, it may still be challenging or impossible to 

achieve certain geometries that PM can readily produce. Machining, which starts with a large block of 

material and removes significant amounts of chips, inherently limits geometric freedom and generates 

considerable waste. 

4|Current and Emerging Aerospace Applications of Powder 

Metallurgy Titanium Alloys 

PM is progressively establishing its position within the aerospace industry, transitioning from specialized, 

niche applications to more critical and widespread uses, driven by its distinctive capabilities. 

I. Current applications of PM titanium alloys in aerospace are expanding. High-quality, near-net shapes 

produced by HIP from spherical PREP powders are already utilized for general aviation parts. Historically, 

titanium PM was primarily restricted to space and missile applications. However, its scope has broadened 

considerably. In engine components, titanium powder is employed to produce compressor disks, blades, and 

other engine parts, where its lightweight nature enhances the thrust-to-weight ratio and improves fuel 

efficiency [11]. AM is specifically used for complex engine components such as fuel nozzles, turbine blades, 

and heat exchangers. For structural elements, PM facilitates the production of complex internal structures 

and optimized designs that are crucial for weight reduction and durability. Notably, Boeing has incorporated 

FAA-approved structural Ti-6Al-4V components, manufactured using Rapid Plasma Deposition™, into the 

787-9 passenger floor galley diagonal fittings. Lockheed Martin is also utilizing EBM to fabricate titanium 

brackets for aerospace applications. Experimental gas thrusters made from Ti-Grade 5 have been 

manufactured using LENS [45]. Furthermore, GE Aviation has successfully used AM to produce fuel 

nozzles for its LEAP engine, achieving a 25% weight reduction, five times greater durability, and 

consolidating 20 parts into a single component. Airbus is employing AM for parts in its A350 XWB aircraft, 

and Boeing is employing AM for components like hydraulic tube supports in its 787 Dreamliner. NASA has 

also integrated AM for rocket and spacecraft parts, including injectors for the RS-25 engine. Beyond flight 

components, titanium is a key material for military needs, and PM has been used to produce functionally 

gradient titanium-base armor tiles. 
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  II. The increasing qualification and production applications of PM titanium in commercial and military aircraft, 

including FAA-approved structural components, signify a significant shift. It indicates that PM is moving 

from experimental or low-criticality uses to safety-critical, structural applications [46]. The maturation of PM 

processes, particularly AM and HIP, to consistently deliver properties meeting stringent aerospace standards 

is a key factor enabling this transition. This trend suggests that PM is indeed becoming more fundamental 

as it gains regulatory and industry acceptance for flight-critical parts. 

III. Emerging and future applications and trends for PM titanium alloys are focused on pushing performance 

boundaries. There is significant development of new high-performance titanium alloys designed for higher 

temperature service and more demanding static and dynamic properties. For example, Arconic-THOR is a 

new alloy that bridges the performance gap between current titanium alloys and heavier nickel super-alloys, 

offering a remarkable 50% lower weight for high-temperature applications, which directly translates to cost 

savings and improved fuel efficiency. Research into titanium-based intermetallics, such as TiAl, for high-

temperature applications continues, with Spark Plasma Sintering (SPS) being employed to enhance their 

ductility. Studies are also ongoing for high ductility and damage-tolerant alloys like Ti-407 [47]. The market 

is witnessing a substantial shift with the growing adoption of AM and advanced fabrication technologies for 

producing lightweight, complex, and customized components with reduced material waste and shorter lead 

times. This development of new high-performance titanium alloys specifically for PM, and the use of PM 

for intermetallics, represents a deeper strategic play. These materials are engineered to meet enhanced 

requirements for new applications and higher temperature service, bridging performance gaps. It implies 

that PM is not just replicating existing parts more cheaply but enabling the creation of new classes of 

components with superior performance characteristics, positioning PM as a key enabler for the next 

generation of aerospace hardware. Furthermore, PM-produced Ti-6Al-4V components, with microstructural 

development and hardness values comparable to conventional techniques, are demonstrating their potential 

as cost-effective substitutes in specific aerospace applications. 

5|Challenges and Limitations for Aerospace-Grade Powder 

Metallurgy Titanium 

Despite its promising prospects, PM for aerospace-grade titanium alloys faces several significant challenges 

that must be systematically addressed for its widespread adoption as a fundamental technique. 

I. Cost barriers remain a primary concern. The high price of raw titanium powder, particularly high-purity, 

spherical pre-alloyed powders, is a substantial contributor to the overall high cost of near-net shape products. 

MIM-grade titanium powders, for instance, can be exceptionally expensive, reaching up to $600/kg. 

Furthermore, PM necessitates a significant capital investment in equipment and facilities, including mixers, 

presses, furnaces, and automation systems [48]. The molds used in PM are also costly due to the high 

pressures and wear they must withstand, requiring expensive materials and tight tolerances. For HIP, the 

design and production of capsules alone can account for over 50% of the total cost for complex structures. 

While PM can be cost-effective for mass production and small-to-medium-sized parts, manufacturing larger 

components remains challenging due to equipment limitations and associated costs. Small quantity 

production can also incur high costs. 

II. Material properties and purity control present formidable hurdles. Powder metal parts inherently contain 

pores, which can lead to inferior strength, toughness, and fatigue resistance compared to fully dense castings 

and forgings. Achieving full density (greater than 98%) is critical for aerospace applications to ensure 

performance parity. Interstitial impurities, particularly oxygen, carbon, nitrogen, and hydrogen, are a 

significant challenge, as contamination tends to increase from the powder stage to the final product [49]. 

High oxygen levels severely degrade ductility, impact strength, and fracture toughness, even while increasing 

strength and hardness. Stringent oxygen control, typically less than 0.2-0.3 weight percent, is required for 

aerospace-grade titanium. The introduction of carbon from binders in MIM can result in mechanical 

properties unsuitable for critical aerospace applications. Hydrogen, which titanium readily absorbs, must also 

be carefully controlled to prevent cracking during cooling. The recurring emphasis on the critical role of 

interstitial impurities, particularly oxygen, in degrading ductility, impact strength, and fracture toughness 
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  highlights an "Achilles' heel" for PM. The strict oxygen limits for aerospace-grade Ti-6Al-4V mean that even 

small amounts of contamination can render a part unsuitable [50]. It implies that advancements in PM must 

prioritize ultra-high purity powder production and stringent process control to prevent contamination at 

every stage, as this is often the limiting factor for achieving aerospace-grade mechanical performance, even 

with full densification. 

III. Microstructural inconsistencies can also arise. Some PM processes, such as SLM and WAAM, can result in 

anisotropic mechanical properties due to specific microstructures like columnar β grains or α’ martensite. 

Microstructural inconsistencies stemming from solidification and phase transformations can further scatter 

mechanical properties [51]. Furthermore, the Surface quality of sintered components is generally rougher 

than that of machined parts, often necessitating secondary processing steps to meet aerospace requirements. 

IV. Process limitations add another layer of complexity. Precise dimensional accuracy is challenging due to 

sintering shrinkage in MIM. HIP also involves significant volume shrinkage (30-35%) that requires accurate 

prediction and control. The complexity of preparation links in PM, particularly for HIP, means that 

numerous critical steps must be meticulously controlled; any deviation at any point can lead to quality 

problems [52]. The high reactivity of molten titanium presents challenges in spray forming. CSAM struggles 

with achieving full density for titanium due to its high melting point and strength, often resulting in porous 

deposits and unsatisfactory mechanical properties. 

V. Market acceptance and qualification pose significant barriers. Due to the extremely high requirements for 

product safety and reliability in aerospace, the entry threshold for powder titanium HIP products is very 

high, limiting widespread application. The overall market for PM titanium components remains relatively 

small, estimated at approximately 20,000 lbs per year worldwide. The pre-alloyed approach faces stiff 

competition from "tried and true" cast-and-wrought or direct casting approaches for critical components. 

Concerns about potentially lower properties and the complexities of inspection procedures continue to 

impede broader acceptance. It demands extensive testing, adherence to rigorous standardization, and 

obtaining regulatory approval, all of which are time-consuming and expensive. It implies that the primary 

limitation for PM becoming fundamental is not solely technical capability, but the rigorous, multi-year 

process of aerospace qualification and the inherent risk aversion prevalent in the industry. 

While PM offers advantages for both very small, complex parts (MIM) and larger structural components 

(WAAM, HIP), there are explicit limitations: MIM is "limited to smaller parts" due to shrinkage, and 

conventional PM struggles with "manufacturing larger parts" due to equipment constraints. Conversely, AM 

methods capable of producing larger parts (WAAM) may exhibit lower precision or surface quality. It 

indicates a "scale vs. precision" dilemma. It implies that PM may not become a single fundamental technique 

for all titanium aerospace components, but rather a suite of specialized PM techniques, each optimized for a 

specific size and complexity range, requiring careful selection based on application needs. 

6|Conclusion 

PM offers a compelling and transformative solution to the long-standing challenges of high cost and 

significant material waste that have historically plagued conventional titanium alloy manufacturing in the 

aerospace industry. Its inherent advantages in near-net-shape production are paramount for achieving 

economic viability and sustainability, substantially reducing the "BTF" ratio and the associated machining 

costs. 

I. PM techniques, particularly AM and HIP, provide unprecedented design flexibility. It enables the creation 

of complex, integrated components that were previously impossible or prohibitively expensive to produce 

through traditional methods. With rigorous process control and essential post-processing, PM titanium 

alloys can achieve mechanical properties—including density, strength, ductility, fatigue resistance, and 

fracture toughness—that are comparable to, and in some cases, superior to those of conventional wrought 

materials. 

II. Despite these significant prospects, key hurdles persist. The high cost of specialized titanium powders, 

coupled with the substantial capital investment required for PM equipment, remains a barrier. Furthermore, 
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  stringent control over interstitial impurities, especially oxygen, is critically important to ensure that the 

material meets aerospace-grade performance specifications. The rigorous qualification and certification 

processes for safety-critical aerospace components also represent a significant and time-consuming barrier 

to widespread adoption. 

III. Nevertheless, the trajectory of PM in aerospace is clearly moving towards its establishment as a fundamental 

technique. It is evidenced by increasing market growth and investment, alongside the successful qualification 

and implementation of PM titanium components in both commercial and military aircraft. Ongoing 

advancements in developing low-cost, high-purity powder production methods, coupled with sophisticated 

process optimization and the emergence of hybrid manufacturing approaches, are steadily overcoming 

existing limitations. The collaborative ecosystem involving industry, academia, and government further 

strengthens this trajectory. 

PM is not merely a tool for cost reduction; it is an enabler for next-generation aerospace designs. It offers the 

potential for lighter, higher-performing components that directly contribute to enhanced fuel efficiency and 

a reduced environmental footprint. Continued strategic investment in research and development, alongside 

the establishment of robust standardization and qualification frameworks, will be crucial in fully realizing 

PM's transformative potential and solidifying its indispensable role in the future of aircraft and spacecraft 

manufacturing.    
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