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Introduction 

TITANIUM has been recognized as an element for 200 years. Only in the last 40 years or so, however, has the metal 
gained strategic importance. In that time, commercial production of titanium and titanium alloys in the United States has 
increased from zero to more than 23 million kg/yr (50 million lb/yr). 

The catalyst for this remarkable growth was the development by Dr. Wilhelm J. Kroll of a relatively safe, economical 
method to produce titanium metal in the late 1930s. Kroll's process involved reduction of titanium tetrachloride (TiCl4), 
first with sodium and calcium, and later with magnesium, under an inert gas atmosphere (Ref 1). Research by Kroll and 
many others continued through World War II. By the late 1940s, the mechanical properties, physical properties, and 
alloying characteristics of titanium were defined and the commercial importance of the metal was apparent. 

Commercial titanium production soon began in earnest in the United States, and by 1956 U.S. production of titanium mill 
products was more than 6 million kg/yr (13 million lb/yr) (Ref 2). 

Alloy development progressed rapidly. The beneficial effects of aluminum additions were realized early on, and titanium-
aluminum alloys were soon commercially available. Two alloys that are still widely used, Ti-6Al-4V and Ti-5Al-2.5Sn, 
were both developed in the early 1950s. The Ti-6Al-4V alloy, in fact, accounts for more than half of the current U.S. 
titanium market (Ref 3). 

General Metal Characteristics. The rapid growth of the titanium industry is testimony to the metal's high specific 
strength and corrosion resistance. With density about 55% that of steel, titanium alloys are widely used for highly loaded 
aerospace components that operate at low to moderately elevated temperatures, including both airframe and jet engine 
components (see the section "Applications" in this article). 

Titanium's corrosion resistance is based on the formation of a stable, protective oxide layer. This passivating behavior 
makes the metal useful in applications ranging from chemical processing equipment to surgical implants and prosthetic 
devices. The corrosion behavior of titanium is discussed in detail in the article "Corrosion of Titanium and Titanium 
Alloys" in Corrosion, Volume 13 of ASM Handbook, formerly 9th Edition Metals Handbook. 

Current titanium technology encompasses a variety of products and processes. Some of the latest developments, 
which are briefly reviewed in the section "New Developments" in this article, include new sponge production and melting 
practices, titanium-matrix composites, oxide dispersion-strengthened powder metallurgy (P/M) alloys with novel 
compositions and properties, superplastic forming and diffusion bonding (SPF/DB) of titanium alloy sheet and plate, and 
titanium-base ordered intermetallic compounds. 

This article is intended to provide an overview of contemporary titanium technology. Detailed information on the 
properties, processing, and application of specific titanium alloys and product forms is available in the articles "Wrought 
Titanium and Titanium Alloys," "Titanium and Titanium Alloy Castings," "Titanium P/M Products," "Metal-Matrix 
Composites," and "Ordered Intermetallics" in this Volume. 
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Note 

* *Formerly with ASM INTERNATIONAL 
Alloy Types 

Titanium exists in two crystallographic forms. At room temperature, unalloyed (commercially pure) titanium has a 
hexagonal close-packed (hcp) crystal structure referred to as alpha (α) phase. At 883 °C (1621 °F), this transforms to a 
body-centered cubic (bcc) structure known as beta (β) phase. The manipulation of these crystallographic variations 
through alloying additions and thermomechanical processing is the basis for the development of a wide range of alloys 
and properties. These phases also provide a convenient way to categorize titanium mill products. Based on the phases 
present, titanium alloys can be classified as either α alloys, βalloys, or α+ β alloys. 

Alpha alloys contain elements such as aluminum and tin. These α-stabilizing elements work by either inhibiting change 
in the phase transformation temperature or by causing it to increase (Ref 4). Alpha alloys generally have creep resistance 
superior to β alloys, and are preferred for high-temperature applications. The absence of a ductile-to-brittle transition, a 
feature of β alloys, makes α alloys suitable for cryogenic applications. 

Alpha alloys are characterized by satisfactory strength, toughness, and weldability, but poorer forgeability than β alloys 
(Ref 5). This latter characteristic results in a greater tendency for forging defects. Smaller reductions and frequent 
reheating can minimize these problems. 

Unlike β alloys, alpha alloys cannot be strengthened by heat treatment. They most often are used in the annealed or 
recrystallized condition to eliminate residual stresses caused by working. 

Alpha + beta alloys have compositions that support a mixture of α and β phases and may contain between 10 and 50% 
β phase at room temperature. The most common α + β alloy is Ti-6Al-4V (Ref 4). Although this particular alloy is 
relatively difficult to form even in the annealed condition, α + β alloys generally have good formability. 

The properties of these alloys can be controlled through heat treatment, which is used to adjust the amounts and types of β 
phase present. Solution treatment followed by aging at 480 to 650 °C (900 to 1200 °F) precipitates α, resulting in a fine 
mixture of α and β in a matrix of retained or transformed β phase. 

Beta alloys contain transition elements such as vanadium, niobium, and molybdenum, which tend to decrease the 
temperature of the α to β phase transition and thus promote development of the bcc β phase. They have excellent 
forgeability over a wider range of forging temperatures than α alloys, and β alloy sheet is cold formable in the solution-
treated condition. 

Beta alloys have excellent hardenability, and respond readily to heat treatment. A common thermal treatment involves 
solution treatment followed by aging at temperatures of 450 to 650 °C (850 to 1200 °F). This treatment results in 
formation of finely dispersed α particles in the retained β. 
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Market Development 

From its inception, the titanium industry was tied very closely to the market for commercial and military jet aircraft. 
Dependence on the aerospace industry, which is cyclical in nature, resulted in numerous setbacks. Despite this, growth of 
the U.S. titanium industry has been relatively steady. Figure 1 illustrates the increase of U.S. titanium ingot production 
since 1951. 



 

Fig. 1 Growth of U.S. titanium ingot production, 1951 to 1989. Introduction and growth indicate phases of 
titanium product life cycle. Source: Ref 6 

The Product Life Cycle of Titanium (Ref 6). Product life cycle theory has been used for nearly 40 years to analyze 
the rise and fall of product demand. A typical product life cycle begins with a product's introduction into the marketplace. 
As shown in Fig. 2, this is followed by several more or less well-defined stages of rapid growth, maturity, and ultimate 
decline as replacement products enter the marketplace. Using product life-cycle models originally developed for and 
applied to the U.S. steel and aluminum industries, this theory has recently been applied to relate U.S. titanium demand to 
industrial economic growth. 

 

Fig. 2 Schematic product life cycle curve, showing position of various technologies on curve. Depending on 
market area, titanium ranges from rapid growth to growth/maturing stage. Source: Ref 6 

Reference 6 concludes that, despite continued development of new alloys and product forms, titanium has moved rapidly 
through its product life cycle to maturity in the aircraft industry. The metal is still in the growth stage in applications 



where corrosion resistance is important, such as the marine and biomedical industries. Other commercial and consumer 
applications, such as in the automotive industry and in architecture, are only in the developmental stage. 

These more varied applications should strengthen and stabilize demand for titanium, making titanium producers less 
susceptible to fluctuations in any one application area. This diversification should accelerate as the industry continues to 
mature and titanium makes the transition from a technology product to a commodity product. 

Market Trends. Reference 6 also used product life-cycle analysis to forecast future demand for titanium mill products 
through the end of the century. Table 1 compares past and predicted average annual demands for titanium ingot, castings, 
and mill products. 

Table 1 Past and predicted average annual U.S. demand for titanium and titanium alloys 

Demand, kg × 1000 (lb × 1000)  Product form  

1984-1988  1989-1993  1994-1999  

34,635  38,909  44,182  Ingot  

(76,196)  (85,600)  (97,200)  

20,630  23,273  26,545  Mill products  

(45,387)  (51,200)  (58,400)  

392  727  1,455  Castings  

(862)  (1,600)  (3,200)  
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Applications 

Aerospace applications--including use in both structural (airframe) components and jet engines--still account for the 
largest share of titanium alloy use. Titanium, in fact, was so successful as an aerospace material that other potential 
applications were not fully exploited. These have only more recently begun to be explored; some are in development 
stages, while others are using or starting to use significant quantities of metal. These include:  

• Applications where titanium is used for its resistance to corrosion, such as chemical processing, the pulp 
and paper industry, marine applications, and energy production and storage  

• Biomedical applications that take advantage of the metal's inertness in the human body for use in 
surgical implants and prosthetic devices  

• Special applications that exploit unique properties such as superconductivity (alloyed with niobium) and 
the shape-memory effect (alloyed with nickel)  



• New application areas where the metal's high specific strength is important, such as the automotive 
industry  

• Consumer applications ranging from cameras to jewelry, musical instruments, and sports equipment  

Table 2 provides a list of many uses for titanium in all of these application areas. 

Table 2 Applications for titanium and titanium alloys 

Applications area  Typical uses  

Aerospace     

Airframes  Fittings, bolts, landing gear beams, wing boxes, fuselage frames, flap tracks, slat tracks, brake assemblies, 
fuselage panels, engine support mountings, undercarriage components, inlet guide vanes, wing pivot lugs, keels, 
firewalls, fairings, hydraulic tubing, deicing ductings, SPF parts  

Engines  Compressor disks and blades, fan disks and blades, casings, afterburner cowlings, flange rings, spacers, bolts, 
hydraulic tubing, hot-air ducts, helicopter rotor hubs  

Satellites, rockets  Rocket engine casings, fuel tanks  

Chemical processing  Storage tanks, agitators, pumps, columns, frames, screens, mixers, valves, pressurized reactors, filters, piping and 
tubing, heat exchangers, electrodes and anode baskets for metal and chlorine-alkali electrolysis  

Energy industry     

Power generating 
plants  

Condensers, cooling systems, piping and tubing, turbine blades, generator retaining rings, rotor slot wedges, 
linings for FGD units, nuclear waste disposal  

Geothermal energy  Heat exchangers, evaporators, condensers, tubes  

Marine engineering     

Shipbuilding  Heat exchangers, condensers, piping and tubing, propellers, propeller and rudder shafts, data logging equipment, 
gyrocompasses thruster pumps, lifeboat parts, radar components, cathodic protection anodes, hydrofoil struts  

Diving equipment  Deep-sea pressure hulls, submarines (Soviet Union), submarine ball valves (United States)  

Seawater 
desalination  

Vapor heaters, condensers, thin-walled tubing  

Offshore 
installations  

Cooling equipment, condensers, heat exchangers, piping and tubing, flanges, deep-drilling riser pipes, flexible 
risers, desulfurizes, catalytic crackers, sour water strippers, regenerators, structural components  

Biomedical 
engineering  

Hip- and knee-joint prostheses, bone plates, screws and nails for fractures, pacemaker housings, heart valves, 
instruments, dentures, hearing aids, high-speed centrifugal separators for blood, wheelchairs, insulin pumps  



Deep drilling  Drill pipes, riser pipes, production tubulars, casing liners, stress joints, instrument cases, wire, probes  

Automotive industry  Connecting rods, valves, valve springs and retainers, crankshafts, camshafts, drive shafts, torsion bars, suspension 
assemblies, coil springs, clutch components, wheel hubs, exhaust systems, ball and socket joints, gears  

Machine tools  Flexible tube connections, protective tubing, instrumentation and control equipment  

Pulp and paper  Bleaching towers, pumps, piping and tubing  

Food processing  Tanks (dairies, beverage industry), heat exchangers, components for packaging machinery  

Construction  Facing and roofing, concrete reinforcement, monument refurbishment (Acropolis), anodes for cathodic protection  

Superconductors  Wire rod of Ti-Nb alloys for manufacture of powerful electromagnets, rotors for superconductive generators  

Fine art  Sculptures, fountain bases, ornaments, doorplates  

Consumer products     

Jewelry industry  Jewelry, clocks, watches  

Optics  Eyeglass frames, camera shutters  

Sports equipment  Bicycle frames, tennis rackets, shafts and heads for golf clubs, mountain climbing equipment (ice screws, hooks) 
luges, bobsled components, horse shoes, fencing blades, target pistols  

Musical instruments  Harmonica reeds, bells  

Personal security 
and safety  

Armor (cars, trucks, helicopters, fighter aircraft), helmets, bulletproof vests, protective gloves  

Transportation  Driven wheelsets for high-speed trains, wheel tires  

Cutting implements  Scissors, knives, pliers  

Shape-memory 
alloys  

Nickel-titanium alloys for springs and flanges  

Miscellaneous  Pens, nameplates, telephone relay mechanisms, pollution-control equipment, titanium-lined vessels for salt-bath 
nitriding of steel products  

Source: Ref 7 
Aerospace Applications 



High specific strength, good fatigue resistance and creep life, and good fracture toughness are characteristics that make 
titanium a preferred metal for aerospace applications. Figure 3 illustrates the rapid increase in use of titanium alloys in 
both airframe and engine applications for commercial aircraft. 

 

Fig. 3 Increase of titanium consumption on commercial aircraft for both airframe and engine applications. 
Source: Ref 3 

Airframe Components. The earliest production application of titanium was in 1952, for the nacelles and firewalls of 
the Douglas DC-7 airliner. Since that time titanium and titanium alloys have been used for structural components on 
aircraft ranging from the Boeing 707, to the supersonic SR-71 Blackbird reconnaissance aircraft, to space satellites and 
missiles. 

Jet Engine Components (Ref 8). Titanium fan disks (Fig. 4), turbine blades and vanes, and structurals are commonly 
used in aircraft turbine engines. Titanium research is an important aspect of the drive to increase engine efficiencies, and 
use of titanium in jet engine hot sections is expected to increase as materials capable of withstanding higher temperatures 
are developed (Ref 9; see also the section "New Developments" in this article). 



 

Fig. 4 Forged Ti-6Al-4V jet engine fan disks are 890 mm (35 in.) in diameter and weigh 249 kg (548 lb). 
Courtesy of Wyman-Gordon Company 

Titanium-base intermetallic compounds are another class of materials that promise increased engine thrust-to-weight 
ratios. These are discussed briefly in the section "New Developments" in this article and in the article "Ordered 
Intermetallics" in this Volume. 

Use of precision titanium castings in jet engine applications such as inlet cases and compressor frames is on the rise. The 
article "Titanium and Titanium Alloy Castings" in this Volume contains more information on titanium casting 
technology. 

Corrosion Applications 

Commercially pure titanium is more commonly used than titanium alloys for corrosion applications, especially when high 
strength is not a requirement. Economics are often the deciding factor in selection of titanium for corrosion resistance. 
Some of the most common applications where the corrosion resistance of titanium is important are briefly described here. 
A comprehensive review of the corrosion behavior of titanium materials is available in the article "Corrosion of Titanium 
and Titanium Alloys" in Corrosion, Volume 13 of ASM Handbook, formerly 9th Edition Metals Handbook. 

Chemical and Petrochemical Processing. Titanium equipment including vessels, pumps, fractionation columns, 
and storage tanks is essential in the manufacture of certain chemicals (Ref 10). Figure 5 illustrates two different uses for 
titanium in the chemical processing industry, and the article "Corrosion in the Chemical Processing Industry" in 
Corrosion, Volume 13 of ASM Handbook, formerly 9th Edition Metals Handbook contains more information on the use 
of titanium in the industry. 



 

Fig. 5 Two common corrosion applications for commercially pure titanium components. (a) Valve body. (b) 
Pump body. Both are used in the chemical processing industry. Courtesy of Oregon Metallurgical Corporation 

Marine Engineering. Titanium use in ship designs and for offshore oil platforms has increased steadily in the last few 
years. Applications include propeller and rudder shafts, thruster pumps, lifeboat parts, deep-sea pressure hulls, and 
submarine components (Ref 7). More information on titanium in marine applications is available in the article "Marine 
Corrosion" in Corrosion, Volume 13 of ASM Handbook, formerly 9th Edition Metals Handbook. 

Energy Production and Storage. Titanium plate-type heat exchangers, condensers, and piping and tubing are 
common in energy facilities using seawater for cooling. In power generating plants, titanium steam-turbine blades and 
generator retaining rings are used. A critical application is in the main condensers of nuclear power plants, which must 
remain leak-free (Ref 10). Titanium-clad steel produced by roll cladding also is used for condenser and heat-exchanger 
tubesheets (Ref 10). 

Two relatively new uses for titanium alloys are in flue gas desulfurization (FGD) units used to scrub emissions from coal-
fired power plants, and as canisters to contain low-level radioactive waste such as spent fuels from nuclear power plants. 
These applications are discussed in the articles "Corrosion of Emission-Control Equipment" and "Corrosion in the 
Nuclear Power Industry" in Corrosion, Volume 13 of ASM Handbook, formerly 9th Edition Metals Handbook. 

Surgical Implants and Prosthetic Devices. The value of titanium in biomedical applications lies in its inertness in 
the human body, that is, resistance to corrosion by body fluids. Titanium alloys are used in biomedical applications 
ranging from implantable pumps and components for artificial hearts, to hip and knee implants. Titanium implants with 
specially prepared porous surfaces promote ingrowth of bone, resulting in stronger and longer-lasting bonds between 
bone and implant (see the article "Corrosion of Metallic Implants and Prosthetic Devices" in Corrosion, Volume 13 of 
ASM Handbook, formerly 9th Edition Metals Handbook.). 

A recent biomedical application for titanium alloys is the use of Ti-15Mo-5Zr-3Al wire for sutures and for implant 
fixation. Using titanium wire eliminates the galvanic corrosion that can occur when titanium implants come in contact 
with other implant materials such as stainless steels and cobalt-base alloys (Ref 11). Another biomedical application 
exploits the shape-memory effect seen in nickel-titanium alloys to create compressive stresses that promote knitting of 
broken bones. Shape-memory Ni-Ti alloys also have been employed experimentally to dilate blood vessels, thus 
increasing the flow of blood to vital organs (Ref 12). 

Other Applications 

The unique properties of titanium make it attractive to designers in a variety of industries. Titanium is still relatively 
expensive compared to steel and aluminum, but increasing use of the metal in the areas discussed in this section is 
expected to accelerate cost reductions, resulting in still more growth in application diversity (Ref 10). 

Automotive Components (Ref 10). At least one automobile maker is investigating the use of titanium in valve 
systems and suspension springs; however, no manufacturer has yet used titanium on production models. Automotive parts 
considered to have excellent commercial potential for use of titanium are valves and valve retainers. Racing automobiles 



have made extensive use of titanium alloys for engine parts (Fig. 6), drive systems, and suspension components for some 
years, while a titanium alloy connecting rod has been used successfully by a Japanese motorcycle manufacturer. 
Development of low-cost, durable surface treatments is considered essential to the increased automotive use of titanium. 

 

Fig. 6 Forged alloy connecting rod for a racing engine is indicative of increasing automotive applications for 
titanium. Component, courtesy of Jet Engineering Inc.; photograph by R.T. Kiepura, ASM INTERNATIONAL 

Architecture. Japanese architects have used titanium as a building material for some time (Ref 10). An example is the 
roof of the Kobe Municipal Aquarium, which used approximately 11,000 kg (24,000 lb) of titanium. Although more 
costly than stainless steels, titanium is considered cost-effective in structures erected in the tropics and other areas where 
buildings are exposed to strong, warm sea winds (Ref 10). 

Consumer Goods. Interest in titanium as a material for a wide variety of consumer products is on the rise. Figure 7 
shows a consumer application, and Table 2 lists numerous decorative and functional consumer applications for titanium. 

 

Fig. 7 Lightweight forged titanium alloy wrenches are typical of growing consumer applications for titanium. 
Courtesy of Jet Engineering Inc. 
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New Developments 

Several titanium processing and materials technologies currently in various stages of development have the potential to 
profoundly impact future titanium use, and for this reason they merit explanation. These include development of new 
sponge production and melting processes, oxide dispersion-strengthened alloys prepared using P/M techniques, titanium-
base intermetallic compounds, titanium-matrix composites, SPF/DB of titanium alloys, and increased use of titanium 
scrap materials. 

Sponge Production (Ref 13). Recent work has aimed at not only improving the efficiency of the Kroll process, but 
also developing new production methods. One of the recently developed methods involves reduction of sodium 
fluorotitanate (Na2TiF5) by an aluminum-zinc alloy to produce a molten titanium-zinc alloy. The zinc is then removed 
from this by evaporation. Another process uses electrolysis to reduce either TiCl4 or titanium dioxide (TiO2) to titanium 
metal. 

Melting Practice. Titanium sponge is most commonly double vacuum-arc remelted with recycled scrap material and 
alloying elements to produce titanium alloy ingot. Electron beam and plasma cold-hearth melting are relatively new 
melting practices designed to minimize internal ingot defects. Longer dwell times in the liquid pool, longer solution 
periods, and better mixing prevent nonmetallic inclusions and unmelted refractory metals from being incorporated into 
the ingot. 

Powder Metallurgy Alloys. Powder metallurgy production techniques such as rapid solidification processing and 
mechanical alloying are being used to produce titanium alloys with novel compositions that would be impossible to 
achieve through conventional processing (Ref 9, 14). Titanium alloys produced by these methods may contain rare earth 
elements such as cerium, or large quantities of β stabilizers, which tend to segregate under normal processing conditions. 
Oxide dispersion-strengthening, an approach widely used to enhance the properties of nickel-base alloys, is also possible 
using P/M techniques to incorporate dispersion-forming elements such as silicon and boron into the titanium alloy matrix. 

Titanium-Base Intermetallic Compounds. Ordered intermetallics with composition near Ti3Al (actually Ti-24Al-
11Nb) have better oxidation resistance, lower density, improved creep resistance, and higher modulus than conventional 
titanium alloys (Ref 15). These materials have the potential to greatly increase the thrust-to-weight ratio of aircraft 
engines. Full-scale heats of Ti3Al have been produced and fabricated using conventional equipment into billet, plate, and 
sheet. The article "Ordered Intermetallics" in this Volume contains more information on titanium aluminide 
intermetallics. 

Titanium-Matrix Composites. Metal-matrix composites (MMCs) combine the attributes of the base (matrix) metal 
with those of a reinforcing phase. In the case of titanium-base MMCs, this combination of properties translates to low 
density with increased high-temperature strength and stiffness (Fig. 8). Titanium-matrix composites have been fabricated 
using a variety of techniques, including P/M processing (Ref 16, 17). More information on MMCs is available in the 
article "Metal-Matrix Composites" in this Volume. 



 

Fig. 8 High-temperature strength and stiffness of a titanium MMC compared to conventional alloy Ti-6Al-4V. 
Produced using powder metallurgy techniques, the MMC consists of a Ti-6Al-4V matrix reinforced with 10% 
titanium carbide (TiC) particles. Source: Ref 16 

Superplastic Forming and Diffusion Bonding. Superplastic forming and concurrent diffusion bonding of titanium 
alloy sheet components is a technology that has moved out of the laboratory and into commercial production (Ref 18, 19). 
The process has the potential to drastically reduce the number of parts and fasteners needed in airframe structures and 
other complex components. More information on SPF/DB of titanium also is available in the articles "Forming of 
Titanium and Titanium Alloys" and "Superplastic Sheet Forming" in Forming and Forging, Volume 14 of ASM 
Handbook, formerly 9th Edition Metals Handbook. 

Recycling of Titanium Scrap. As the titanium industry has matured, the use of recycled material has increased. In 
recent years even machine turnings and chips have been approved for recycling, and U.S. titanium producers used nearly 
18 million kg (40 million pounds) of titanium scrap in 1988 (Ref 20). More information on recycling of titanium alloys is 
available in the article "Recycling of Nonferrous Alloys" in this Volume. 
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Wrought Titanium and Titanium Alloys 
S. Lampman, ASM INTERNATIONAL 

 
Introduction 

THE WROUGHT product forms of titanium and titanium-base alloys, which include forgings and the typical mill 
products, constitute (on a weight basis) more than 70% of the market in titanium and titanium-alloy production. Various 
specifications for wrought titanium-base products are listed in Table 1. The wrought products are the most readily 
available product form of titanium-base materials, although cast and powder metallurgy (P/M) products are also available 
for applications that require complex shapes or the use of P/M techniques to obtain microstructures not achievable by 
conventional ingot metallurgy. Powder metallurgy of titanium has not gained wide acceptance and is restricted to space 
and missile applications. Cast and P/M titanium-base products are discussed in the subsequent articles in this Volume. 

Table 1 Various specifications for wrought products of titanium and titanium alloys 

Specification or standard for:  Issuing agency or 
the name of the 
standard 
or specification  Plate, sheet, 

or strip  
Forgings  Bar or billet  Rod or wire  Pipe 

or 
tubes  

Extrusions  Other  

American  

Aerospace 
Material 
Specifications 
(AMS) issued by 
Society of 
Automobile 
Engineers (SAE)  

4900-4902, 
4905-4919  

4920, 4921, 
4924, 4928, 
4930, 4965-4967, 
4970, 4971, 
4973, 4974, 
4976, 4978, 
4979, 4981, 
4983, 4984, 
4986, 4987  

4921, 4924, 
4926, 4928, 
4930, 4965, 
4967, 4970-
4972, 4974, 
4975, 4977-
4981, 4995, 
4996  

Welding 
wire, 4951, 
4953, 4954-
4956; Other, 
4959 and 
4982  

4941-
4944  

Flash-welded 
ring 
extrusions, 
4933-4936  

Bolts and 
screws, 7640; 
Spring wire, 
4959; and rings 
in listings for 
extrusions and 
bars  

American Society 
for Testing and 
Materials (ASTM)  

B 265  B 381 and F 620  Bar and billet, 
B 348, F 67  

. . .  B 337 
and B 
338  

. . .  Nuts, F 467; 
Bolts, F 468; 
Surgical 
implants, F 67, 
F 136 and F 620  



SAE (see also 
AMS listings)(a)  

MAM 2242     MAM 2241, 
MAM 2245  

MAM 2245  . . .  . . .  Shapes, MAM 
2245  

Military  MIL-T-9046  MIL-T-24585, 
MIL-T-9047, 
MIL-F-83142 
(premium quality 
forgings)  

MIL-T-9047  MIL-T-
24585 (rod), 
MIL-R-
81588 
(welding rod 
and wire)  

. . .  MIL-T-81556 
(aircraft 
quality bar 
and shape 
extrusions)  

MIL-T-40635: 
high-strength 
wrought Ti 
alloys for 
critical 
components  

Asian  

Japanese 
Industrial 
Standards (JIS)  

H4600  . . .  H4650  Rod, H4650; 
Wire, 
H4670; 
Welding 
wire, H3331  

H4630 
and 
H4631  

. . .  . . .  

Japanese Titanium 
Society industrial 
standards (TIS)(b)  

TIS 7912  TIS 7607  TIS 7915  Rod, TIS 
7915; Wire, 
TIS 7916  

TIS 
7913, 
TIS 
7914  

. . .  . . .  

South Korean 
standards  

D 5577  . . .  D5604  Rod, D 
5604; Wire, 
D 5576; Rod 
and wire, D 
5577; 
Welding 
wire, D 7030  

D 
5574, 
D 5575  

. . .  . . .  

European  

Association 
Européenne des 
Constructeurs de 
Matériel 
Aérospatial 
(AECMA)  

prEN2517, 
prEN2525-
prEN2528  

prEN2520, 
prEN2522, 
prEN2524, 
prEN2531  

prEN2518, 
prEN2519, 
prEN2521, 
prEN2530, 
prEN2532-
prEN2534  

. . .  . . .  . . .  . . .  

Deutsche 
Industrie Normen 
(DIN) standards 
(Germany)  

DIN 17860, 
V LN 65039, 
and LN 9293  

DIN 17864, V 
LN 65040  

DIN 17862, V 
LN 65040  

Wire, DIN 
17863  

. . .  . . .  Bolts, LN 
65047, Joining 
elements, LN 
65072  

French  AIR 9182 
(sheet)  

AIR 9183  AIR 9183  . . .  . . .  . . .  Bolts and 
screws, AIR 
9184;  

British Standards 
Institution  

2TA.1, 
2TA.2, 
2TA.6, 
2TA.10, 
2TA.21, 

2TA.4, 2TA.5, 
2TA.8, 2TA.9, 
2TA.12, TA.13, 
2TA.23, TA.24, 
TA.39, TA.41-

Bar and 
section: 2TA.3, 
2TA.7, 
2TA.11, 
2TA.22, 

Wire for 
fasteners, 
TA.28  

. . .  . . .  Fasteners, 
TA.28; Surgical 
implants, BS 
3531 (part 1, 2)  



TA.52, 
TA.56-TA.59  

TA.44, TA.47, 
TA.48, TA.50, 
TA.51, TA.54, 
TA.55  

TA.38, TA.45, 
TA.46, TA.49, 
TA.53  

Source: Adapted from Ref 1 

(a) MAM, metric aerospace recommended practice. 

(b) Except for the TIS 7607 standard for forgings, the listed TIS are for titanium-palladium alloys only. 

 

The primary reasons for using titanium-base products stem from the outstanding corrosion resistance of titanium and/or 
its useful combination of low density ( ; 4.5 g/cm3, or 0.16 lb/in.3) and high strength (minimum 0.2% yield strengths vary 
from 480 MPa, or 70 ksi, for some grades of commercial titanium to about 1100 MPa, or 160 ksi, for structural titanium 
alloy products and over 1725 MPa, or 250 ksi, for special forms such as wires and springs). Some titanium alloys 
(especially the low-interstitial alpha alloys) are also useful in subzero and cryogenic applications because these alpha 
alloys do not exhibit a ductile-brittle transition. 

Another important characteristic of titanium-base materials is the reversible transformation (or allotropy) of the crystal 
structure from an alpha (α) (hexagonal close-packed) structure to a beta (β) (body-centered cubic) structure when the 
temperatures exceed a certain level. This allotropic behavior, which depends on the type and amount of alloy contents, 
allows complex variations in microstructure and more diverse strengthening opportunities than those of other nonferrous 
alloys such as copper or aluminum. This diversity of microstructure and properties depends not only on alloy additions 
but also on thermomechanical processing. By varying thermal or mechanical processing, or both, a broad range of 
properties can be produced in titanium alloys. 

The elevated-temperature strength and creep resistance of titanium-base materials (along with the pickup of interstitial 
impurities due to the chemical reactivity of titanium) limits the elevated-temperature application of wrought and cast 
products to about 540 °C (1000 °F) or perhaps 600 °C (1100 °F) in some cases. For higher temperatures, Ti-aluminide 
products are an active area of research and development (see the article "Ordered Intermetallics" in this Volume). 
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Pure titanium wrought products, which have minimum titanium contents ranging from about 98.635 to 99.5 wt% (Table 
2), are used primarily for corrosion resistance. Titanium products are also useful in applications requiring high ductility 
for fabrication but relatively low strength (Table 2) in service. 

Table 2 Comparison of various specifications for commercially pure titanium mill products 

Tensile properties(a)  Designation  Chemical composition, % max  

Ultimate 
strength  

Yield strength  Minimum 
elongation, 
%  



 
C  H  O  N  Fe  Other  Total 

others  
MPa  ksi  MPa  ksi  

%  

JIS Class 1  . . .  0.015  0.15  0.05  0.20  . . .  . . .  275-
410  

40-
60  

165(b)  24(b)  27  

ASTM grade 1 
(UNS R50250)  

0.10  (c)  0.18  0.03  0.20  . . .  . . .  240  35  170-
310  

25-45  24  

DIN 3.7025  0.08  0.013  0.10  0.05  0.20  . . .  . . .  295-
410  

43-
60  

175  25.5  30  

GOST BTI-00  0.05  0.008  0.10  0.04  0.20  . . .  0.10 max  295  43  . . .  . . .  20  

BS 19-27t/in.2  . . .  0.0125  . . .  . . .  0.20  . . .  . . .  285-
410  

41-
60  

195  28  25  

JIS Class 2  . . .  0.015  0.20  0.05  0.25  . . .  . . .  343-
510  

50-
74  

215(b)  31(b)  23  

ASTM grade 2 
(UNS R50400)  

0.10  (c)  0.25  0.03  0.30  . . .  . . .  343  50  275-
410  

40-60  20  

DIN 3.7035  0.08  0.013  0.20  0.06  0.25  . . .  . . .  372  54  245  35.5  22  

GOST BTI-0  0.07  0.010  0.20  0.04  0.30  . . .  0.30 max  390-
540  

57-
78  

. . .  . . .  20  

BS 25-35t/in.2  . . .  0.0125  . . .  . . .  0.20  . . .  . . .  382-
530  

55-
77  

285  41  22  

JIS Class 3  . . .  0.015  0.30  0.07  0.30  . . .  . . .  480-
617  

70-
90  

343(b)  50(b)  18  

ASTM grade 3 
(UNS R50500)  

0.10  (c)  0.35  0.05  0.30  . . .  . . .  440  64  377-
520  

55-75  18  

ASTM grade 4 
(UNS R50700)  

0.10  (c)  0.40  0.05  0.50  . . .  . . .  550  80  480  70  20  

DIN 3.7055  0.10  0.013  0.25  0.06  0.30  . . .  . . .  460-
590  

67-
85  

323  47  18  

ASTM grade 7 
(UNS R52400)  

0.10  (c)  0.25  0.03  0.30  0.12-0.25 Pd  . . .  343  50  275-
410  

40-60  20  



ASTM grade 11 
(UNS R52250)  

0.10  (c)  0.18  0.03  0.20  0.12-0.25 Pd  . . .  240  35  170-
310  

24.5-
45  

24  

ASTM grade 12 
(UNS R53400)  

0.10  0.015  0.25  0.03  0.30  0.2-0.4 Mo, 
0.6-0.9 Ni  

. . .  480  70  380  55  12  

Source: Adapted from Ref 1 

(a) Unless a range is specified, all listed values are minimums. 

(b) Only for sheet, plate, and coil. 

(c) Hydrogen limits vary according to product form as follows: 0.015H (sheet), 0.0125H (bar), and 0.0100H (billet). 

 

Corrosion Resistance and Chemical Reactivity. Although titanium is a highly reactive metal, titanium also has an 
extremely high affinity for oxygen and thus forms a very stable and highly adherent protective oxide film on its surface. 
This oxide film, which forms spontaneously and instantly when fresh metal surfaces are exposed to air and/or moisture, 
provides the excellent corrosion resistance of titanium. However, anhydrous conditions in the absence of a source of 
oxygen may result in titanium corrosion, because the protective film may not be regenerated if damaged. This is 
particularly true of crevice corrosion. Titanium and titanium alloys may be subject to localized attack in tight crevices 
exposed to hot (>70 °C, or 160 °F) chloride, bromide, iodide, fluoride, or sulfate-containing solutions. Crevices can stem 
from adhering process stream deposits or scales, metal-to-metal joints (for example, poor weld joint design or tube-to-
tubesheet joints), and gasket-to-metal flange and other seal joints. The mechanism for crevice corrosion of titanium is 
similar to that for stainless steels, in which oxygen-depleted reducing acid conditions develop within tight crevices. 

General corrosion rates for unalloyed titanium (99.2 wt% Ti with traces of oxygen) in selected media are given in Table 
3. These data should be used only as a guideline for general performance. Rates may vary depending on changes in 
medium chemistry, temperature, length of exposure, and other factors. Also, total suitability of an alloy cannot be 
assumed from these values alone, because other forms of corrosion, such as localized attack, may be limiting. These and 
other factors affecting the corrosion of titanium are discussed in more detail in Corrosion, Volume 13 of ASM Handbook, 
formerly 9th Edition Metals Handbook. 

Table 3 Corrosion rates for unalloyed titanium (99.2% Ti) in selected media 

Temperature  Corrosion rate  Corrodent  Concentration, %  

°C  °F  m/yr  mils/yr  

5, 25, 75  100  212  nil  nil  Acetic acid  

50, 99.5  100  212  0.25  0.01  

25  25  77  <2  <0.1  Aluminum chloride, aerated  

5, 10  60  140  <2.5  <0.1  



 
10  100  212  <2.5  <0.1  

Ammonium chloride  1, 10, saturated  20-100  68-212  <13  <0.5  

5  25  77  nil  nil  Ammonium sulfate  

Saturated + 5% H2SO4  25  77  25  1  

100  25  77  nil  nil  Aqua regia (3:1)  

100  77  170  890  35  

28  Boiling  nil  nil  Calcium chloride  

5, 10, 20  100  212  <25  <1  

Saturated  25  77  nil  nil  Calcium hypochlorite  

2, 6  100  212  1.3  0.05  

Chlorine                 

Saturated with H2O  . . .  25  77  125  5  

More than 0.013% H2O  . . .  79  175  nil  nil  

Dry  . . .  32  90  Rapid  Rapid  

Copper nitrate  Saturated  25  77  nil  nil  

Cupric chloride  20, 40  Boiling  nil  nil  

10, 20  25  77  nil  nil  

5  60  140  nil  nil  

10-40  Boiling  nil  nil  

30  93  200  nil  nil  

Ferric chloride  

10-30  100  212  <13  <0.5  



 
5 + 10% NaCl  100  212  <13  <0.5  

Ferric sulfate  10  25  77  nil  nil  

Ferrous sulfate  Saturated  25  77  nil  nil  

5  35  95  <50  <2  

10  35  95  1000  40  

Hydrochloric acid  

20  35  95  4400  175  

10 + 0.05  65  150  <50  <2  

10 + 0.1  65  150  <25  <1  

10 + 0.2, 0.25, or 0.5  65  150  nil  nil  

Hydrochloric acid plus copper sulfate  

10 + 1  65  150  <25  <1  

Hydrogen sulfide  Saturated water  25  77  <125  <5  

10-85  100  212  <125  <5  Lactic acid  

10-100  Boiling  <125  <5  

Lead acetate  Saturated  25  77  nil  nil  

5-40  Boiling  nil  nil  Magnesium chloride  

5-40  100  212  <125  <5  

5  100  212  <25  <1  

10  100  212  <50  <2  

40-50, 69.5  100  212  <25  <1  

65  175  347  <125  <5  

Nitric acid  

40  200  392  <1250  <50  



70  270  518  <1250  <50  
 

20  290  554  300  12  

5-30  25  77  <50  <2  

35-85  25  77  <1250  <50  

85  38  100  1000  40  

6-35  60  140  <1250  <50  

10  79  175  1250  50  

Phosphoric acid  

5  100  212  <1250  <50  

Seawater  . . .  25  77  nil  nil  

Silver nitrate  50  25  77  nil  nil  

15  25  77  nil  nil  

1  60  140  nil  nil  

3  60  140  1.3  0.05  

Sulfuric acid  

5  60  140  730  29  

Saturated  25  77  nil  nil  

10  Boiling  nil  nil  

Zinc chloride  

20  100  212  <125  <5  

 

Precautions in Use. Hydrogen embrittlement of titanium can occur in pickling solutions (or other hydrogenating 
solutions) at room temperature and at elevated temperatures during air exposure or in exposures to reducing atmospheres. 
Nonetheless, titanium alloys are widely used in hydrogen-containing environments and under conditions in which 
galvanic couples or cathodic charging (impressed current) causes hydrogen to be evolved on metal surfaces. Although 
hydrogen embrittlement has been observed, traces of moisture or oxygen in hydrogen gas containing environments 
effectively form the protective oxide film, thus avoiding or limiting hydrogen uptake (Ref 2, 3, 4, 5). On the other hand, 
anhydrous hydrogen gas atmospheres may lead to absorption, particularly as temperatures and pressures increase. 
Hydrogen embrittlement can also occur at relatively low hydrogen levels due to the hydrogen in the material in the 
presence of a stress riser under certain conditions. 



Elevated temperature atmospheric exposure also results in oxygen and nitrogen contamination that increases in severity 
with increasing temperature and time of exposure. Violent oxidation reactions can occur between titanium and liquid 
oxygen or between titanium and red fuming nitric acid. Titanium alloys exhibit good corrosion resistance to white fuming 
nitric acids. 

Crystal Structure. Pure titanium at room temperature has an alpha (hexagonal close-packed) crystal structure, which 
transforms to a beta (body-centered cubic) structure at a temperature of about 885 °C (1625 °F). This transformation 
temperature can be raised or lowered depending on the type and amount of impurities or alloying additions. The addition 
of alloying elements also divides the single temperature for equilibrium transformation into two temperatures--the alpha 
transus, below which the alloy is all-alpha, and the beta transus, above which the alloy is all-beta. Between these 
temperatures, both alpha and beta are present. Depending on the level of impurities, the beta transus is about 910 ± 15 °C 
(1675 ± 25 °F) for commercially pure titanium with 0.25 wt% O2 max and 945 ± 15 °C (1735 ± 25 °F) with 0.40 wt% O2 
max. For the various ASTM grades of commercially pure titanium, typical transus temperatures (with an uncertainty of 
about ± 15 °C, or ±25 °F) are:  

 

Typical β 
transus  

Typical α 
transus  

Designation  

°C  °F  °C  °F  

ASTM grade 1  888  1630  880  1620  

ASTM grade 2  913  1675  890  1635  

ASTM grade 3  920  1685  900  1650  

ASTM grade 4  950  1740  905  1660  

ASTM grade 7  913  1675  890  1635  

Typical unit cell parameters for an alpha crystal structure at 25 °C (77 °F) are:  

a = 0.2950 nm 
c = 0.4683 nm  

Impurity elements (commonly oxygen, nitrogen, carbon, and iron) influence unit cell dimensions. The typical unit cell 
parameter for the beta structure is 0.329 nm at 900 °C (1650 °F). 

The microstructure of unalloyed titanium at room temperature is typically a 100% alpha-crystal structure. As 
amounts of impurity elements increase (primarily iron), small but increasing amounts of beta are observed 
metallographically, usually at alpha grain boundaries. Annealed unalloyed titanium may have an equiaxed or acicular 
alpha microstructure. Acicular alpha occurs during beta-to-alpha transformation on cooling through the transformation 
temperature range. Platelet width decreases with cooling rate. Equiaxed alpha can only be produced by recrystallization of 
material that has been extensively worked in the alpha phase. The presence of acicular alpha, therefore, is an indication 
that the material has been heated to a temperature above the beta transus. A beta structure cannot be retained at low 



temperatures in unalloyed titanium, except in small quantities in materials containing beta stabilizing contaminants such 
as iron. 

Effect of Impurities on Mechanical Properties. Besides the effect on transformation temperatures and lattice 
parameters, impurities also have important effects on the mechanical properties of titanium. Residual elements such as 
carbon, nitrogen, silicon, and iron raise the strength and lower the ductility of titanium products. The effect of carbon, 
oxygen, and nitrogen is shown in Fig. 1. 

 

Fig. 1 Effects of interstitial-element content on strength and ductility of unalloyed titanium 

Basically, oxygen and iron contents determine strength levels of commercially pure titanium. In higher strength grades, 
oxygen and iron are intentionally added to the residual amounts already in the sponge to provide extra strength. On the 
other hand, carbon and nitrogen usually are held to minimum residual levels to avoid embrittlement. 

When good ductility and toughness are desired, the extra-low interstitial (ELI) grades are used. In ELI grades, carbon, 
nitrogen, oxygen, and iron must be held to acceptably low levels because they lower the ductility of the final product (see, 
for example, the effect of carbon, oxygen, and nitrogen in Fig. 1). 

The titanium for ingot production may be either titanium sponge or reclaimed scrap. In either case, stringent 
specifications must be met for control of ingot composition. Most important are the hard, brittle, and refractory titanium 
oxide, titanium nitride, or complex titanium oxynitride particles that, if retained through subsequent melting operations, 
could act as crack initiation sites in the final product. 

Titanium sponge is manufactured by first chlorinating the ore (most commonly rutile or synthetic rutile) and then 
reducing the resulting TiCl4 with either sodium or magnesium metal. Sodium-reduced sponge is leached with acid to 
remove the NaCl by-product of reduction. Magnesium-reduced sponge may be leached, inert-gas swept, or vacuum 
distilled to remove the excess MgCl2 by-product. Vacuum distilling results in lower residual levels of magnesium, 
hydrogen, and chlorine. Modern melting techniques remove volatile substances from sponge, so that ingot of high quality 
can be produced regardless of which method is used for production of sponge. Electrolytic methods are being used to 
produce a very high purity titanium sponge on a pilot-plant scale. 

Reclaimed scrap makes production of ingot titanium more economical than production solely from sponge. If properly 
controlled, addition of scrap (commonly referred to as revert) is fully acceptable and can be used even in materials for 
critical structural applications, such as rotating components for jet engines. 

All forms of scrap can be remelted--machining chips, cut sheet, trim stock, and chunks. To be utilized properly, scrap 
must be thoroughly cleaned and carefully sorted by alloy and by purity before being remelted. During cleaning, surface 
scale must be removed, because adding titanium scale to the melt could produce refractory inclusions or excessive 
porosity in the ingot. Machining chips from fabricators who use carbide tools are acceptable for remelting only if all 
carbide particles adhering to the chips are removed; otherwise, hard high-density inclusions could result. Improper 
segregation of alloy revert could produce off-composition alloys and could potentially degrade the properties of the 
resulting metal. 



Melting Practice for Ingot Production. Double melting is considered necessary for all applications to ensure an 
acceptable degree of homogeneity in the resulting product. Triple melting is used to achieve better uniformity. Triple 
melting also reduces oxygen-rich or nitrogen-rich inclusions in the microstructure to a very low level by providing an 
additional melting operation to dissolve them. 

Most titanium and titanium alloy ingot is melted twice in an electric-arc furnace under vacuum--a procedure known as the 
double consumable-electrode vacuum-melting process. In this two-stage process, titanium sponge, revert, and alloy 
additions are welded together and then are melted to form ingot. Ingots from the first melt are used as the consumable 
electrodes for second-stage melting. Processes other than consumable-electrode arc melting are used in some instances for 
first-stage melting of ingot for noncritical applications. Usually, all melting is done under vacuum, but in any event the 
final stage of melting must be done by the consumable-electrode vacuum-arc process. Newer hearth melting technologies 
utilizing electron beams or plasma as a heat source are casting commercially pure slabs in ore melting operations. 

Segregation and other compositional variations directly affect the final properties of mill products. Melting technique 
alone does not account for all segregation and compositional variations and thus cannot be correlated with final 
properties. 

Melting in a vacuum reduces the hydrogen content of titanium and essentially removes other volatiles. This tends to result 
in high purity in the cast ingot. However, anomalous operating factors such as air leaks, water leaks, arc-outs, or large 
variations in power level affect both soundness and homogeneity of the final product. 

Still another factor is ingot size. Normally, ingots are 650 to 900 mm (26 to 36 in.) in diameter and weigh 3600 to 9000 
kg (8000 to 20,000 lb). Larger ingots are economically advantageous to use and are important in obtaining refined 
macrostructures and microstructures in very large sections, such as billets with diameters of 400 mm (16 in.) or greater. 
Ingots up to 1065 mm (42 in.) in diameter and weighing more than 13.5 Mg (30,000 lb) have been melted successfully, 
but there appear to be limitations on the improvements that can be achieved by producing large ingots due to increasing 
tendency for segregation with increasing ingot size. 

Segregation in titanium ingot must be controlled because it leads to several different types of imperfections that cannot 
be readily eliminated by homogenizing heat treatments or combinations of heat treatment and primary mill processing. In 
aircraft-grade titanium, type I and type II imperfections are not acceptable because they degrade critical design properties. 

Type I imperfections, usually called high interstitial defects, are regions of interstitially stabilized alpha phase that 
have substantially higher hardness and lower ductility than the surrounding material and also exhibit a higher beta transus 
temperature. They arise from very high nitrogen or oxygen concentrations in sponge, master alloy, or revert. Type I 
imperfections frequently, but not always, are associated with voids or cracks. Although type I imperfections sometimes 
are referred to as low-density inclusions (LDI's), they often are of higher density than is normal for the alloy. 

Type II imperfections, sometimes called high-aluminum defects, are abnormally stabilized alpha-phase areas that 
may extend across several beta grains. Type II imperfections are caused by segregation of metallic alpha stabilizers, such 
as aluminum and contain an excessively high proportion of primary (untransformed) alpha having a microhardness only 
slightly higher than that of the adjacent matrix. Type II imperfections sometimes are accompanied by adjacent stringers of 
beta--areas low in both aluminum content and hardness. This condition is generally associated with closed solidification 
pipe into which alloy constituents of high vapor pressure migrate, only to be incorporated into the microstructure during 
primary mill fabrication. Stringers normally occur in the top portions of ingots and can be detected by macroetching or 
anodized blue etching. Material containing stringers usually must undergo metallographic review to ensure that the 
indications revealed by etching are not artifacts. 

Properties of Commercially Pure Titanium. The minimum tensile properties of titanium mill products are listed in 
Table 2. In terms of tensile and fatigue strength, commercially pure titanium is not as strong as steel or titanium alloys 
(Fig. 2). Titanium has an intermediate modulus of elasticity (Fig. 3), which can be influenced by texture. 



 

Fig. 2 Fatigue data for titanium and titanium alloys, compared with quenched and tempered low-alloy steels 

 

Fig. 3 Variation of elastic modulus with temperature for unalloyed titanium (ASTM grade 4) 

Impact Toughness. Commercially pure titanium has impact strengths comparable to that of quenched and tempered 
low-alloy steel. Titanium may even exhibit an increase in toughness at low temperatures (Fig. 4), depending on the 
control of interstitial impurities and brittle refractory constituents. 



 

Fig. 4 Charpy V-notch impact strength of unalloyed titanium (ASTM grades 2, 3, and 4) at low temperatures 

Creep Behavior. Whether yield strength or creep strength for a given maximum allowable deformation is the 
significant selection criterion depends on which is lower at the service temperature in question. Between 200 and 315 °C 
(400 and 600 °F), the deformation of titanium (and some titanium alloys with an alpha or near-alpha crystal structure) 
loaded to the yield point does not increase with time. Thus, creep strength is seldom a factor in this range. Above 315 °C 
(600 °F), creep strength becomes an important selection criterion. Typical creep behavior of titanium is shown in Fig. 5. 

 

Fig. 5 Creep characteristics at 425 °C (800 °F) for mill-annealed titanium (99.0% Ti) with a 0.2% yield 
strength (YS) of (a) 380 MPa (55 ksi) and (b) 480 MPa (70 ksi) 

Physical properties of titanium are described in the article "Properties of Pure Metals" in this Volume. Of the various 
physical properties shown in Fig. 6, titanium is characterized by a somewhat low thermal conductivity. However, even 
though titanium has a low thermal conductivity compared to that of other metals, its heat-transfer rate is greater than that 
of most copper-base alloys. The reason for this has to do with favorable surface film characteristics and lack of corrosion. 
The major factor in heat transfer relates to material thickness, corrosion resistance, and surface films, not the thermal 
conductivity of the metal. In this regard, titanium has the following advantages:  

• Good strength  
• Resistance to erosion and erosion-corrosion  
• Very thin, conductive oxide surface film  
• Hard, smooth surface that limits adhesion of foreign materials  



• Surface promotes dropwise condensation  

Consequently, titanium is a useful material in heat exchangers (Fig. 7). 

 

Fig. 6 Various thermal, electrical, and optical properties of unalloyed titanium at elevated temperatures. (a) 
Thermal expansion. (b) Thermal conductivity. (c) Optical emissivity. (d) Electrical resistivity 



 

Fig. 7 Solid titanium heat exchanger using commercially pure ASTM grades 2, 7, and 12. Courtesy of Joseph 
Oat Corporation 

Commercially pure titanium with minor alloy contents include various titanium-palladium grades and alloy Ti-
0.3Mo-0.8Ni (ASTM grade 12 or UNS R53400). The alloy contents allow improvements in corrosion resistance and/or 
strength. 

Titanium-palladium alloys with nominal palladium contents of about 0.2% Pd (Table 2) are used in applications 
requiring excellent corrosion resistance in chemical processing or storage applications where the media is mildly reducing 
or fluctuates between oxidizing and reducing. The palladium-containing alloys extend the range of titanium application in 
hydrochloric, phosphoric, and sulfuric acid solutions (Table 4). Characteristics of good fabricability, weldability, and 
strength level are similar to those of corresponding unalloyed titanium grades. 

Table 4 Comparative corrosion rates for Ti-Pd, grade 7, and unalloyed titanium, grade 2 

Corrosion rate  Temperature,  

Grade 7  Grade 2  

Corrodent  Concentration, 
%  

°C  °F  mm/yr  mils/yr  mm/yr  mils/yr  

10  100  212  <0.025  <1  <0.025  <1  Aluminum chloride  

25  100  212  0.025  1  50  2020  

Chlorine (wet)  . . .  Room  <0.025  <1  <0.025  <1  

Citric acid  50  Boiling  <0.025  <1  0.4  17  

Hydrochloric acid (HCl) (N2 saturated)  3  190  374  0.025  1  >28  >1120  



5  190  374  0.1  4  >28  >1120  

10  190  374  8.8  350  >28  >1120  

 

15  190  374  40  1620  . . .  . . .  

3  190  374  0.13  5  >28  >1120  

5  190  374  0.13  5  >28  >1120  

HCl (O2 saturated)  

10  190  374  9.2  368  >28  >1120  

Brine  93  200  <0.025  <1  . . .  . . .  

10  190  374  <0.025  <1  . . .  . . .  

Sodium chloride  

23(a)  Boiling  . . .  . . .  nil  nil  

1  100  212  . . .  . . .  7  282  

1  190  374  0.13  5  . . .  . . .  

5  100  212  . . .  . . .  26.5  1060  

5  190  374  0.13  5  . . .  . . .  

Sulfuric acid (N2 saturated)  

10  190  374  1.5  59  . . .  . . .  

Formic acid  50  Boiling  0.075  3  3.6  143  

Hydrochloric acid  5  Boiling  0.18  7  >10  >400  

Oxalic acid  1  Boiling  1.13  45  45  1800  

50  70  158  1.8  71  10  405  Phosphoric acid  

10  Boiling  3.2  127  11  439  

Sulfuric acid  5  Boiling  0.5  20  48  1920  

 



(a) Acidified: pH 1.2 

 

Palladium additions of less than specified minimums are less effective in promoting an improved corrosion resistance. 
Excess palladium (above specified range) is not cost effective. Only alpha soluble amounts of palladium are added to 
make titanium-palladium alloys; therefore, microstructures are essentially the same as for equivalent grades of unalloyed 
titanium. Titanium-palladium intermetallic compounds formed in this system have not been reported to occur with normal 
heat treatments. 

Alloy Ti-0.3Mo-0.8Ni (UNS R53400, or ASTM grade 12) has applications similar to those for unalloyed titanium 
but has better strength (Fig. 8) and corrosion resistance (Fig. 9). However, the corrosion resistance of this alloy is not as 
good as the titanium-palladium alloys. The ASTM grade 12 alloy is particularly resistant to crevice corrosion (Fig. 10) in 
hot brines (see the section "Corrosion Resistance and Chemical Reactivity" in this article for a brief discussion on crevice 
corrosion). The microstructure of R53400 is either equiaxed or acicular alpha with minor amounts of beta. Acicular alpha 
microstructures are found primarily in welds or heat-affected zones. 

 

Fig. 8 Minimum tensile strength of low-strength titanium metals 



 

Fig. 9 Corrosion of titanium metals in boiling nitric acid. Solution replaced with fresh solution every 24 h; total 
exposure time, 480 h 



 

Fig. 10 Crevice corrosion of Ti-0.3Mo-0.8Ni and grade 2 unalloyed Ti in saturated NaCl solution. Shaded band 
represents transition zone between active and passive behavior. 

In a series of crevice corrosion tests, Ti-0.3Mo-0.8Ni was completely resistant in 500-h exposures to the following boiling 
solutions: saturated ZnCl2 at pH of 3.0; 10% AlCl3; MgCl2 at pH of 4.2; 10% NH4Cl at pH of 4.1; saturated NaCl, and 
saturated NaCl + Cl2, both at pH of 1.0; and 10% Na2SO4 at pH of 1.0. In a similar test in boiling 10% FeCl3, crevice 
corrosion was observed in metal-to-Teflon crevices after 500 h. Ti-0.3Mo-0.8Ni also exhibits the following typical 
corrosion rates:  

 

Environment  Corrosion rate  



 
mm/yr  mils/yr  

Wet Cl2 gas  0.00089  0.035  

5% NaOCl + 2% NaCl + 4% NaOH(a)  0.06  2.4  

70% ZnCl2  0.005-0.0075  0.2-0.3  

50% citric acid  0.013  0.5  

10% sulfamic acid  11.6  455  

45% formic acid  nil  nil  

88-90% formic acid  0-0.56   0-22   

90% formic acid(b)  0.56  2.2  

10% oxalic acid  104  4100  

 

(a) No crevice corrosion in metal-to-metal or metal-to-Teflon crevices. 

(b) Anodized specimens 
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Titanium Alloys 

Tables 5(a), 5(b), and 5(c) list the compositions of various titanium alloys. Because the allotropic behavior of titanium 
allows diverse changes in microstructures by variations in thermomechanical processing, a broad range of properties and 
applications can be served with a minimum number of grades. This is especially true of the alloys with a two-phase, α+ β, 
crystal structure. 

Table 5(a) Compositions of various alpha and near-alpha titanium alloys 

Product specification  Impurity limits, wt% max  Alloying elements, wt%(a)  



 
N  C  H  Fe  O  Max total 

others or 
max each  

Al  Sn  Zr  Mo  Others  

Ti-2.5Cu (AECMA designation, Ti-P11)  

Bars (AECMA standards 
prEN2523 and 2521)  

0.05  0.08  0.01  0.2  0.2  0.4 total others  . . .  . . .  . . .  . . .  2.0-3.0Cu  

Sheet or strip (prEN2128) 
and forgings (prEN2522 
and 2525)  

0.05  0.08  0.012  0.2  0.2  0.4 total others  . . .  . . .  . . .  . . .  2.0-3.0Cu  

Ti-5Al-2.5Sn (UNS designation R54520)  

DIN17851 (alloy 
WL3.7115)  

0.05  0.08  0.02  0.5  0.2  . . .  4.0-6.0  2.0-
3.0  

. . .  . . .  . . .  

AMS 4910 (plate, sheet, 
strip)  

0.05  0.08  0.02  0.5  0.2  0.005Y(b)  4.50-
5.75  

2.00-
3.00  

. . .  . . .  . . .  

AMS 4926 (bars, rings) and 
AMS 4966 (forgings)  

Impurity limits same as AMS 4910  4.00-
6.00  

2.00-
3.00  

. . .  . . .  . . .  

ASTM B 265 (plate, sheet, 
strip)  

0.05  0.10  0.02  0.4  0.2  (b)  4.00-
6.00  

2.00-
3.00  

. . .  . . .  0.12-
0.25Pd  

ASTM B 348 (bar, billet) 
and ASTM B 381 
(forgings)  

0.05  0.10  0.0125  0.4  0.2  (b)  4.00-
6.00  

2.00-
3.00  

. . .  . . .  . . .  

3620-TA7 (Chinese)  0.05  0.10  0.015  0.3  0.2  0.15Si  4.00-
6.00  

2.00-
3.00  

. . .  . . .  . . .  

Ti-5Al-2.5Sn-ELI (UNS designation R54521)  

AMS 4909 (plate, sheet, 
strip)  

0.035  0.05  0.0125  0.25  0.12  O + Fe = 0.32, 
0.005Y, 0.05 
each, 0.3 total  

4.50-
5.75  

2.00-
3.00  

. . .  . . .  . . .  

AMS 4924 (bars, forgings)  0.035  0.05  0.0125  0.25  0.12  O + Fe = 0.32, 
others(b)  

4.70-
5.6  

2.00-
3.00  

. . .  . . .  . . .  

VT51 (U.S.S.R.)  0.05  0.10  0.015  0.30  0.02  0.15Si  4.00-
5.00  

2.00-
3.00  

. . .  . . .  . . .  

Ti-8Al-1V-1Mo (UNS R54810)(c)  



AECMA, Ti-P66  Impurity limits not available  8  . . .  . . .  1  1V  

AMS 4915, 4916, 4933 
(rings), 4955 (wire), 4972 
(bars, forgings), 4973 
(forgings)  

0.05  0.08  0.015  0.30  0.12  0.005Y, (b)  7.35-
8.35  

. . .  . . .  0.75-
1.25  

0.75-
1.25V  

MIL-R-81588 (ring, wire)  0.015  0.035  0.005  0.20  0.12  0.3 total  7.35-
8.35  

. . .  . . .  0.75-
1.25  

0.75-
1.25V  

Ti-6242 (UNS R54620)(c)  

AMS 4919, 4975, 4976  0.05  0.05  0.0125  0.25  0.15  (d), 0.1Si, 
0.005Y  

5.50-
6.50  

1.8-
2.2  

3.6-
4.4  

1.8-
2.2  

. . .  

U.S. government (military)  0.04  0.05  0.015  0.25  0.15  0.13Si, 0.3 max 
others  

5.50-
6.50  

1.8-
2.2  

3.6-
4.4  

1.8-
2.2  

. . .  

Ti-6Al-2Nb-1Ta-0.8 Mo (UNS R56210)  

Typical  0.02  0.03  0.0125  0.12  0.10  . . .  6  . . .  . . .  0.8  2Nb, 1Ta  

U.S. government (military)  0.03  0.05  0.0125  0.25  0.10  0.4 total  5.5-6.5  . . .  . . .  0.5-
1.00  

1.5-
2.50Nb, 
0.5-1.5Ta  

Ti-679 (UNS R54790)  

Typical  0.04  0.04  0.008  0.12  0.17  . . .  2.25 
(nom)  

11  5  1  0.2Si, nom  

AMS 4974 (bars, forgings)  0.04  0.04  0.0125  0.12  0.15  (b), 0.005Y  2.0-2.5  10.5-
11.5  

4.0-
6.0  

0.8-
1.2  

0.15-
0.27Si  

British TA.18, TA.19, 
TA.25, and TA.26  

. . .  . . .  0.0125  0.20  . . .  . . .  2.0-2.5  10.5-
11.5  

4.0-
6.0  

0.8-
1.2  

0.1-0.5Si, 
78.08 Ti 
min  

British TA.20, TA.27  . . .  . . .  0.015  0.20  . . .  . . .  2.0-2.5  10.5-
11.5  

4.0-
6.0  

0.8-
1.2  

Same as 
TA.27  

Other near-α alloys  

Ti-6242Si(c)(e)  . . .  . . .  . . .  . . .  . . .  . . .  6  2  4  2  0.08Si  

Ti-5Al-5Sn-2Zr-2Mo(f)  0.03  0.05  0.0125  0.15  0.13  . . .  5  5  2  2  0.25Si  



Ti-6Al-2Sn-1.5Zr-1Mo  . . .  . . .  . . .  . . .  . . .  . . .  6  2  1.5  1  0.35Bi, 
0.1Si  

IMI 685  . . .  . . .  . . .  . . .  . . .  . . .  6  . . .  5  0.5  0.25Si  

IMI 829  . . .  . . .  . . .  . . .  . . .  . . .  5.5  3.5  3  0.25  1Nb, 0.3Si  

IMI 834  . . .  . . .  . . .  . . .  . . .  . . .  5.5  4.5  4  0.5  0.7Nb, 
0.4Si, 
0.06C  

Ti-1100  . . .  . . .  . . .  0.02  0.07  . . .  6  2.75  4  0.4  0.45Si  

 

(a) Unless a range is specified, values are nominal quantities. 

(b) 0.1 max each and 0.4 max total. 

(c) Depending on heat treatment, these alloys may be considered either near-α or α-β and are also listed in table 5(b) for α-β alloys. 

(d) 0.1 max each and 0.3 max total. 

(e) In the United States, alloy Ti-6242S is typically classified as a "superalpha" or "near-α" alloy, although it is closer to being an α-β alloy with its 
typical heat treatment. 

(f) Semicommercial alloy with a UNS designation of R54560 

 
Table 5(b) Compositions of various alpha-beta titanium alloys 

Impurity limits, wt% max  Alloying elements, wt%(a)  Product specification(s)  

N  C  H  Fe  O  Max 
others, 
each or 
total  

Al  Sn  Zr  Mo  Others  

Ti-6Al-4V (UNS R56400)  

Typical  0.05  0.10  (b)  0.3  0.2  . . .  6  . . .  . . .  . . .  4  

Alloy Ti-P63 in AECMA 
standard prEN2530 for bars  

0.05  0.08  0.01  0.3  0.2  0.4 total  5.5-
6.75  

. . .  . . .  . . .  3.5-4.5V  

Alloy Ti-P63 in AECMA 
standard prEN2517 for sheet, 

0.05  0.08  0.012  0.3  0.2  0.4 total  5.5-
6.75  

. . .  . . .  . . .  3.5-4.5V  



strip, plate  

DIN 17851 (alloy WL3.7165)  0.05  0.08  0.015  0.3  0.2  . . .  5.5-
6.75  

. . .  . . .  . . .  3.5-4.5V  

AMS 4905 (plate)  0.03  0.05  0.0125  0.25  0.12  (c), 
0.005Y  

5.6-
6.3  

. . .  . . .  . . .  3.6-4.4V  

AMS 4906 (sheet, strip)  0.05  0.08  0.0125  0.30  0.20  0.4 total  5.5-
6.75  

. . .  . . .  . . .  3.5-4.5V  

AMS 4911 (plate, sheet, 
strip)  

0.05  0.08  0.015  0.30  0.20  (c), 
0.005Y  

5.5-
6.75  

. . .  . . .  . . .  3.5-4.5V  

AMS 4920, 4928, 4934, and 
4967 (rings, forgings, wires)  

0.05  0.10  0.0125  0.30  0.20  (c), 
0.005Y  

5.5-
6.75  

. . .  . . .  . . .  3.5-4.5V  

AMS 4954 (wire)  0.03  0.05  0.015  0.30  0.18  (c), 
0.005Y  

5.5-
6.75  

. . .  . . .  . . .  3.5-4.5V  

ASTM B 265 (plate, sheet)  0.05  0.10  0.015  0.40  0.20  (c)  5.5-
6.75  

. . .  . . .  . . .  3.5-4.5V, 
0.12-0.25Pd  

ASTM F 467 (nuts) and F 
468 (bolts)  

0.05  0.10  0.0125  0.40  0.20  (c)  5.5-
6.75  

. . .  . . .  . . .  3.5-4.5V  

Ti-6Al-4V-ELI (UNS R56401)  

AMS 4907 and 4930  0.05  0.08  0.0125  0.25  0.13  (c), 
0.005Y  

5.5-
6.75  

. . .  . . .  . . .  3.5-4.5V  

AMS 4996 (billet)  0.04  0.10  0.0125  0.30  0.13-
0.19  

(d)  5.5-
6.75  

0.1 
max  

0.1 
max  

0.1 
max  

3.5-4.5V  

ASTM F 135 (bar)  0.05  0.08  0.0125  0.25  0.13  . . .  5.5-
6.75  

. . .  . . .  . . .  3.5-4.5V  

ASTM F 467 (nuts) and F 
468 (bolts)  

0.05  0.10  0.0125  0.40  0.20  . . .  5.5-
6.75  

. . .  . . .  . . .  3.5-4.5V  

Ti-6Al-6V-2Sn (UNS R56620)  

Typical  0.04  0.05  0.015  0.35-
1.0  

0.20  . . .  6  2  . . .  . . .  0.75Cu, 6V  

AMS 4918, 4936, 4971, 4978  0.04  0.05  0.015  0.35-
1.0  

0.20  (c), 
0.005Y  

5.0-
6.0  

1.5-
2.5  

. . .  . . .  0.35-
1.00Cu, 5.0-



6.0V  

AMS 4979 (bars, forgings)  0.04  0.05  0.015  0.35-
1.0  

0.20  (c)  5.0-
6.0  

1.5-
2.5  

. . .  . . .  Same as 
above  

Other α-β alloys  

UNS 56080 (in AMS 4908)  0.05  0.08  0.015  0.50  0.20  . . .  . . .  . . .  . . .  . . .  8.0Mn  

UNS 56740 (in AMS 4970)  0.05  0.10  0.013  0.30  0.20  . . .  7  . . .  . . .  4  . . .  

Ti-6246 (UNS R56260)  0.04  0.04  0.0125  0.15  0.15  . . .  6  2  4  6  . . .  

Ti-17 (see also Table 5(c))  0.04  0.05  0.0125  0.30  0.13  . . .  5  2  2  4  4.0Cr  

Ti-6Al-2Sn-2Zr-2Cr-2Mo  0.03  0.05  0.0125  0.25  0.14  . . .  5.25-
6.25  

1.75-
2.25  

1.75-
2.25  

1.75-
2.25  

0.20-0.27Si, 
1.75-2.25Cr  

IMI-551  . . .  . . .  . . .  . . .  . . .  . . .  4  4  . . .  4  0.5Si  

Ti-3Al-2.5V (in AMS 4943)  0.02  0.05  0.015  0.30  0.12  . . .  2.5-
3.5  

. . .  . . .  . . .  2.0-3.0V  

IMI 550  . . .  . . .  . . .  . . .  . . .  . . .  4  2  . . .  4  . . .  

IMI 679  . . .  . . .  . . .  . . .  . . .  . . .  2  11  4  1  0.25Si  

IMI 700  . . .  . . .  . . .  . . .  . . .  . . .  6  . . .  5  4  1Cu, 0.2Si  

Ti-8Al-1Mo-1V(e)  0.05  0.08  0.015  0.30  0.12  . . .  8  . . .  . . .  1  1V  

Ti-6242(e)  0.05  0.05  0.0125(f)  0.25  0.15  0.3 total  5.5-
6.5  

1.8-
2.2  

3.6-
4.4  

1.8-
2.2  

. . .  

Ti-6242S(e)  . . .  . . .  . . .  . . .  . . .  . . .  6  2  4  2  0.08Si  

 

(a) Unless a range is specified, values are nominal quantities. 

(b) Typical hydrogen limits of 0.0150H (sheet), 0.0125H (bar), and 0.0100H (billet). 

(c) 0.1 max each, 0.4 max total. 



(d) 0.1 max Cu, 0.1 max Mn, 0.001 Y, total others 0.20 max. 

(e) These alloys are considered either a near-α or an α-β alloy (see Table 5(a)). 

(f) 0.0100 max H for bar and billet and 0.0150 max H for sheet and forgings 

 
Table 5(c) Compositions of various beta titanium alloys 

Impurity limits, wt% max  Alloying elements, wt%(a)  Designation  Specifications  

N  C  H  Fe  O  Max 
others, 
each or 
total  

Al  Sn  Zr  Mo  Others  

AMS 4917  0.05  0.05  0.025  0.35  0.17  (b)  2.5-
3.5  

. . .  . . .  . . .  12.5-
14.5V, 
10.0-
12.0Cr  

AMS 4959 (wire)  0.05  0.05  0.030  0.35  0.17  (b), 
0.005Y  

2.5-
3.5  

. . .  . . .  . . .  12.5-
14.5V, 
10.0-
12.0Cr  

MIL-T-9046, 
MIL-R-81588  

0.05  0.05  0.025  0.15-
0.35  

0.17  0.4 
total  

2.5-
3.5  

. . .  . . .  . . .  12.5-
14.5V, 
10.0-
12.0Cr  

MIL-T-9047; 
MIL-F-83142  

0.05  0.05  0.025  0.35  0.17  . . .  2.5-
3.5  

. . .  . . .  . . .  12.5-
14.5V, 
10.0-
12.0Cr  

Ti-13V-11Cr-
3Al (UNS 
58010)  

High-toughness 
grade  

0.015  0.04  0.008  . . .  0.11(max), 
0.08(nom)  

(c)  2.5-
3.5  

. . .  . . .  . . .  12.5-
14.5V, 
10.0-
12.0Cr  

Ti-8Mo-8V-
2Fe-3Al 
(UNS 
R58820)  

MIL-T-9046, 
MIL-T-9047, and 
MIL-F-83142  

0.05  0.05  0.015  1.6-
2.4  

0.16  0.4 
total  

2.6-
3.4  

. . .  . . .  7.5-
8.5  

7.5-8.5V  

Beta C (UNS 
R58640)  

Same as above  0.05  0.05  0.015  0.30  0.12  0.4 
total  

3.0-
4.0  

. . .  3.5-
4.5  

3.5-
4.5  

7.5-8.5V  

Beta III  AMS: 4977, 4980 
ASTM: B 348, B 
265, B 337, and B 

0.05  0.10  0.020  0.35  0.18  0.4 
total  

. . .  3.75-
5.25  

4.5-
7.5  

10.0-
13.0  

. . .  



338  

Ti-10V-2Fe-
3Al  

Forging alloy  0.05  0.05  0.015  1.6-
2.5  

0.13  (c)  2.5-
3.5  

. . .  . . .  . . .  9.25-
10.75V  

Ti-15-3  Sheet alloy  0.03  0.03  0.015  0.30  0.13  (c)  2.5-
3.5  

2.5-
3.5  

. . .  . . .  14-16V, 
2.5-
3.5Cr  

Ti-17(d)  Engine 
compressor alloy  

0.05  0.05  0.0125  0.25  0.08-0.13  (c)  4.5-
5.5  

1.6-
2.4  

1.6-
2.4  

3.5-
4.5  

3.5-
4.5Cr  

Transage 175  High-strength, 
elevated-
temperature  

0.05  0.08  0.015  0.20  0.15  (b)(e)  2.2-
3.2  

6.5-
7.5  

1.5-
2.5  

. . .  12.0-
14.0V  

Transage 134  High-strength 
alloy  

0.05  0.08  0.015  0.20  0.15  (b)(e)  2.0-
3.0  

1.5-
2.5  

5.5-
6.5  

. . .  11.0-
13.0V  

Transage 129  . . .  . . .  . . .  . . .  . . .  . . .  . . .  2  2  11  . . .  11.5V  

 

(a) Unless a range is specified, values are nominal quantities. 

(b) 0.1 max each, 0.4 max total. 

(c) 0.1 max each, 0.3 max total. 

(d) Alloy Ti-17 is an α-rich near-β alloy that might be classified as an α-β alloy, depending on heat treatment. 

(e) 0.005 max Y and 0.03 max B 

 

The most widely used titanium alloy is the Ti-6Al-4V alpha-beta alloy. This alloy is well understood and is also very 
forgiving with variations in fabrication operations, despite its relatively poor room-temperature shaping and forming 
characteristics (compared to steel and aluminum). Alloy Ti-6Al-4V, which has limited section size hardenability, is most 
commonly used in the annealed condition. 

Other titanium alloys are designed for particular application areas. For example:  

• Alloys Ti-5Al-2Sn-2Zr-4Mo-4Cr (commonly called Ti-17) and Ti-6Al-2Sn-4Zr-6Mo are designed for 
high strength in heavy sections at elevated (moderate) temperatures  

• Alloys Ti-6242S, IMI 829, and Ti-6242 (Ti-6Al-2Sn-4Zr-2Mo) are designed for creep resistance  
• Alloys Ti-6Al-2Nb-1Ta-1Mo and Ti-6Al-4V-ELI are designed both to resist stress corrosion in aqueous 

salt solutions and for high fracture toughness  
• Alloy Ti-5Al-2.5Sn is designed for weldability, and the ELI grade is used extensively for cryogenic 

applications  
• Alloys Ti-6Al-6V-2Sn, Ti-6Al-4V, and Ti-10V-2Fe-3Al are designed for high strength at low-to-moderate 



temperatures  

The typical applications of other titanium alloys are listed in Table 6. 

Table 6 Typical applications of various titanium-base materials 

Nominal 
contents and 
common name 
or 
specifications  

Available mill 
forms  

General description  Typical applications  

Commercially pure titanium  

Unalloyed 
titanium: see 
Table 2  

Bar, billet, 
extrusions, plate, 
sheet, strip, wire, 
rod, pipe, tubing, 
castings  

For corrosion resistance in the chemical and 
marine industries, and where maximum ease 
of formability is desired. Weldability: good  

Jet engine shrouds, cases, airframe skins, 
firewalls, and other hot-area equipment for 
aircraft and missiles; heat-exchangers; 
corrosion resistant equipment for marine and 
chemical-processing industries. Other 
applications requiring good fabricability, 
weldability, and intermediate strength in service  

Ti-0.2Pd: ASTM 
grades 7 and 11  

Bar, billet, 
extrusions, plate, 
sheet, strip, wire, 
pipe, tubing, 
castings  

The Pd-containing alloys extend the range of 
application in HCl, H3PO4, and H2SO4 
solutions. Characteristics of good 
fabricability, weldability, and strength level 
are similar to those of corresponding 
unalloyed titanium grades.  

For corrosion resistance in the chemical 
industry where media are mildly reducing or 
vary between oxidizing and reducing  

Ti-0.3Mo-0.8Ni: 
ASTM grade 12  

Bar, billet, 
extrusions, plate, 
sheet, strip, wire, 
pipe, tubing, 
castings  

Compared to unalloyed Ti, Ti-0.3Mo-0.8Ni 
has better corrosion resistance and higher 
strength. The alloy is particularly resistant to 
crevice corrosion in hot brines.  

For corrosion resistance in the chemical 
industry where media are mildly reducing or 
vary between oxidizing and reducing  

α alloys  

Ti-2.5 Cu: 
AECMA Ti-P11, 
or 1MI 230  

Bar, billet, rod, 
wire, plate, 
sheet, extrusions  

Ti-2.5Cu combines the formability and 
weldability of titanium with improved 
mechanical properties from precipitation 
strengthening.  

Useful for its improved mechanical properties, 
particularly up to 350 °C (650 °F). Aging 
doubles elevated-temperature properties and 
increases room-temperature strength by 25%.  

Ti-5Al-2.5Sn 
(UNS R54520)  

Bar, billet, 
extrusions, plate, 
sheet, wire, 
castings  

Air frame and jet engine applications 
requiring goods weldability, stability, and 
strength at elevated temperatures  

Gas turbine engine casings and rings, aerospace 
structural members in hot spots, and chemical-
processing equipment that require good 
weldability and intermediate strength at service 
temperatures up to 480 °C (900 °F)  

Ti-5Al-2.5Sn-
ELI (UNS 
R54521)  

Same as UNS 
R54520  

Reduced level of interstitial impurities 
improves ductility and toughness.  

High-purity grade for pressure vessels for 
liquefied gases and other applications requiring 
better ductility and toughness, particularly in 
hardware for service to cryogenic temperatures  



Near-α alloys  

Ti-8Al-1Mo-1V 
(UNS R54810)  

Bar, billets, 
extrusions, plate, 
sheet, wire, 
forgings  

Near-α or α-β microstructure (depending on 
processing) with good combination of creep 
strength and fatigue strength when processed 
high in the α-β region (that is, near the β 
transus)  

Fan blades are main use; forgings for jet engine 
components requiring good creep strength, high 
strength at elevated temperatures (compressor 
disks, plates, hubs). Other applications where 
light, high strength, highly weldable material 
with low density is required (cargo flooring)  

Ti-6Al-2Sn-4Zr-
2Mo (Ti-6242, or 
UNS 54620)  

Bar, billet, sheet, 
strip, wire, 
forgings  

Used for creep strength and elevated-
temperature service. Fair weldability  

Forgings and flat-rolled products used in gas 
turbine engine and air-frame applications where 
high strength and toughness, excellent creep 
resistance, and stability at temperatures up to 
450 °C (840 °F) are required  

Ti-6Al-2Sn-4Zr-
2Mo-0.1Si (Ti-
6242S)  

Same as 
UNS54620 but 
also castings  

Silicon imparts additional creep resistance.  Same as UNS 54620 but maximum-use 
temperature up to about 520 °C (970 °F)  

Ti-6Al-2Nb-1Ta-
0.8Mo (UNS 
R56210)  

Plate, sheet, 
strip, bar, wire, 
rod  

. . .  Plate for naval shipbuilding applications, 
submersible hulls, pressure vessels, and other 
high-toughness applications  

Ti-2.25Al-11Sn-
5Zr-1Mo (Ti-
679, UNS 
R54790)  

Forgings, bar 
billet, plate  

. . .  Jet engine blades and wheels, large bulkhead 
forgings, other applications requiring high-
temperature creep strength plus stability and 
short-time strength  

Ti-5Al-5Sn-2Zr-
2Mo-0.25Si (Ti-
5522S, UNS 
54560)  

Forged billet and 
bar, special 
products 
available in plate 
and sheet  

Semicommercial; no longer used  Specified in MIL-T-9046 and MIL-T-9047  

IMI-685 (Ti-6Al-
5Zr-0.5Mo-
0.2Si)  

Rod, bar, billet, 
extrusions  

Weldable medium-strength alloy  Alloy for elevated-temperature uses up to about 
520 °C (970 °F)  

IMI-829 (Ti-
5.5Al-3.5Sn-3Zr-
1Nb-0.3Mo-
0.3Si)  

Rod, bar, billet, 
extrusions  

Weldable, medium-strength alloy with good 
thermal stability and high creep resistance up 
to 600 °C (1110 °F)  

Elevated-temperature alloy for service up to 
about 580 °C (1075 °F)  

IMI-834 (Ti-
5.8Al-4Sn-3.5Zr-
0.7Nb-0.5Mo-
0.3Si)  

Rod, bar, billet, 
extrusions  

Weldable, high-temperature alloy with 
improved fatigue performance as compared to 
IMI 829 and 685  

Maximum-use temperature up to about 590 °C 
(1100 °F)  

Ti-1100  . . .  Elevated-temperature alloy  Maximum-use temperature of 590 °C (1100 °F)  

α-β alloys  



Ti-6Al-4V (UNS 
R56400 and 
AECMA Ti-P63)  

Bar, billet, rod, 
wire, plate, 
sheet, strip, 
extrusions  

Ti-6Al-4V is the most widely used titanium 
alloy. It is processed to provide mill-annealed 
or β-annealed structures, and is sometimes 
solution treated and aged. Ti-6Al-4V has 
useful creep resistance up to 300 °C (570 °F) 
and excellent fatigue strength. Fair 
weldability  

Ti-6Al-4V is used for aircraft gas turbine disks 
and blades. It is extensively used, in all mill 
product forms, for airframe structural 
components and other applications requiring 
strength at temperatures up to 315 °C (600 °F); 
also used for high-strength prosthetic implants 
and chemical-processing equipment. Heat 
treatment of fastener stock provides tensile 
strengths up to 1100 MPa (160 ksi).  

Ti-6Al-4V-ELI 
(UNS R56401)  

Same as UNS 
T56400  

Reduced interstitial impurities improve 
ductility and toughness.  

Cryogenic applications and fracture-critical 
aerospace applications.  

Ti-6Al-7Nb 
(IMI-367)  

Rod, bar, billet, 
extrusions  

High-strength alloy with excellent 
biocompatibility  

Surgical implant alloy  

Corona 5 (Ti-
4.5Al-5Mo-
1.5Cr)  

Alloy researched 
for plate, 
forging, and 
superplastic 
forming sheet  

Improved fracture toughness over Ti-6Al-4V 
with less restricted chemistry. Easier to work 
than Ti-6Al-4V  

Once investigated as a possible replacement for 
Ti-6Al-4V in aircraft, but no longer considered 
of interest  

Ti-6Al-6V-2Sn 
(UNS T56620)  

Bar, billet, 
extrusions, plate, 
sheet, wire  

In the forms of sheet, light-gage plate, 
extrusions, and small forgings, this alloy is 
used for airframe structures where strength 
higher than that of Ti-6Al-4V is required. 
Usage is generally limited to secondary 
structures, because attractiveness of higher 
strength efficiency is minimized by lower 
fracture toughness and fatigue properties.  

Applications requiring high strength at 
temperatures up to 315 °C (600 °F). Rocket 
engine case airframe applications including 
forgings, fasteners. Limited weldability. 
Susceptible to embrittlement above 315 °C (600 
°F)  

Ti-8Mn (UNS 
R56080)  

Sheet, strip, plate  Limited usage  Aircraft sheet and structural parts  

Ti-7Al-4Mo 
(UNS R56740)  

Bar and forgings  Limited usage  Jet engine disks, compressor blades and 
spacers, sonic horns  

Ti-6Al-2Sn-4Zr-
6Mo (UNS 
R56260)  

Sheet, plate, and 
bar or billet for 
forging stock  

Should be considered for long-time load-
carrying applications at temperatures up to 
400 °C (750 °F) and short-time load-carrying 
applications. Limited weldability  

Forgings in intermediate temperature range 
sections of gas turbine engines, particularly in 
disk and fan blade components of compressors  

Ti-6Al-2Sn-2Zr-
2Cr-2Mo-0.25Si  

Forgings, sheet  Heavy section forgings requiring high 
strength, fracture toughness, and high 
modulus  

Forgings and sheet for airframes  

Ti-3Al-2.5V 
(UNS R56320)  

Bar, tubing, strip  Normally used in the cold-worked stress-
relieved condition  

Seamless tubing for aircraft hydraulic and 
ducting applications; weldable sheet; 
mechanical fasteners  

IMI 550 and 551  Rod, bar, billet, 
extrusions  

High-strength alloys; IMI 551 has increased 
room-temperature strength due to higher tin 
contents than IMI 550.  

Two high-strength alloys with useful creep 
resistance up to 400 °C (750 °F)  



β alloys  

Ti-13V-11Cr-3Al 
(UNS R58010)  

Sheet, strip, 
plate, forgings, 
wire  

High-strength alloy with good weldability  High-strength airframe components and missile 
applications such as solid rocket motor cases 
where extremely high strengths are required for 
short periods of time. Springs for airframe 
applications. Very little use anymore  

Ti-8Mo-8V-2Fe-
3Al (UNS 
R58820)  

Rod, wire, sheet, 
strip, forgings  

Limited weldability  Rod and wire for fastening applications; sheet, 
strip, and forgings for aerospace structures  

Ti-3Al-8V-6Cr-
4Zr-4Mo (Beta 
C)  

Sheet, plate, bar, 
billet, wire, pipe, 
extrusions, 
castings  

High-strength alloy with excellent ductility 
not available in other β alloys. Excellent cold-
working characteristics; fair weldability  

Airframe high-strength fasteners, rivets, torsion 
bars, springs, pipe for oil industry and 
geothermal applications  

Ti-11.5Mo-6Zr-
4.5Sn (Beta III)  

Not being 
produced 
anymore  

Excellent forgeability and cold workability. 
Very good weldability  

Aircraft fasteners (especially rivets) and sheet 
metal parts where cold formability and strength 
potential can be used to greatest advantage. 
Possible use in plate and forging applications 
where high-strength capability, deep 
hardenability, and resistance to stress corrosion 
are required and somewhat lower aged ductility 
can be accepted  

Ti-10V-2Fe-3Al  Sheet, plate, bar, 
billet, wire, 
forgings  

The combination of high strength and high 
toughness available is superior to any other 
commercial titanium alloy. For applications 
requiring uniformity of tensile properties at 
surface and center locations  

High-strength airframe components. 
Applications up to 315 °C (600 °F) where 
medium to high strength and high toughness are 
required in bar, plate, or forged sections up to 
125 mm (5 in.) thick. Used primarily for 
forgings  

Ti-15V-3Al-3Cr-
3Sn (Ti-15-3)  

Sheet, strip, plate  Cold formable β alloy designed to reduce 
processing and fabrication costs. Heat 
treatable to a tensile strength of 1310 MPa 
(190 ksi)  

High-strength aircraft and aerospace 
components  

Ti-5Al-2Sn-2Zr-
4Mo-4Cr (Ti-17)  

Forgings  α-rich near-β alloy that is sometimes 
classified as an α-β alloy. Unlike other βor 
near-β alloys, Ti-17 offers good creep 
strength up to 430 °C (800 °F).  

Forgings for turbine engine components where 
deep hardenability, strength, toughness, and 
fatigue are important. Useful in sections up to 
150 mm (6 in.)  

Transage alloys  Sheet, plate, bar, 
forging  

Developmental  High-strength (Transage 134) and high-strength 
elevated-temperature (Transage 175) alloys  

 
Effects of Alloy Elements 

In titanium alloys, the principal effect of an alloying element is its effect on the alpha-to-beta transformation temperature. 
Some elements stabilize the alpha crystal structure by raising the alpha-to-beta transformation temperature, while other 
elements stabilize the beta structure by lowering the alpha-to-beta transformation temperature. 

Table 7 classifies the common alloying elements as alpha or beta stabilizers. The addition of alloying elements also 
divides the single temperature for equilibrium transformation into two temperatures--the alpha transus, above which the 
alpha phase begins transformation to beta, and the beta transus, above which the alloy is all-beta. Between these 



temperatures, both alpha and beta are present. Transus temperatures vary with impurity levels and the uncertainty range of 
alloy additions. 

Table 7 Ranges and effects of some alloying elements used in titanium 

Alloying element  Range 
(approx), 
wt %  

Effect on structure  

Aluminum  2-7  α stabilizer  

Tin  2-6  α stabilizer  

Vanadium  2-20  β stabilizer  

Molybdenum  2-20  β stabilizer  

Chromium  2-12  β stabilizer  

Copper  2-6  β stabilizer  

Zirconium  2-8  α and β strengthener (see text)  

Silicon  0.05 to 1  Improves creep resistance  

 

Alpha Stabilizers. Aluminum is the primary alpha stabilizer in titanium alloys. Other alloying elements that favor the 
alpha crystal structure and stabilize it by raising the alpha-beta transformation temperatures include gallium, germanium, 
carbon, oxygen, and nitrogen. 

Beta stabilizers are classified into two groups: beta isomorphous and beta eutectoid. Isomorphous alpha phase results 
from the decomposition of the metastable beta in the first group, whereas in the second group, an intimate eutectoid 
mixture of alpha and a compound form. 

The isomorphous group consists of elements that are completely miscible in the beta phase; included in this group 
are molybdenum, vanadium, tantalum, and niobium. 

The eutectoid-forming group, which has eutectoid temperatures as much as 335 °C (600 °F) below the 
transformation temperature of unalloyed titanium, includes manganese, iron, chromium, cobalt, nickel, copper, and 
silicon. Active eutectoid formers (for example, nickel or copper) promote rapid decomposition, and sluggish eutectoid 
formers (for example, iron or manganese) induce a slower reaction. 

Aluminum is a principal alpha stabilizer in titanium alloys that increases tensile strength, creep strength, and the elastic 
moduli. The maximum solid solution strengthening that can be achieved by aluminum is limited, because above 6% Al 
promotes ordering and Ti3Al (α2) formation, which is associated with embrittlement. Thus, aluminum content of all 
titanium alloys is typically below 7%. Formation of α2, which is closely related to O2 content, can actually occur at lower 
levels of aluminum. 

Tin has extensive solid solubilities in both alpha and beta phases and is often used as a solid solution strengthener in 
conjunction with aluminum to achieve higher strength without embrittlement. Tin is a less potent alpha stabilizer than 
aluminum, but does retard the rates of transformation. Tin is used as the main alpha stabilizer in IMI-679 (Table 5(b)). 
This alloy has a good combination of strength and temperature capability but higher density and lower modulus than Ti-



6Al-2Sn-4Zr-2Mo-0.1Si (Ti-6242S), which uses aluminum as its main alpha stabilizer. Tin will react in concert with 
aluminum to promote ordering, Ti3(Al,Sn). 

Zirconium forms a continuous solid solution with titanium and increases strength at low and intermediate temperatures. 
The use of zirconium above 5 to 6% may reduce ductility and creep strength (Ref 6). Zirconium is a weak beta stabilizer 
(Ref 7), but does retard the rates of transformation. 

Molybdenum is an important beta stabilizer that promotes hardenability and short-time elevated-temperature strength. 
Molybdenum makes welding more difficult (Ref 8) and reduces long-term, elevated-temperature strength. 

Niobium is a beta stabilizer that is added primarily to improve oxidation resistance at high temperatures. 

Iron is a beta stabilizer that tends to reduce creep strength (see the section "Elevated-Temperature Mechanical 
Properties" in this article). Reduced iron content is utilized in alloy Ti-1100 (Table 5(a)) as a way of improving creep 
strength. 

Carbon is an alpha stabilizer that also widens the temperature difference between the alpha transus and the beta transus. 
Typically, beta stabilizers cause a widening (or flattening) between the alpha and beta transus temperature. In Fig. 11, for 
example, the lean beta stabilizer content of alloy IMI 829 produces a near-alpha alloy with a steep beta-transus approach 
curve. In contrast, an alloy with additional beta stabilizer (in this case Ti-6Al-4V) results in an alpha-beta alloy with a 
flattened approach curve. 



 

Fig. 11 Beta transus approach curves of IMI 834, IMI 829, and Ti-6Al-4V. Source: Ref 9 

The use of carbon to flatten the approach curve while also stabilizing the alpha phase is the basis for near-alpha alloy IMI 
834 (Ref 10). Alloy IMI 834 is heat treated high in the alpha-beta region (Fig. 11) to give about 7.5 to 15 vol% of primary 
alpha in a fine grain (~0.1 mm) matrix of transformed beta. This combination of equiaxed alpha and transformed beta 
provides a good combination of creep and fatigue strength (Ref 9). Carbon also improves strength and fatigue 
performance. 

Alloy Classes 



Titanium alloys are classified as alpha alloys, alpha-beta alloys, and beta alloys. Alpha alloys have essentially all-alpha 
microstructures. Beta alloys have largely all-beta microstructures after air cooling from the solution treating temperature 
above the beta transus. Alpha-beta alloys contain a mixture of alpha and beta phases at room temperature. Within the 
alpha-beta class, an alloy that contains much more alpha than beta is often called a near-alpha alloy. The names super-
alpha and lean-beta alpha are also used for this type of alpha-beta alloy. For the purposes of this discussion, the near-
alpha alloys are grouped with the alpha alloys, even though they may have some microstructural similarities with the 
alpha-beta alloys. 

Alpha alloys (Table 5(a)) such as Ti-5Al-2.5Sn are slightly less corrosion resistant but higher in strength than unalloyed 
titanium. Alpha alloys generally are quite ductile, and the ELI grades retain ductility and toughness at cryogenic 
temperatures. Alpha alloy cannot be strengthened by heat treatment because the alpha structure is a stable phase. The 
principal microstructural variable of alpha alloys is the grain size. For a fixed composition, short-time strength (yield) and 
long-time strength (creep rupture) are influenced by grain size and stored energy (if any) of deformation. 

The principal alloying element in alpha alloys is aluminum, but certain alpha alloys, and most commercial unalloyed 
titanium, contain small amounts of beta-stabilizing elements. Alpha alloys that contain small additions of beta stabilizers 
(Ti-8Al-1Mo-1V or Ti-6Al-2Nb-1Ta-0.8Mo, for example) sometimes have been classed as superalpha or near-alpha 
alloys. Although they contain some retained beta phase, these alloys consist primarily of alpha and may behave more like 
conventional alpha alloys in that their response to heat treatment (age hardening) and processing more nearly follows that 
of the alpha alloy than the conventional alpha-beta alloys. 

Because near-alpha alloys contain some beta stabilizers, near-alpha alloys can exhibit microstructural variations (Fig. 12) 
similar to that of alpha-beta alloys. The microstructures can range from equiaxed alpha (Fig. 12a), when processing is 
performed in the alpha-beta region, to an acicular structure (Fig. 12c) of transformed beta after processing above the beta 
transus. Because these microstructural variations are related to different property improvements (Table 8), the processing 
temperatures of near-alpha alloys generally influence properties in the following way:  

 

Property  β processed  α/β processed  

Tensile strength  Moderate  Good  

Creep strength  Good  Poor  

Fatigue strength  Moderate  Good  

Fracture toughness  Good  Poor  

Crack growth rate  Good  Moderate  

Grain size  Large  Small  

 

In heat treating titanium alloys above the beta transus, a coarse beta grain size is likely unless adequate precautions are 
taken in forging and/or heat treatment. In contrast, a beta grain size of ; 0.1 mm can be achieved by processing near-
alpha alloys high in the alpha-beta region (that is, near the beta transus) as compared to a typical beta grain size of 0.5 to 
1.0 mm for beta-processed alloys. The quench rate also has a significant effect on the transformation product in that slow 
rates will give aligned alpha plates, which tend to be good for creep but somewhat worse than the faster quenched 
structures, basket-weave alpha, in fatigue. 



Table 8 Relative advantages of equiaxed and acicular morphologies in near-alpha and alpha-beta alloys 

Equiaxed:  

Higher ductility and formability  

Higher threshold stress for hot-salt stress corrosion  

Higher strength (for equivalent heat treatment)  

Better low-cycle fatigue (initiation) properties  

Acicular:  

Superior creep properties  

Higher fracture-toughness values  

Slight drop in strength (for equivalent heat treatment)  

Superior stress-corrosion resistance  

Lower crack-propagation rates  

 

 

Fig. 12 Microstructures of near-alpha alloy Ti-8Al-1Mo-1V after forging with different starting temperatures. (a) 
Equiaxed alpha grains (light) in a matrix of alpha and beta (dark). (b) Equiaxed grains of primary alpha (light) 
in a matrix of transformed beta (dark) containing fine acicular alpha. (c) Transformed beta containing coarse 
and fine acicular alpha (light). Etchant: Kroll's reagent (192). All micrographs at 250× 

Alpha-beta alloys (Table 5(b)), which contain one or more alpha stabilizers plus one or more beta stabilizers, can be 
strengthened by heat treatment or thermomechanical processing. Generally, when strengthening is desired, the alloys are 
rapidly cooled from a temperature high in the alpha-beta range or even above the beta transus. This solution treatment is 
followed by an intermediate-temperature treatment (aging) to produce an appropriate mixture of alpha and transformed 
beta products. Response to heat treatment is a function of cooling rate from the solution temperature and therefore may be 
affected by section size. 



Like the near-alpha alloy in Fig. 12, the microstructure of alpha-beta alloys can take on different forms, raging from 
equiaxed to acicular or some combination of both. Equiaxed structures are formed by working an alloy in the alpha-beta 
range and annealing at lower temperatures. Acicular structures (Fig. 13c) are formed by working or heat treating above 
the beta transus and rapid cooling. Rapid cooling from temperatures high in the alpha-beta range (Fig. 13d and e) will 
result in equiaxed primary (prior) alpha and acicular alpha from the transformation of beta structures. Generally, there are 
property advantages and disadvantages for each type of structure. Table 8 compares, on a relative basis, the advantages of 
each structure. 

 

Fig. 13 Microstructures of alloy Ti-6Al-4V after cooling from different areas of the phase field shown in (a). The 
specimens represented in micrograph (e) provided the best combination of strength and ductility after aging. 
See the text and Table 9. Etchant: 10 HF, 5 HNO3, 85 H2O. All micrographs at 250× 

By a suitable manipulation of forging and heat treatment schedules, a wide range of properties is attainable in alpha-beta 
alloys. In particular, the alpha-beta alloys are more responsive to aging than the near-alpha alloys. The near-alpha alloys 
are less responsive to aging because little, if any, change in properties can be expected when phases are in a nearly 
equilibrium condition prior to aging. 

In the alpha-beta alloys, the presence of nonequilibrium phases, such as alpha-prime or metastable beta, results in 
substantial increases in tensile and yield strengths following the aging treatment. Table 9, for example, shows the 
response to heat treatment for the widely used Ti-6Al-4V alloy. The tensile data show that no response to aging occurs 
upon furnace cooling from solution temperatures. Only a slight response occurs upon air cooling (microstructures in Fig. 
13b and d), while the greatest response is experienced with water quenching from the solution temperature 
(microstructures in Fig. 13c and e). Good response to aging takes place upon water quenching from the beta field (Fig. 
13c); however, ductilities are quite low (Table 9). The best combination of properties can be produced by solution treating 
and rapidly quenching from close to but below the beta transus temperature (Fig. 13d or e), followed by an aging 
treatment (Table 9). 

 



Table 9 Effect of heat treatment on the tensile properties of Ti-6Al-4V 

Tensile strength  Yield strength  Treatment(a)  

MPa  ksi  MPa  ksi  

Elongation, 
%  

Reduction 
in area, %  

1065 °C (1950 °F)/WQ(b)  1108  160.7  954  138.3  7.7  19.2  

After aging  1170  169.7  1057  153.3  8.5  19.2  

955 °C (1750 °F)/WQ(b)  1120  162.3  954  138.3  17.0  60.2  

After aging  1183  171.6  1069  155.0  16.5  56.4  

900 °C (1650 °F)/WQ  1117  162.0  924  134.0  15.2  53.9  

After aging  1117  162.0  1014  147.0  15.3  47.5  

845 °C (1550 °F)/WQ  1009  146.4  772  112.0  20.0  54.7  

After aging  1178  156.3  977  141.7  16.5  48.8  

1065 °C (1950 °F)/AC(b)  1060  153.7  944  137.0  7.0  10.3  

After aging  1060  153.7  940  136.3  9.8  16.0  

955 °C (1750 °F)/AC(b)  955  144.3  846  122.7  17.8  54.1  

After aging  1020  148.0  898  130.3  16.1  45.7  

900 °C (1650 °F)/AC  1002  145.3  869  126.0  17.5  54.7  

After aging  1029  149.3  938  136.0  17.3  50.2  

845 °C (1550 °F)/AC  1020  148.0  878  127.3  17.8  47.7  

After aging  1036  150.3  931  135.0  16.8  46.9  

1065 °C (1950 °F)/FC  1041  151.0  938  136.0  10.5  15.6  

After aging  1011  146.6  938  136.0  9.5  15.4  



955 °C (1750 °F)/FC  940  136.3  836  121.3  18.8  46.0  

After aging  967  140.3  883  128.0  18.2  49.1  

900 °C (1650 °F)/FC  963  139.6  855  124.0  16.5  43.3  

After aging  963  139.6  876  127.0  16.8  48.3  

845 °C (1550 °F)/AC  997  144.6  924  134.0  17.3  48.9  

After aging  1060  154.0  954  138.3  17.0  49.6  

 

(a) Aging in all instances: 540 °C (1000 °F) for 4 h; air cool. WQ, water quench; AC, air cool; FC, furnace cool. β transus: 1000 ± 14 °C (1820 ± 

25 °F). All specimens are 16 mm (
5
8

 in.) diameter bars. 

(b) See Fig. 13 for corresponding microstructures before aging. 

 

Beta alloys (Table 5(c)) are sufficiently rich in beta stabilizers (and lean in alpha stabilizers) that the beta phase can be 
completely retained with appropriate cooling rates. Beta alloys are metastable, and precipitation of alpha phase in the 
metastable beta is a method used to strengthen the alloys. Beta alloys contain small amounts of alpha-stabilizing elements 
as strengthening agents. 

As a class, beta and near-beta alloys offer increased fracture toughness over alpha-beta alloys at a given strength level, 
with the advantage of heavy section heat treatment capability. However, beta and near-beta alloys may require close 
control of processing and fabrication steps to achieve optimal properties, though this is not always the case. In the past, 
beta alloys had rather limited applications, such as springs and fasteners, where very high strength was required. 

In recent years, however, beta alloys have received closer attention because their fracture toughness characteristics 
respond to the increased need for damage tolerance in aerospace structures. In addition, some beta alloys containing 
molybdenum have good corrosion characteristics. Beta alloys also exhibit:  

• Better room-temperature forming and shaping characteristics than alpha-beta alloys  
• Higher strength than alpha-beta alloys at temperatures where yield strength (instead of creep strength) is 

the applicable criterion  
• Better response to heat treatment (solution treatment, quenching, and aging) in heavier sections than the 

alpha-beta alloys  

The use of beta alloys is increasing. Alloy Ti-10V-2Fe-3Al is used for forgings, alloy Ti-15V-3Cr-3Al-3Sn is used for 
sheet applications, and alloy Ti-3Al-8V-6Cr-4Mo-4Zr is being utilized for springs and extrusions. 

Terminology in Classifying Beta Alloys. Although there are a number of ways to define the term beta alloy, T. 
Duerig and J. Williams (Ref 11) suggest the following operational definition: "A beta-titanium alloy is any titanium 
composition which allows one to quench a very small volume of material into ice water from above the material's beta-
transus temperature without martensitically decomposing the beta phase." The point of such a detailed definition is to 
exclude all titanium alloys in which martensite can be formed athermally or with the assistance of residual stresses that 
may arise during the quenching of large pieces. It also excludes the diffusional decomposition of beta, which is section 
size dependent through cooling rates. 



Within this definition, Fig. 14 illustrates the constitution of beta alloys. Within the general class of beta alloys, the solute 
lean alloys tend to decompose much more readily than do the more stable, solute rich alloys. Therefore, it is useful to 
divide the general classification of beta alloys into two subclassifications: the lean beta alloys and the rich beta alloys. In 
Fig. 14, for example, alloys which form the brittle metastable phase, omega (ω) phase, during aging would be defined as 
lean alloys, and alloys which are too stable to decompose isothermally to a β+ ω mixture would be classified as rich 
alloys. Alternatives to this definition would be to define the lean alloys as those that deform by either a twinning or a 
martensitic shearing process when in the solution treated and quenched condition, or to give a processing-oriented 
definition that would identify the lean alloys as those that can be effectively thermomechanically processed in the α + β 
phase field (although this definition is certainly the least distinct of the three) (Ref 11). In terms of the most common 
commercial alloys, these three definitions basically coincide: any alloy classified as lean or rich by one definition would 
be classed the same way by either of the other definitions, although one could, without doubt, develop compositions that 
could not be unambiguously defined by all three definitions. Nevertheless, these definitions are more meaningful than the 
terms metastable beta and near-beta because all commercial beta alloys are metastable and decompose into alpha-beta 
structures. 

 

Fig. 14 Schematic phase diagram of a beta-stabilized titanium system, indicating the compositional range that 
would be considered beta alloys and the subdivision of this range into the lean and rich beta alloys. Source: Ref 
11 

Microstructural Constituents 

The basis for microstructural manipulation during heat treatment of titanium alloys centers around the β → α 
transformation that occurs in these alloys during cooling. This transformation can occur by nucleation and growth, or it 
can occur martensitically, depending on the alloy composition and the cooling rate. The martensitic product is usually hcp 
and is designated α'. There also is an orthorhombic martensite, designated α'', which forms in alloys that contain higher 
concentrations of refractory elements such as molybdenum, tantalum, or niobium. Literally all thermomechanical 
processing is conducted above the Ms temperature for either α' or α''. Alloys that contain enough β-stabilizing elements to 
depress the Ms temperature below room temperature can be rapidly cooled to retain the metastable βphase. More detailed 
information of the phase transformations in titanium alloys is given in several of the "Selected References" listed at the 
end of this article. 

Alpha Structures. Equiaxed alpha grains (Fig. 12a) usually are developed by annealing cold-worked alloys above the 
recrystallization temperature. Elongated alpha grains (Fig. 15b) result from unidirectional working of the metal and are 
commonly found in longitudinal sections of rolled or extruded alloys. Elongated alpha may be enhanced by the prior 
presence of blocky and/or grain-boundary alpha. 



 

Fig. 15 Microstructures corresponding to different combinations of properties in Ti-6Al-4V forgings. (a) 6% 
equiaxed primary alpha plus fine platelet alpha in Ti-6Al-4V alpha-beta forged, then annealed 2 h at 705 °C 
(1300 °F) and air cooled. (b) 23% elongated, partly broken up alpha plus grain-boundary alpha in Ti-6Al-4V, 
alpha-beta forged and water quenched, then annealed 2 h at 705 °C and air cooled. (c) 25% blocky (spaghetti) 
alpha plates plus very fine platelet alpha in Ti-6Al-4V alpha-beta forged from a spaghetti-alpha starting 
structure, then solution treated 1 h at 955 °C (1750 °F) and reannealed 2 h at 705 °C. (d) 92% alpha basket-
weave structure in Ti-6Al-4V beta forged and slow cooled, then annealed 2 h at 705 °C. Structures in (a) and 
(b) produced excellent combinations of tensile properties, fatigue strengths and fracture toughness. Structure 
in (c) produced very poor combinations of mechanical properties. Structure in (d) produced good fracture 
toughness, but poor tensile properties and fatigue resistance. Source: Ref 12 

Primary alpha refers to the alpha phase in a crystallographic structure that is retained from the last high-temperature 
alpha-beta working or heat treatment. The morphology of alpha is influenced by the prior thermomechanical history. 

Transformed Beta. Although some of the areas of alpha phase that appear in micrographs of heat-treated titanium and 
titanium alloys may have been present before the heat treatment (primary alpha), other areas of alpha have been produced 
by transformation from beta. The alpha in these latter areas appears in different structures known as serrated, acicular, 
platelike, Widmanstätten, and alpha prime (martensite). The term transformed beta is used to describe these various alpha 
structures plus any beta that may remain at room temperature. 

Acicular alpha, which is the most common transformation product formed from beta during cooling, is produced by 
nucleation and growth along one set of preferred crystallographic planes of the prior-beta matrix (Fig. 12a) or along 
several sets of planes (Fig. 15d); in the latter instance, a basket-weave appearance results that is characteristic of a 
Widmanstätten structure. Acicular alpha and Widmanstätten alpha are generally interchangeable terms. 



Under some conditions, the long grains of alpha that are produced along preferred planes in the beta matrix take on a 
wide, platelike appearance. Under other conditions, grains of irregular size and with jagged boundaries, called serrated 
alpha, are produced. 

Alpha prime (hexagonal martensite) is a nonequilibrium supersaturated alpha structure produced by diffusionless 
(martensitic) transformation of beta. The needlelike structure, similar in appearance and in mode of formation to 
martensite in steel, is often difficult to distinguish from that of acicular alpha, although acicular alpha usually is less well-
defined and has curved rather than straight sides. 

Alpha double prime (orthorhombic martensite) is a supersaturated nonequilibrium orthorhombic phase formed 
by a diffusionless transformation of the beta phase in certain alloys. 

Alpha-2 (α2) or Ti3Al is an ordered phase that can form within the alpha phase in alloys containing more than 6% Al. 
The reaction is promoted by increased oxygen. 

Omega is a nonequilibrium, submicroscopic phase that forms as a nucleation growth product, often thought to be a 
transition phase during the formation of alpha from beta. It occurs in metastable beta alloys and can lead to severe 
embrittlement. It typically occurs during aging at low temperatures, but can also be induced by high hydrostatic pressures. 
It can also form athermally upon quenching within beta of certain compositions. 

Beta Structures. In alpha-beta and beta alloys, some equilibrium beta is present at room temperature. A 
nonequilibrium, or metastable, beta phase can be produced in alpha-beta alloys that contain enough beta-stabilizing 
elements to retain the beta phase at room temperature upon rapid cooling from between the alpha transus and beta transus 
temperatures. The composition of the alloy must be such that the temperature for the start of martensite formation is 
depressed to below room temperature. Metastable beta is partially or completely transformed to martensite, alpha, or 
eutectoid decomposition products with thermal or strain energy activation during processing or service exposure. 

Beta flecks are alpha-lean regions in an alpha-beta microstructure. This beta-rich region has a beta transus measurably 
below that of the matrix. Beta flecks have reduced amounts of primary alpha (or may even be devoid of alpha) and, in 
alpha-beta alloys, may exhibit a different morphology than the primary alpha in the surrounding matrix. Beta flecks have 
a higher content of beta stabilizers than the matrix and, through partitioning, probably are lean in alpha stabilizers. 

Beta flecks are attributed to microsegregation during solidification of ingots of alloys that contain strong beta stabilizers. 
They are most often found in products made from large-diameter ingots. Beta flecks also may be found in beta-lean alloys 
such as Ti-6Al-4V that have been heated to a temperature near the beta transus during processing. 

Beta flecks are not considered harmful in alloys lean in beta stabilizers if they are to be used in the annealed condition. 
However, they constitute regions that incompletely respond to heat treatment, and thus microstructural standards have 
been established for allowable limits on beta flecks in various alpha-beta alloys. Beta flecks are more objectionable in 
beta-rich alpha-beta alloys and beta alloys than in leaner alloys. 

Aged Structures. Aging of martensite results in the formation of equilibrium α+ β but most aged martensite structures 
cannot be distinguished from unaged martensite by light microscopy. Precipitation of alpha during aging of beta results in 
some darkening of the aged-beta structure. Aging, or stressing, could change metastable beta to alpha or to eutectoid 
products. 
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Wrought Alloy Processing 

Because the microstructures of titanium alloys are readily affected by process variables, microstructural control is basic to 
successful processing of titanium alloys. Undesirable structures (grain-boundary alpha, beta fleck, "spaghetti" or 
elongated alpha) can interfere with optimal property development (Fig. 15). Titanium ingot structures, discussed in the 
section "Melting Practice for Ingot Production," can also carry over to the final product. 

Several factors are important in the processing of titanium and titanium alloys. Among the most important are:  

• Amounts of specific alloying elements and impurities  
• Melting process used to make ingot  
• Method for mechanically working ingots into mill products  
• The final step employed in working, fabrication, or heat treatment  

This section focuses on primary fabrication, in which ingots are converted into general mill products, and secondary 
fabrication of finished shapes from mill products. Secondary fabrication refers to manufacturing processes such as die 
forging, extrusion, hot and cold forming, machining, chemical milling, and joining, all of which are used for producing 
finished parts from mill products. Each of these processes may strongly influence properties of titanium and its alloys, 
either alone or by interacting with effects of processes to which the metal has previously been subjected. 

Primary Fabrication 

Primary fabrication includes all operations that convert ingot into general mill products--billet, bar, plate, sheet, strip, 
extrusions, tube, and wire. Besides the reduction of section size, the basic objective of primary processing is the 
refinement of grain size and the production of a uniform microstructure. Primary fabrication is very important in 
establishing final properties, because many secondary fabrication operations may not involve sufficient reductions for 
grain refinement by recrystallization. However, some secondary fabrication processes, such as forging and ring rolling, do 
impart sufficient reduction to play the major role in establishing material properties. In fact, forgings usually recrystallize 
more uniformly because forging is an efficient method of introducing large amounts of stored energy in the material. 

Because titanium alloys utilize many of the same methods (and sometimes the same processing facilities) as other metals, 
the primary fabrication processes were first designed around the capabilities of steel mill equipment. As the titanium 
industry matured, special furnace equipment, presses, and mills were developed in response to the different processing 
requirements of titanium alloys. One of the basic distinctions is the high reactivity of titanium and the possibility of 
surface contamination (see the section "Heat Treatment" for a discussion on surface contamination). Other major factors 
affected by thermomechanical processing that appear to be important are: primary alpha morphology, primary alpha 
volume fraction, and grain boundary alpha. The effects of thermomechanical processing on these microstructural features, 
which are important in both alpha-beta and beta alloys, are discussed in Ref 13. 

In beta alloys, however, thermomechanical processing affects not only the microstructure, but also the decomposition 
kinetics of the metastable beta phase during aging. The increased dislocation density after working beta alloys leads to 
extensive heterogeneous nucleation of the equilibrium alpha phase and can thus suppress formation of the brittle omega 
phase (Ref 13). Strain-rate sensitivity as a function of beta content is also important (see, for example, the section 
"Superplastic Forming" in this article). Because the flow stress of beta alloys can be affected by their high strain-rate 
sensitivity, primary processing is frequently accomplished at temperatures higher than those for other titanium alloys with 
the attendant higher number of reheats and increased wear on forging dies. Beta alloys thus exhibit slightly greater 



evidence of sensitivity to the thermomechanical processing route in obtaining and retaining uniformly recrystallized 
microstructure and less tendency for texturing when compared with α + β or alpha alloys. 

Reduction to Billet. Generally, the first breakdown of production ingot is a press cogging operation done in the beta 
temperature range. Modern processes utilize substantial amounts of working below the beta transus to produce billets with 
refined structures. These processes are carried out at temperatures high in the alpha region to allow greater reduction and 
improved grain refinement with a minimum of surface rupturing. Where maximum fracture toughness is required beta 
processing (or alpha-beta processing followed by beta heat treatment) is generally preferred. Table 10 gives standard 
forging-temperature ranges for manufacture of billet stock. 

Table 10 Standard forging temperatures for manufacturing titanium billet stock 

Forging temperatures  

β transus  Ingot breakdown  Intermediate  Finish  

Alloy  

°C  °F  °C  °F  °C  °F  °C  °F  

Commercially pure titanium  

Grades 1-4  900-955  1650-1750  955-980  1750-1800  900-925  1650-1700  815-900  1500-1650  

α and near-α alloys  

Ti-5Al-2.5Sn  1030  1890  1120-1175  2050-2150  1065-1095  1950-2000  1010-1040  1850-1900  

Ti-6Al-2Sn-4Zr-2Mo-0.08Si  995  1820  1095-1150  2000-2100  1010-1065  1850-1950  955-980  1750-1800  

Ti-8Al-1Mo-1V  1040  1900  1120-1175  2050-2150  1065-1095  1950-2000  1010-1040  1850-1900  

α - β alloys  

Ti-8Mn  800  1475  925-980  1700-1800  845-900  1550-1650  815-845  1500-1550  

Ti-6Al-4V  995  1820  1095-1150  2000-2100  980-1040  1800-1900  925-980  1700-1800  

Ti-6Al-6V-2Sn  945  1735  1040-1095  1900-2000  955-1010  1750-1850  870-940  1600-1725  

Ti-7Al-4Mo  1005  1840  1120-1175  2050-2150  1010-1065  1850-1950  955-980  1750-1800  

β alloy  



Some billets intended for further forging, rolling, or extrusion go through a grain-refinement process. This technique, 
developed in the early 1970s, utilizes the fact that titanium recrystallizes when it is heated above the beta transus. 
However, because grain boundary alpha forms when most (and especially beta-rich) alloys are cooled from above the beta 
transus, working in the alpha-beta region may be needed to control the formation of grain boundary alpha. Working 
during continuous cooling through the beta transus is a very effective method of eliminating grain boundary alpha (Ref 
13). By starting with grain-refined billet, secondary fabricators may be able to produce forgings that meet strict 
requirements with respect to macrostructure, microstructure, and mechanical properties without extensive hot working 
below the beta transus. 

Final tensile properties of alpha-beta alloys are strongly influenced by the amount of processing in the alpha-beta field--
both below the beta transus temperature and after recrystallization. Such processing increases the strength of high alpha 
grades in large section sizes. With modern processing techniques, billet and forged sections readily meet specified tensile 
properties prior to final forging. Table 11 shows how billet and forging section size affects room-temperature tensile 
properties of various titanium alloys. 

Table 11 Variation of typical room-temperature tensile properties with section size for four titanium alloys 

Section size(a)  Tensile strength  Yield strength  

mm  in.  MPa  ksi  MPa  ksi  

Elongation(b), 
%  

Reduction in 
area, %  

6Al-4V(c)  

25-50  1-2  1015  147  965  140  14  36  

102  4  1000  145  930  135  12  25  

205  8  965  140  895  130  11  23  

330  13  930  135  860  125  10  20  

6Al-4V-ELI(c)  

25-50  1-2  950  138  885  128  14  36  

102  4  885  128  827  120  12  28  

205  8  885  128  820  119  10  27  

330  13  870  126  795  115  10  22  

6Al-6V-2Sn(c)  

25-50  1-2  1105  160  1035  150  15  40  

102  4  1070  155  965  145  13  35  



205  8  1000  145  930  135  12  25  

8Al-1Mo-1V  

25-50  1-2(d)  985  143  905  131  15  36  

102  4(e)  910  132  840  122  17  35  

205  8(f)  1000  145  895  130  12  23  

6Al-2Sn-4Zr-2Mo+Si(g)  

25-50  1-2  1000  145  930  135  14  33  

102  4  1000  145  930  135  12  30  

205  8  1035  150  940  136  12  28  

330  13  1000  145  825  120  11  21  

 

(a) Properties are in longitudinal direction for sections 50 mm (2 in.) or less, and in transverse direction for sections 100 mm (4 in.) or more, in 
section size. 

(b) In 50 mm (2 in.). 

(c) Annealed 2 h at 700 °C (1300 °F) and air cooled. 

(d) Annealed 1 h at 900 °C (1650 °F), air cooled, then heated 8 h at 600 °C (1100 °F) and air cooled. 

(e) Annealed 1 h at 1010 °C (1850 °F), air cooled, then heated to 566 °C (1050 °F). 

(f) Annealed 1 h at 1010 °C (1850 °F) and oil quenched. 

(g) Annealed 1 h at 954 °C (1750 °F), air cooled, then heated 8 h to 600 °C (1100 °F) and air cooled 

 

Rolling of Bar, Plate, and Sheet. Roll cogging and hot roll finishing of bar, plate, and sheet are now standard 
operations, and special rolling and auxiliary equipment have been installed by the larger titanium producers to allow close 
control of all rolling operations. Rolling processes used by each manufacturer are proprietary and in some respects 
unique, but because all techniques must produce the same specified structures and mechanical properties, a high degree of 
similarity exists among the processes of all manufacturers. 



A representative range of temperatures used for hot rolling of titanium metals is presented in Table 12. Rolling at these 
temperatures produces end products with the desired grain structures. When production limitations require the 
suppression of aging reaction kinetics, the beta phase stability of the beta alloys allows manufacture of hot band and cold-
rolled strip product. Because of the body-centered cubic crystal structure of the beta phase, flat-rolled products and even 
cold-rolled strip are relatively free of in-plane texture (Ref 14). This makes possible strip and plate mill products with 
very uniform properties. 

Table 12 Typical rolling temperatures for several titanium metals 

Rolling temperatures  

Bar  Plate  Sheet  

Alloy  

°C  °F  °C  °F  °C  °F  

Commercially pure titanium  

Grades 1-4  760-815  1400-1500  760-790  1400-1450  705-760  1300-1400  

α and near-α alloys  

Ti-5Al-2.5Sn  1010-1065  1850-1950  980-1040  1800-1900  980-1010  1800-1850  

Ti-6Al-2Sn-4Zr-2Mo  955-1010  1750-1850  955-980  1750-1800  925-980  1700-1800  

Ti-8A-1Mo-1V  1010-1040  1850-1900  980-1040  1800-1900  980-1040  1800-1900  

α-β alloys  

Ti-8Mn  . . .  . . .  705-760  1300-1400  705-760  1300-1400  

Ti-4Al-3Mo-1V  925-955  1700-1750  900-925  1650-1700  900-925  1650-1700  

Ti-6Al-4V  955-1010  1750-1850  925-980  1700-1800  900-925  1650-1700  

Ti-6Al-6V-2Sn  900-955  1650-1750  870-925  1600-1700  870-900  1600-1650  

Ti-7Al-4Mo  955-1010  1750-1850  925-955  1700-1750  925-955  1700-1750  

β alloy  



Bars up to about 100 mm (4 in.) in diameter are unidirectionally rolled, and their properties commonly reflect total 
reduction in the alpha-beta range. For example, a round bar 50 mm (2 in.) in diameter rolled from a Ti-6Al-4V billet 100 

mm (4 in.) square typically is 140 to 170 MPa (20 to 25 ksi) lower in tensile strength than rod 7.8 mm ( 5
16

 in.) in 

diameter rolled on a rod mill from a billet of the same size at the same rolling temperatures. For bars about 50 to 100 mm 
(2 to 4 in.) in diameter, strength does not decrease with section size, but transverse ductility and notched stress-rupture 
strength at room temperature do become lower. In diameters greater than about 75 to 100 mm (3 to 4 in.), annealed Ti-
6Al-4V bars usually do not meet prescribed limits for notched stress rupture at room temperature--1170 MPa (170 ksi) 
minimum to cause rupture of a notched specimen in 5 h--unless the material is given a special duplex anneal. Transverse 

ductility is lower in bars about 65 to 100 mm (2 1
2

 to 4 in.) in diameter because it is not possible to obtain the preferred 

texture throughout bars of this size. 

Plate and sheet commonly exhibit higher tensile properties in the transverse direction relative to the final rolling direction 
(Table 13). Cross rolling is used to achieve a balance in transverse and longitudinal properties. Unidirectional rolling 
(Table 13) is not yet used for alpha-beta titanium alloys. 

Table 13 Tensile properties of unidirectionally rolled Ti-6Al-4V sheet 

Gage  Tensile strength  Yield strength  Tensile modulus  

mm  in.  MPa  ksi  MPa  ksi  

Elongation(a), 
%  

GPa  106 psi  

Longitudinal direction  

0.737  0.029  945  137  870  126  7.0  100  14.5  

1.016  0.040  970  141  855  124  6.5  106  15.4  

1.168  0.046  915  133  860  125  6.5  105  15.2  

1.524  0.060  985  143  925  134  6.5  104  15.1  

1.778  0.070  995  144  915  133  8.0  105  15.3  

Transverse direction  

0.737  0.029  1105  160  1061  154  7.5  130  18.8  

1.016  0.040  1195  173  1105  160  7.5  145  21.1  

1.168  0.046  1225  178  1165  169  7.5  140  20.2  

1.524  0.060  1125  163  1090  158  8.0  125  18.2  



(a) In 50 mm (2 in.) 

 

Directionality in properties is observed only as a slight drop in transverse ductility of plate greater than 25 mm (1 in.) 
thick. Military, AMS, and customer specifications all prescribe lower minimum tensile and yield strengths as plate 
thickness increases. For forming applications, some customers specify a maximum allowable difference between tensile 
strengths in the transverse and longitudinal directions. 

Forging 

Forging is a common method of producing wrought titanium articles, and titanium alloy forgings are produced by all of 
the forging methods currently available, including open-die (or hand) forging, closed-die forging, upsetting, roll forging, 
orbital forging, spin forging, mandrel forging, ring rolling, and forward and backward extrusion. Selection of the optimal 
forging method for a given forging shape is based on the desired forging shape, the sophistication of the design of the 
forged shape, the cost, and the desired mechanical properties and microstructure. In many cases, two or more forging 
methods are combined to achieve the desired forging shape, to obtain the desired final part microstructure, and/or to 
minimize cost. For example, open-die forging frequently precedes closed-die forging to preshape or preform the metal to 
conform to the subsequent closed dies, to conserve the expensive input metal, and/or to assist in overall microstructural 
development and grain flow control. 

Titanium alloys are forged into a variety of shapes and types of forgings, with a broad range of final part forging design 
criteria based on the intended application. As a class of materials, however, titanium alloys are considerably more 
difficult to forge than aluminum alloys and alloy steels, particularly with conventional forging techniques, which use 
nonisothermal die temperatures of 535 °C (1000 °F) or less and moderate strain rates. Therefore, titanium alloy forgings, 
particularly closed-die forgings, are typically produced to less highly refined final forging configurations than are typical 
of aluminum alloys (although precision forgings in titanium alloys are produced to the same design and tolerance criteria 
as aluminum alloys; see the article "Forging of Titanium Alloys" in Forming and Forging, Volume 14 of ASM Handbook, 
formerly 9th Edition Metals Handbook). 

Most titanium alloy forgings are thermally treated after forging, with heat treatment processes ranging from simple stress-
relief annealing to multiple-step processes of solution treating, quenching, aging, and/or annealing designed to modify the 
microstructure of the alloy to meet specific mechanical property criteria. However, the working history and forging 
parameters used in titanium alloy forging also have a significant impact on the final microstructure (and therefore the 
resultant mechanical properties) of the forged alloy--perhaps to a greater extent than in any other commonly forged 
material. Therefore, the forging process in titanium alloys is used not only to create cost-effective forging shapes but also, 
in combination with thermal treatments, to create unique and/or tailored microstructures to achieve the desired final 
mechanical properties through thermomechanical processing techniques. In fact, one of the main purposes of die forging 
is to obtain a combination of mechanical properties that generally does not exist in bar or billet. Tensile strength, creep 
resistance, fatigue strength, and toughness all may be better in forgings than in bar or other forms. 

The hot deformation processes conducted during the forging of the three classes of titanium alloys form an integral 
part of the overall thermomechanical processing of these alloys to achieve the desired microstructure. By the design of the 
working process history from ingot to billet to forging, and particularly the selection of metal temperatures and 
deformation conditions during the forging process, significant changes in the morphology of the allotropic phases of 
titanium alloys are achieved that in turn dictate the final mechanical properties and characteristics of the alloy. 

The key to successful forging and heat treatment is the beta transus temperature. Figure 16 shows the possible locations 
for temperature of forging and/or heat treatment of a typical alpha-beta alloy such as Ti-6Al-4V. The higher the 
processing temperature in the α+ βregion, the more beta is available to transform upon cooling. Upon quenching from 
above the beta transus, a completely transformed, acicular structure arises. The form of the transformed beta structures 
produced by processing depends on the exact location of the beta transus, which varies from heat to heat of a given alloy, 
and also on the degree and nature of deformation produced. Section size is important, and the number of working 
operations can be significant. Conventional forging may require two or three operations, whereas isothermal forging may 
require only one. 



 



Fig. 16 Effects of forging and heat treating temperatures on properties of titanium alloys. (a) Phase diagram of 
alpha and beta contents with a base composition of titanium + 6 wt% Al. (b) Generalized effect of processing 
temperature on beta grain size and room-temperature mechanical properties of an alpha-beta alloy. (c) 
Generalized effect of processing temperature on as-forged room-temperature mechanical properties of beta 
alloy Ti-13V-11Cr-3Al 

Fundamentally, there are two principal metallurgical approaches to the forging of titanium alloys:  

• Forging predominantly below the beta transus (alpha-beta forging)  
• Forging predominantly above the beta transus (beta forging)  

However, within these fundamental approaches, there are several possible variations that blend these two techniques into 
processes that are used commercially to achieve controlled microstructures that tailor the final properties of the forging to 
specification requirements and/or intended service applications. Table 14, for example, summarizes four 
thermomechanical schedules that produced optimal combinations of properties in Ti-6Al-4V test forgings: excellent 
tensile strength, good-to-excellent notch fatigue strength, low-cycle fatigue strength, and fracture toughness. Also 
included in the table are three schedules that produced subnormal properties. The microstructures of Ti-6Al-4V shown in 
Fig. 15 correspond to two of the schedules that produced good combinations of properties and two that produced inferior 
combinations. Note the substantial difference in microstructure in the same final product, which, in combination with the 
resulting properties, demonstrates that control of thermomechanical processing can control the microstructures and 
corresponding final properties of forgings. 

Table 14 Thermochemical schedules for producing various combinations of properties in Ti-6Al-4V forgings 

Initial 
microstructure  

Blocker 
forging 
temperature 
range  

Finish 
forging 
temperature 
range  

Finish 
forging 
reduction, 
%  

Cooling 
after 
forging  

Heat 
treated 
condition  

Final 
microstructure  

Best combinations of properties  

. . .  α-β  α-β  . . .  Air cooled  Annealed  6% equiaxed α plus fine platelet α 

Grain-boundary α α-β  α-β  . . .  Air cooled  Annealed  26% elongated partly broken up grain-
boundary primary α plus fine platelet α 

Grain-boundary α α-β  α-β  . . .  Water 
quenched  

Annealed  23% elongated partly broken up primary 
α plus very fine platelet α 

. . .  β α-β  10  Air cooled  Annealed  63% fine elongated primary α plus fine 
platelet α 

Subnormal properties  

Spaghetti α α α . . .  Air cooled  STOA(a)  25% blocky primary α plates plus very 
fine platelet α 

. . .  β α-β  10  Water 
quenched  

STOA(a)  43% coarse elongated primary α plates 
plus very fine platelet α 



. . .  β β . . .  Slow 
cooled  

Annealed  92% α basketweave structure  

 

(a) STOA, solution treated and overaged 

 

Conventional alpha-beta forging of titanium alloys, in addition to implying the use of die temperatures of 540 °C 
(1000 °F) or less, is the term used to describe a forging process in which most or all of the forging deformation is 
conducted at temperatures below the beta transus of the alloy. This forging technique involves working the material at 
temperatures where both alpha and beta phases are present, with the relative amounts of each phase being dictated by the 
composition of the alloy and the actual temperature used. With this forging technique, the resultant as-forged 
microstructure is characterized by deformed or equiaxed primary alpha in a transformed beta matrix; the volume fraction 
and morphology of primary alpha is dictated by the alloy composition and the actual working history and temperature. 
Alpha-beta forging is typically used to develop optimal strength/ductility combinations and optimal high/low-cycle 
fatigue properties. With alpha-beta forging, the effects of working on microstructure, particularly alpha morphology 
changes, are cumulative; therefore, each successive alpha/beta working operation adds to the structural changes achieved 
in earlier operations. In the beta alloys, manipulation of the alpha phase during forging is less prevalent; therefore, the 
beta alloys are typically forged above the beta transus. 

Beta forging, as the term implies, is a forging technique for alpha, beta, and alpha-beta alloys in which most or all of 
the forging work is done at temperatures above the beta transus of the alloy. In commercial practice, beta forging 
techniques typically involve supertransus forging in the early and/or intermediate stages with controlled amounts of final 
deformation below the beta transus of the alloy. However, isothermal beta forging is finding use in production of the more 
creep-resistant components of titanium alloys. 

The beta-forged alloys tend to show a transformed beta or acicular microstructure, whereas alpha-beta forged alloys show 
a more equiaxed structure. Because each structure has unique capabilities (Table 8), tradeoffs are required in developing 
either an equiaxed or acicular structure. Figure 17, for example, compares alpha-beta forging versus beta forging for 
several titanium alloys. Although yield strength after beta forging was not always as high as that after alpha-beta forging, 
values of notch tensile strength and fracture toughness were consistently higher for the beta-forged material. 

 

Fig. 17 Comparison of typical mechanical properties of alpha-beta forged and beta forged titanium alloys. 



Shaded bars represent alpha-beta forged material; striped bars, beta forged material 

Consequently, beta forging is typically used to enhance fracture-related properties, such as fracture toughness and fatigue 
crack propagation resistance, and to enhance the creep resistance of alpha and alpha-beta alloys. In fact, several recently 
developed alpha alloys (such as IMI 829 and 834) are designed to be beta forged to develop the desired final mechanical 
properties. There is often a loss in strength and ductility with beta forging as compared to alpha-beta forging. 

In beta forging, the working influences on microstructure are not fully cumulative; with each working-cooling-reheating 
sequence above the beta transus, the effects of the prior working operations are at least partially lost because of 
recrystallization from the transformation upon heating above the beta transus of the alloy. Beta forging, particularly of 
alpha and alpha-beta alloys, has the advantages of significant reduction in forging unit pressures and reduced cracking 
tendency, but it must be done under carefully controlled forging process conditions to avoid nonuniform working, 
excessive grain growth, and/or poorly worked structures, all of which can result in final forgings with unacceptable or 
widely variant mechanical properties within a given forging or from lot to lot of the same forging. 

Effect of Deformation Rate. Titanium alloys are highly strain-rate sensitive in deformation processes such as 
forging--considerably more so than aluminum alloys or alloy steels. The strain-rate sensitivity at forging temperatures is 
much higher for the beta and near-beta alloys, with the result that alloys such as Ti-13V-11Cr-3Al show marked increases 
in strength or flow stress as the deformation rate is increased. For example, at 788 °C (1450 °F) this alloy requires 50% 
more energy at a typical hammer velocity of 508 cm/sec (200 in./sec) than at a typical press velocity of 2.8 cm/sec (1.5 
in./sec). However, the differences are much less for alpha and α+ β alloys (Ref 13). 

From the known strain-rate sensitivity of titanium alloys, it appears to be advantageous to deform these alloys at relatively 
slow strain rates in order to reduce the resistance to deformation in forging (Fig. 18); however, under the nonisothermal 
conditions present in the conventional forging of titanium alloys, the temperature losses encountered by such techniques 
far out-weigh the benefits of forging at slow strain rates. Therefore, in the conventional forging of titanium alloys with 
relatively cool dies, intermediate strain rates are typically employed as a compromise between strain-rate sensitivity and 
metal temperature losses in order to obtain the optimal deformation possible with a given alloy. As discussed in the 
section "Hot-Die and Isothermal Forging" below, major reduction in resistance to deformation of titanium alloys can be 
achieved by slow strain-rate forging techniques under conditions where metal temperatures losses are minimized through 
dies heated to temperatures at or close to the metal temperature. 

 

Fig. 18 Effect of strain rate on forging pressures for several titanium alloys at various forging temperatures. 



Data for AISI 4340 steel are presented for comparison purposes. 

With rapid deformation rate forging techniques, such as the use of hammers and/or mechanical presses, deformation 
heating during the forging process becomes important. Because titanium alloys have relatively poor coefficients of 
thermal conductivity, temperature nonuniformity may result, giving rise to nonuniform deformation behavior and/or 
excursions to temperatures that are undesirable for the alloy and/or final forging mechanical properties. As a result, in the 
rapid strain-rate forging of titanium alloys, metal temperatures are often adjusted to account for in-process heat-up, or the 
forging process (sequence of blows, and so on) is controlled to minimize undesirable temperature increases, or both. 
Therefore, within the forging temperature ranges outlined in Table 15, metal temperatures for optimal titanium alloy 
forging conditions are based on the type of forging equipment to be used, the strain rate to be employed, and the design of 
the forging part. 

Table 15 Recommended forging temperature ranges for commonly forged titanium alloys 

Beta transus (βt)  Forging temperature(b)  Alloy  

°C  °F  

Process(a)  

°C  °F  

α/near-α alloys  

Ti-C.P.(c)  915  1675  C  815-900  1500-1650  

Ti-5Al-2.5Sn(c)  1050  1925  C  900-1010  1650-1850  

Ti-5Al-6Sn-2Zr-1Mo-0.1Si  1010  1850  C  900-995  1650-1925  

C  940-1050  1725-1825  Ti-6Al-2Nb-1Ta-0.8Mo  1015  1860  

B  1040-1120  1900-2050  

C  900-975  1650-1790  Ti-6Al-2Sn-4Zr-2Mo(+0.2Si)(d)  990  1815  

B  1010-1065  1850-1950  

Ti-8Al-1Mo-IV  1040  1900  C  900-1020  1650-1870  

IMI 685 (Ti-6Al-5Zr-0.5Mo-0.25Si)(e)  1030  1885  C/B  980-1050  1795-1925  

IMI 829 (Ti-5.5Al-3.5Sn-3Zr-1Nb-0.25Mo-0.3Si)(e)  1015  1860  C/B  980-1050  1795-1925  

IMI 834 (Ti-5.5Al-4.5Sn-4Zr-0.7Nb-0.5Mo-0.4Si-0.06C)(e)  1010  1850  C/B  980-1050  1795-1925  

α-β alloys  



C  900-980  1650-1800  Ti-6Al-4V(c)  995  1825  

B  1010-1065  1850-1950  

C  870-950  1600-1740  Ti-6Al-4V-ELI  975  1790  

B  990-1045  1815-1915  

Ti-6Al-6V-2Sn  945  1735  C  845-915  1550-1675  

C  845-915  1550-1675  Ti-6Al-2Sn-4Zr-6Mo  940  1720  

B  955-1010  1750-1850  

Ti-6Al-2Sn-2Zr-2Mo-2Cr  980  1795  C  870-955  1600-1750  

C  805-865  1480-1590  Ti-17 (Ti-5Al-2Sn-2Zr-4Cr-4Mo(f)  885  1625  

B  900-970  1650-1175  

C  845-915  1550-1675  Corona 5 (Ti-4.5Al-5Mo-1.5Cr)  925  1700  

B  955-1010  1750-1850  

IMI 550 (Ti-4Al-4Mo-2Sn)  990  1810  C  900-970  1650-1775  

IMI 679 (Ti-2Al-11Sn-4Zr-1Mo-0.25Si)  945  1730  C  870-925  1600-1700  

IMI 700 (Ti-6Al-5Zr-4Mo-1Cu-0.2Si)  1015  1860  C  800-900  1470-1650  

β, near-β, and β alloys  

Ti-8Al-8V-2Fe-3Al  775  1425  C/B  705-980  1300-1800  

C/B  705-785(g)  1300-1450(g)  Ti-10V-2Fe-3Al  805  1480  

B  815-870  1500-1600  

Ti-13V-11Cr-3Al  675  1250  C/B  650-955  1200-1750  

Ti-15V-3Cr-3Al-3Sn  770  1415  C/B  705-925  1300-1700  



Beta C (Ti-3Al-8V-6Cr-4Mo-4Zr)  795  1460  C/B  705-980  1300-1800  

Beta III (Ti-4.5Sn-6Zr-11.5Mo)  745  1375  C/B  705-955  1300-1750  

Transage 129 (Ti-2Al-11.5V-2Sn-11Zr)  720  1325  C/B  650-870  1200-1600  

Transage 175 (Ti-2.7Al-13V-7Sn-2Zr)  760  1410  C/B  705-925  1300-1700  

 

(a) C, conventional forging processes in which most or all of the forging work is accomplished below the βt of the alloy for the purposes of desired 
mechanical property development. This forging method is also referred to as α-β forging. B, β forging processes in which some or all of the 
forging is conducted above the βt of the alloy to improve hot workability or to obtain desired mechanical property combinations. C/B, either 
forging methodology (conventional or β) is employed in the fabrication of forgings or for alloys, such as β alloys, that are predominately 
forged above their βt but may be finish forged at subtransus temperatures. 

(b) These are recommended metal temperature ranges for conventional α-β, or βforging processes for alloys for which the latter techniques are 
reported to have been employed. The lower limit of the forging temperature range is established for open-die forging operations in which 
reheating is recommended. 

(c) Alloys for which there are several compositional variations (primarily oxygen or other interstitial element contents) that may affect both βt and 
forging temperature ranges. 

(d) This alloy is forged and used both with and without the silicon addition; however, the βt and recommended forging temperatures are essentially 
the same. 

(e) Alloys designed to be predominately β forged. 

(f) Ti-17 has been classified as an α-β and as a near-β titanium alloy. For purposes of this article, it is classified as an α-β alloy. 

(g) Temperature for finish forging; primary forging performed at about 845 °C (1550 °F). 

 

Hot-die and isothermal forging are special categories of forging processes in which the die temperatures are 
significantly higher than those used in conventional hot-forging processes. This has the advantage of reducing die chill 
and results in a process capable of producing near-net and/or net shape parts. Therefore, these processes are also referred 
to as near-net shape forging processes. These processing techniques are primarily used for manufacturing airframe 
structures and jet-engine components made of titanium and nickel-base alloys, but they have also been used in steel 
transmission gears and other components. 

In the isothermal forging process, the dies are maintained at the same temperature as the forging stock. This 
eliminates the die chill completely and maintains the stock at a constant temperature throughout the forging cycle. The 
process permits the use of extremely slow strain rates, thus taking advantage of the strain-rate sensitivity of flow stress for 
certain alloys. The process is capable of producing net shape forgings that are ready to use without machining or near-net 
shape forgings that require minimal secondary machining. 

The hot-die forging process is characterized by die temperatures higher than those in conventional forging, but 
lower than those in isothermal forging. Typical die temperatures in hot-die forging are 110 to 225 °C (200 to 400 °F) 
lower than the temperature of the stock. When compared with isothermal forging, the lowering of die temperature allows 
wider selection of die materials, but the ability to produce very thin and complex geometries is compromised. 



The alloys used for hot-die and isothermal forging include titanium alloys such as Ti-6Al-4V, Ti-6Al-2Sn-4Zr-2Mo-
0.1Si, and Ti-10V-2Fe-3Al. Isothermal forging of alpha-beta alloys is technically feasible, although high process and 
tooling costs, catastrophic die failures, and other engineering problems associated with very high process temperatures 
combine to minimize its use on conventional alpha-beta alloys. 

Die Temperature. Proper selection of die temperature is one of the critical factors in process design for hot-die and 
isothermal forging. The effect of die temperature on forging pressure is illustrated in Fig. 19 for Ti-6Al-4V. As shown in 
Fig. 19, a decrease in die temperature from 955 to 730 °C (1750 to 1350 °F) may result in doubling the forging pressure 
and may affect the shape capability available. 

 

Fig. 19 Forging pressure and flow stress of Ti-6Al-4V. (a) Effect of die temperature at various strain rates. (b) Effect of grain size 
distribution on flow stress versus strain rate data for Ti-6Al-4V at 927 °C (1700 °F). Lot A, average grain size of 4 μm and grain size range 
of 1 to 10 μm; lot B, average grain size of 4.6 μm but grain size range of 1 to >20 μm 

Die Temperature in Conventional Forging. The dies used in the conventional forging of titanium alloys, unlike 
some other materials, are heated to facilitate the forging process and to reduce metal temperature losses during the forging 
process--particularly surface chilling, which may lead to inadequate die filling and/or excessive cracking. Table 16 lists 
the recommended die temperatures used for several titanium alloy forging processes employing conventional die 
temperatures. Dies are usually preheated to these temperature ranges using the die heating techniques discussed below. In 
addition, because the metal temperature of titanium alloys exceeds that of the dies, heat transfer to the dies occurs during 
conventional forging, frequently requiring that the dies be cooled to avoid die damage. Cooling techniques include wet 
steam, air blasts, and, in some cases, water. 

Table 16 Die temperature ranges for the conventional forging of titanium alloys 

Die temperature  Forging process/equipment  

°C  °F  

Open-die forging  

150-260  300-500  Ring rolling  

95-260  200-500  



Closed-die forging  

Hammers  95-260  200-500  

Upsetters  150-260  300-500  

Mechanical presses  150-315  300-600  

Screw presses  150-315  300-600  

Orbital forging  150-315  300-600  

Spin forging  95-315  200-600  

Roll forging  95-260  200-500  

Hydraulic presses  315-480  600-900  

 
Extrusion 

Extrusion is used as an alternative to rolling as a mill process in order to make rodlike and seamless pipe products. 
Properties are affected by processing conditions in much the same way as they are for rolled or forged products. The 
properties of extruded products, however, are not identical to those of die-forged structures. Titanium extrusions are 
typically produced in the beta phase (beta extruded). Even where similar microstructures are produced, the 
thermomechanical working possible in open- and closed-die forging permits much more control over the resultant 
properties. One of the more unusual applications of extrusion has been in the production of tapered wing spars for a 
military aircraft. 

Forming 

Titanium and titanium alloy sheet and plate are strain hardened by cold forming. This normally increases tensile and yield 
strengths and causes a slight drop in ductility. Beta alloys generally are easier to form than are alpha and alpha-beta 
alloys. Titanium metals exhibit a high degree of springback in cold forming. To overcome this characteristic, titanium 
must be overformed or, as is done frequently, hot sized after cold forming. 

In all forming operations, titanium and its alloys are susceptible to the Bauschinger effect. This is a drop in compressive 
yield strength in one loading direction caused by tensile deformation in another direction and vice versa. The Bauschinger 
effect is most pronounced at room temperature; plastic deformation (1 to 5% tensile elongation) at room temperature 
always introduces a significant loss in compressive yield strength, regardless of the initial heat treatment or strength of the 
alloys. At 2% tensile strain, for instance, the compressive yield strengths of Ti-4Al-3Mo-1V and Ti-6Al-4V drop to less 
than half the values for solution-treated material. Increasing the temperature reduces the Bauschinger effect; subsequent 
full thermal stress relieving completely removes it. 

Temperatures as low as the aging temperature might remove most of the Bauschinger effect in solution-treated titanium 
alloys. Heating or plastic deformation at temperatures above the normal aging temperature for solution-treated Ti-6Al-4V 
causes overaging to occur and, as a result, all mechanical properties decrease. 

Cold Forming. Commercially pure titanium and most beta titanium alloys, such as Ti-15V-3Sn-3Cr-3Al and Ti-3Al-
8V-6Cr-4Zr-4Mo, can be cold formed to a limited extent. Alloy Ti-8Al-1Mo-1V sheet can be cold formed to shallow 
shapes by standard methods, but the bends must be of larger radii than in hot forming and must have shallower stretch 
flanges. The cold forming of other alloys generally results in excessive springback, requires stress relieving between 



operations, and requires more power. Titanium and titanium alloys are commonly stretch formed without being heated, 
although the die is sometimes warmed to 150 °C (300 °F). For the cold forming of all titanium alloys, formability is best 
at low forming speeds. 

To improve dimensional accuracy, cold forming is generally followed by hot sizing. Hot sizing and stress relieving are 
ordinarily needed to reduce stress and to avoid delayed cracking and stress corrosion. Stress relief is also needed to 
restore compressive yield strength after cold forming. Hot sizing is often combined with stress relieving, with the 
workpiece being held in fixtures or form dies to prevent distortion. 

The only true cold-formable titanium alloy is Ti-15V-3Sn-3Cr-3Al, but hot sizing is probably required for all but brake 
forming. Properties must be developed with an aging treatment (8 h at 540 °C, or 1000 °F, is typical). Because of the high 
springback rates encountered with this alloy, more elaborate tooling must be used. 

Hot forming of titanium alloys at temperatures from 595 to 815 °C (1100 to 1500 °F) increases formability, reduces 
springback, takes advantage of a lesser variation in yield strength, and allows for maximum deformation with minimum 
annealing between forming operations. It also eliminates the need for subsequent stress relief. The true net effect in any 
forming operation depends on total deformation and actual temperature during forming. Titanium metals also tend to 
creep at elevated temperatures; holding under load at the forming temperature (creep forming) is another alternative for 
achieving the desired shape without having to compensate for extensive springback. Severe forming must be done in hot 
dies, generally with preheated stock. 

The greatest improvement in the ductility and uniformity of properties for most titanium alloys is at temperatures above 
540 °C (1100 °F). At still higher temperatures, some alloys exhibit superplasticity (see the section "Superplastic Forming" 
below). However, contamination is also more severe at the higher temperatures. Above about 650 °C (1200 °F), forming 
should be done in vacuum or under a protective atmosphere, such as argon, to minimize oxidation. Coatings can also be 
used to minimize contamination. Most hot-forming operations are done at temperatures above 540 °C (1000 °F). For 
applications in which the utmost in ductility is required, temperatures below 315 to 425 °C (600 to 800 °F) are usually 
avoided. 

Temperatures generally must be kept below 815 °C (1500 °F) to avoid marked deterioration in mechanical properties. 
Superplastic forming, however, is performed at 870 to 925 °C (1600 to 1700 °F) for alloys such as Ti-6Al-4V. At these 
temperatures, care must be taken not to exceed the beta transus temperature of Ti-6Al-4V. Heating temperature and time 
at temperature is controlled so that the titanium is hot for the shortest time practical and the metal temperature is in the 
correct range. 

Scaling and Embrittlement. Titanium is scaled and embrittled by oxygen-rich surface layers formed at temperatures 
higher than 540 °C (1000 °F) commonly referred to as alpha case. The subsequent removal of scale and embrittled 
surface, or a protective atmosphere, should be considered for any heating above 540 °C (1000 °F). Argon gas is a 
commonly used atmosphere for superplastic forming. 

Aging. Some hot-forming temperatures are high enough to age a titanium alloy. Heat-treatable beta and alpha-beta alloys 
generally must be reheat treated (solution annealed) after hot forming. Alpha-beta alloys should not be formed above the 
beta transus temperature. 

Because of aging, scaling, and embrittlement, as well as the greater cost of working at elevated temperatures, hot forming 
is ordinarily done at the lowest temperature that will permit the required deformation. When maximum formability is 
required, the forming should be done at the highest temperature practical that will retain the mechanical properties and 
serviceability required of the workpiece. 

Tools. Titanium alloys are often formed hot in heated dies in presses that have a slow, controlled motion and that can 
dwell in the position needed during the press cycle. Hot forming is sometimes done in dies that include heating elements 
or in dies that are heated by the press platens. Press platens heated to 650 °C (1200 °F) can transmit enough heat to keep 
the working faces of the die at 425 to 480 °C (800 to 900 °F). Other methods of heating include electrical-resistance 
heating and the use of quartz lamps and portable furnaces. 

Accuracy. Hot forming has the advantage of improved uniformity in yield strength, especially when the forming or 
sizing temperature is above 540 °C (1000 °F). However, care must be taken to limit the accumulation of dimensional 
errors resulting from:  



• Differences in thermal expansion  
• Variations in temperature  
• Dimensional changes from scale formation  
• Changes in dimensions of tools  
• Reduction in thickness from chemical pickling operations  

Superplastic Forming. Superplasticity is a term used to indicate the exceptional ductility that certain metals can 
exhibit when deformed under proper conditions. Although there are several different types of superplasticity, only the 
micrograin superplasticity is of importance in the fabrication of parts. For micrograin superplasticity, the high ductilities 
are observed only under certain conditions, and the basic requirements for this type of superplasticity are:  

• Very fine grain size material (of the order of 10 μm, or 400 μin.)  
• Relatively high temperature (greater than about one-half the absolute melting point)  
• A controlled strain rate, usually 0.0001 to 0.01 s-1  
• A two-phase structure (alpha and beta in titanium)  

Because of these requirements, only a limited number of commercial alloys are superplastic, and these materials are 
formed using methods and conditions that are different from those used for conventional metals. 

However, some of the titanium alloys (Table 17) have been found to be superplastic as conventionally produced, without 
any alloy modifications nor special mill-processing methods to make them superplastic. The characteristic flow properties 
of a superplastic metal are exemplified in Fig. 20 for a Ti-6Al-4V alloy tested at 927 °C (1700 °F). It is well known that 
the primary factor related to this behavior is the rate of change of flow stress with strain rate, usually measured and 
reported as m, the strain-rate sensitivity exponent:  
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ε

∂
=

∂
 

 
(Eq 1) 

where σ is the flow stress and ε is the strain rate. The higher the m value of an alloy, the greater its superplasticity. 

Table 17 Superplastic characteristics of titanium alloys 

Test temperature  Alloy  

°C  °F  

Strain rate, s-1  Strain rate 
sensitivity 
factor, m  

Elongation, 
%  

Commercially pure titanium  850  1560  1.7 × 10-4  . . .  115  

α -β alloys  

Ti-6Al-4V  840-870  1545-1600  1.3 × 10-4 to 10-3  0.75  750-1170  

Ti-6Al-5V  850  1560  8 × 10-4  0.70  700-1100  

Ti-6Al-2Sn-4Zr-2Mo  900  1650  2 × 10-4  0.67  538  

Ti-4.5Al-5Mo-1.5Cr  870  1600  2 × 10-4  0.63-0.81  >510  



Ti-6Al-4V-2Ni  815  1500  2 × 10-4  0.85  720  

Ti-6Al-4V-2Co  815  1500  2 × 10-4  0.53  670  

Ti-6Al-4V-2Fe  815  1500  2 × 10-4  0.54  650  

Ti-5Al-2.5Sn  1000  1830  2 × 10-4  0.49  420  

Near-β and β alloys  

Ti-15V-3Sn-3Cr-3Al  815  1500  2 × 10-4  0.50  229  

Ti-13Cr-11V-3Al  800  1470  . . .  . . .  <150  

Ti-8Mn  750  1380  . . .  0.43  150  

Ti-15Mo  800  1470  . . .  0.60  100  

 

 

Fig. 20 Flow stress (a) and strain-rate sensitivity factor m (b) versus strain rate for Ti-6Al-4V materials with 
four different grain sizes. Test temperature: 927 °C (1700 °F) 



The metallurgical variables affecting superplastic behavior in titanium alloys include grain size, grain size distribution, 
alpha morphology grain growth kinetics, diffusivity, phase ratio of alpha and beta, and texture. Alloy composition is also 
significant and can have a pronounced effect on α-β phase ratio and on diffusivity. 

Table 17 shows that the alpha-beta titanium alloys seem to exhibit greater superplasticity than other titanium alloys. The 
alpha and beta phases are quite different in terms of crystal structure (hexagonal close-packed for alpha, and body-
centered cubic for beta) and diffusion kinetics. Beta phase exhibits a diffusivity approximately two orders of magnitude 
greater than that of alpha phase. For this reason alone it should be expected that the amount of beta phase present in a 
titanium alloy would have an effect on superplastic behavior. 

Figure 21 shows elongations and m values for several titanium alloys as a function of the volume fraction of beta phase 
present in the alloys. It can be readily seen that elongation values reach a peak at approximately 20 to 30 vol% beta phase 
(Fig. 21a), while m values peak at beta contents of about 40 to 50 vol% (Fig. 21b). Because m is usually considered to be 
a good indicator of superplasticity, this discrepancy in the location of maxima of the curves in Fig. 21 may be surprising. 
It is believed that the difference stems from a grain growth effect during superplastic deformation. Beta phase is known to 
exhibit more rapid grain coarsening than alpha, and the maximum ductility may be the result of a balance between 
moderated grain growth (due to the presence of alpha phase) and enhanced diffusivity (due to the presence of beta). 



 

Fig. 21 Elongation (a) and m value (b) as a function of beta-phase content for several titanium alloys. See text 
for details. 



The superplastic forming of titanium alloys is currently being used to fabricate a number of sheet metal components for a 
range of aircraft and aerospace systems. Hundreds of parts are in production, and significant cost savings are being 
realized through the use of superplastic forming. Other advantages of superplastic forming over other forming processes 
include the following:  

• Very complex part configurations are readily formed  
• Lighter, more efficient structures are possible  
• It is performed in a single operation, reducing fabrication time  
• Depending on part size, more than one piece can be produced per machine cycle  
• The force needed for forming is supplied by a gas, resulting in the application of equal amounts of 

pressure to all areas of the workpiece  

The limitations of the process include:  

• Heat-resistant tool materials that contain minimal amounts of nickel are required  
• Equipment requirements are extensive  
• Long preheat times are necessary to reach the forming temperature  
• A protective atmosphere, such as argon, is required  

Several processes are used in the superplastic forming of titanium alloys. Among these are blow forming, vacuum 
forming, thermoforming, deep drawing, and superplastic forming/diffusion bonding. All of these processes are discussed 
in more detail in Forming and Forging, Volume 14 of ASM Handbook, formerly 9th Edition Metals Handbook. 

Joining 

Adhesive bonding, brazing, mechanical fastening, metallurgical bonding, and welding are all used routinely and 
successfully to join titanium and its alloys. The first three processes do not affect the properties of these metals as long as 
joints are properly designed. Metallurgical bonding includes all solid-state joining processes in which diffusion or 
deformation play the major role in bonding the members together. 

Because these processes are performed at elevated temperatures, metallurgical effects, either normally caused by heating 
at that temperature or resulting from contamination, should be anticipated. Except for adhesive bonds, properly processed 
joints have the same properties as the base metal and, because bonding is carried out at a temperature high in the alpha-
beta field, material properties appear similar to those resulting from high-temperature annealing. With most alloys, a final 
low-temperature anneal will produce properties characteristic of typical annealed material. 

Welding has the greatest potential for affecting material properties. In all types of welds, contamination by interstitial 
impurities such as oxygen and nitrogen must be minimized to maintain useful ductility in the weldment. Alloy 
composition, welding procedure, and subsequent heat treatment are highly important in determining the final properties of 
welded joints. Table 18 reviews mechanical properties for representative alloys and types of welds. The data can be 
summarized as follows:  

• Welding generally increases strength and hardness  
• Welding generally decreases tensile and bend ductility  
• Welds in unalloyed titanium grades 1, 2, and 3 do not require postweld treatment unless the material 

will be highly stressed in a strongly reducing atmosphere. In such event, stress relieving or annealing 
may prove useful  

• Welds in more beta-rich alpha-beta alloys such as Ti-6Al-6V-2Sn have a high likelihood of fracturing 
with little or no plastic straining. Weld ductility can be improved by postweld heat treatment consisting 
of slow cooling from a high annealing temperature  

• Rich beta-stabilized alloys can be welded, and such welds exhibit good ductility. The aging kinetics of 
the weld metal may be substantially different than that of the parent metal.  



Table 18 Typical tensile, bend, and hardness data for as-welded titanium and several titanium alloys 

Tensile 
strength  

Yield 
strength  

Hardness  Material condition  

MPa  ksi  MPa  ksi  

Elongation, 
%  

Minimum 
bend 
radius  

Knoop  Rockwell  

Ti Grade 1  

Unwelded sheet  315  46  215  31  50.4  0.7t  140  63.5 
HRB  

Single-bead weld  345  50  255  37  37.5  1.0t  140  55.8 
HRB  

Multiple-bead weld  365  53  270  39  37.7  . . .  . . .  . . .  

Transverse weld  325  47(a)  . . .  . . .  . . .  . . .  . . .  . . .  

Ti Grade 2  

Unwelded sheet  460  67  325  47  26.2  2.9t  165  80.6 
HRB  

Single-bead weld  505  73  380  55  18.3  2.9t  175  83.1 
HRB  

Multiple-bead weld  510  74  385  56  13.3  . . .  . . .  . . .  

Transverse weld  475  69(a)  . . .  . . .  . . .  . . .  . . .  . . .  

Ti Grade 3  

Unwelded sheet  545  79  395  57  25.9  1.9t  175  94.4 
HRB  

Single-bead sheet  605  88  475  69  15.5  4.7t  220  92.4 
HRB  

Multiple-bead weld  615  89  480  70  14.7  . . .  . . .  . . .  

Transverse weld  560  81(a)  . . .  . . .  . . .  . . .  . . .  . . .  

Ti Grade 4  



Unwelded sheet  660  96  530  77  22.3  3.2t  215  23.4 
HRC  

Single-bead weld  695  101  580  84  16.4  5.6t  240  21.2 
HRC  

Multiple-bead weld  710  103  585  85  16.0  . . .  . . .  . . .  

Transverse weld  660  96(a)  . . .  . . .  . . .  . . .  . . .  . . .  

Ti-5Al-2.5Sn-ELI  

Unwelded sheet  850  123  805  117  15.7  3.8t  265  33.2 
HRC  

Single-bead weld  920  133  770  112  9.8  5.9t  310  28.0 
HRC  

Multiple-bead-weld  935  136  820  119  7.5  . . .  . . .  . . .  

Transverse weld  850  123(a)  . . .  . . .  . . .  . . .  . . .  . . .  

Ti-6Al-2Nb-1Ta-1Mo  

Unwelded sheet  895  130  855  124  9.7  2.8t  275  29.6 
HRC  

Single-bead weld  930  135  800  116  5.9  7.7t  300  27.7 
HRC  

Multiple-bead weld  945  137  815  118  5.7  . . .  . . .  . . .  

Transverse weld  890  129(a)  . . .  . . .  . . .  . . .  . . .  . . .  

Ti-3Al-2.5V  

Unwelded sheet  705  102  670  97  15.2  4.0t  230  23.6 
HRC  

Single-bead weld  705  102  600  87  12.7  5.4t  250  19.6 
HRC  

Multiple-bead weld  745  108  625  91  11.2  . . .  . . .  . . .  



Transverse weld  710  103(a)  . . .  . . .  . . .  . . .  . . .  . . .  

Ti-6Al-4V  

Unwelded sheet  1000  145  945  137  11.0  2.6t  320  32.2 
HRC  

Single-bead weld  1060  154  920  133  3.5  10.5t  350  35.9 
HRC  

Multiple-bead weld  1090  158  945  137  3.2  . . .  . . .  . . .  

Transverse weld  1015  147(a)  . . .  . . .  . . .  . . .  . . .  . . .  

Ti-8Al-1Mo-1V  

Unwelded sheet  1060  154  1020  148  15.0  2.9t  325  36.0 
HRC  

Single-bead weld  1085  157  930  135  5.5  7.0t  345  35.2 
HRC  

Multiple-bead weld  1115  162  960  139  3.2  . . .  . . .  . . .  

Transverse weld  1060  154(a)  . . .  . . .  . . .  . . .  . . .  . . .  

Ti-6Al-6V-2Sn  

Unwelded sheet  1060  154  1005  146  9.8  2.8t  350  34.0 
HRC  

Single-bead weld  1295  188  1255  182  0.3  25.6t  420  46.8 
HRC  

Multiple-bead weld  1280  186  . . .  . . .  0.1  . . .  . . .  . . .  

Single-bead weld after furnace cool from 830 
°C  

1050  152  990  144  3.7  15.5t  . . .  . . .  

Ti-13V-11Cr-3Al  

Unwelded sheet  965  140  910  132  13.9  2.7t  300  30.6 
HRC  



Single-bead weld  950  138  925  134  11.6  2.7t  320  30.1 
HRC  

Multiple-bead weld  925  134  875  127  9.1  . . .  . . .  . . .  

Transverse weld  950  138(a)  . . .  . . .  . . .  . . .  . . .  . . .  

 

(a) Fracture occurred in base metal. 

 

Electron-beam and laser welds are made without filler metal and weld beads have high ratios of depth to width. This 
combination allows excellent welds to be made in heavy sections, with properties very close to those of the base metal 
and little distortion. 

Welding must be done under strict environmental controls to avoid pickup of interstitials that can embrittle the weld 
metal. Small and moderate size weldments ordinarily are enclosed within environmentally controlled chambers during 
welding or by shielding gas that protects the immediate weld zone. Larger weldments are made with the aid of portable 
chambers that only partly enclose the components, or with the aid of "trailers," both of which maintain a protective 
atmosphere on both front and back sides of the weld until it has cooled below about 480 °C (1000 °F). 

Heat Treatment 

Titanium and titanium alloys are heat treated for the following purposes:  

• To reduce residual stresses developed during fabrication (stress relieving)  
• To produce an optimal combination of ductility, machinability, and dimensional and structural stability 

(annealing)  
• To increase strength (solution treating and aging)  
• To optimize special properties such as fracture toughness, fatigue strength, and high-temperature creep 

strength  

These various types of heat-treating cycles are not applicable to all titanium alloys. The alpha and near-alpha titanium 
alloys can be stress relieved and annealed, but high strength cannot be developed in these alloys by any type of heat 
treatment. The commercial beta alloys, on the other hand, all contain metastable beta, which thus allows strengthening 
during aging as the retained beta decomposes. The beta alloys offer great potential for age hardening and frequently 
utilize the stability of their beta phase to provide large section hardenability. For beta alloys, stress-relieving and aging 
treatments can be combined, and annealing and solution treating may be identical operations. 

Finally, the alpha-beta alloys, as the name suggests, exhibit heat-treatment characteristics between that of the alpha class 
and the beta class. Alpha-beta alloys can exhibit age hardening from the decomposition of beta, but these alloys do not 
exhibit the same section size hardenability as the beta alloys due to the lesser amounts of retained beta. Nonetheless, the 
alpha-beta alloys are the most versatile in that certain microstructures (Table 19) can be enhanced by processing in either 
the alpha-beta region or the beta-phase region. In general, the beta or alpha-beta processing of alpha-beta alloys has the 
following effects on properties:  

 

Property  β processed  α/β processed  



Tensile strength  Moderate  Good  

Creep strength  Good  Poor  

Fatigue strength  Moderate  Good  

Fracture toughness  Good  Poor  

Crack growth rate  Good  Moderate  

Grain size  Large  Small  

 
Table 19 Summary of heat treatments for alpha-beta titanium alloys 

Heat treatment 
designation  

Heat treatment cycle  Microstructure  

Duplex anneal  Solution treat at 50-75 °C below Tβ(a), air cool and 
age for 2-8 h at 540-675 °C  

Primary α, plus Widmanstätten α+ βregions  

Solution treat and age  Solution treat at ~40 °C below Tβ, water quench(b) 
and age for 2-8 h at 535-675 °C  

Primary α, plus tempered α' or a β+ α mixture  

Beta anneal  Solution treat at ~15 °C above Tβ, air cool and 
stabilize at 650-760 °C for 2 h  

Widmanstätten α+ βcolony microstructure  

Beta quench  Solution treat at ~15 °C above Tβ, water quench and 
temper at 650-760 °C for 2 h  

Tempered α'  

Recrystallization anneal  925 °C for 4 h, cool at 50 °C/h to 760 °C, air cool  Equiaxed α with β at grain-boundary triple points  

Mill anneal  α + β hot work + anneal at 705 °C for 30 min to 
several hours and air cool  

Incompletely recrystallized α with a small volume 
fraction of small β particles  

Source: Ref 13 

(a) T β  is the β-transus temperature for the particular alloy in question. 

(b) In more heavily β-stabilized alloys such as Ti-6Al-2Sn-4Zr-6Mo or Ti-6Al-6V-2Sn, solution treatment is followed by air cooling. Subsequent 
aging causes precipitation of α phase to form an α + βmixture. 

 

Beta processing of near-alpha alloys for creep strength is useful because the near-alpha characteristic permits them to be 
worked or heat-treated in the beta-phase field without risk of the loss of room-temperature ductility encountered in other 
titanium alloys processed in this way. The near-alpha alloys may also be worked high in the alpha-beta to obtain an 
intermediate microstructure with a mixture of equiaxed and acicular alpha (Fig. 12b). This intermediate type of 



microstructure, which provides a good combination of fatigue and creep strength, is achieved in the near-alpha IMI 834 
alloy by the use of carbon additions and processing high in the alpha-beta region (see the section "Carbon" in this article). 

Stress Relieving. Titanium and titanium alloys can be stress relieved without adversely affecting strength or ductility. 
Stress-relieving treatments decrease the undesirable residual stresses that result from:  

• Nonuniform hot forging deformation from cold forming and straightening  
• Asymmetric machining of plate (hogouts) or forgings  
• Welding and cooling of castings  
• Residual thermal stresses generated during the cooling of parts with nonuniform cross sections  

Removal of such stresses helps maintain shape stability and eliminates unfavorable conditions, such as the loss of 
compressive yield strength commonly known as the Bauschinger effect. Titanium mill producers offer a stress-free plate 
desirable for machining hogouts. This is accomplished by high-temperature creep flattening. 

Stress-relieving treatments must be based on the metallurgical response of the alloy involved. Generally, this requires 
holding at a temperature sufficiently high to relieve stresses without causing an undesirable amount of precipitation or 
strain aging in alpha-beta and beta alloys, or without producing undesirable recrystallization in single-phase alloys that 
rely on cold work for strength. The higher temperatures usually are used with shorter times, and the lower temperatures 
with longer times, for effective stress relief. During stress relief of solution-treated and aged titanium alloys, care should 
be taken to prevent overaging to lower strength. This usually involves selection of a time-temperature combination that 
provides partial stress relief. 

Uniformity of cooling is critical, particularly in the temperature range from 480 to 315 °C (900 to 600 °F). Oil or water 
quenching should not be used to accelerate cooling because this can induce residual stresses by unequal cooling. Furnace 
or air cooling is acceptable. 

There are no economical nondestructive testing methods that can measure the efficiency of a stress-relief cycle other than 
direct measurement of residual stresses by x-ray diffraction. No significant changes in microstructure due to stress-
relieving heat treatments can be detected by optical microscopy. 

Annealing of titanium and titanium alloys serves primarily to increase fracture toughness, ductility at room temperature, 
dimensional and thermal stability, and creep resistance. Many titanium alloys are placed in service in the annealed state. 
Because improvement in one or more properties generally is obtained at the expense of some other property, the 
annealing cycle should be selected according to the objective of the treatment. Common annealing treatments are:  

• Mill annealing  
• Duplex annealing  
• Triplex annealing  
• Recrystallization annealing  
• Beta annealing  

Mill annealing (Table 19) is a general-purpose treatment given to all mill products. It may not be a full anneal, and may 
leave traces of cold or warm working in the microstructures of heavily worked products (particularly sheet). Duplex, 
triplex, and beta annealing alter the shapes, sizes, and distributions of phases to those required for improved creep 
resistance or fracture toughness. Both recrystallization and beta annealing treatments are used to improve fracture 
toughness. Beta annealing is done at temperatures above the beta transus of the alloy being annealed. 

Straightening, sizing, and flattening may be combined with annealing by use of appropriate fixtures. Straightening of 
titanium alloys is often necessary in order to meet dimensional requirements. Unlike aluminum alloys, titanium alloys are 
not easily straightened when cold, because the high yield strength and modulus of elasticity of these alloys result in 
significant springback. 



At annealing/aging temperatures, many titanium alloys have creep resistance low enough to permit straightening during 
annealing. With proper fixturing, and in some instances judicious weighting, sheet-metal fabrications and thin, complex 
forgings have been straightened with satisfactory results. However, if the annealing/aging temperature is below about 540 
to 650 °C (1000 to 1200 °F), depending on the alloy, the times needed to accomplish the desired creep straightening can 
be long. 

Stabilization Annealing. In alpha-beta titanium alloys, thermal stability is a function of beta-phase transformations. 
During cooling from the annealing temperature, beta may transform and, under certain conditions and in certain alloys, 
may form the brittle intermediate phase omega. A stabilization annealing treatment is designed to produce a stable beta 
phase capable of resisting further transformation when exposed to elevated temperatures in service. Alpha-beta alloys that 
are lean in beta, such as Ti-6Al-4V, can be air cooled from the annealing temperature without impairing their stability. 
Furnace (slow) cooling may promote formation of Ti3Al, an ordering reaction that can degrade resistance to stress 
corrosion. Slight increases in strength (up to 34 MPa, or 5 ksi) can be gained in Ti-6Al-4V and in Ti-6Al-6V-2Sn by 
cooling from the annealing temperature to 540 °C (1000 °F) at a rate of 56 °C/h (100 °F/h). 

Solution Treating and Aging. A wide range of strength levels can be obtained in alpha-beta or beta alloys by 
solution treating and aging. Except for the IMI 700 and similar alloys (which depend on age hardening from copper 
precipitates), the origin of heat treating responses of titanium alloys lies in the instability of the high-temperature beta 
phase at lower temperatures. Heating an alpha-beta alloy to the solution-treating temperature produces a higher ratio of 
beta phase. The beta is transformed to beta and martensite by quenching; on subsequent aging, decomposition of the 
unstable martensite and the small amount of residual beta phase occurs, providing high strength. 

To obtain high strength with adequate ductility, it is necessary to solution treat at a temperature high in the alpha-beta 
field, normally 28 to 83 °C (50 to 150 °F) below the beta transus of the alloy. If high fracture toughness or improved 
resistance to stress corrosion is required, beta annealing or beta solution treating may be desirable. A change in the 
solution-treating temperature of alpha-beta alloys alters the amount of beta phase and consequently changes the response 
to aging (see Table 9). Selection of solution-treating temperature usually is based on practical considerations such as the 
desired level of tensile properties and the amount of ductility to be obtained after aging. 

Because solution treating involves heating to temperatures only slightly below the beta transus, proper control of 
temperature is essential. If the beta transus is exceeded, tensile properties (especially ductility) are reduced and cannot be 
fully restored by subsequent thermal treatment. Although the reduction in ductility is not drastic and may be acceptable, 
the near-alpha and alpha-beta alloys are usually solution treated below the beta transus to obtain an optimum balance of 
ductility, toughness, and creep strength. 

Beta alloys may be obtained from producers in the solution-treated, solution treated and aged, as-forged, or annealed 
conditions depending on product form, gage, and if forming is to be done. If reheating is required, soak times should be 
only as long as necessary to obtain complete solutioning. Solution-treated temperatures for beta alloys are above the beta 
transus; because no second phase is present, grain growth can proceed rapidly. 

Aging. The final step in heat treating titanium alloys to high strength normally consists of reheating to an aging 
temperature between 425 and 650 °C (800 and 1200 °F). In the case of alloy IMI 834, however, an aging time up to 
approximately 700 °C (1300 °F) optimizes creep strength (Fig. 22). 



 

Fig. 22 Effect of aging temperature on creep performance of IMI 834. A higher aging temperature allows more 
stress relief to be induced, which is important for thick section disks. Source: Ref 9 

During aging of some highly beta-stabilized alpha-beta alloys, beta transforms first to a metastable transition phase 
referred to as omega phase. Retained omega phase, which produces brittleness unacceptable in alloys heat treated for 
service, can be avoided by severe quenching and rapid reheating to aging temperatures above 425 °C (800 °F). Because a 
coarse alpha phase forms, however, this treatment might not produce optimal strength properties. An aging practice that 
ensures that aging time and temperature are adequate to precipitate alpha and revert omega usually is employed. Aging 
above 425 °C (800 °F) generally is adequate to complete the reaction. 

Overaging. Aging at or near the annealing temperature will result in overaging. This condition, called solution treated 
and overaged, or STOA, is sometimes used to obtain modest increases in strength while maintaining satisfactory 
toughness and dimensional stability. 

Other Special Thermal Treatments. Certain physical properties, such as notch strength, fracture toughness, and 
fatigue resistance, can be enhanced in some alloys by special thermal treatments. Three such treatments are given below:  

• Solution treating and overaging of Ti-6Al-4V: Heat 1 h at 955 °C (1750 °F), water quench, then 2 h at 
705 °C (1300 °F), air cool. Advantages: improved notch strength, fracture toughness, and creep strength 
at strength levels similar to those obtained by regular annealing  

• Recrystallization annealing of Ti-6Al-4V or Ti-6Al-4V-ELI: Heat 4 h or more at 925 to 955 °C (1700 to 
1750 °F), furnace cool to 760 °C (1400 °F) at a rate no higher than 56 °C/h (100 °F/h), cool to 480 °C 
(900 °F) at a rate no lower than 370 °C/h (670 °F/h), air cool to room temperature. Advantages: 
improved fracture toughness and fatigue-crack-growth characteristics at somewhat reduced levels of 



strength. This is usually used with ELI material  
• Beta annealing of Ti-6Al-4V, Ti-6Al-4V-ELI, and Ti-6Al-2Sn-4Zr-2Mo. Ti-6Al-4V or Ti-6Al-4V-ELI: 

Heat 5 min to 1 h at 1010 to 1040 °C (1850 to 1900 °F), air cool to 650 °C (1200 °F) at a rate of 85 
°C/min (150 °F/min) or higher, then 2 h at 730 to 790 °C (1350 to 1450 °F), air cool. Advantages: 
improved fracture toughness, high-cycle fatigue strength, creep strength, and resistance to aqueous 

stress corrosion. Ti-6Al-2Sn-4Zr-2Mo; Heat 1
2

h at 1020 °C (1870 °F), air cool, then 8 h at 595 °C 

(1100 °F), air cool. Advantages: improved creep strength at elevated temperatures as well as improved 
fracture toughness  

Post Heat Treating Requirements. Titanium reacts with the oxygen, water, and carbon dioxide normally found in 
oxidizing heat treating atmospheres and with hydrogen formed by decomposition of water vapor. Unless the heat 
treatment is performed in a vacuum furnace or in an inert atmosphere, oxygen will react with the titanium at the metal 
surface and produce an oxygen-enriched layer commonly called "alpha case." This brittle layer must be removed before 
the component is put into service. It can be removed by machining, but certain machining operations may result in 
excessive tool wear. Standard practice is to remove alpha case by other mechanical methods or by chemical methods, or 
by both. 

Hydrogen Contamination. Titanium is chemically active at elevated temperatures and will oxidize in air. However, 
oxidation is not of primary concern. The danger of hydrogen pickup is of greater importance than that of oxidation. This 
is not normally a problem, but it could be a problem if using a steel heat treating furnace with a reducing atmosphere. Use 
of these furnaces should only be after complete purging. Current specifications limit hydrogen content to a maximum of 
125 to 200 ppm, depending on alloy and mill form. Above these limits, hydrogen embrittles some titanium alloys, thereby 
reducing impact strength and notch tensile strength and causing delayed cracking. Beta alloys are more susceptible to 
hydrogen contamination but are also more tolerant of hydrogen. 

Heat Treatment Verification. Hardness is not a good measure of the adequacy of the thermomechanical processes 
accomplished during the forging and heat treatment of titanium alloys, unlike most aluminum alloys and many heat-
treatable ferrous alloys. Therefore, hardness measurements are not used to verify the processing of titanium alloys. 
Instead, mechanical property tests (for example, tensile tests and fracture toughness) and metallographic/microstructural 
evaluation are used to verify the thermomechanical processing of titanium alloy forgings. Mechanical property and 
microstructural evaluations vary, ranging from the destruction of forgings to the testing of extensions and/or 
prolongations forged integrally with the parts. 
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Properties 

The titanium alloys, with their high strengths and low densities, can often bridge the properties gap between aluminum 
and steel alloys, providing many of the desirable properties of each. For example, titanium, like aluminum, is 
nonmagnetic and has good heat-transfer properties (despite its relatively low thermal conductivity as discussed in the 
section "Commercially Pure Titanium" in this article). The thermal expansion coefficient of titanium alloys (Table 20), 
ranging from about 9 to 11 ppm/°C (5 to 6 × 10-6 in./in. · °F), is slightly lower than that of most steels and less than half 



that of aluminum. In addition, titanium is nontoxic and biologically compatible, making it useful for surgical-implant 
devices. 

Table 20 Typical physical properties of wrought titanium alloys 
See Table 15 for transus temperatures. 

Coefficient of linear thermal expansion, μm/m · K (μin./in. · 
°F)  

Density(a)  Nominal 
composition, %  

At 20-
100 
°C 
(70-
212 
°F)  

At 20-
205 
°C 
(70-
400 
°F)  

At 20-
315 °C 
(70-
600 
°F)  

At 20-
425 
°C 
(70-
800 
°F)  

At 20-
540 
°C 
(70-
1000 
°F)  

At 20-
650 
°C 
(70-
1200 
°F)  

At 20-
815 
°C 
(70-
1500 
°F)  

Electrical 
resistivity(a), 
μΩ· m  

Thermal 
conductivity(a), 
W/m · K  

g/cm3  lb/in.3  

Commercially pure titanium  

ASTM grades 1, 
2, 3, 4, 7, and 11  

8.6 
(4.8)  

. . .  9.2 
(5.1)  

. . .  9.7 
(5.4)  

10.1 
(5.6)  

10.1 
(5.6)  

0.42-0.52  16  4.51  0.163  

α alloys  

5Al-2.5-Sn  9.4 
(5.2)  

. . .  9.5 
(5.3)  

. . .  9.5 
(5.3)  

9.7 
(5.4)  

10.1 
(5.6)  

1.57  7.4-7.8  4.48  0.162  

5Al-2.5Sn (low 
O2)  

9.4 
(5.2)  

. . .  9.5 
(5.3)  

. . .  9.7 
(5.4)  

9.9 
(5.5)  

10.1 
(5.6)  

1.80  7.4-7.8  4.48  0.162  

Near α 

8Al-1Mo-1V  8.5 
(4.7)  

. . .  9.90 
(5.0)  

. . .  10.1 
(5.6)  

10.3 
(5.7)  

. . .  1.99  . . .  4.37  0.158  

11Sn-1Mo-
2.25Al-5.0Zr-
1Mo-0.2 Si  

8.5 
(4.7)  

. . .  9.2 
(5.1)  

. . .  9.4 
(5.2)  

. . .  . . .  1.62  6.9  4.82  0.174  

6Al-2Sn-4Zr-
2Mo  

7.7 
(4.3)  

. . .  8.1 
(4.5)  

. . .  8.1 
(4.5)  

. . .  . . .  1.9  7.1 at 100 °C  4.54  0.164  

5Al-5Sn-2Zr-
2Mo-0.25Si  

. . .  . . .  . . .  . . .  . . .  . . .  10.3 
(5.7)  

      4.51  0.163  

6Al-2Nb-1Ta-
1Mo  

. . .  . . .  . . .  . . .  . . .  9.0 
(5.0)  

. . .  . . .  6.4  4.48  0.162  

IMI 685  9.8 
(5.4)  

9.3 
(5.2)  

9.5 
(5.3)  

9.8 
(5.4)  

10.1 
(5.6)  

. . .  . . .  1.68  4.2  4.45  0.161  



IMI 829  . . .  9.45 
(5.3)  

. . .  9.8 
(5.4)  

. . .  9.98 
(5.5)  

. . .  . . .  . . .  4.54  0.164  

IMI 834  . . .  10.6 
(5.9)  

. . .  10.9 
(6.1)  

. . .  11 
(6.1)  

. . .  . . .  . . .  4.55  0.164  

α-β alloys  

8Mn  8.6 
(4.8)  

9.2 
(5.1)  

9.7 
(5.4)  

10.3 
(5.7)  

10.8 
(6.0)  

11.7 
(6.5)  

12.6 
(7.0)  

0.92  10.9  4.73  0.171  

3Al-2.5V  9.5 
(5.3)  

. . .  9.9 
(5.5)  

. . .  9.9 
(5.5)  

. . .  . . .  . . .  . . .  4.48  0.162  

6Al-4V  8.6 
(4.8)  

9.0 
(5.0)  

9.2 
(5.1)  

9.4 
(5.2)  

9.5 
(5.3)  

9.7 
(5.4)  

. . .  1.71  6.6-6.8  4.43  0.160  

6Al-4V (low O2)  8.6 
(4.8)  

9.0 
(5.0)  

9.2 
(5.1)  

9.4 
(5.2)  

9.5 
(5.3)  

9.7 
(5.4)  

. . .  1.71  6.6-6.8  4.43  0.160  

6Al-6V-2Sn  9.0 
(5.0)  

. . .  9.4 
(5.2)  

. . .  9.5 
(5.3)  

. . .  . . .  1.57  6.6(b)  4.54  0.164  

7Al-4Mo  9.0 
(5.0)  

9.2 
(5.1)  

9.4 
(5.2)  

9.7 
(5.4)  

10.1 
(5.6)  

10.4 
(5.8)  

11.2 
(6.2)  

1.7  6.1  4.48  0.162  

6Al-2Sn-4Zr-
6Mo  

9.0 
(5.0)  

9.2 
(5.1)  

9.4 
(5.2)  

9.5 
(5.3)  

9.5 
(5.3)  

. . .  . . .  . . .  7.7(c)  4.65  0.168  

6Al-2Sn-2Zr-
2Mo-2Cr-0.25Si  

. . .  . . .  9.2 
(5.1)  

. . .  . . .  . . .  . . .  . . .  . . .  4.57  0.165  

IMI 550  8.8 
(4.9)  

9.0 
(5)  

9.2 
(5.1)  

9.3 
(5.2)  

9.7 
(5.4)  

10.1 
(5.6)  

. . .  1.58  7.5  4.60  0.166  

IMI 679  8.2 
(4.6)  

8.9 
(4.9)  

9.3 
(5.2)  

9.4 
(5.2)  

9.6 
(5.3)  

. . .  . . .  . . .  . . .  4.84  0.175  

β alloys  

13V-11Cr-3Al  9.4 
(5.2)  

9.9 
(5.5)  

10 
(5.55)  

10.1 
(5.6)  

10.2 
(5.7)  

10.4 
(5.8)  

. . .  . . .  . . .  4.82  0.174  

8Mo-8V-2Fe-3Al  . . .  . . .  . . .  . . .  . . .  . . .  . . .        4.84  0.175  

3Al-8V-6Cr- 8.7 9 (5)  9.4 9.6 . . .  . . .  . . .        4.82  0.174  



4Mo-4Zr  (4.8)  (5.2)  (5.3)  

11.5Mo-6Zr-
4.5Sn  

7.6 
(4.2)  

8.1 
(4.5)  

8.5 
(4.7)  

8.7 
(4.8)  

8.7 
(4.8)  

. . .  . . .  1.56  . . .  5.06  0.183  

15V-3Cr-3Al-3Sn  8.5 
(4.7)  

8.7-9 
(4.8-
5)  

9.2 
(5.1)  

9.4 
(5.3)  

9.7 
(5.4)  

. . .  . . .  1.47  8.08  4.71  0.170  

5Al-2Sn-2Zr-4Cr  9 (5)  9.2 
(5.1)  

9.4 
(5.2)  

9.5 
(5.3)  

. . .  . . .  . . .  . . .  . . .  . . .  . . .  

 

(a) Room temperature. 

(b) At 93 °C (200 °F). 

(c) In solution treated and aged condition 

 

Other important characteristics of titanium alloys depend on the class of alloy (Fig. 23) and the morphology of the alpha 
constituents (Table 8). In the near-alpha and alpha-beta alloys, the variations in the alpha morphology are achieved with 
different heat treatments (Table 19). A fine equiaxed alpha (which is associated with high tensile strength, good ductility, 
and resistance to fatigue-crack initiation) occurs when alpha-beta alloys are processed well below the beta transus, while 
an acicular alpha (which is associated with excellent creep strength, high fracture toughness, and resistance to fatigue-
crack propagation) occurs by heating above the beta transus and subsequent beta transformation during cooling and aging. 
Finally, and intermediate microstructure (Fig. 12b) can be achieved by processing near-alpha alloys close to the beta 
transus. The objective of an intermediate microstructure with acicular and equiaxed alpha is to provide good creep 
strength without excessively compromising fatigue strength. 

 



Fig. 23 Main characteristics of the different titanium alloy families 

Beta transus temperatures are listed in Table 15. There are typical values that can vary by about ±15 °C (±25 °F) 
depending on actual composition and impurity levels. Titanium mill producers generally certify the beta transus 
temperature for each heat supplied, because the beta transus temperature will vary from heat to heat due to small 
differences in chemistry, particularly oxygen content. 

Room-Temperature Tensile Properties. Average tensile properties (and some typical minimum property 
guarantees) for titanium mill products are listed in Table 21. The effects of alpha morphology and section size are shown 
in Tables 22 and 23, respectively. 



Table 21 Minimum and average mechanical properties of wrought titanium alloys at room temperature 

Minimum and average tensile properties(a)  Average or typical properties  Nominal composition, %  Condition  

Ultimate 
tensile 
strength, 
MPa (ksi)  

0.2% yield 
strength, 
MPa (ksi)  

Elongation, 
%  

Reduction 
in area, 
%  

Charpy 
impact 
strength, 
J (ft · 
lbf)  

Hardness  Modulus 
of 
elasticity, 
GPa 
(106 psi)  

Modulus 
of 
rigidity, 
GPa 
(106 psi)  

Poisson's 
ratio  

Bend 
radius for 
thickness 
(t) 
over 1.8 
mm 
(0.07 in.)  

Commercially pure titanium  

99.5 Ti (ASTM grade 1)  Annealed  240-331 
(35-48)  

170-241 
(25-35)  

30  55  . . .  120 HB  102.7 
(14.9)  

38.6 
(5.6)  

0.34  2t  

99.2 Ti (ASTM grade 2)  Annealed  340-434 
(50-63)  

280-345 
(40-50)  

28  50  34-54 
(25-40)  

200 HB  102.7 
(14.9)  

38.6 
(5.6)  

0.34  2.5t  

99.1 Ti (ASTM grade 3)  Annealed  450-517 
(65-75)  

380-448 
(55-65)  

25  45  27-54 
(20-40)  

225 HB  103.4 
(15.0)  

38.6 
(5.6)  

0.34  2.5t  

99.0 Ti (ASTM grade 4)  Annealed  550-662 
(80-96)  

480-586 
(70-85)  

20  40  20 (15)  265 HB  104.1 
(15.1)  

38.6 
(5.6)  

0.34  3.0t  

99.2 Ti(b) (ASTM grade 7)  Annealed  340-434 
(50-63)  

280-345 
(40-50)  

28  50  43 (32)  200 HB  102.7 
(14.9)  

38.6 
(5.6)  

0.34  2.5t  

98.9 Ti(c) (ASTM grade 
12)  

Annealed  480-517 
(70-75)  

380-448 
(55-65)  

25  42  . . .  . . .  . . .  102.7 
(14.9)  

. . .  2.5t  

α alloys  



5Al-2.5Sn  Annealed  790-862 
(115-125)  

760-807 
(110-117)  

16  40  13.5-20 
(10-15)  

36 HRC  110.3 
(16.0)  

. . .  . . .  4.5t  

5Al-2.5Sn (low O2)  Annealed  690-807 
(100-117)  

620-745 
(90-108)  

16  . . .  43 (32)  35 HRC  110.3 
(16.0)  

. . .  . . .  . . .  

Near α 

8Al-1Mo-1V  Duplex annealed  900-1000 
(130-145)  

830-951 
(120-138)  

15  28  20-34 
(15-25)  

35 HRC  124.1 
(18.0)  

46.9 
(6.8)  

0.32  4.5t  

11Sn-1Mo-2.25Al-5.0Zr-
1Mo-0.2Si  

Duplex annealed  1000-1103 
(145-160)  

900-993 
(130-144)  

15  35  . . .  36 HRC  113.8 
(16.5)  

. . .  . . .  . . .  

6Al-2Sn-4Zr-2Mo  Duplex annealed  900-980 
(130-142)  

830-895 
(120-130)  

15  35  . . .  32 HRC  113.8 
(16.5)  

. . .  . . .  5t  

5Al-5Sn-2Zr-2Mo-0.25Si  
975 °C (1785 °F) (

1
2

 h), 

AC + 595 °C (1100 °F) 
(2 h), AC  

900-1048 
(130-152)  

830-965 
(120-140)  

13  . . .  . . .  . . .  113.8 
(16.5)  

. . .  0.326  . . .  

6Al-2Nb-1Ta-1Mo  As-rolled 2.5 cm (1 in.) 
plate  

790-855 
(115-124)  

690-758 
(100-110)  

13  34  31 (23)  30 HRC  113.8 
(17.5)  

. . .  . . .  . . .  

6Al-2Sn-1.5Zr-1Mo-
0.35Bi-0.1Si  

β forge + duplex anneal  1014 (147)  945 (137)  11  . . .  . . .  . . .  . . .  . . .  . . .  . . .  

IMI 685 (Ti-6Al-5Zr-
0.5Mo-0.25Si)  

β heat treated at 1050 
°C, OQ, + aged 24h at 
550 °C  

882-917 
(128-133)  

758-815 
(110-118)  

6-11 (on 
5D)  

15-22  43 
(32)  

. . .  ~125 
(~18)  

. . .  . . .  . . .  

IMI-829 (Ti-5.5Al-3.5Sn- β heat treated at 1050 
°C, AC, + aged 2h at 

930 (min) 820 (min) 9 (min) on 15 (min)  . . .  . . .  . . .  . . .  . . .  . . .  



3Zr-1Nb-0.25Mo-0.3Si)  625 °C  (35)  (119)  5D  

IMI-834 (Ti-5.5Al-4.5Sn-
4Zr-0.7Nb-0.5Mo-0.4Si-
0.06C)  

α-β processed  1030 (min) 
(149)  

910 (min) 
(132)  

6 (min) on 
5D  

15 (min)  . . .  . . .  . . .  . . .  . . .  . . .  

α-β alloys  

8Mn  Annealed  860-945 
(125-137)  

760-862 
(110-125)  

15  32  . . .  . . .  113.1 
(16.4)  

48.3 
(7.0)  

. . .  . . .  

3Al-2.5V  Annealed  620-689 
(90-100)  

520-586 
(75-85)  

20  . . .  54 
(40)  

. . .  106.9 
(15.5)  

. . .  . . .  . . .  

Annealed  900-993 
(130-144)  

830-924 
(120-134)  

14  30  14-19 
(10-14)  

36 HRC  113.8 
(16.5)  

42.1 
(6.1)  

0.342  5t  6Al-4V  

Solution + aging  1172 (170)  1103 (160)  10  25  . . .  41 HRC  . . .  . . .  . . .     

6Al-4V (low O2)  Annealed  830-896 
(120-130)  

760-827 
(110-120)  

15  35  24 
(18)  

35 HRC  113.8 
(16.5)  

42.1 
(6.1)  

0.342  . . .  

Annealed  1030-1069 
(150-155)  

970-1000 
(140-145)  

14  30  14-19 
(10-14)  

38 HRC  110.3 
(16.0)  

. . .  . . .  4.5t  6Al-6V-2Sn  

Solution + aging  1276 (185)  1172 (170)  10  20  . . .  42 HRC  . . .  . . .  . . .  . . .  

Solution + aging  1103 (160)  1034 (150)  16  22  18 (13)  38 HRC  113.8 
(16.5)  

44.8 
(6.5)  

. . .  . . .  7Al-4Mo  

Annealed  1030 (min) 
(50)  

970 (min) 
(140)  

. . .  . . .  . . .  . . .  . . .  . . .  . . .  . . .  



6Al-2Sn-4Zr-6Mo  Solution + aging  1269 (189)  1172 (170)  10  23  8-15 
(6-11)  

36-42 
HRC  

113.8 
(16.5)  

. . .  . . .  . . .  

Solution + aging  1276 (185)  1138 (165)  11  33  20 
(15)  

. . .  122 
(17.7)  

46.2 
(6.7)  

0.327  . . .  6Al-2Sn-2Zr-2Mo-2Cr-
0.25Si  

Annealed  1030 (min) 
(150)  

970 (min) 
(140)  

. . .  . . .  . . .  . . .  . . .  . . .  . . .  . . .  

β annealed plate  910 (132)  817 (118)  . . .  . . .  . . .  . . .  . . .  . . .  . . .  . . .  

β worked plate  945 (137)  855 (124)  . . .  . . .  . . .  . . .  . . .  . . .  . . .  . . .  

Corona 5 (Ti-4.5Al-5Mo-
1.5Cr)  

α β worked  935 (131)  905 (131)  . . .  . . .  . . .  . . .  . . .  . . .  . . .  . . .  

IMI 550 (Ti-4Al-4Mo-
2Sn-0.5Si)  

Solution at 900 °C, AC, 
+ aging of 25 mm (1 in.) 
slice  

1100 (160)  940 (136)  7 on 5D  15  23 (17)  . . .  ~115 
(~17)  

. . .  . . .  . . .  

β alloys  

Solution + aging  1170-1220 
(170-177)  

1100-1172 
(160-170)  

8  . . .  . . .  . . .  101.4 
(14.7)  

42.7 
(6.2)  

0.304  . . .  13V-11Cr-3Al  

Solution + aging  1276 (185)  1207 (175)  8  . . .  11 (8)  40 HRC  . . .  . . .  . . .  . . .  

8Mo-8V-2Fe-3Al  Solution + aging  1170-1310 
(170-190)  

1100-1241 
(160-180)  

8  . . .  . . .  40 HRC  106.9 
(15.5)  

. . .  . . .  . . .  

3Al-8V-6Cr-4Mo-4Zr 
(Beta C)  

Solution + aging  1448 (210)  1379 (200)  7  . . .  10 (7.5)  . . .  105.5 
(15.3)  

. . .  . . .  . . .  



 
Annealed  883 (min) 

(128 min)  
830 (min) 
(120 min)  

15  . . .  . . .  . . .  . . .  . . .  . . .  . . .  

Solution + aging  1386 (210)  1317 (191)  11  . . .  . . .  . . .  103 
(15)  

. . .  . . .  . . .  11.5Mo-6Zr-4.5Sn (Beta 
III)  

Annealed  690 (min) 
(100 min)  

620 (min) 
(90 min)  

. . .  . . .  . . .  . . .  . . .  . . .  . . .  . . .  

10V-2Fe-3Al  Solution + aging  1170-1276 
(170-185)  

1100-1200 
(160-174)  

10  19  . . .  . . .  111.7 
(16.2)  

. . .  . . .  . . .  

Annealed  785 (114)  773 (112)  22  . . .  . . .  . . .  . . .  . . .  . . .  . . .  Ti-15V-3Cr-3Al-3Sn (Ti-
15-3)  

Aged  1095-1335 
(159-194)  

985-1245 
(143-180)  

6-12  . . .  . . .  . . .  . . .  . . .  . . .  . . .  

Ti-5Al-2Sn-2Zr-4Mo-
4Cr(Ti-17)  

Solution + aging  1105-1240 
(160-180)  

1305-1075 
(150-170)  

8-15  20-45  . . .  . . .  . . .  . . .  . . .  . . .  

Transage 134 plate  Solution + aging  1055-1380 
(153-200)  

1000-1310 
(145-190)  

5-12  10-38  . . .  . . .  . . .  . . .  . . .  . . .  

Transage 175 (extruded 
bar)  

Solution + aging  1305 (189)  1250 (180)  10  39                    

Transage 175 at 425 °C 
(800 °F)  

Solution + aging  1080 (157)  925 (134)  10  56  . . .  . . .  . . .  . . .  . . .  . . .  

 

(a) If a range is given, the lower value is a minimum, all other values are averages. 



(b) Also contains 0.2 Pd. 

(c) Also contains 0.8 Ni and 0.3 Mo. AC, air-cooled 

 



Table 22 Yield strength and plane strain fracture toughness of various titanium alloys 

Yield strength  Plane-strain fracture 
toughness (KIc)  

Alloy  α morphology or processing method  

MPa  ksi  MPa m   ksi in   

Equiaxed  910  130  44-66  40-60  

Transformed  875  125  88-110  80-100  

Ti-6Al-4V  

α-β rolled + mill annealed(a)  1095  159  32  29  

Equiaxed  1085  155  33-55  30-50  Ti-6Al-6V-2Sn  

Transformed  980  140  55-77  50-70  

Equiaxed  1155  165  22-23  20-30  Ti-6Al-2Sn-4Zr-6Mo  

Transformed  1120  160  33-55  30-50  

α + βforged, solution treated and aged  903  131  81  74  Ti-6Al-2Sn-4Zr-2Mo forging  

β forged, solution treated and aged  895  130  84  76  

α-β processed  1035-1170  150-170  33-50  30-45  Ti-17  

β processed  1035-1170  150-170  53-88  48-80  

(a) Standard oxygen (~0.20 wt%) 

 
Table 23 Relation of tensile strength of solution treated and aged titanium alloys to size 

Tensile strength of square bar in section size of:  

13 mm (
1
2

 

in.)  

25 mm (1 
in.)  

50 mm (2 
in.)  

75 mm (3 
in.)  

100 mm (4 
in.)  

150 mm (6 
in.)  

Alloy  

MPa  ksi  MPa  ksi  MPa  ksi  MPa  ksi  MPa  ksi  MPa  ksi  



Ti-6Al-4V  1105  160  1070  155  1000  145  930  135  . . .  . . .  . . .  . . .  

Ti-6Al-6V-2Sn (Cu + Fe)  1205  175  1205  175  1070  155  1035  150  . . .  . . .  . . .  . . .  

Ti-6Al-2Sn-4Zr-6Mo  1170  170  1170  170  1170  170  1140  165  1105  160  . . .  . . .  

Ti-5Al-2Sn-4Zr-4Mo-4Cr(Ti-17)  1170  170  1170  170  1170  170  1105  160  1105  160  1105  160  

Ti-10V-2Fe-3Al  1240  180  1240  180  1240  180  1240  180  1170  170  1170  170  

Ti-13V-11Cr-3Al  1310  190  1310  190  1310  190  1310  190  1310  190  1310  190  

Ti-11.5Mo-6Zr-4.5Sn (Beta III)  1310  190  1310  190  1310  190  1310  190  1310  190  . . .  . . .  

Ti-3Al-8V-6Cr-4Zr-4Mo (Beta 
C)  

1310  190  1310  190  1240  180  1240  180  1170  170  1170  170  

 

In terms of the principal heat treatments used for titanium, beta annealing decreases strength by 35 to 100 MPa (5 to 15 
ksi) depending on prior grain size, average crystallographic texture, and testing direction. Solution treating and aging can 
be used to enhance strength at the expense of fracture toughness in alloys containing sufficient beta stabilizer (that is, 4 
wt%, or more). 

Fracture toughness can be varied within a nominal titanium alloys by as much as a multiple of two or three. This may 
be accomplished by manipulating alloy chemistry, microstructure, and texture. Some trade-offs of other desired properties 
may be necessary to achieve high-fracture toughness. Strength is often achieved in titanium alloys at the expense of KIc 
(Fig. 24) 



 

Fig. 24 Fracture toughness of Ti-6Al-4V castings compared to Ti-6Al-4V plate and to other Ti alloys. Sources: 
Ref 1 and 15 

There are significant differences among titanium alloys in fracture toughness, but there also is appreciable overlap in their 
properties. Table 22 gives examples of typical plane-strain fracture toughness ranges for alpha-beta titanium alloys. From 
these data is apparent that the basic alloy chemistry affects the relationship between strength and toughness. From Table 
22 it also is evident that transformed microstructures may greatly enhance toughness while only slightly reducing 
strength. 

Within the permissible range of chemistry for a specific titanium alloy and grade, oxygen is the most important variable 
insofar as its effect on toughness is concerned. In essence, if high fracture toughness is required, oxygen must be kept 
low, other things being equal. Reducing nitrogen, as in Ti-6Al-4V-ELI, is also indicated, but the effect is not as strong as 
it is with oxygen. 

Improvements in toughness can be obtained by providing either of two basic types of microstructures:  

• Transformed structures, or structures transformed as much as possible, because fractures in such 
structures must proceed along many faceted paths  

• Equivalent structures composed mainly of regrowth alpha that have both low dislocation-defect 
densities and low concentrations of nitrogen and oxygen (the so-called "recrystallization annealed" 
structures)  

According to some work, plane-strain fracture toughness is proportional to the fraction of transformed beta in the alloy. 
The subject is a complex one without clear-cut empirical rules. Furthermore, the enhancement of fracture toughness at 
one stage of an operation--for example, a forging billet--does not necessarily carry over to a forged part. Because welds in 
alloy Ti-6Al-4V contain transformed products, one would expect such welds to be relatively high in toughness. 

Fatigue Properties. For a given tensile strength, the fatigue strength of titanium alloys compares favorably with 
quenched and tempered low-alloy steel (Fig. 2). Fatigue life is usually divided into two regimes: low-cycle fatigue (in 
which failures occur in 104 cycles or less) and high-cycle fatigue (in which failures occur in more than 104 cycles). The 



effects of microstructure on these fatigue regimes are discussed below and in Ref 13 and 16. In general, for low-cycle 
fatigue and high-cycle fatigue there is a great value in high fracture toughness and low crack-propagation rates. 

Low-cycle fatigue (LCF) is very difficult to quantify owing to the wide range of variables and to the limited amount 
of published data. In general, data are available for both load-controlled and strain-controlled tests. Table 24 gives some 
strain-controlled LCF data. Results of an LCF study in Ti-6Al-4V are also shown in Fig. 25. In the figure, time to the first 
crack (at a fixed strain) varies with microstructure. Note that time to crack initiation is optimized with a structure having 
high amounts of transformed beta, yet still having about 10% of primary alpha. (However, the crack-propagation 
resistance of the beta-processed structure still exceeds that of alpha-processed material.) 

Table 24 Strain control low-cycle fatigue life of Ti-6242S at 480 °C (900 °F) 

Number of cycles to failure  Test 
frequency, 
cycles/min  

Total 
strain 
range, %  

Acicular 
structure  

Equiaxed alpha 
structure  

0.4  1.2  1,196  10,500(a)  

10  1.2  3,715  31,000(a)  

0.4  2.5  273  722  

10  2.5  353  1,166  

Source: Ref 17 

(a) Run out of test. 

 

 

Fig. 25 LCF life of Ti-6Al-4V alloy with different structures: beta forged (100% transformed beta); 10% 



primary alpha (balance transformed beta); 50% primary alpha 

In high-cycle fatigue, surface condition is an important variable affecting fatigue strength. This effect is illustrated in 
Fig. 26, which shows the effect of different machining operations and shot peening on the fatigue limits of Ti-5Al-2.5Sn. 
In terms of microstructure, there is general agreement that the Widmanstätten or colony alpha-beta microstructure has 
decidedly poorer fatigue strength. Solution treated and aged material has good fatigue strength, but not as good as fine-
grained equiaxed material or beta-quenched material. 



 

Fig. 26 Rotating-beam fatigue strength of Ti-5Al-25Sn. (a) and (b) Fatigue strengths for different types of 
surface finish (c) Notch fatigue strength for two different types of notches 

Fatigue crack propagation (FCP) is affected by several variables such as strength, microstructure, and texture. In 
addition, because of the reactive nature of titanium, environmental effects on crack propagation should also be expected. 



In general, only the more severe environments (such as 3.5% NaCl solution) affect FCP rates by an order of magnitude, or 
more. The environmental effects are minimized by beta annealing. Gaseous atmospheres also may play a role in affecting 
FCP rates. 

In terms of microstructure, FCP is affected in much the same way as fracture toughness; that is, crack-propagation rates 
are reduced with a transformed microstructure. Annealing methods are also important. Generally, beta-annealed 
microstructures have the lowest fatigue-crack growth rates, whereas mill-annealed microstructures yield the highest 
growth rates. Mill-annealed alloys also exhibit considerable scatter in FCP rates (Fig. 27), because of variations in 
microstructure, texture, and strength. 

 

Fig. 27 Comparison of fatigue crack growth rates of beta alloy Ti-10V-2Fe-3Al with mill-annealed (MA) and 
recrystallization-annealed (RA) Ti-6Al-4V 

Finally, different titanium alloys may have different FCP characteristics just as they have different fracture toughness 
characteristics. Selected data indicate that fatigue cracks propagate more rapidly in Ti-6Al-2Sn-4Zr-6Mo than in Ti-8Al-
1Mo-1V or Ti-6Al-2Sn-4Zr-2Mo under the same test conditions. This may be a simple effect of strength. However, the 
relative amounts of beta phase may lead to intrinsically different fatigue-crack propagation characteristics. The Ti-6Al-
2Sn-4Zr-6Mo alloy is also more easily textured. Figure 27 shows the range of FCP rates in Ti-6Al-4V and a beta alloy, 
which attains higher strength over greater section sizes than Ti-6Al-4V. 

Elevated-Temperature Mechanical Properties. As shown schematically in Fig. 23, high-temperature strength is 
associated with the alpha and near-alpha alloys. However, when creep strength is not a factor in an elevated-temperature 



application, the short-time elevated-temperature tensile strengths of beta alloys have a distinct advantage (Fig. 28). Up to 
about 425 °C (800 °F), beta alloys also have a higher specific strength than H11 die steel (Fig. 28b). The alpha and alpha-
beta alloys do not compare as favorably with H11 steels in terms of various specific strengths (Fig. 29). 



 

Fig. 28 Comparison of short-time tensile strength and tensile strength/density ratio for titanium alloys, three classes of steel, and 2024-T86 aluminum alloy. 
Data are not included for annealed alloys with less than 10% elongation or heat-treated alloys with less than 5% elongation. 



 

Fig. 29 Specific strengths versus temperature for titanium alloy classes and H11 die steel 

Nonetheless, near-alpha and alpha/beta titanium alloys have replaced the steels once used in aircraft turbines. Figure 30 
compares the strength/density behavior of two titanium alloys with the behavior of three steels used at one time or another 
in the lower temperature regimes of aircraft gas turbine engines. Compared with steels, titanium alloys are superior up to 
about 540 °C (1000 °F). This obvious advantage led to initial use of titanium in aircraft engines, first as compressor 
blades (Pratt & Whitney Aircraft J-57, Rolls-Royce Avon) and then as disks (Pratt & Whitney Aircraft JT-3D). In fact, 
titanium alloys made possible the fan-type gas turbine engines now in use and have been the subject of ongoing 
development for elevated-temperature applications (Table 25). 

Table 25 Temperature range and chemical composition of high-temperature titanium alloys, listed in order 
of introduction 

Useful maximum 
temperature  

Approximate nominal chemical composition, wt%  Alloy designation  Year of 
introduction  

°C  °F  Al  Sn  Zr  Mo  Nb  V  Si  Others  

Ti-6Al-4V  1954  300  580  6  . . .  . . .  . . .  . . .  4  . . .  . . .  



IMI-550  1956  425  795  4  2  . . .  4  . . .  . . .  0.5  . . .  

Ti-811  1961  400  750  8  . . .  . . .  1  . . .  1  . . .  . . .  

IMI-679  1961  450  840  2  11  5  1  . . .  . . .  0.2  . . .  

Ti-6246  1966  450  840  6  2  4  6  . . .  . . .  . . .  . . .  

Ti-6242  1967  450  840  6  2  4  2  . . .  . . .  . . .  . . .  

Hylite 65(a)  1967  520  970  3  6  4  0.5  . . .  . . .  0.5  . . .  

IMI-685  1969  520  970  6  . . .  5  0.5  . . .  . . .  0.25  . . .  

Ti-5522S(a)  1972  520  970  5  5  2  2  . . .  . . .  0.2  . . .  

Ti-11(a)  1972  540  1000  6  2  1.5  1  . . .  . . .  0.1  0.3Bi  

Ti-6242S  1974  520  970  6  2  4  2  . . .  . . .  0.1  . . .  

Ti-5524S(a)  1976  500  930  5  5  2  4  . . .  . . .  0.1  . . .  

IMI-829  1976  580  1080  5.5  3.5  3  0.3  1  . . .  0.3  . . .  

IMI-834(a)  1984  590  1100  5.5  4  4  0.3  1  . . .  0.5  0.06C  

Ti-1100  . . .  590  1100  6  2.75  4  0.4  . . .  . . .  0.45  0.02 Fe (max)  

Sources: Ref 18 and 19 

(a) Not yet used commercially. 

 



 

Fig. 30 Specific tensile strength of various titanium alloys compared with steels once used in aircraft turbines 

Elevated Temperature Titanium Alloys. Since 1990, a number of titanium alloys have been developed for 
elevated-temperature application. The starting alloys was Ti-6Al-4V, which was soon superceded by near-alpha and other 
alpha beta alloys with optimization of certain elevated-temperature properties such as short-time strength or long-term 
creep strength. Alloy Ti-6246 (Ti-6Al-2Sn-4Zr-6Mo), for example, emphasizes short-term strength with its higher beta-
stabilizer content, while alloy Ti-6242 (Ti-6Al-2Sn-4Zr-2Mo) provides good long-term creep strength with its content of 
alpha stabilizers. 

Aluminum, tin, zirconium, and oxygen influence strength and ductility in various degrees depending on their amount. 
After studying the creep and tensile properties of the then known titanium quaternary systems, Rosenberg (Ref 20) 
arrived at an empirical formula for use in the design of high-temperature titanium alloys:  

Al + 1
3

Sn + 1
6

Zr + 10 × 02 ≤9 
 

(Eq 2) 

The formula gives the maximum combined weight percent of the alloying elements. All commercial alloys presently in 
service still meet this requirement. Other important alloying elements are molybdenum, silicon, and niobium. 
Molybdenum enhances hardenability and enhances short-time high-temperature strength or improves strength at lower 
temperatures. Minor silicon additions improve creep strength (Fig. 31), while niobium is added primarily for oxidation 
resistance at elevated temperature. 



 

Fig. 31 Effect of silicon content on the creep behavior of (a) Ti-6Al-2Sn-4Zr-2Mo base composition and (b) Ti-
6Al-3Sn-4Zr-0.4Mo base composition. Sources: Ref 18 and 19 

The current temperature limit of titanium alloys is near 590 °C (1100 °F) for IMI-834 and Ti-1100 (Table 25). Alloy IMI-
834 has a near-alpha composition with carbon additions (see the section "Carbon" ), which is processed high in the alpha-
beta region ( ≅ 85% beta) so as to re duce beta grain coarsening and achieve a mixture of equiaxed alpha with acicular 
alpha. This intermediate type of microstructure (shown in Fig. 12b for alloy Ti-8Al-1Mo-1V) provides good creep 
strength without excessively compromising fatigue strength. Alloy Ti-1100 controls the levels of molybdenum and iron 
(Fig. 32) to achieve high creep strength (Fig. 33). 

 

Fig. 32 Chemistry effects on base composition similar to Ti-6Al-3Sn-4Zr-0.4Mo-0.45Si. Source: Ref 19 



 

Fig. 33 Creep properties of Ti-6Al-2Sn-4Zr-2Mo(Si), IMI-384, and Ti-1100 alloys. With alpha-beta of beta 
processing as indicated. Source: Ref 21 

The current temperature limit of 590 °C (1100 °F) is due mainly to long-term surface and bulk metallurgical stability 
problems; creep strength obviously is another factor (depending on deformation limits and stress level). To push the 
temperature limit higher, there are at least four generic approaches in new alloy system development (Ref 18):  

• To develop creep resistance alloys based on a fine dispersion of the α2 phase (Ti3Al) in an alpha-
titanium matrix (the α+ α2 alloy class)  

• To develop alloys based on the intermetallic Ti3Al (α2)  
• To develop alloys using the intermetallic TiAl (γ) as a base  
• To strengthen P/M titanium alloys by the incorporation of dispersoids during rapid solidification  
• Use of metal-matrix composites  

In the α+ α2 alloys, the α2 phase is generally considered to have an embrittling effect on titanium alloys, but it has been 
demonstrated that niobium (Ref 22) or niobium combined with other beta stabilizing elements (Ref 23) can be used to 
improve the ductility of α+ α2 alloys. Intermetllic Ti3Al (α2) and TiAl (γ) matrix materials, which occur at increased 
aluminum contents, are discussed in the article "Ordered Intermetallics" in this Volume. Titanium P/M products are 
discussed in the article so-named in the Volume. 

Creep Strength. Whether yield strength or creep strength for a given maximum allowable deformation (for example, 
0.1% creep strain in 150 h, which is used for aircraft gas-turbine compressor parts) is the significant selection criterion 
depends on which is lower at the service temperature in question. Between 200 and 315 °C (400 and 600 °F), the 
deformation of many titanium alloys loaded to the yield point does not increase with time. Thus, creep strength is seldom 



a factor in this range. Above 315 °C (600 °F), creep strength becomes an important selection criterion. Typical creep 
strengths are compared in Fig. 33 and 34. Specific creep strengths with some nickel-base alloys are compared in Fig. 35. 

 

Fig. 34 Comparison of creep strengths for various titanium alloys 



 



Fig. 35 Specific creep strengths and yield strengths for various titanium-base and nickel-base alloys 

In near-alpha and α + β titanium alloys, the creep strength is increased by heat treating or processing the material above 
the beta transus temperature. Upon cooling, this results in an acicular alpha structure that is associated with improved 
creep strength. However, because an acicular structure also degrades fatigue performance (which is of particular 
importance in aircraft), an intermediate microstructure (Fig. 12b) may be desired. 

Alloy IMI 834 is aged at ~700 °C (1300 °F) for creep strength (Fig. 22). To obtain maximum creep resistance and 
stability in the near-alpha alloy Ti-8Al-1Mo-1V and Ti-6Al-2Sn-4Zr-2Mo, a duplex annealing treatment is employed. 
This treatment begins with solution annealing at a temperature high in the alpha-beta range, usually 28 to 56 °C (50 to 
100 °F) below the beta transus for Ti-8Al-1Mo-1V and 19 to 56 °C (35 to 50 °F) below the beta transus for Ti-6Al-2Sn-
4Zr-2Mo. Forgings are held for 1 h (nominal) and then air or fan cooled depending on section size. This treatment is 
followed by stabilization annealing for 8 h at 595 °C (1100 °F). Final annealing temperature should be at least 55 °C (100 
°F) above the maximum anticipated service temperature. Maximum creep resistance can be developed in Ti-6Al-2Sn-4Zr-
2Mo by beta annealing or beta processing. 

Creep-Fatigue Interaction. At room temperature and in nonaggressive environments (and except at very high 
frequencies), the frequency at which loads are applied has little effect on the fatigue strength of most metals. The effects 
of frequency, however, become much greater as the temperature increases or as the presence of corrosion becomes more 
significant. At high temperatures, creep becomes more of a factor, and the fatigue strength seems to depend on the total 
time stress is applied rather than solely on the number of cycles. The behavior occurs because the continuous deformation 
(creep) under load at high temperatures affects the propagation of fatigue cracks. This effect is referred to as creep-fatigue 
interaction. The quantification of creep-fatigue interaction effects and the application of this information to life prediction 
procedures constitute the primary objective in time-dependent fatigue tests. Time-dependent fatigue tests are also used to 
assess the effect of load frequency on corrosion fatigue. 

Like other metals, creep-fatigue interaction in titanium alloys can be evaluated in terms of a reduction in low-cycle 
fatigue strength caused by the introduction of a "hold-time" or dwell at the peak of each stress (or strain) cycle. This effect 
of creep-fatigue interaction has been a subject of various studies (Ref 24, 25, 26, 27), with particular emphasis on the 
beta-processed near-alpha alloys. In general, creep-fatigue interaction becomes more of a factor with lower rupture 
ductility (or embrittlement from factors such as internal hydrogen, Ref 25). 

Thermal stability is the ability of alloys to retain their original mechanical properties after prolonged service at 
elevated temperature. An alloy is thermally unstable if it undergoes microstructural changes during use at elevated 
temperature that affect its properties adversely. Instability may cause either embrittlement or softening, depending on the 
nature of the microstructural changes. Thermal stability is measured by comparing the properties of an alloy at room 
temperature before and after exposure (stressed or unstressed) at elevated temperature. 

Titanium alloys are generally stable over the temperature ranges where they resist oxidation and retain their useful 
strength. The alpha alloys are generally stable up to 540 °C (1000 °F) for exposure periods of 1000 h or more, except that 
alloys high in aluminum, such as Ti-8Al-2Nb-1Ta and Ti-8Al-1Mo-1V, will undergo a small, but generally tolerable, 
amount of hardening and some loss in ductility because of formation of Ti3Al (α2) in the microstructure. Elongation and 
reduction in area, after exposure to the elevated temperature, will be 10% or more. 

The stability of commercial alpha-beta alloys depends on composition and heat treatment. In the mill-annealed condition, 
the alloys may be considered stable up to 315 to 370 °C (600 to 700 °F), although measurable changes in properties will 
usually accompany exposure to stress and temperature for long times. Properly fabricated and heat treated, these alloys 
are generally stable up to about 425 °C (800 °F) in the heat treated condition for periods of 1000 h or more. 

Properties of titanium alloys may deteriorate during exposure to elevated temperature and stress because of surface 
cracking. Cracking may result from oxidation or from stress corrosion caused by atmospheres or surface films containing 
salt or other halides. When conditions are likely to cause surface cracking, tests should be made to determine the 
susceptibility of the alloys selected to the surface conditions intended. 

Low-Temperature Properties. Unalloyed titanium and alpha titanium alloys have hexagonal close-packed (hcp) 
crystal structures, which accounts for the fact that the properties of these metals do not follow the same trends at subzero 



temperatures as do the properties of metals with fcc or bcc structures. In particular, alpha titanium may not exhibit a 
ductile-to-brittle transition in Charpy V-notch data (Fig. 4). 

Many of the available titanium alloys have been evaluated at subzero temperatures, but service experience at such 
temperatures has been gained only for Ti-5Al-2.5Sn and Ti-6Al-4V alloys. These alloys have very high strength-to-
weight ratios at cryogenic temperatures and have been the preferred alloys for special applications at temperatures from -
195 to -270 °C (-320 to -452 °F). Commercially pure titanium may be used for tubing and other small-scale cryogenic 
applications that involve only low stresses in service. 

The Ti-5Al-2.5Sn alloy usually is used in the mill-annealed condition and has a 100% alpha microstructure. The Ti-6Al-
4V alloy may be used in the annealed condition or in the solution treated and aged condition, but for maximum toughness 
in cryogenic applications the annealed condition usually is preferred. The Ti-6Al-4V alloy is an alpha-beta alloy that has 
significantly higher yield and ultimate tensile strengths than the all-alpha alloy. 

Because interstitial impurities such as iron, oxygen, carbon, nitrogen, and hydrogen tend to reduce the toughness of these 
alloys at both room and subzero temperatures, ELI grades are specified for critical applications. The composition limits 
for these alloys are given in Table 26. Note that the iron and oxygen contents of the ELI grades are substantially lower 
than those of the standard, or normal interstitial (NI), grades. The NI grades are suitable for service to -195 °C (-320 °F); 
for temperatures below -195 °C, ELI grades generally are specified. For ELI grades, reduced creep strength at room 
temperature must be considered in design for pressure-vessel service. In Ti-5Al-2.5Sn, stress rupture occurs at stresses 
below the yield strength. 

Table 26 Compositions of titanium alloys used in cryogenic applications 

Composition %  Alloy  

Al  Sn  V  Fe 
max  

O 
max  

C 
max  

N 
max  

H 
max  

M 
max  

Ti-75A  . . .  . . .  . . .  . . .  0.40  0.20  0.07  0.0125  . . .  

Ti-5Al-2.5Sn  4.0-6.0  2.0-3.0  . . .  0.50  0.20  0.15  0.07  0.020  0.30  

Ti-5Al-2.5Sn(ELI)(a)  4.7-5.6  2.3-3.0  . . .  0.20  0.12  0.08  0.05  0.0175  . . .  

Ti-6Al-4V  5.5-6.75  . . .  3.5-4.5  . . .  . . .  . . .  . . .  . . .  . . .  

Ti-6Al-4V(ELI)(a)  5.5-6.5  . . .  3.5-4.5  0.15  0.13  0.08  0.05  0.015  . . .  

 

(a) Extra-low interstitial 

 

Precautions. There are two precautions that should be emphasized in considering titanium and titanium alloys for 
service at cryogenic temperatures: titanium and titanium alloys must not be used for transfer or storage of liquid oxygen, 
and titanium must not be used where it will be exposed to air while below the temperature at which oxygen will condense 
on its surfaces. Any abrasion or impact of titanium creating a clean, oxide-free surface that is in contact with liquid 
oxygen will cause ignition. Pressure vessels in contact with liquid oxygen in the Apollo launch vehicles were produced 
from Inconel 718 rather than from Ti-6Al-4V alloy to avoid this problem. 

Typical tensile properties of titanium and of titanium alloys Ti-5Al-2.5Sn and Ti-6Al-4V at room temperature and at 
subzero temperatures are presented in Table 27. Marked increases in yield and tensile strengths are evident for 
commercial titanium and for titanium alloys as test temperature is reduced from room temperature to -253 °C (-423 °F). 



In the cryogenic temperature range, these alloys have the highest strength-to-weight ratios of all fusion-weldable alloys 
that retain nearly the same strength in the weld metal as in the base metal. Yield and tensile strengths of an electron-beam 
weldment of Ti-5Al-2.5Sn(ELI) sheet are presented in Table 27. 

Table 27 Typical tensile properties of titanium and two titanium alloys 

Temperature  Tensile strength  Yield strength  Notch tensile 
strengthen(a)  

Young's modulus  

°C  °F  MPa  ksi  MPa  ksi  

Elongation, 
%  

Reduction 
in area, %  

MPa  ksi  GPa  106 psi  

Ti-75A sheet, annealed, longitudinal orientation  

24  75  580  84.3  465  67.6  25  . . .  785  114  . . .  . . .  

-78  -108  750  109  615  89.2  25  . . .  . . .  . . .  . . .  . . .  

-196  -320  1050  152  940  136  18  . . .  1100  159  . . .  . . .  

-253  -423  1280  186  1190  173  8  . . .  875  127  . . .  . . .  

Ti-75A sheet, annealed, transverse orientation  

24  75  585  85.1  475  69.0  25  . . .  800  116  . . .  . . .  

-78  -108  760  110  645  93.4  20  . . .  905  131  . . .  . . .  

-196  -320  1060  153  965  140  14  . . .  1120  163  . . .  . . .  

-253  -423  1340  194  1260  182  7  . . .  880  128  . . .  . . .  

Ti-5Al-2.5Sn sheet, nominal interstitial annealed, longitudinal orientation  

24  75  850  123  795  115  16  . . .  1130  164  105  15.4  

-78  -108  1080  156  1020  148  13  . . .  1310  190  115  16.6  

-196  -320  1370  199  1300  188  14  . . .  1630  236  120  17.7  

-253  -423  1700  246  1590  231  7  . . .  1430  208  130  18.5  

Ti-5Al-2.5Sn sheet, nominal interstitial annealed, transverse orientation  



24  75  895  130  860  125  14  . . .  1170  170  . . .  . . .  

-78  -108  1050  152  1020  148  12  . . .  1250  181  . . .  . . .  

-196  -320  1430  208  1370  198  12  . . .  1630  236  . . .  . . .  

-253  -423  1670  242  1610  234  6  . . .  1290  187  . . .  . . .  

-268  -450  1590  231  . . .  . . .  1.5  . . .              

Ti-5Al-2.5Sn (ELI) sheet annealed, longitudinal orientation  

24  75  800  116  740  107  16  . . .  1060  154  115  16.4  

-78  -108  960  139  880  128  14  . . .  1190  173  125  18.0  

-196  -320  1300  188  1210  175  16  . . .  1560  226  130  18.6  

-253  -423  1570  228  1450  210  10  . . .  1670  242  130  19.2  

Ti-5Al-2.5Sn (ELI) sheet, annealed, transverse orientation  

24  75  805  117  760  110  14  . . .  1100  159  110  16.0  

-78  -108  950  138  895  130  12  . . .  1260  182  125  18.1  

-196  -320  1300  188  1230  179  14  . . .  1570  228  130  18.9  

-253  -423  1570  228  1480  214  8  . . .  1530  222  140  20.1  

Ti-5Al-2.5Sn (ELI) sheet/weldment, annealed, EB weld  

24  75  815  118  785  114  . . .  . . .  . . .  . . .  . . .  . . .  

-196  -320  1300  189  1210  176  . . .  . . .  . . .  . . .  . . .  . . .  

-253  -423  1510  219  1380  200  . . .  . . .  . . .  . . .  . . .  . . .  

Ti-5Al-2.5Sn (ELI) plate, annealed, longitudinal orientation  

24  75  765  111  705  102  33  43  . . .  . . .  . . .  . . .  



-253  -423  1430  208  1390  202  17  32  . . .  . . .  . . .  
 

 

(a) Kt = 6.3 for all three sheet forms: Kt = 5 to 8 for Ti-6Al-4V (ELI) forgings. 

(b) 
(b)Recrystallization annealing treatment: 930 °C (1700 °F) 4 h, furnace cool to 760 °C (1400 °F) in 3 h, cooled to 480 °C (900 °F) in 

3
4

h, air 

cool 

 

The notch strengths given in Table 27 indicate that these two alloys retain sufficient notch toughness for use to -253 °C (-
423 °F). However, the tensile data do not show any substantial improvement in ductility or notch toughness for the ELI 
grade of Ti-5Al-2.5Sn sheet over the normal interstitial grade except at very low temperatures. The recrystallization 
annealing treatment used for the Ti-6Al-4V(ELI) forging was developed as a means of improving fracture toughness in 
large forgings and thick plate. 

Values of Young's modulus for titanium alloys increase substantially as test temperature is decreased, as shown in Table 
27 and by ultrasonic data (Ref 28), which shows an approximate linear increase in the elastic modulus of Ti-2.5Sn and Ti-
6Al-4V from about 112 GPa (16.2 × 106 psi) at room temperature to about 122 GPa (17.7 × 106 psi) and 123 GPa (17.8 × 
106) at -200 °C (-330 °F) for Ti-6Al-4V and Ti-5Al-2.5Sn, respectively. The same ultrasonic testing (Ref 28) showed a 
decrease in Poisson's ratio to about 0.31 for Ti-6Al-4V at -200 °C (-330 °F). 

Fracture Toughness. Available data on plane-strain fracture toughness (KIc) at subzero temperatures for alloys Ti-
5Al-2.5Sn and Ti-6Al-4V (summarized in Properties and Selection: Nonferrous Alloys and Special-Purpose Materials, 
Volume 2 of ASM Handbook), indicate a modest reduction in fracture toughness to about 39 MPa m  (35.5 ksi in ) and 
42 MPa m  (38 ksi in ) for Ti-6Al-4V and Ti-5Al-2.5Sn NI grades, respectively, at -195 °C (-320 °F). The ELI grades 
have better toughness than the corresponding normal interstitial grades at subzero temperatures. The limited data for 
electron-beam weldments indicate that at -195 °C (-320 °F) there is a slight reduction in toughness in both fusion and 
heat-affected zones when compared to the base metal in Ti-6Al-4(ELI) weldments. 

Fatigue-Crack-Growth Rates. Data on fatigue-crack-growth rates for Ti-5Al-2.5Sn and Ti-6Al-4V alloys in Volume 
3 of the 9th Edition of Metals Handbook indicate that low temperature has no effect on the fatigue-crack-growth rates for 
Ti-5Al-2.5Sn and Ti-6Al-4V(NI). However, over part of the ∆K range, the fatigue-crack-growth rates for Ti-6Al-4V(ELI) 
are higher at cryogenic temperatures than at room temperature at the same ∆K values. 

Fatigue strength at subzero temperatures becomes more sensitive to notches and the presence of welded joints. 
Therefore, in designing welded structures of titanium alloys that will be subjected to fatigue loading at subzero 
temperatures, the weld areas usually should be thicker than the remaining areas. Hemispheres for spherical pressure 
vessels are machined so that the butting sections for the equatorial welds are thicker than the remaining sections, 
excluding inlet and discharge ports. 
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Introduction 

SINCE THE INTRODUCTION OF TITANIUM and titanium alloys in the early 1950s, these materials have in a 
relatively short time become backbone materials for the aerospace, energy, and chemical industries (Ref 1). The 
combination of high strength-to-weight ratio, excellent mechanical properties, and corrosion resistance makes titanium 
the best material choice for many critical applications. Today, titanium alloys are used for demanding applications such as 
static and rotating gas turbine engine components. Some of the most critical and highly stressed civilian and military 
airframe parts are made of these alloys. 

The use of titanium has expanded in recent years to include applications in nuclear power plants, food processing plants, 
oil refinery heat exchangers, marine components, and medical prostheses (Ref 2). However, the high cost of titanium 
alloy components may limit their use to applications for which lower-cost alloys, such as aluminum and stainless steels, 
cannot be used. The relatively high cost is often the result of the intrinsic raw material cost of the metal, fabricating costs, 
and the metal removal costs incurred in obtaining the desired final shape. As a result, in recent years a substantial effort 
has focused on the development of net shape or near-net shape technologies to make titanium alloy components more 
competitive (Ref 3). These titanium net shape technologies include powder metallurgy (P/M), superplastic forming (SPF), 
precision forging, and precision casting. Precision casting is by far the most fully developed and the most widely used 
titanium net shape technology (for comparison, see the article "Titanium P/M Products" in this Volume). 

The annual shipment of titanium castings in the United States increased by 260% between 1979 and 1989 (Fig. 1). With a 
trend line still strong in the upward direction, this makes titanium casting the fastest growing segment of titanium 
technology. In fact, the number of sales dollars of castings shipped has grown faster than the number of pounds shipped 



because of the increasing complexity of configurations being produced, that is, configurations that are closer to net shape, 
larger in size, and of higher quality for more critical applications. 

 

Fig. 1 Plot showing 260% growth in United States titanium casting production in the 10-year period from 1979 
to 1989. Source: Ref 4 

Even at current levels (approaching 450 Mg, or 9.9 × 105 lb, annually), castings still represent less than 2% of total 
titanium mill product shipments. This is in sharp contrast to the ferrous and aluminum industries, where foundry output is 
9% (Ref 5) and 14% (Ref 6) of total output, respectively. This suggests that the growth trend of titanium castings will 
continue as users become more aware of industry capability, suitability of cast components in a wide variety of 
applications, and the net shape cost advantages. 

The term castings often connotes products with properties generally inferior to wrought products. This is not true with 
titanium cast parts. They are generally comparable to wrought products in all respects and quite often superior. Properties 
associated with crack propagation and creep resistance can be superior to those of wrought products. As a result, titanium 
castings can be reliably substituted for forged and machined parts in many demanding applications (Ref 7, 8). This is due 
to several unique properties of titanium alloys. One is the α + β -to-β phase transformation at a temperature range of 705 
to 1040 °C (1300 to 1900 °F), which is well below the solidification temperature of the alloys. As a result, the cast 
dendritic β structure is transformed during the solid state cooling to an α + β platelet structure (Fig. 2a), which is also 
typical of β-processed wrought alloy. Furthermore, the convenient allotropic transformation temperature range of most 
titanium alloys enables the as-cast microstructure to be improved by means of post-cast cooling rate changes and 
subsequent heat treatment or by hot isostatic pressing (HIP). 

 

Fig. 2 Comparison of the microstructures of (a) as-cast versus (b) cast + HIP Ti-6Al-4V alloys illustrating lack of porosity in (b). Grain 
boundary α (B) and α plate colonies (C) are common to both alloys; β grains (A), gas (D), and shrinkage voids (E) are present only in the as-



cast alloy. 

Another unique property is the high reactivity of titanium at elevated temperatures, leading to an ease of diffusion 
bonding. As a result, the hot isostatic pressing of titanium castings yields components with no subsurface porosity. At the 
HIP temperature range of 815 to 980 °C (1500 to 1800 °F), titanium dissolves any microconstituents deposited on internal 
pore surfaces, leading to complete healing of casting porosity as the pores are collapsed during the pressure and heat 
cycle. Both the elimination of casting porosity and the promotion of a favorable microstructure improve mechanical 
properties. However, the very high reactivity of titanium in the molten state presents a challenge to the foundry. Special, 
and sometimes relatively expensive, methods of melting (Ref 9), moldmaking, and surface cleaning (Ref 7, 8) may be 
required to maintain product integrity. Additional information on the hot isostatic pressing of castings can be found in 
Casting, Volume 15 of ASM Handbook, formerly 9th Edition Metals Handbook. 
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Historical Perspective of Titanium Casting Technology 

Although titanium is the fourth most abundant metallic element in the earth's crust (0.4 to 0.6 wt%) (Ref 9), it has 
emerged only recently as a technical metal. This is the result of the high reactivity of titanium, which requires complex 
methods and high energy input to win the metal from the oxide ores. The required energy per ton is 1.7 times that of 
aluminum and 16 times that of steel (Ref 10). From 1930 to 1947, metallic titanium extracted from the ores as a powder 
or sponge form was processed into useful shapes by P/M methods to circumvent the high reactivity in the molten form 
(Ref 11) (see the article "Titanium P/M Products" in this Volume). 

Melting Methods. The melting of small quantities of titanium was first experimented with in 1948 using methods such 
as resistance heating, induction heating, and tungsten are melting (Ref 12, 13). However, these methods never developed 
into industrial processes. The development during the early 1950s of the cold crucible, consumable-electrode vacuum are 
melting process, or skull melting, by the U.S. Bureau of Mines (Ref 13, 14) made it possible to melt large quantities of 
contamination-free titanium into ingots or net shapes. Additional information on numerous melting methods is available 
in the articles "Melting Furnaces" and "Vacuum Melting and Remelting Processes" in Casting, Volume 15 of ASM 
Handbook, formerly 9th Edition Metals Handbook. 

First Castings. The shape casting of titanium was first demonstrated in the United States in 1954 at the U.S. Bureau of 
Mines using machined high-density graphite molds (Ref 13, 15). The rammed graphite process developed later, also by 
the U.S. Bureau of Mines (Ref 16), led to the production of complex shapes. This process, and its derivations, are used 
today to produce large parts for marine and chemical-plant components (such as the pump and valve components shown 
in Fig. 3a) because of the rigidity and strength of the mold. Some aerospace components such as the aircraft brake torque 
tubes, landing arrestor hook, and optic housing shown in Fig. 3(b) have also been produced by this method. 

 

Fig. 3 Typical titanium parts produced by the rammed graphite process. (a) Pump and valve components for 
marine and chemical-processing applications. (b) Brake torque tubes, landing arrestor hook, and optic housing 
components used in aerospace applications 
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Molding Methods 

Rammed Graphite Molding. The traditional rammed graphite molding process uses powdered graphite mixed with 
organic binders (see the article "Rammed Graphite Molds" in Casting, Volume 15 of ASM Handbook, formerly 9th 
Edition Metals Handbook). Patterns typically are made of wood. The mold material is pneumatically rammed around the 
pattern and cured at high temperature in a reducing atmosphere to convert the organic binders to pure carbon. The 
molding process and the tooling are essentially the same as those used for cope and drag sand molding in ferrous and 
nonferrous foundries. In the 1970s, derivations of rammed graphite mold materials were developed using components of 
more traditional sand foundries, along with inorganic binders. This resulted in more dimensionally stable and less costly 
molds that were capable of containing molten titanium without undue metal/mold reaction and with easier mold removal 
from the cast parts. 

Lost-Wax Investment Molding. The principal technology that allowed the proliferation of titanium alloy castings in 
the aerospace industry was the investment casting method, which was introduced in the mild-1960s (see the article 
"Investment Casting" in Casting, Volume 15 of ASM Handbook, formerly 9th Edition Metals Handbook). This method, 
already used at the dawn of the metallurgical age, more than 5000 years ago, for casting copper and bronze tools and 
ornaments (see the article "History of Casting" in Casting, Volume 15 of ASM Handbook, formerly 9th Edition Metals 
Handbook), was later adapted to enable the production of high-quality steel and nickel-base cast parts. The adaptation of 
this method to titanium casting technology required the development of ceramic slurry materials that had minimum 
reaction with the extremely reactive molten titanium. 

Refractory Oxide Shell Systems. Proprietary lost-wax ceramic shell systems have been developed by the several 
foundries engaged in titanium casting manufacture. Of necessity, these shell systems must be relatively inert to molten 
titanium and cannot be made with the conventional foundry ceramics used in the ferrous and nonferrous industries. 
Usually, the face coats are made with special refractory oxides and appropriate binders. After the initial face coat ceramic 
is applied to the wax pattern, more traditional refractory systems are used to add shell strength by means of repeated 
backup ceramic coatings. Regardless of face coat composition, some metal/mold reaction inevitably occurs from titanium 
reduction of the ceramic oxides. The oxygen-rich surface of the casting stabilizes the α phase. In β and α+ βalloys, a 
metallographically distinct α-case layer on the cast surface is usually formed. This α-case layer may be removed later by 
means of chemical milling using an acid etchant. It should be noted that this α-case layer is not noticeable in 100% α 

alloys such as commercially pure (C.P.) titanium or Ti-5Al-2 1
2

Sn alloys. 

Foundry practices focus on methods to control both the extent of the metal/mold reaction and the subsequent diffusion of 
reaction products below the cast surface. The diffusion of reaction products into the cast surface is time-at-temperature 
dependent. The depth of surface contamination can vary from nil on very thin sections to more than 1.5 mm (0.06 in.) on 
thick sections. On critical aerospace structures, the brittle α case is removed by chemical milling. The depth of surface 
contamination must be taken into consideration in the initial wax pattern tool design. Hence, the wax pattern and casting 
are made slightly oversize, and final dimensions are achieved through careful chemical milling. Metal superheat, mold 
temperature and thermal conductivity, g force (if centrifugally cast), and rapid postcast heat removal are other key factors 
in producing a satisfactory product. These parameters are interchangeable, that is, a high g force centrifugal pour into cold 
molds may achieve the same relative fluidity as a static pour into heated molds. 

Other Refractory Shell Systems. The combination of graphite powder, graphite stucco, stucco, and organic binders 
has also been used as a shell system for the investment casting of titanium. After dewax, the shell is fired in a reducing 
atmosphere to remove or pyrolyze the binders before casting. This technology has not been promoted as much as the use 
of refractory oxide shell systems and is presently primarily of historic interest. 

Additional Molding Systems. In addition to the rammed graphite and investment molding methods, a poured ceramic 
mold has been used to produce large parts that require good dimensional accuracy. This method, developed in the late 
1970s, was used to a limited extent for several years. 



Semipermanent, reusable molds, frequently made from machined graphite, have been used successfully since the earliest 
U.S. Bureau of Mines work (Ref 13, 15) but only on relatively simple-shape parts that allow metal volumetric shrinkage 
to occur without restriction. The method is economical only when reasonably high volumes are required, that is, 
thousands of parts, because of the high cost of the solid mold material. 

A titanium sand casting technique based on conventional foundry moldmaking practices has been under development at 
the U.S. Bureau of Mines (Ref 17). Because the mold materials are less costly and the cast part is easier to remove from 
the sand mold than from other methods of titanium casting, this development could lower production costs. However, 
surface quality problems are restricting the use of this method thus far. 

Foundries and Capacities. Table 1 lists the major titanium casting foundries in the industrial western world and 
summarizes the use and capacities of the various titanium casting practices, including the use of hot isostatic pressing. 

Table 1 Status and capacity of titanium foundries in the United States, Japan, and Western Europe in 1990 

Approximate maximum envelope size  Maximum 
pour 
weight  

Rammed graphite  Investment casting  

Foundry  

kg  lb  mm  in.  mm  in.  

Melt stock  Use of 
postcast 
HIP  

Arwood Corp. (CT)  180  400  . . .  . . .  1220 diam × 
1220  

48 diam × 
48  

Billet  Always  

Duriron (OH)  20  50  . . .  . . .  510 diam × 
760  

20 diam × 
30  

Revert  Often  

Howmet Corp. (MI and 
VA)  

730  1600  . . .  . . .  1525 diam × 
1525  

60 diam × 
60  

Billet  Always  

Oremet Corp. (OR)  750  1650  1525 diam × 
1830  

60 diam × 
72  

. . .  . . .  Billet and 
revert  

Seldom  

PCC (OR)  770  1700  . . .  . . .  1525 diam × 
1220  

60 diam × 
48  

Billet and 
revert  

Always  

Rem Products (OR)  180  400  . . .  . . .  815 diam × 
508  

32 diam × 
20  

Billet  Often  

Schlosser Casting Co. (OR)  90  200  . . .  . . .  760 diam × 
610  

30 diam × 
24  

Billet  Often  

Tiline, Inc. (OR)  750  1650  . . .  . . .  1370 diam × 
610  

54 diam × 
24  

Billet and 
revert  

Always  

TiTech International, Inc. 
(CA)  

400  875  915 diam × 
610  

36 diam × 
24  

915 diam × 
610  

36 diam × 
24  

Billet and 
revert  

Often  

PCC France (France)  270  600  . . .  . . .  1220 diam × 48 diam × Billet and Always  



1220  48  revert  

Tital (West Germany)  180  400  1145 diam × 
760  

45 diam × 
30  

1015 diam × 
635  

40 diam × 
25  

Billet  Always  

Settas (Belgium)  820  1800  1525 diam × 
1220  

60 diam × 
48  

610 diam × 
610  

24 diam × 
24  

Billet and 
revert  

Often  

VMC (Japan)  180  400  1270 diam × 
635  

50 diam × 
25  

Research and development  Billet and 
revert  

Seldom  
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Alloys 

All production titanium castings to date are based on traditional wrought product compositions. As such, the Ti-6Al-4V 
alloy dominates structural casting applications. This alloy similarly has dominated wrought industry production since its 
introduction in the early 1950s, becoming the benchmark alloy against which others are compared. However, other 
wrought alloys have been developed for special applications, with better room-temperature or elevated-temperature 
strength, creep, or fracture toughness characteristics than those of Ti-6Al-4V. In addition, these same alloys are being cast 
when net shape casting technology is the most economical method of manufacture. As with Ti-6Al-4V, other cast 
titanium alloys have properties generally comparable to those of their wrought counterparts. 

Chemistry and Demand. Table 2 lists the most prevalent casting alloy chemistries and the most characteristic 
attribute of each in comparison with Ti-6Al-4V, plus current approximate market share. 

Table 2 Comparison of cast titanium alloys 

Nominal composition, wt%  Alloy  Estimated 
relative 
use 
of 
castings  

O  N  C  H  Al  Fe  V  Cr  Sn  Mo  Nb  Zr  Si  

Special 
properties(a)(b)  

Ti-6Al-4V  85%  0.18  0.015  0.04  0.006  6  0.13  4  . . 
.  

. . .  . . .  . . .  . . .  . . .  General 
purpose  

Ti-6Al-4V 
ELI(b)  

1%  0.11  0.010  0.03  0.006  6  0.10  4  . . 
.  

. . .  . . .  . . .  . . .  . . .  Cryogenic 
toughness  

Commercially 
pure titanium 
(grade 2)  

6%  0.25  0.015  0.03  0.006  . . .  0.15  . . .  . . 
.  

. . .  . . .  . . .  . . .  . . .  Corrosion 
resistance  



Ti-6Al-2Sn-
4Zr-2Mo  

7%  0.10  0.010  0.03  0.006  6  0.15  . . .  . . 
.  

2  2  . . .  4  . . .  Elevated-
temperature 
creep  

Ti-6Al-2Sn-
4Zr-6Mo  

<1%  0.10  0.010  0.03  0.006  6  0.15  . . .  . . 
.  

2  6  . . .  4  . . .  Elevated-
temperature 
strength  

Ti-5Al-2.5Sn  <1%  0.16  0.015  0.03  0.006  5  0.2  . . .  . . 
.  

2.5  . . .  . . .  . . .  . . .  Cryogenic 
toughness  

Ti-3Al-8V-6Cr-
4Zr-4Mo (Beta-
C)  

<1%  0.10  0.015  0.03  0.006  3.5  0.2  8.5  6  . . .  4  . . .  4  . . .  RT strength  

Ti-15V-3Al-
3Cr-3Sn (Ti-15-
3)  

<1%  0.12  0.015  0.03  0.006  3  0.02  15  3  3  . . .  . . .  . . .  . . .  RT strength  

Ti-1100  <1%  0.07  0.015  0.04  0.006  6.0  0.02  . . .  . . 
.  

2.75  0.4  . . .  4.0  0.45  Elevated-
temperature 
properties  

IMI-834  <1%  0.10  0.015  0.06  0.006  5.8  0.02  . . .  . . 
.  

4.0  0.5  0.7  3.5  0.35  Elevated-
temperature 
properties  

Total  100%  
              

 

(a) Superior, relative to Ti-6Al-4V. 

(b) RT, room temperature. 

(c) (c) ELI, extra low interstitial 

 

Typical Properties. Table 3 is a summary of room-temperature tensile properties for various alloys. These properties, 
which are typical, vary depending on microstructure as influenced by foundry parameters such as solidification rate and 
any postcast HIP and heat treatments. 

Table 3 Typical room-temperature tensile properties of titanium alloy castings (bars machined from 
castings) 
Specification minimums are less than these typical properties. 

Yield strength  Ultimate 
strength  

Alloy(a)(b)  

MPa  ksi  MPa  ksi  

Elongation, 
%  

Reduction of 
area, %  



Commercially pure (grade 2)  448  65  552  80  18  32  

Ti-6Al-4V, annealed  885  124  930  135  12  20  

Ti-6Al-4V-ELI  758  110  827  120  13  22  

Ti-1100, Beta-STA(c)  848  123  938  136  11  20  

Ti-6Al-2Sn-4Zr-2Mo, annealed  910  132  1006  146  10  21  

IMI-834, Beta-STA(c)  952  138  1069  155  5  8  

Ti-6Al-2Sn-4Zr-6Mo, Beta-STA(c)  1269  184  1345  195  1  1  

Ti-3Al-8V-6Cr-4Zr-4Mo, Beta-STA(c)  1241  180  1330  193  7  12  

Ti-15V-3Al-3Cr-3Sn Beta-STA(c)  1200  174  1275  185  6  12  

 

(a) Solution-treated and aged (STA) heat treatments may be varied to produce alternate properties. 

(b) ELI, extra low interstitial. 

(c) Beta-STA, solution treatment with β-phase field followed by aging 

 

Specifications. Industrywide specifications, listed in Table 4 for reference, give more detail on mechanical property 
guarantees and process control features. In addition, most major aerospace companies have comparable specifications. 
MIL Handbook V, Aerospace Design Specifications does not presently include titanium alloy castings, but it is expected 
that such information will be incorporated in the near future. As with wrought products, commercially pure titanium 
castings are used almost entirely in corrosion-resistant applications. Commercially pure titanium pumps and valves are 
the principal components made as titanium castings for corrosion-resistant applications. There are used extensively in 
chemical and petrochemical plants and in numerous marine applications (seawater pumps, for example, are a very 
important application). 

Table 4 Standard industry specifications applicable to titanium castings 

MIL-T-81915  Titanium and titanium alloy castings, investment  

AMS-4985A  Titanium alloy castings, investment or rammed graphite  

AMS-4991  Titanium alloy castings, investment  

ASTM B 367  Titanium and titanium alloy castings  



MIL-STD-2175  Castings, classification and inspection of  

MIL-STD-271  Nondestructive testing requirements for metals  

MIL-STD-453  Inspection, radiographic  

MIL-Q-9858  Quality program requirement  

MIL-I-6866B  Inspection, penetrant method of  

MIL-H-81200  Heat treatment of titanium and titanium alloys  

ASTM E 155  Reference radiographs for inspection of aluminum and magnesium castings  

ASTM E 192  Reference radiographs, investment steel castings  

ASTM E 186  Reference radiographs, steel castings 50-102 mm (2-4) in.)  

ASTM E 446  Reference radiographs, steel castings up to 50 mm (2 in.)  

ASTM E 120  Standard methods for chemical analysis of titanium and titanium alloys  

ASTM E 8  Methods of tension testing of metallic materials  

AMS-2249B  Chemical-check analysis limits for titanium and titanium alloys  

AMS-4954  Titanium alloy welding wire Ti-6Al-4V  

AMS-4956  Titanium alloy welding wire Ti-6Al-4V, extra low interstitial  

 

Newer Alloys. As aircraft engine manufacturers seek to use cast titanium at higher operation temperatures, Ti-6Al-2Sn-
4Zr-2Mo and Ti-6Al-2Sn-4Zr-6Mo are being specified more frequently (see Tables 2 and 3). Other advanced high-
temperature titanium alloys for service up to 595 °C (1100 °F) such as Ti-1100 and IMI-834 are being developed as 
castings. The alloys mentioned above exhibit the same degree of elevated-temperature superiority as do their wrought 
counterparts over the more commonly used Ti-6Al-4V (Fig. 4). 



 

Fig. 4 Plot of yield strength versus temperature to compare elevated-temperature properties of cast Ti-6Al-
2Sn-4Zr-2Mo, IMI 834, and Ti 1100 alloys with standard cast Ti-6Al-4V alloy 

Extra low interstitial (ELI) grade Ti-6Al-4V has been used for critical cryogenic space shuttle service where fracture 
toughness is an important design criteria. The most recent alloy to receive attention in the casting industry is the 
metastable β alloy Ti-15V-3Al-3Cr-3Sn (Ti-15-3) (see Tables 2 and 3). Originally developed as a highly cold-formable 
and subsequently age-hardened sheet material, this alloy is highly castable and readily heat treated to a 1275 MPa (185 
ksi) tensile strength level, making it a serious candidate for the replacement of high-strength precipitation-hardening (PH) 
stainless steels such as 17-4 PH. The full density advantage of titanium of about 40% is preserved because strength levels 
are comparable in both materials. Figure 5 shows typical room-temperature tensile data following several simple aging 
cycles. The data show excellent 25% elongation at 700 MPa (100 ksi) yield strength in the solution-annealed (as hot 
isostatically pressed) condition, and subsequent aged tensile strength capability of as much as 1400 MPa (200 ksi) with 3 
to 4% elongation. 



 

Fig. 5 Aging curves showing typical room-temperature tensile properties of HIP and aged Ti-15V-3Al-3Cr-3Sn 
(Ti-15-3) castings. (a) Ultimate tensile strength. (b) Yield strength. (c) Elongation 

Titanium-aluminide castings are being developed for application in the compressor sections of aircraft gas turbine engines 
subjected to the highest temperatures. Compositions based on both the α2 (Ti3Al) and γ(TiAl) ordered phases have been 
cast experimentally, with the former being closer to limited-production status. The low ductility of these alloys at room 



temperature has been the major producibility challenge. It is anticipated that the service potential for titanium aluminides 
in the 595 to 925 °C (1100 to 1700 °F) temperature range will eventually be realized. The difficulty in machining shapes 
in these brittle alloys may increase the advantage of net shape methods such as castings or powder metallurgy (see the 
article "Titanium P/M Products" in this Volume). 

Because Ti-6Al-4V dominates the industry, much more metallurgical and mechanical test data are available on this alloy. 
These data are discussed in the section "Microstructure of Ti-6Al-4V" below. 

 
Microstructure of Ti-6Al-4V 

Cast Microstructure. To understand the relatively high mechanical property levels of titanium alloy castings and the 
many improvements made in recent years, it is necessary to understand the microstructures of castings and their influence 
on the mechanical behavior of titanium. The phase transformation from βto α+ β leads to the elimination of the dendritic 
cast structure. The existence of such dendrites during the solidification stage is evident in the surface morphology of 
shrinkage pores (Fig. 6). The phase transformation, which in the alloy Ti-6Al-4V is typically initiated at 995 °C (1825 
°F), results in the microstructural features shown in Fig. 2(a). This microstructure, which will be discussed in details, is 
very similar to a β-processed wrought microstructure and therefore has similar properties. Thus, in the study and 
development of titanium alloy castings, it is possible to draw much information from the vast knowledge of conventional 
titanium ingot metallurgy. 

 

Fig. 6 Dendritic structure present in the surface shrinkage porosity of an as-cast Ti-6Al-4V component 

Hot isostatic pressing is now becoming almost a standard practice for all titanium cast parts produced for the 
aerospace industry (Table 1). As a result, cast + HIP microstructure also needs to be considered (Fig. 2b). Because the 
HIP temperature is typically well below the βtransus temperature, where there is no growth of the β grains, α plates, or 
their colonies, the ascast (Fig. 2a) and the cast + HIP (Fig. 2b) microstructures look very much alike, except for the lack 
of porosity in the latter. 

As-Cast and Cast + HIP Microstructures. Because most castings for demanding applications are produced with 
Ti-6Al-4V alloy (Table 2), only microstructures of this α+ βalloy will be reviewed here. 

Beta Grain Size. Beta grains (A, in Fig. 2a) develop during the solid-state cooling stage between the solidus/liquidus 
temperature and the β transus temperature. As a result, large and thick sections, which cool at a slower rate, show larger β 
grains. The size range of the β grains is from 0.5 to 5 mm (0.02 to 0.2 in.). As will be further discussed, large β grains 
may lead to large α plate colonies. This is beneficial for fracture toughness, creep resistance, and fatigue crack 
propagation resistance (Ref 18, 19) and detrimental for low- and high-cycle fatigue strength and tensile elongation (Ref 
20, 21). 

Grain Boundary α. This α phase (B, in Fig. 2a) is formed along the β grain boundaries when cast material is cooled 
through the α+ β phase field (in Ti-6Al-4V this is typically from 995 °C, or 1825 °F, down to room temperature). This 
phase is plate shaped and represents the largest α plates in the cast structure. The length of these plates can equal the β 



grain radius. Because of its long dimension and planar shape, it has been found to be very detrimental to fatigue crack 
initiation at room temperature (Ref 22, 23) and at elevated temperatures (Ref 23, 24) both in cast and ingot metallurgy 
(I/M) materials. Many postcast thermal treatments eliminate this phase to improve fatigue life. 

Alpha Plate Colonies. Alpha platelets (C, in Fig. 2a) are the transformation products of the β phase when cooled 
below the β transus temperature. The hexagonal close-packed (hcp) orientation of these plates is related to the parent 
body-centered cubic (bcc) β phase orientation through one of the 12 possible variants of the Burgers relationship (Ref 25, 
26):  

{110}β P  (0001)α  
<111>β P <1120>α  

When cooling rates are relatively slow, such as in thick-section castings, many adjacent α platelets transform into the 
same Burgers variant and form a colony of similarly aligned and crystallographically oriented platelets. The large 
colonies (C, in Fig. 2a) may be associated with early fatigue crack initiation (Ref 21), the result of heterogeneous basal 
slip across the plates (Ref 27). At the same time, the large colony structure is beneficial for fatigue crack propagation 
resistance (Ref 28, 29). Because α platelet colonies cannot grow larger than the β grains, titanium castings with large prior 
βgrains typically have large colonies. The individual α platelets are typically 1 to 3 μm (40 to 120 μin.) in thickness and 
20 to 100 μm (0.0008 to 0.004 in.) in length (Ref 30, 31). The typical colony size range in Ti-6Al-4V castings is 50 to 500 
μm (0.002 to 0.02 in.) (Ref 22, 30, 31). 

As a general rule, slower solid-state cooling rates, such as in thick cast sections, result in microstructures with larger 
βgrains, a longer and thicker grain-boundary α phase, thicker α platelets, and larger α platelet colonies. 

Porosity. Gas (D, in Fig. 2a) and shrinkage voids (E) are typical phenomena in as-cast titanium products. Hot isostatic 
pressing, however, closes and heals these pores. This is demonstrated by comparing the as-cast microstructure in Fig. 2(a) 
with the cast + HIP structure in Fig. 2(b). The reactiveness of the titanium at the HIP temperature range of 900 to 955 °C 
(1650 to 1750 °F) leads to dissolution of all microconstituents deposited on the pore surfaces leading to complete healing 
of casting porosity. Hot isostatic pressing also causes a degree of α plate coarsening. It should be noted that all aerospace-
related titanium alloy cast parts are delivered after hot isostatic pressing (see Table 1). 

Modification of Microstructure. Most Ti-6Al-4V titanium castings produced commercially today are supplied in the 
annealed condition. However, much microstructural modification development work has been done recently, and it can be 
expected that solution-treated and aged or other postcast thermal processing will eventually become specified on cast 
parts requiring certain property enhancement such as fatigue or tensile strength. The following section reviews several of 
these developmental procedures and their results. 

The modification of microstructure is one of the most versatile tools available in metallurgy for improving the mechanical 
properties of alloys. This is commonly achieved through a combination of cold or hot working followed by the heat 
treatment known as thermomechanical processing. Net shapes such as castings or P/M products cannot be worked, which 
limits the options for controlling microstructures. A substantial amount of work has been done in recent years to improve 
the microstructures of titanium alloy net shape products, with an emphasis on Ti-6Al-4V material. Most treatment 
schemes can be successfully applied to both cast parts (Ref 8) and P/M compacts (see the article "Titanium P/M Products" 
in this Volume) (Ref 32, 33). In the case of titanium alloy castings, the main goal has been to eliminate the grain-
boundary α phase, the large αplate colonies, and the individual α plates. This is accomplished either by solution 
treatments or by a temporary alloying will hydrogen. In some cases, the hydrogen and solution treatments are combined. 
The details of these methods, including the appropriate references, are listed in Table 5. The typical resulting 
microstructures of the α-β solution treatment (ABST), βsolution treatment (BST), broken-up structure (BUS), and high-
temperature hydrogenation (HTH) methods are shown in Fig. 7(a), 7(b), 7(c), and 7(d), respectively. As can be seen from 
the photomicrographs, these treatments are successful in eliminating the large α plate colonies and the grain-boundary α 
phase. As discussed below, a substantial improvement of both tensile and fatigue properties is achieved with these 
processes. 

 

 



Table 5 Thermal and thermochemical methods for modifying the microstructure of α+ βtitanium alloy net 
shape products 

Hydrogenation 
temperature  

Intermediate 
treatment(c)  

Dehydrogenation 
temperature  

Method(a)  Typical 
solution 
treatment(b)  

°C  °F  °C  °F  °C  °F  

Typical 
annealing or 
aging treatment  

Applied 
to 
product 
forms(d)  

Ref  

BUS  1040 °C (1900 

°F) for 
1
2

h  

. . .  . . .  . . .  . . .  . . .  . . .  845 °C (1550 °F) 
for 24 h  

Cast, 
P/M, I/M  

34, 
35, 
36, 
37  

GTEC  1050 °C (1925 

°F) for 
1
2

h  

. . .  . . .  . . .  . . .  . . .  . . .  845 °C (1550 °F) 

for 
1
2

h and 705 

°C (1300 °F) for 2 
h  

Cast  38  

BST  1040 °C (1900 

°F) for 
1
2

h and 

GFC  

. . .  . . .  . . .  . . .  . . .  . . .  540 °C (1000 °F) 
for 8 h  

Cast, I/M  39  

ABST  955 °C (1750 
°F) for 1 h and 
GFC  

. . .  . . .  . . .  . . .  . . .  . . .  540 °C (1000 °F) 
for 8 h  

Cast, I/M  39  

HVC 
(Hydrovac 
process)  

. . .  650  1200  870(e)  1600(e)  760  1400  . . .  P/M, I/M  40, 
41  

TCT  1040 °C (1900 

°F) for 
1
2

h  

595  1100  Cool to RT  760  1400  . . .  Cast, 
P/M, I/M  

41, 
42, 
43  

CST  . . .  870  1600  No intermediate 
step (continuous 
process)  

815  1500  . . .  Cast  44  

HTH  . . .  900  1650  Cool to RT  705  1300  . . .  Cast, 45  

(a) Most data apply to Ti-6Al-4V. β transus temperature approximately 995 °C (1825 °F). 

(b) GFC, gas fan cooled. 

(c) RT, room temperature. 



(d) P/M, powder metallurgy; I/M, ingot metallurgy. 

(e) Glass encapsulated prior to heat treatment 

 

 

Fig. 7 Photomicrographs of microstructures resulting from a variety of hydrogen and solution heat treatments used to eliminate large α plate 
colonies and grain boundary α phase in α + β titanium alloys. (a) ABST. (b) BST. (c) BUS. (d) HTH. See Table 5 for details of heat 
treatments. 
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Mechanical Properties of Ti-6Al-4V 

Oxygen Influence. Figure 8 is a frequency distribution of tensile properties from separately cast test bars representing 
hot isostatically pressed and annealed Ti-6Al-4V castings. Oxygen, a carefully controlled alloy addition, is in the 0.16 to 
0.20% range, which is common for many aerospace specifications. 

 

Fig. 8 Frequency distribution of tensile properties of hot isostatically pressed and annealed Ti-6Al-4V casting 
test bars. Percent frequency is plotted versus (a) 0.2% offset yield strength, (b) ultimate tensile strength, (c) 
percent reduction of area, and (d) percent elongation. Alloy composition is 0.16 to 0.20% O2; sample size is 
500 heats. Source: Ref 46 

Some specifications allow a 0.25% maximum oxygen content. The resultant properties with oxygen in the 0.20 to 0.25% 
range are typically about 69 to 83 MPa (10 to 12 ksi) higher than those shown in Fig. 8 with slightly lower ductility 
levels. In this case, it is possible to guarantee 827 MPa (120 ksi) yield strength and 896 MPa (130 ksi) ultimate tensile 
strength levels with 6% minimum elongation. This strength level is the same minimum guarantee for wrought-annealed 
Ti-6Al-4V. 

Microstructure Influence. Because the microstructure of titanium alloy cast parts is very similar to that of β -
processed wrought or I/M material, many properties of hot isostatically pressed castings, such as tensile strength, fracture 
toughness, fatigue crack propagation, and creep, are at the same levels as with forged and machined parts. Tensile 
strength and fracture toughness properties of cast, cast + HIP, and cast + HIP + heat-treated material (Table 5) are 
compared in Table 6 to wrought β-annealed data. To provide a complete review, properties of castings treated by many of 
the methods listed in Table 5 are also included. At the present time, fracture toughness data are available for only a few of 
the conditions. As can be seen, some of the treated conditions present properties in excess of I/M β-annealed material. 
However, it should be noted that tests were done on relatively small cast coupons. Properties of actual cast parts, 
especially large components, could be somewhat lower, the result of coarser grain structure or slower quench rates. Of 
special interest are the hydrogen-treated conditions (such as thermochemical treatment, or TCT; constitutional solution 
treatment, or CST; and HTH, in Table 5) that result in very high tensile strength (as high as 1124 MPa, or 163 ksi) with 
tensile elongation as high as 8%. 

 

 



Table 6 Tensile properties and fracture toughness of Ti-6Al-4V cast coupons compared to typical wrought 
β-annealed material 

Yield 
strength  

Ultimate 
tensile 
0strength  

KIc  Material condition(a)  

MPa  ksi  MPa  ksi  

Elongation 
%  

Reduction 
of area, %  

ksi in   MPa m   

Ref  

As-cast  896  130  1000  145  8  16  97  107  37, 47  

Cast HIP  869  126  958  139  10  18  99  109  37, 39, 48  

BUS(b)  938  136  1041  151  8  12  . . .  . . .  37, 39  

GTEC(b)  938  136  1027  149  8  11  . . .  . . .  38  

BST(b)  931  135  1055  153  9  15  . . .  . . .  39  

ABST(b)  931  135  1020  148  8  12  . . .  . . .  39  

TCT(b)  1055  153  1124  163  6  9  . . .  . . .  41, 49  

CST(b)  986  143  1055  153  8  15  . . .  . . .  44  

HTH(b)  1055  153  1103  160  8  15  . . .  . . .  45  

Typical wrought β annealed  860  125  955  139  9  21  83  91  18, 19  

 

(a) All conditions (except as-cast) are cast plus HIP. 

(b) See Table 5 for process details. 

 

Fatigue and Fatigue Crack Growth Rate. The fatigue crack growth rate (FCGR) behavior of cast Ti-6Al-4V is 
also, as expected, very similar to that of β-processed wrought Ti-6Al-4V (Ref 50, 51, 52). This is demonstrated in Fig. 9 
in which the scatterband of the FCGR of cast and cast-HIP alloys is compared to β-processed I/M (Ref 18, 53). 



 

Fig. 9 Scatterband comparison of FCGR behavior of wrought I/M β-annealed Ti-6Al-4V to cast and cast HIP Ti-
6Al-4V data 

The scatterbands of smooth axial room-temperature fatigue results of cast, cast + HIP (Ref 15, 47, 48, 54, 55, 56, 57), and 
wrought Ti-6Al-4V are shown in Fig. 10. This figure clearly indicates that the HIP process results in a substantially 
improved fatigue life well into the wrought-annealed region. The fatigue properties of aerospace quality castings have 
always been an important issue, because in most other alloy systems this is the property that is most degraded, compared 
to wrought products. However, because of the complete closure and healing of gas (D, in Fig. 2a) and shrinkage (E, in 
Fig. 2a) pores by HIP and the inherent β-annealed microstructure, it is possible to obtain fatigue life comparable to 
wrought material in premium investment cast and hot isostatic pressed parts. As indicated previously (Table 5), 
substantial work has been done in recent years to modify the microstructure of cast parts to produce fatigue properties 
either equivalent or superior to the best wrought-annealed products. Figure 11(a) compares the smooth fatigue life of Ti-
6Al-4V treated by ABST, BST, BUS, CST, Garrett treatment (GTEC), and HTH (Table 5) to wrought material 
scatterband. As can be seen, all of these treatments were succesful in improving fatigue life above average wrought levels. 
The hydrogen treatments (CST and HTH) resulted in the highest improvement in fatigue strength. However, it should be 
noted that wrought products subjected to the same treatments result in comparable improvements in fatigue strength. 



 

Fig. 10 Comparison of smooth axial room-temperature fatigue rate in cast and wrought Ti-6Al-4V at room 
temperature with R = +0.1 



 

Fig. 11 Comparison of wrought (I/M) annealed Ti-6Al-4V scatterband with (a) Ti-6Al-4V investment castings 
subjected to various thermal and hydrogen treatments (see Table 5) and (b) heat-treated β titanium alloy 
castings. For data in (a), smooth axial fatigue measured at room temperature with R = +0.1; frequency = 5 Hz 
using triangular wave form 

Another approach to the improvement of fatigue of cast parts is the selection of high-strength cast alloy rather than Ti-
6Al-4V. Figure 11(b) compares the fatigue strength of investment cast Ti-3Al-8V-6Cr-4Zr-4Mo (Beta C) and Ti-10V-
2Fe-3Al (Ti-10-2-3) in solution-treated and aged (STA) condition to wrought-annealed Ti-6Al-4V (Ref 58). Figure 11(b) 
shows that fatigue strength in excess of 1000 MPa (145 ksi) can be obtained with high-strength cast alloys. 
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Casting Design 

The best casting design is usually achieved by means of a thorough review by the manufacturer and user when the 
component is still in the preliminary design stage (see the article "Casting Design" in Casting, Volume 15 of ASM 



Handbook, formerly 9th Edition Metals Handbook). Additional features may be incorporated to reduce machining cost, 
and components may be integrated to eliminate later fabrication. Specifications and tolerances may be reviewed vis-à-vis 
foundry capabilities, producibility, and pattern tool concepts to achieve the most practical and cost-effective design (see 
the articles "Dimensional Tolerances and Allowances" and "Patterns and Patternmaking" in Casting, Volume 15 of ASM 
Handbook, formerly 9th Edition Metals Handbook). When minimum cast part weight is critical, such as in aerospace 
components, the capability of the foundry to produce varying wall thicknesses, for example, may be beneficial. Often, 
cast features that cannot be economically duplicated by any other method may be readily produced. 

Titanium castings present the designer with few differences in design criteria, compared with other metals. Ideal designs 
do not contain isolated heavy sections or uniform heavy walls of large area so that centerline shrinkage cavities and 
regions with a coarse microstructure may be avoided. From a practical sense, however, ideal tapered walls to promote 
directional solidification are not usually a reality. The advent of hot isostatic pressing to heal internal as-cast shrinkage 
cavities has offered the designer much more freedom; however, there still is a practical limit to the size of an internal 
cavity that can be healed through hot isostatic pressing without contributing significant surface or structural deformation 
due to the collapse of internal pores. 

The lost-wax investment process provides more design freedom for the foundry to feed a casting property than does the 
traditional sand or rammed graphite approach. It is normal practice to use adequate gates and risers to subsequently hot 
isostatically pressed investment castings to achieve reasonably good as-cast internal x-ray quality so that hot isostatic 
pressing will not cause extensive surface or structural deformation. 

The usual required minimum practical wall thickness for investment castings is 2.0 mm (0.080 in.); however, sections as 
thin as 1.1 mm (0.045 in.) are routinely made. Even thinner walls may be achieved by chemical milling beyond that 
required for α-case removal; however, as cast wall variation is not improved and becomes a larger percentage of the 
resultant wall thickness. Sand or rammed graphite molded castings have a usual minimum wall thickness of 4.75 mm 
(0.187 in.), although 3.0 mm (0.12 in.) is not unreasonable for short sections. 

Fillet radii should be as generous as possible to minimize the occurrence of hot tears. Although 0.76 mm (0.030 in.) radii 
are produced, the preferred minimum is 3.0 mm (0.12 in.). A rule of thumb is that a fillet radius should be 0.5 times the 
sum of the thicknesses of the two adjoining walls. 

With proper tool design, zero draft walls are possible. To promote directional solidification, a 3° included draft angle may 
be preferred. Hot isostatic pressing will close any centerline shrinkage cavities in zero draft walls, making it unnecessary 
to provide draft. Draft requirements are also dependent on foundry practice, with rammed graphite tooling usually 
requiring draft, and investment casting typically not requiring draft. 

Tolerances. Typically, the major area of concern is the true position of a thin-section surface with respect to a datum. 
Surface areas of approximately 129 cm2 (20 in.2) or greater in sections of less than approximately 5.08 mm (0.200 in.) 
thickness are susceptible to distortion, depending on adjoining sections. The high strength of titanium compared with that 
of aluminum and low elastic modulus compared with that of steel present challenges in straightening and in maintaining 
extremely tight, true positions. General tolerance band capabilities for linear dimensions are shown in Table 7. 

Table 7 General linear and diametric tolerance guidelines for titanium castings 

Size  Total tolerance band(a)  

mm  in.  Investment cast  Rammed graphite process  

25 to <102  1 to <4  0.76 mm (0.030 in.) or 1.0%, whichever is greater  1.52 mm (0.060 in.)  

102 to 
<305  

4 to <12  1.02 mm (0.040 in.) or 0.7%, whichever is greater  1.78 mm (0.070 in.) or 1.0%, whichever is greater  

305 to 12 to 1.52 mm (0.060 in.) or 0.6%, whichever is greater  1.0%  



<610  <24  

≥ 610  ≥ 24  0.5%  1.0%  

Examples  

254 mm  10 in  1.78 mm (0.070 in.) total tolerance band or ±0.89 mm 
(±0.035 in.)  

2.54 mm (0.100 in.) total tolerance band or ±1.27 mm 
(±0.050 in.)  

508 mm  20 in  3.05 mm (0.120 in.) total tolerance band or ±1.52 mm 
(±0.060 in.)  

5.08 mm (0.200 in.) total tolerance band or ±2.54 mm 
(±0.100 in.)  

 

(a) Improved tolerances may be possible depending on the specific foundry capabilities and overall part-specific requirements. 

 

Hot sizing fixtures have been used increasingly to help control critical casting dimensions. This technique typically 
involves the use of steel fixtures to "creep" the casting into final tolerances in an anneal or stress-relief heat treatment by 
the weight of the steel or the use of different thermal expansion of the steel relative to the titanium. 

Standard casting industry thickness tolerances of ±0.76 mm (±0.030 in.) for rammed graphite and ±0.25 mm (±0.010 in.) 
for investment cast walls are more difficult to maintain with titanium primarily because of the influence of chemical 
milling. As mentioned earlier, for critical applications it is necessary to mill all surfaces chemically to remove the α case. 
This operation is subject to variation because of part geometry and bath variables, and because it is usually manually 
controlled. Standard industry surface finishes are shown in Table 8. 

Table 8 Surface finish of titanium castings 

rms equivalent(b)  Process  NAS 823 
surface 
comparator(a)  

μm  μin.  

Investment  

As-cast  C-12  3.2  125  

Occasional areas of  C-25  6.3  250  

Rammed graphite  

As-cast  C-30 to 40  7.5-10  300-400  

Occasional areas of  C-50  12.5  500  



(a) NAS, National Aerospace Standards. 

(b) rms, root mean square 

 
 
Melting and Pouring Practice 

Vacuum Consumable Electrode. The dominant, almost universal, method of melting titanium is with a consumable 
titanium electrode lowered into a water-cooled copper crucible while confined in a vacuum chamber. This skull melting 
technique (see the section "Vacuum Arc Skull Melting and Casting" in the article "Vacuum Melting and Remelting 
Processes" in Casting, Volume 15 of ASM Handbook, formerly 9th Edition Metals Handbook) prevents the highly 
reactive liquid titanium from reacting and dissolving the crucible because it is contained in a solid skull frozen against the 
water-cooled crucible wall. When an adequate melt quantity has been obtained, the residual electrode is quickly retracted, 
and the crucible is tilted for pouring into the molds. A skull of solid titanium remains in the crucible for reuse in a 
subsequent pour or for later removal. 

Superheating. The consumable electrode practice affords little opportunity for superheating the molten pool because of 
the cooling effect of the water-cooled crucible. Because of limited superheating, it is common either to pour castings 
centrifugally, forcing the metal into the mold cavity, or to pour statically into preheated molds to obtain adequate fluidity. 
Postcast cooling takes place in a vacuum or in an inert gas atmosphere until the molds can be safely removed to air 
without oxidation of the titanium. 

Electrode Composition. Consumable titanium electrodes are either I/M-forged billet, consolidated revert wrought 
material, selected foundry returns, or combination of all of these (see Table 1). Casting specifications or user 
requirements can dictate the composition of revert materials used in electrode construction. Figure 12 shows a typical 
centrifugal casting furnace arrangement. 

 

Fig. 12 Schematic of a centrifugal vacuum casting furnace 

 
Chemical Milling 

Residual surface contamination, or α case, is typically removed from as-cast aerospace parts before further processing. 
This is to eliminate the possibility of the diffusion of these contaminants into the part during subsequent HIP or heat 
treatment. Chemical milling is normally conducted in solutions based on hydrofluoric and nitric acid mixtures plus 
additives designed to enhance surface finish and control hydrogen pickup. Hydrogen pickup is more likely the higher the 
β-phase content of the alloy and is also influenced by etch rate and bath temperature. Subsequent vacuum anneals may be 
used to remove hydrogen picked up in chemical milling. The general objectives are to remove the entire as-cast surface 
uniformly to the extent of maximum α-case depth and to retain the dimensional integrity of the part. 



 
Hot Isostatic Pressing 

Hot isostatic pressing may be used to ensure the complete elimination of internal gas (D, in Fig. 2a) and shrinkage (E, in 
Fig. 2a) porosity. The cast part is chemically cleaned and placed inside an autoclave, where it is typically subjected to an 
argon pressure of 103 MPa (15 ksi) at 900 to 955 °C (1650 to 1750 °F) for a 2 h hold time (Ti-6Al-4V alloy) for void 
closure and diffusion bonding. Recently, an HIP pressure of 206 MPa (30 ksi) has been employed in the hot isostatic 
pressing of high-temperature titanium alloys to ensure pore closure in these harder-to-deform materials. This practice has 
been shown to reduce the scatterband of fatigue property test results and improve fatigue life significantly (Fig. 10). HIP 
temperature may coarsen the α platelet structure, causing a slight debit in tensile strength, but the benefits of HIP 
normally exceed this slight decrease in strength, and the practice is widely used for aerospace titanium alloy cast parts. 

 
Weld Repair 

The weld repair of titanium castings is an integral step in the manufacturing process and is used to eliminate surface-
related defects, such as HIP-induced surface depressions or surface-connected pores that did not close during the HIP 
cycle. Tungsten inert-gas (TIG) welding practice in argon-filled glove boxes is used with weld filler wire of the same 
composition as the parent metal. Generally, all weld-repaired castings are stress relief annealed. Excellent-quality weld 
deposits are routinely obtained in proper practice. Weld deposits may have higher strength but lower ductility than the 
parent metal because of microstructural differences due to the fast cooling rate of the welding process and some oxygen 
pickup. Those differences may be eliminated by a postweld solution heat treatment, but standard practice is for stress 
relief or anneal only. Also, welding rods containing lower oxygen-content alloys are commonly used. 

 
Heat Treatment 

Conventional heat treatment of titanium castings is for stress relief anneal after any weld repair. The Ti-6Al-4V alloy is 
typically heat treated at 730 to 845 °C (1350 to 1550 °F). This is done in a vacuum to ensure the removal of any hydrogen 
pickup from chemical milling and to protect the titanium chemically milled surface from oxidation. As with HIP and weld 
repair, castings must be chemically clean prior to heat treatment if diffusion of surface contaminants is to be avoided. 
Alternate heat treatments for property improvement, such as the solution treating and aging (STA) of Ti-6Al-4V alloy 
castings, are available. Numerous other heat treatments are in various stages of development, as discussed in an earlier 
section (Table 5). 

 
Final Evaluation and Certification 

Titanium castings are produced to numerous quality specifications. Typically, these require some type of x-ray and dye 
penetrant inspection, in addition to dimensional checks using layout equipment, dimensional inspection fixtures, and 
coordinate measuring machines. Metallurgical certifications may include HIP and heat treatment run certifications, as 
well as chemistry, tensile properties, and microstructure examination of representative coupons for the absence of surface 
contamination. 

In the absence of universally accepted x-ray standards, it is common practice to use steel or aluminum reference 
radiographs (Table 4). Because internal discontinuities in titanium do not necessarily appear the same as they do in other 
metals, it is necessary to have an expert evaluation of radiographs for proper interpretation. Currently, an industry task 
force is working on the development of radiographic standards for titanium castings through the American Society for 
Testing and Materials (ASTM). 

Product Applications 

The titanium castings industry is relatively young by most foundry standards. The earliest commercial applications, in the 
1960s, were for use in pump and valve components requiring corrosion-resistant properties. These applications continue 
to dominate the rammed graphite production method; however, in more recent years, some users have justified the 
expense of lost-wax investment tooling for some commercial corrosion-resistant casting applications (see Fig. 13). 



 

Fig. 13 Investment cast titanium components for use in corrosive environments 

Aerospace use of rammed graphite castings became a production reality in the early 1970s for aircraft brake torque tubes, 
missile wings, and hot gas nozzles. As the more precise investment casting technology developed and the commercial use 
of HIP became a reality in the mid-1970s, titanium castings quickly expanded into critical airframe (Fig. 14) and gas 
turbine engine (Fig. 15) applications. The first components were primarily Ti-6Al-4V, the workhorse alloy for wrought 
aerospace products, and castings were often substituted for forgings, with the addition of some features possible only 
through net-shape technique. This trend has continued. With continuing experience in manufacturing and specifying 
titanium castings, applications have expanded from relatively simple, less-critical components for military engines and 
airframes to large, complex structural shapes for both military and commercial engines and airframes. Today, titanium 
cast parts are routinely produced for critical structures such as space shuttle attachment fittings, complex airframe 
structures, engine mounts, compressor cases and frames of many types, missile bodies and wines, and hydraulic housings 
(Fig. 16). Quality and dimensional capabilities continue to be improved. Titanium castings are used for framework for 
very sensitive optical equipment because of their relative stiffness, light weight, and the compatibility of the coefficient of 
thermal expansion of titanium with that of optical glasses (Fig. 17). Applications are evolving for engine airfoil shapes 
that include individual vanes and integral vane rings for stators, as well as a few rotating parts that would otherwise be 
made from wrought product. Growth will continue as users seek to take advantage of the flexibility of design inherent in 
the investment casting process and the improvement in the economics of net and near-net shapes. Also, a great deal of 
work is currently being done in the area of producing rotating cast parts used for fan blades, vanes, and compressor blades 
for advanced gas-turbine engines. 

 

Fig. 14 Investment cast titanium alloy airframe parts 



 

Fig. 15 Typical investment cast titanium alloy components used for gas turbine applications 

 

Fig. 16 Titanium hydraulic housings produced by the investment casting process 

 

Fig. 17 Titanium housings for aerospace optical applications produced by the investment casting process. 

In spite of the wide acceptance of titanium castings for airframe applications, growth has been somewhat hindered 
because of the lack of an industry wide data base to establish whether casting factors (derived from early aluminum 
castings) are, in fact, a necessity for titanium. Such standards are now being considered with the probable elimination of 
design casting factors (Ref 59). 

Foundry size capabilities are expanding to allow the manufacture of larger airframe and static gas turbine engine 
structures. Widespread routine use of aerospace titanium castings is anticipated as the titanium foundry industry conforms 
with well-established quality and product standards, and user understanding and confidence continue to be gained from 
satisfactory product performance. 

Concurrent with the above trend, investment cast titanium is increasingly being specified for medical prostheses because 
of its inertness to body fluids, an elastic modulus approaching that of bone, and the net shape design flexibility of the 
casting process. Custom-designed knee and hip implant components (Fig. 18) are routinely produced in volume. Some of 
these are subsequently coated with a diffusion-bonded porous titanium surface to facilitate bone ingrowth or an eventual 
fixation of the metal implant with the organic bone structure. Of special interest is the use of titanium for a hip joint 
implant that requires high-fatigue strength properties due to cyclic loading for which Ti-6Al-4V is deadly suited. 



 

Fig. 18 Titanium surgical knee and hip implant prostheses manufactured by the investment casting process 
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Introduction 

TITANIUM, the recently introduced member of the family of major structural metals, is the fourth most abundant 
structural metal in the crust of the earth after aluminum, iron, and magnesium. The development of its alloys and 
processing technologies started only in the late 1940s (Ref 1); thus, titanium metallurgy just missed being a factor in the 
Second World War. The difficulty in extracting titanium from ores, its high reactivity in the molten state, its forging 
complexity, its machining difficulty, and its sensitivity to segregation and inclusions necessitated the development of 
special processing techniques. These special techniques have contributed to the high cost of titanium raw materials, 
alloys, and final products. On the other hand, the low density of titanium alloys provides high structural efficiencies based 
on a wide range of mechanical properties, coupled with an excellent resistance to aggressive environments. These alloys 
have contributed to the quality and durability of military high-Mach-number aircraft, light helicopters, and turbofan jet 
engines as well as the increased reliability of heat exchanger units, and surgical body implants. 

Despite the combination of low density, high mechanical performance, and excellent corrosion resistance, the high cost of 
titanium alloys made them a design choice only when lower-cost alloys could not be used. The drive to develop net-shape 
technologies, such as casting and powder metallurgy (P/M), has been going on for many years. It has been spurred on by 
the desire to minimize alloy waste and to reduce or eliminate the cost of machining. This article focuses on the properties 
and applications of titanium P/M compacts. Titanium casting technology, which represents an alternative production 
method and is a more widely used net-shape technique, is discussed in the article "Titanium and Titanium Alloy Castings" 
in this Volume. 

Because of difficulties encountered with early melting practices, powder metallurgy was used in the beginning stages of 
titanium technology to produce alloy ingots (Ref 1). Titanium P/M has been developed as a net-shape technique only in 
the last 15 years (Ref 2, 3, 4, 5). In general, P/M can be divided into two major categories (Ref 6, 7):  



• Elemental P/M, in which a blend of elemental powders, along with master alloy or other desired additions, is cold 
pressed into shape and subsequently sintered to higher density and uniform chemistry  

• Prealloyed P/M, which is based on hot consolidation of powder produced from a prealloyed stock  

In general, the blended elemental (BE) method produces parts at a low cost, but the parts often are less than fully dense; 
this technique is typically used for iron (Ref 8), copper (Ref 9), and heavy-metal (Ref 10) alloys. The prealloyed (PA) 
method is used for making fully dense high-performance components from aerospace alloys such as nickel (Ref 11, 12), 
aluminum (Ref 13), and beryllium (Ref 14). Titanium P/M has incorporated both methods: BE is used to produce lower-
cost parts that are less-than-fully dense, and PA is used for higher-cost, high-performance, full-density compacts (Ref 15). 
Recent developments in powder selection, compaction techniques, and postcompaction treatments have made it possible 
to obtain full density in titanium BE P/M. Properties exceeding those of ingot metallurgy (I/M) products have been 
achieved in BE and PA products. This article highlights the properties and applications of both BE and PA titanium P/M 
compacts. It includes major recent developments that have led to improved performance in BE and PA products, but it 
does not cover the developments in titanium rapid solidification alloys that have not yet reached the commercialization 
stage. Detailed discussions of powder production methods and shape-making techniques are available in Powder Metal 
Technologies and Applications, Volume 7 of ASM Handbook. (Ref 6, 7). These processes are briefly described here in 
only enough detail to rationalize properties and applications. 
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Mechanical Properties of Titanium P/M Products 

The mechanical properties of titanium P/M products depend on alloy composition and on the density and final 
microstructure of the compact. The compact density and microstructure depend on the nature of the powder, on the 
specific consolidation technique employed, and on postcompaction treatments such as secondary pressing or heat 
treatment. To date, most components produced by the various P/M methods have been made from Ti-6Al-4V, the most 
common aerospace titanium alloy. As a result, the majority of the P/M data available in the literature is for this alloy. 
However, these technologies are also very well suited for other alloys, such as the high-strength β alloys and the high-
temperature near-α alloys. This article includes data on a wide variety of alloys to highlight the range of potential 
applications available for titanium P/M. 

Blended Elemental Compacts 

The blended elemental method, which is basically a pressing and sintering P/M technique, involves cold pressing or cold 
isostatic pressing (CIP) a blend of fine elemental titanium and master alloy powders that have been sintered. Titanium 
sponge fines (-100 mesh) are the most common elemental powder used in this process; these particles are obtained as by-
products of the Hunter or Kroll reduction processes (Ref 4). The metallic titanium sponge produced by these processes is 
vacuum arc melted into ingots. The titanium sponge fines that are too small to be used in the melting process are available 
at a relatively low cost. This powder has an irregular shape (Fig. 1a), which makes it easy to cold press into green shapes. 
The powder is sintered at temperatures in the range of 1150 to 1315 °C (2100 to 2400 °F) in a vacuum to prevent gas 
contamination that can severely degrade compact properties. The high sintering temperature is needed to provide particle 
bonding and to homogenize the chemistry. It is well above the β transus (that is, the lowest equilibrium temperature at 
which the material is 100% β) of all common titanium alloys, and as a result the compact microstructure in α+ β alloys 
consists of colonies of similarly aligned coarse α plates (Fig. 1b). The plates are about 8 μm (320 μin.) wide and 25 μm 
(1000 μin.) long. The colonies are about 50 μm (0.002 in.) in diameter. The prior β grains are about 80 μm (0.0032 in.) in 
diameter. This microstructure is much finer than ingot material treated at the same temperature because of the inherent 
porosity of the powder compact (Ref 16). The porosity is the result of sodium chloride residues (Kroll process) in the 
sponge from the reduction process (Ref 4). The sponge fines contain from 0.12 to 0.15% Cl, and, as can be seen in Fig. 
1(a), the resulting porosity cannot be entirely closed, even after secondary operations such as hot pressing or hot isostatic 
pressing (HIP) (Ref 17). 



 

Fig. 1 Photomicrographs of titanium BE materials. (a) -100 mesh titanium sponge fines. (b) Microstructure of a 
pressed and sintered 99% dense Ti-6Al-4V compact. (c) Crushed hydrogenated-dehydrogenated titanium ingot 
or machine turnings. (d) Microstructure of a fully dense, pressed and sintered , and hot isostatically pressed Ti-
6Al-4V compact. (e) Microstructure of a Ti-6Al-4V compact treated to produce a broken-up structure. (f) 
Microstructure of a Ti-6Al-4V compact treated with thermochemical processing 

BE compacts have a green density of 85 to 90% after 415 MPa (60 ksi) cold pressing. After vacuum sintering, they have a 
density of 95 to 99%. Control of particle size and size distribution can produce compacts that are 99% dense. In ferrous, 
copper, and heavy-metal P/M alloys, 99% is considered to be full density; however, in titanium alloy compacts, such a 
level of residual porosity (Fig. 1a) will degrade both fatigue and fracture properties. A substantial effort has been made to 
entirely eliminate the porosity so that BE P/M parts can be used for fatigue-critical aerospace applications. Postsintering 
HIP densification can lead to 99.8% density and improved properties (Ref 4, 5). However, it is impossible to entirely 
eliminate the porosity with postsintering hot-pressing operations. During hot pressing, the chlorides present in the 
compact becomes volatile and create pockets of insoluble gas. Under the HIP pressure, these relatively large pressurized 
cavities (Fig. 2a) will break up into a multitude of submicron voids (Fig. 2b) (Ref 16, 17, 18) with sodium chloride in the 
center of the cavity (Fig. 2c). Both macrovoids and microvoids have an approximate hexagonal shape that is associated 
with basal-plane facets, which are the most energetically stable planes of the hexagonal close-packed structure (Ref 19). 
During cooling to room temperature, the gas in the voids transforms into cubic chloride crystals, as can be seen in the 
transmission electron microscopy image in Fig. 2(b). 



 

Fig. 2 Chlorine-induced porosity in a titanium BE compact. (a) Scanning electron microscopy photomicrograph 
of large-size residual porosity in a sectioned Ti-6Al-4V BE compact. (b) Transmission electron microscopy 
photomicrograph of a Ti-6Al-4V BE compact after postsintering HIP at 925 °C (1700 °F). (c) Chemical analysis 
showing sodium chloride contaminant at the center of a micropore 

To obtain pore-free 100% density material such as that produced by ingot metallurgy, the BE method must use chloride-
free titanium powder (Ref 20). One source for such powder is commercially pure titanium ingot material or machine 
turnings embrittled by hydrogenation that are subsequently crushed, and dehydrogenated. This powder is angular (Fig. 
1c), and the sintered microstructure is much coarser (Fig. 1d) because of the lack of porosity during sintering. 

Tensile Properties and Fracture Toughness. As with data for other titanium technologies, most of the published 
BE data are on Ti-6Al-4V. Table 1 is a comprehensive listing of tensile properties of Ti-6Al-4V BE compacts processed 
under a variety of conditions. Table 2 provides the more limited available information on the properties of additional 
titanium BE alloys. 

Table 1 Tensile and fracture toughness properties of Ti-6Al-4V BE compacts processed under various 
conditions 

Condition(a)  0.2% yield 
strength  

Ultimate 
tensile 
strength  

Elongation, 
%  

Reduction 
in 
area, %  

KIc or (KQ)  Density, 
%  

Chlorine, 
ppm  

O2, 
ppm  

Ref  



 
MPa  ksi  MPa  ksi  

  
MPa m   ksi in   

    

Pressed and 
sintered (96% 
dense)  

758  110  827  120  6  10  . . .  . . .  96  1200  . . .  21  

Pressed and 
sintered (98% 
dense)  

827  120  896  130  12  20  . . .  . . .  98  1200  . . .  21  

Pressed and 
sintered (MR-9 
process)(99.2% 
dense)  

847  123  930  135  14  29  38  35  99.2  1200  . . .  21, 
22  

Pressed and 
sintered plus HIP  

806  117  875  127  9  17  41  37  ≥ 99  1500  2400  23, 
24  

CIP and sintered 
plus HIP  

827  120  916  133  13  26  . . .  . . .  99.4  1500  2400  24  

Pressed and 
sintered plus α/β 
forged  

841  122  923  134  8  9  . . .  . . .  ≥ 99  1500  . . .  25  

Pressed and 
sintered plus α/β 
forged  

951  138  1027  149  9  24  49  45  99  1200  . . .  26  

Pressed and 
sintered (92% 
dense)  

827  120  910  132  10  . . .  . . .  . . .  92  1500  2100  17  

Plus α/β 30% 
isothermally 
forged  

841  122  930  135  30  . . .  . . .  . . .  99.7  1500  2100  17  

Plus α/β 70% 
isothermally 
forged  

896  130  999  145  30  . . .  . . .  . . .  99.8  1500  2100  17  

CIP and sintered 
plus HIP (low 
chlorine)  

827  120  923  134  16  34  . . .  . . .  99.8  160  . . .  24  

CIP and sintered 
plus HIP (ELCl)  

882  128  985  143  11  36  . . .  . . .  100  <10  . . .  27  

Plus BUS treated  951  138  1034  150  7  15  . . .  . . .  . . .  . . .  . . .  27  



Plus TCP treated  1007  146  1062  154  14  20  . . .  . . .  . . .  . . .  . . .  30  

Rolled plate, CIP 
and sintered plus 
HIP  

            

Mill annealed (L 
or TL)  

903  131  958  139  10  26  (72)(b)  (65)(b)  ≥ 99  200  1600  28, 
29  

Mill annealed (T 
or LT)  

923  134  965  140  14  31  (71)(b)  (64)(b)  ≥ 99  200  1600  28, 
29  

Recrystallization 
annealed (L or 
TL)  

888  129  916  133  4  8  (75)(b)  (68)(b)  ≥ 99  200  1600  28, 
29  

Recrystallization 
annealed (T or 
LT)  

868  126  937  136  5  9  (67)(b)  (61)(b)  ≥ 99  200  1600  28, 
29  

β annealed (L or 
TL)  

841  122  937  136  10  26  (89)(b)  (81)(b)  ≥ 99  200  1600  28, 
29  

β annealed (T or 
LT)  

875  127  958  139  7  20  (92)(b)  (84)(b)  ≥ 99  200  1600  28, 
29  

Minimum 
properties (MIL-
T-9047)  

827  120  896  130  10  25  . . .  . . .  . . .  . . .  . . .  4  

Source: Ref 4, 17, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30 

(a) HIP, hot isostatic pressing; CIP, cold isostatic pressing; ELCl, extra-low chlorine powder; BUS, broken-up structure; TCP, thermochemical 
processing; L, longitudinal; TL, transverse longitudinal; T, transverse; LT, longitudinal transverse (TL and LT per ASTM E 399). 

(b) Precracked Charpy, Kv. 

 
Table 2 Tensile and fracture toughness properties of BE titanium alloy compacts processed under various 
conditions 

0.2% yield 
strength  

Ultimate 
tensile 
strength  

KIc or (KQ)  Alloy and condition(a)  

MPa  ksi  MPa  ksi  

Elongation, 
%  

Reduction 
in 
area, %  

MPa m   ksi in   

Density, 
%  

Chlorine, 
ppm  

Ref  



Ti-5Al-2Cr-1Fe                                   

Pressed and 
sintered plus HIP  

980  142  1041  151  20  39  . . .  . . .  ≥ 99  310  31  

Ti-4.5Al-5Mo-1.5Cr 
(Corona 5)  

                                 

Pressed and sintered 
plus HIP  

951  138  1000  145  17  39  (64)  (58)  ≥ 99  310  31  

Ti-6Al-2Sn-4Zr-6Mo                                   

Pressed and sintered, no 
STA or HIP  

1068  155  1109  161  2  1  31  28  99  150  32  

Ti-10V-2Fe-3Al                                   

Pressed and sintered, 
HIP (1650 °C, or 3000 
°F), and STA (775-540 
°C or 1425-1005 °F)  

1233  179  1268  184  9  . . .  30  27  99  1900  33  

Pressed and sintered, 
HIP, and STA (750-550 
°C, or 1380-1020 °F)  

1102  160  1158  168  10  . . .  32  29  99  1900  33  

Pressed and sintered, no 
STA or HIP  

854  124  930  135  9  12  51  46  98  150  32  

Ti-6Al-4V + 10% TiC 
(CermeTi)  

                                 

Pressed and sintered 
plus HIP(b)  

792  115  799  116  1  . . .  . . .  . . .  . . .  . . .  34  

Source: Ref 31, 32, 33, 34 

(a) HIP, hot isostatic pressing; STA, solution treatment and aging. 

(b) High modulus (Young's modulus of 20 × 106 psi, or 140 GPa). 

 

Blended Elemental Ti-6Al-4V. As indicated in Table 1, most Ti-6Al-4V BE compact conditions exceed minimum 
MIL-T-9047 specifications. The process details for each condition are in the corresponding references listed in the table. 
The final shape of the compact can be achieved through a number of process sequences:  



• Pressing and sintering  
• Pressing and sintering plus HIP  
• Pressing and sintering plus rolling  
• CIP and sintering  
• CIP, sintering, and HIP (collectively designated as cold and hot isostatic pressing, or CHIP)  
• CIP, sintering, and rolling  
• CIP, sintering, and forging  

By controlling the process parameters, it is possible to obtain compacts with densities between 92 and 100% of the 
theoretical density. The yield and tensile strength of the compacts are proportional to the density (Fig. 3). The fracture 
toughness also increases with density (Fig. 4). Above 98% density. BE compacts have KIc values at the level of mill-
annealed I/M materials. However, I/M materials with coarse lenticular microstructures similar to those of BE compacts 
(Fig. 1d) will have much higher KIc values (70 to 100 MPa m , or 65 to 90 ksi in ). The relatively lower KIc level of the 
BE compacts is probably the result of higher oxygen levels (Ref 26) and residual porosity. 

 

Fig. 3 Effect of sintered density on the yield and tensile strengths of press and sintered Ti-6Al-4V BE compacts. 
Source: Ref 22 



 

Fig. 4 Effect of density on the fracture toughness of press and sintered Ti-6Al-4V BE compacts. The values are 
not valid KIc and thus are labeled as KQ. Source: Ref 21 

Blended elemental compacts can be used as forging preforms (Ref 17). The strong effect of forging deformation on 
tensile strength and elongation is shown in Fig. 5. 



 

Fig. 5 Effect of forging deformation on Ti-6Al-4V BE compacts (Hunter reduction process sponge fines) 
isothermally forged at 925 °C (1700 °F). (a) Tensile strength and yield strength. (b) Tensile elongation. Source: 
Ref 17 

Additional BE Alloys. The limited available mechanical test data for other BE alloys, such as Ti-6Al-2Sn-4Zr-6Mo, 
Ti-5Al-2Cr-1Fe, and Ti-4.5Al-5Mo-1.5Cr, are listed in Table 2. The most detailed work has been done on the Ti-10V-
2Fe-3Al alloy, with some results reported at levels close to those for I/M materials (Ref 33). However, more data are 
needed for these alloys before reliable parameters for property levels and optimum processes can be established. It is 
interesting to note that in the case of Ti-10V-2Fe-3Al, a tensile strength of 1268 MPa (184 ksi) with 10% elongation can 
be achieved with BE methods. The CermeTi, listed in Table 2, is essentially a metal-matrix composite with a Ti-6Al-4V 
base and titanium carbide particulate reinforcement (10 to 15% TiC is typical) that is produced with a BE P/M process. 

Fatigue Strength and Crack Propagation. The fatigue life scatterband of chloride-containing Ti-6Al-4V BE 
compacts is compared in Fig. 6 to a mill-annealed I/M alloy. The effect of low chloride levels and postsintering 
treatments on fatigue strength is shown in Fig. 7. The effect of compact density on fatigue strength is shown in Fig. 8. The 
fatigue strength of BE compacts is inherently low when compared to that of mill-annealed I/M products because of the 
inherent chloride and related porosity of BE materials. This limits the use of the lower-cost pressing and sintering or CIP 
and sintering processes to applications that are not fatigue critical, such as missile components. By increasing density 
through secondary pressing operations and through the use of chloride-free titanium powder, it is possible to further 



improve fatigue strength (Fig. 8). However, this increases the cost of these products, thereby negating one of their 
primary advantages (Ref 15, 35). 

 

Fig. 6 Comparison of the room-temperature fatigue life scatterbands of BE and PA Ti-6Al-4V compacts to that 
of a mill-annealed I/M alloy 

 



Fig. 7 Comparison of the fatigue strengths of fully dense extra-low chloride Ti-6Al-4V BE compacts with the 
scatterband for an I/M alloy. The BE compacts were tested in the as-HIP, broken-up structure (BUS), and 
thermochemically processed (TCP) conditions. Smooth axial fatigue data were obtained at room temperature. 
Stress ratio (R), 0.1; frequency (f), 5 Hz with triangular waveform. Source: Ref 27 

 

Fig. 8 Effect of compact density on fatigue strength of CIP and sintered Ti-6Al-4V BE compacts. Note that the 
higher densities are only possible in the low-chloride material. BUS, broken-up structure; TCP, thermochemical 
processing. Source: Ref 15 

Very limited data is available on the fatigue crack growth rate of Ti-6Al-4V BE compacts. Figure 9 shows that the fatigue 
crack growth rate of this material is between that of a β-annealed materials and that of a mill-annealed I/M material (Ref 
26). The BE material tested had a porosity of 1 to 2 vol%, which at this level seems not to adversely influence the fatigue 
crack growth rate. 



 

Fig. 9 Comparison of fatigue crack propagation rates of BE and I/M Ti-6Al-4V as a function of the stress 
intensity factor range at room temperature in air. Stress ratio (R), +0.1 (R = σmin/σmax, where σmin is the 
minimum stress and σmax is the maximum stress); frequency (f), 5 Hz. Source: Ref 26 

Prealloyed Compacts 

While BE compacts are produced and used in a wide range of densities, PA P/M parts are acceptable only at 100% 
density (Ref 2, 3, 4, 5, 15, 35). The titanium PA powders are commercially available as spherical particles that have high 
tap density (65%) and good powder flow and mold fill characteristics. Two main production methods are used for making 
clean PA powder:  

• Gas atomization (Ref 36)  
• Plasma rotating-electrode process (PREP) (Ref 37), a modification of the older rotating-electrode 

process (REP) (Ref 38)  

It is also possible to produce PA powders by comminution (Ref 39) and coreduction (Ref 40, 41) methods. However, 
because of insufficient mechanical property data, these techniques will not be discussed in this article. 

Hot isostatic pressing is the primary compaction method for PA powders (Ref 2, 3, 4, 5, 15, 35), but vacuum hot pressing 
(VHP) (Ref 42, 43), extrusion (Ref 44), and rapid omnidirectional compaction (ROC) (Ref 45, 46, 47, 48) have also been 
successfully used. The shape-making step is achieved by containing the powder in a shaped, evacuated mild-steel can. 
The compaction is typically carried out at a temperature below the β transus to minimize reaction with the can. Processing 
in the α + β phase field results in a coarse low-aspect-ratio α structure (Fig. 10a). This material is most commonly 
compared to mill-annealed I/M material because of its microstructure and full density. 



 

Fig. 10 Microstructure of Ti-6Al-4V PA compacts. (a) As-HIP. (b) Treated to produce a broken-up structure. (c) 
Thermochemically treated 

Powder cleanliness is one of the main factors governing the quality of PA compacts. Because of the full compact density, 
even a low level of contamination with foreign particles will lead to a substantial loss of inherent properties such as 
fatigue strength (Ref 49). As a result, only data obtained from clean powders are considered in this article. Also, because 
fully dense PA compacts are considered for more demanding applications than are the less-dense BE compacts, more 
mechanical test data have been developed within the aerospace industry on PA P/M than on BE P/M compacts. Only data 
considered to be typical are reviewed in this article. The majority of PA work has been done on Ti-6Al-4V. 

Tensile Properties and Fracture Toughness. Table 3 is a comprehensive listing of the tensile properties of Ti-
6Al-4V PA compacts processed under various conditions. Table 4 provides limited information on the properties of 
additional alloys. When the alloy compacts are produced using HIP (Ref 55), VHP (Ref 42), or ROC (Ref 48) at higher 
pressures but at lower temperatures, higher strength levels without losses in ductility are achieved. This is the result of the 
substantial microstructure refinement developed during high-pressure low-temperature powder processing. Similarly, 
postcompaction hot work, such as rolling (Ref 57) or forging (Ref 58), results in microstructural refinement that improves 
tensile strength and ductility. Property improvement after postcompaction treatments are discussed in the section 
"Postcompaction Treatments" in this article. 

Table 3 Tensile and fracture toughness properties of Ti-6Al-4V PA compacts processed under various 
conditions 

Titanium PA powder preparation  0.2% yield 
strength  

Ultimate 
tensile 
strength  

KIc or (KQ)  

Compaction 
temperature  

Condition(a)  

MPa  ksi  MPa  ksi  

Elongation, 
%  

Reduction 
in 
area, %  

MPa m   ksi in   

Powder 
process  

°C  °F  

Other 
variables  

Ref  

HIP  861  125  937  136  17  42  (85)  (77)  PREP  925  1695  . . .  50  

HIP (PSV) 
and β 
annealed  

1020  148  1095  159  9  21  (67)  (61)  PSV  950  1740  975 °C 
(1785 °F) 
anneal  

43, 
50  

HIP and 
BUS treated  

965  140  1048  152  8  17  . . .  . . .  PREP  925  1695  . . .  51  

HIP and 931  135  1021  148  10  16  . . .  . . .  PREP  925  1695  . . .  30  



TCP treated  

HIP and 
annealed 
(700 °C or 
1290 °F) 
(REP)  

820  119  889  129  14  41  (76)  (69)  REP  955  1750  . . .  52  

HIP, 
annealed 
(700 °C, or 
1290 °F), 
and STA 
(955-480 
°C, or 1750-
855 °F)  

1034  150  1130  164  9  34  . . .  . . .  REP  955  1750  . . .  52  

HIP and 
annealed 
(700 °C, or 
1290 °F) 
(PREP)  

882  128  944  137  15  40  (73)  (67)  PREP  955  1750  . . .  53  

ELI; HIP 
(as-
compacted)  

855  124  931  135  15  41  (99)  (90)  REP  955  1750  1300 
ppm O2  

54  

ELI; HIP 
and β 
annealed  

896  130  951  138  10  24  93  85  REP  955  1750  1020 °C 
(1870 °F) 
anneal  

54  

HPLT and 
HIP (as-
compacted)  

1082  157  1130  164  8  19  . . .  . . .  PREP  650  1200  315 MPa 
(46 ksi)  

55  

HPLT, HIP, 
and RA 
(815 °C, or 
1500 °F)  

937  136  1013  147  22  38  . . .  . . .  PREP  650  1200  315 MPa 
(46 ksi)  

55  

HIP and 
rolled (955 
°C, or 1750 
°F) (T)  

958  139  992  144  12  35  . . .  . . .  REP  925  1695  75% 
rolling 
reduction  

56  

HIP, rolled 
(955 °C, or 
1750 °F), 
and β 
annealed  

                                       

L or LT  820  119  896  130  13  31  73  66  REP  925  1695  75% 
rolling 
reduction  

56  



T or TL  813  118  896  130  11  23  61  55  REP  925  1695  75% 
rolling 
reduction  

56  

HIP, rolled 
(950 °C, or 
1740 °F), 
and STA 
(960-700 
°C, or 1760-
1290 °F)  

924  134  1041  151  15  35  . . .  . . .  REP  950  1740  60% 
rolling 
reduction  

57  

HIP, forged 
(950 °C, or 
1740 °F), 
and STA 
(960-700 
°C, or 1760-
1290 °F)  

1000  145  1062  154  14  35  . . .  . . .  REP  915  1680  56% 
forging 
reduction  

58  

VHP (830 
°C, or 1525 
°F) (as-
compacted)  

945  137  993  144  19  38  . . .  . . .  REP  830  1525  . . .  42  

VHP (760 
°C, or 1400 
°F) (as-
compacted)  

972  141  1014  147  16  38  . . .  . . .  REP  760  1400  . . .  42  

ROC (900 
°C, or 1650 
°F) (as-
compacted)  

882  128  904  131  14  50  . . .  . . .  PREP  900  1650  As-ROC  46  

ROC (900 
°C, or 1650 
°F) and RA 
(925 °C, or 
1695 °F)  

827  120  882  128  16  46  . . .  . . .  PREP  900  1650  925 °C 
(1695 °F) 
RA  

46  

ROC (650 
°C, or 1200 
°F) (as 
compacted)  

1131  164  1179  171  10  23  . . .  . . .  PREP  600  1110  As ROC  48  

ROC (600 
°C, or 1100 
°F) and RA 
(815 °C, or 
1500 °F)  

965  140  1020  148  15  43  . . .  . . .  PREP  600  1110  815 °C 
(1500 °F) 
RA  

48  

Minimum 
properties 
(MIL-T-

827  120  896  130  10  25  . . .  . . .  . . .  . . .  . . .  . . .  4  



9047)  

Source: Ref 30, 42, 43, 46, 48, 50, 51, 52, 53, 54, 55, 56, 57, 58 

(a) HIP, hot isostatic pressing: PSV, pulverization sous vide (powder under vacuum), French-made powder (Ref 42); BUS, broken-up structure; 
TCP, thermochemical processing; REP, rotating-electrode process; STA, solution treated and aged; PREP, plasma rotating-electrode process; 
ELI, extra-low interstitial; HPLT, high-pressure low temperature compaction; RA, recrystallization annealed; T, transverse; L, longitudinal; LT, 
longitudinal-transverse; TL, transverse-longitudinal; VHP, vacuum hot pressing; ROC, rapid omnidirectional compaction. 

 
Table 4 Tensile and fracture toughness properties of PA titanium alloy compacts processed under various 
conditions 

Titanium PA powder preparation  0.2% yield 
strength  

Ultimate 
tensile 
strength  

KIcor (KQ)  

Compaction 
temperature  

Alloy and 
condition(a)  

MPa  ksi  MPa  ksi  

Elongation, 
%  

Reduction 
in 
area, %  

MPa m   ksi in   

Powder 
process(b)  

°C  °F  

Other 
variables  

Ref  

Ti-5.5Al-
3.5Sn-3Zr-
0.25Mo-
1Nb-0.25Si 
(IMI 829)  

                                       

HIP and 
STA 
(1060-620 
°C, or 
1940-1150 
°F)  

951  138  1089  158  18  22  . . .  . . .  PREP  1040  1905  . . .  59  

ROC and 
STA 
(1060-620 
°C, or 
1940-1150 
°F)  

909  132  1034  150  18  20  . . .  . . .  PREP  . . .  . . .  α + β 
ROC  

59  

Ti-6Al-
5Zr-
0.5Mo-
0.25Si (IMI 
685)  

                                       

HIP and 
STA 
(1050-550 
°C, or 
1920-1020 
°F)  

970  141  1020  148  11  19  . . .  . . .  PREP  950  1740  . . .  60  

Ti-6Al-
2Sn-4Zr-

                                       



2Mo  

HIP and 
STA 
(1050-550 
°C, or 
1920-1020 
°F)  

924  134  1034  150  17  36  . . .  . . .  PREP  910  1670  . . .  61  

Ti-6Al-
2Sn-4Zr-
6Mo  

                                       

HIP, forged 
(920 °C, or 
1690 °F), 
and 
annealed 
(705 °C, or 
1300 °F)  

1165  169  1296  188  11  37  . . .  . . .  REP  900  1650  920 °C 
(1690 
°F), 70% 
forging 
reduction  

62  

Ti-6Al-6V-
2Sn  

                                       

HIP and 
annealed 
(760 °C, or 
1400 °F)  

1008  146  1055  153  18  37  59  54  PREP  900  1650  . . .  63, 
64  

Ti-5Al-
2Sn-2Zn-
4Cr-4Mo 
(Ti-17)  

                                       

HIP and 
STA (800-
635 °C, or 
1470-1175 
°F)  

1123  163  1192  173  8  11  . . .  . . .  REP  915  1680  . . .  52  

Ti-4.5Al-
5Mo-1.5Cr 
(Corona 5)  

                                       

HIP and 
aged (705 
°C, or 1300 
°F)  

944  137  999  145  13  . . .  (75)  (68)  REP  845  1555  (c)  65  

HIP and 
aged (760 
°C, or 1400 
°F)  

916  133  971  141  14  . . .  (79)  (72)  REP  845  1555  (c)  65  



Ti-10V-
2Fe-3Al  

                                       

HIP and 
STA (745-
490 °C, or 
1375-915 
°F)  

1213  176  1310  190  9  13  . . .  . . .  PREP  775  1425  . . .  33  

HIP, 
forged, and 
STA (750-
495 °C, or 
1380-925 
°F)  

1286  186  1386  201  7  20  28  25  PREP  775  1425  750 °C 
(1380 
°F), 70% 
forging 
reduction  

33  

HIP, 
forged, and 
STA (750-
550 °C, or 
1380-1020 
°F)  

1065  155  1138  165  14  41  55  50  PREP  775  1425  750 °C 
(1380 
°F), 70% 
forging 
reduction  

33  

ROC (as-
compacted)  

965  140  1007  146  16  54  . . .  . . .  PREP  650  1200  . . .  48  

ROC and 
STA (760-
510 °C, or 
1400-950 
°F)  

1296  188  1400  203  6  26  . . .  . . .  PREP  650  1200  . . .     

Ti-11.5Mo-
6Zr-4.5Sn 
(Beta III)  

                                       

β HIP and 
STA (745-
510 °C, or 
1375-950 
°F)  

1288  187  1378  200  8  18  . . .  . . .  PREP  760  1400  . . .  66  

Ti-1.3Al-
8V-5Fe  

                                       

β extruded 
and STA 
(705 °C, or 
1300 °F)  

1392  202  1482  215  8  7  . . .  . . .  PREP  760  1400  . . .  67  

β extruded 
and STA 
(770 °C, or 

1461  212  1516  220  8  20  . . .  . . .  GA  760  1400  . . .  68  



1420 °F)  

β HIP and 
STA (675 
°C, or 1245 
°F)  

1315  191  1414  205  5  10  . . .  . . .  GA  725  1335  . . .  69  

Ti-24Al-
11Nb  

                                       

HIP (1065 
°C, or 1950 
°F) and 
STA (1175 
°C, or 2345 
°F)  

510  74  606  88  2  2  . . .  . . .  PREP  1965  1950  . . .  70  

HIP (925 
°C, or 1700 
°F) and 
STA (1175 
°C, or 2145 
°F)  

696  101  765  111  2  2  . . .  . . .  PREP  925  1695  . . .  71  

Ti-25Al-
10Nb-
3Mo-IV  

                                       

ROC (as-
compacted)  

710  103  854  124  5  6  . . .  . . .  PREP  1050  1920  . . .  72  

Source: Ref 33, 48, 59, 60, 61, 62, 63, 64, 65, 66, 67, 68, 69, 70, 71, 72 

(a) HIP, hot isostatic pressing; STA solution treated and aged; ROC, rapid omnidirectional compaction. 

(b) PREP, plasma rotating-electrode process; REP, rotating-electrode process; GA gas atomization. 

(c) Weld study sample. 

 

Additional PA Alloys. Table 4 shows the extent to which other PA titanium alloys have been studied. Almost all major 
I/M alloys have been evaluated in the PA P/M form. These include the high-strength metastable β alloys (Ref 33, 52, 65, 
66, 67, 68), the versatile α + βalloys (Ref 63, 64, 66), the high-temperature near-α alloys (Ref 59, 60), and the ordered 
titanium aluminide alloys (Ref 70, 71, 72). Of special interest is the alloy Ti-1.3Al-8V-5Fe (Ref 67, 68, 69): This alloy 
has a remarkable tensile strength of 1516 MPa (220 ksi) with 8% elongation. With conventional I/M methods, the high 
iron content of this alloy results in segregation problems. Powder metallurgy, on the other hand, produces fine-grain, 
homogeneous, and segregation-free products. Such alloys have the potential of expanding the market for titanium P/M 
technology. 

Fatigue Strength and Crack Propagation. The smooth-bar fatigue life scatterband of Ti-6Al-4V PA compacts is 
compared to that of a mill-annealed I/M alloy in Fig. 6 (Ref 4). The P/M data were obtained by testing high-cleanliness 
REP and PREP compacts that had undergone hot isostatic pressing; some of the compacts received a postcompaction heat 
treatment. The data for the PA compacts are at equivalent levels to the best I/M results. Powder contamination must be 



avoided to maintain a high fatigue strength in these materials. The effect of 50, 150, and 350 μm (0.002, 0.006, and 0.014 
in.) diam contaminants on the fatigue strength of Ti-6Al-4V PA compacts is shown in Fig. 11 (Ref 49). Even 50 μm 
(0.002 in.) contaminant particles are sufficient to noticeably reduce fatigue strength. Fatigue 12 compares the fatigue 
characteristics of an actual P/M component to those of an I/M material: Figure 12(a) shows results for smooth-bar high-
cycle fatigue, Fig. 12(b) covers notched-specimen high-cycle fatigue, and Fig. 12(c) shows data for strain-controlled low-
cycle fatigue. In general, high-cycle fatigue results are in the range of 106 to 108 cycles to failure, and low-cycle fatigue 
results fall below 105 cycles to failure. For all three tests, the P/M alloy performance was comparable to or exceeded that 
of the I/M material. The component tested is an actual Ti-6Al-4V P/M part used in military airframes (Ref 61). 

 

Fig. 11 Effect of contaminant particles on the room-temperature fatigue strength of Ti-6Al-4V PA compacts. 
Unseeded compacts are compared with SiO2-seeded PREP compacts. Stress ratio (R), +0.1; frequency (f), 
triangular waveform load/time cycle at 5 Hz. Source: Ref 49 



 

Fig. 12 Comparison of the fatigue strengths at room temperature in air of PREP HIP Ti-6Al-4V P/M components 
to those of I/M products. (a) Load-controlled smooth-specimen high-cycle fatigue for large bars (13 mm, or 
1
2

in., in diameter). Stress ratio (R), 0.1. (b) Load-controlled notched-specimen high-cycle fatigue. Stress 

concentration factor (Kt), 3; stress ratio (R), 0.1 (c) Strain-controlled low-cycle fatigue for small specimens (6.4 

mm, or 
1
4

in., diameter). Stress ratio (R), -1. Source Ref 73 

Figure 13 compares the fatigue crack growth rate of Ti-6Al-4V PA compacts to that of an I/M material with a similar 
composition and microstructure. Rates are at equivalent levels for both materials, even in PA material with a low level of 
contamination (Ref 74). 



 

Fig. 13 Comparison of the fatigue crack growth rate at room temperature in air of Ti-6Al-4V PA compacts with 
that of an I/M alloy material. Stress ratio (R), 0.1; frequency (f), 5 to 30 Hz (5 Hz for a PA compact). Source: 
Ref 74 

Postcompaction Treatments 

Most P/M alloys that are subjected to postcompaction working or to lower-temperature consolidation display improved 
tensile and fatigue strengths as a result of microstructure refinement. However, in most cases, process economics do not 
allow subsequent working because it nullifies the objectives of a true net-shape technology. Therefore, only those 
postcompaction methods leading to microstructure refinement without the use of working will be considered in this 
article. Two approaches that meet this requirement are heat treatment and thermochemical processing (TCP). 

Heat Treatment. In the case of BE Ti-6Al-4V, the only successfully used heat treatment has been the broken-up 
structure (BUS) treatment in which a β quench is followed by 850 °C (1560 °F) long-term annealing (Ref 27). After such 
treatment, the microstructure of the alloy is showing broken-up α phase in a matrix of β(Fig. 1e). This microstructure 
provides a significant improvement in both tensile and fatigue strengths (Fig. 7). 

The BUS method is an improvement over standard heat treatments, which typically provide higher tensile properties but 
no increase in fatigue strength properties. 

In the case of Ti-10V-2Fe-3Al BE compacts, β solution treatment and subsequent aging resulted in materials with good 
combinations of tensile strength and ductility (Ref 33). However, the KIc was found to be too low (Table 2), possibly 
because of the high chloride levels and the associated porosity. The Ti-6Al-4V PA compacts responded well to the BUS 
treatment (Ref 51) (Fig. 10b), as well as to solution treatment and aging (Ref 52). Figure 6 shows the improvement in 
fatigue strength of both BE and PA Ti-6Al-4V compacts as a result of a microstructure refinement brought about by heat 
treatment. 



Thermochemical Processing. The TCP method (Ref 75) involves the use of hydrogen as a temporary alloying 
element to refine the microstructure of titanium alloys. This method is very suitable for net-shape products because no hot 
or cold work is needed to refine the microstructure. An example of the refinement obtained in Ti-6Al-4V P/M products 
can be seen by comparing Fig. 1(d) with Fig. 1(f) and Fig. 10(a) with Fig. 10(c). This microstructural refinement provides 
slightly higher strength levels than those typically obtained in I/M or conventional P/M materials (Table 3); more 
significantly, it substantially enhances the fatigue behavior of the P/M products (Fig. 6, 7, 8). 
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Applications of Titanium P/M Products 

The two distinctively different titanium P/M technologies, the blended element and the prealloyed methods, not only 
produce compacts with different sets of properties, but also with two different price ranges. The relative low cost of 
titanium sponge fines and the volume production capability of the pressing and sintering technology allow the production 
of BE complex-shape aerospace alloy parts at a cost of under $100/kg ($45/lb). Prealloyed powders, on the other hand, 
require an expensive melt stock, ultraclean handling, and expensive compaction tools. As a result, the higher-performance 
fully dense PA parts are currently priced above $2000/kg ($90/lb), Although it is projected that volume production will 
bring this price down substantially. The differences in density, property, and price target these two technologies to 
different application markets. Because of their lower cost, more BE components than PA parts are currently in use. The 
introduction of gas-atomized powder (Ref 36) is expected to lower powder costs and make PA products more cost 
competitive. 

Blended Elemental Products 

On the low end of the density scale (20 to 80%), commercially pure (CP) titanium filters are produced for electrochemical 
and other corrosion-resistant applications (Fig. 14a). Higher-density pressed and sintered CP titanium parts, such as the 
assorted nuts shown in Fig. 14(b), are made commercially for the chemical-processing industry. 



 

Fig. 14 Commercially pure titanium BE parts. (a) Assortment of porous filters for electrochemical processes. 
(b) Assortment of parts for the chemical industry. Courtesy of Clevite Industries 

For more demanding applications, Ti-6Al-4V BE components with densities from 98% to close to 100% are produced by 
the CIP and sintering and by the pressing and sintering methods. Very complex shapes, such as the impeller shown in Fig. 
15(a) or the McDonnell-Douglas F-18 pivot fitting shown in Fig. 15(b), can be produced by CIP using elastomeric molds 
(Ref 7). Part size is currently limited to a maximum length of 610 mm (24 in.) by the availability of CIP equipment. The 
possible dimensional tolerances for small parts are ±0.5 mm (±0.02 in.). The missile housing (Fig. 15c) and the lens 
housing (Fig. 15d) are production run parts made by the CIP method. The airframe prototype part (Fig. 15e) is made out 
of chloride-free powder and is fully dense. 



 

Fig. 15 Aerospace and automotive Ti-6Al-4V components produced by the BE method. (a) Impeller. (b) F-18 
higher plane pivot fitting. (c) Missile housing. (d) Lens housings. (e) Prototype for a 100% dense airframe 

component. (f) Net-shape 35 mm (1
3
8

 in.) diam mirror hub. (g) Automotive cylinder. Courtesy of Dynamet 

Technology (a, c, and e), Metal Powder Industries Federation (b), Clevite industries (d,g), and Valform (f) 

The pressing and sintering method is more volume oriented. The mirror hub (Fig. 15f) is an example of such a production 
part. Recently, Ti-6Al-4V BE parts are being considered for use in the automotive industry in an effort to increase 
performance at a moderate cost; the cylinder in Fig. 15(g) is an example of a BE automotive component. 

Prealloyed Products 

The relatively high product cost of PA parts has thus far limited the consideration of potential applications of PA 
technology to, for the most part, the manufacture of critical aerospace components. As previously discussed, property 
levels have been attained in properly processed PA compacts that match those of high-quality I/M parts. The decision-



making process for using PA P/M is based primarily on economic considerations. A number of demonstration parts are 
now flying in the F-15 (for example, the T-6Al-4V keel splice former shown in Fig. 16(a) and in the F-18 (for example, 
the Ti-6Al-4V engine mount support fitting shown in Fig. 16b) fighter planes. An example of a true net-shape PA rotating 
engine component is shown in Fig. 16(c). 

 

Fig. 16 Prealloyed HIP Ti-6Al-4V aerospace parts produced by the Crucible ceramic mold method. (a) F-14 
fighter plane fuselage brace. (b) F-18 fighter plane engine mount support fitting. (c) Cruise missile engine 
impeller. (d) Four-section welded nacelle frame structure. (e) Titanium aluminide demonstrator impeller. All 
courtesy of Crucible Research Center 

The largest HIP chamber available to date is 1350 mm (54 in.) in diameter and 2400 mm (96 in.) in height. This limits the 
compact size, unless welding of PA sections is used as it is for the part shown in Fig. 16(d). The increased demand for the 
brittle and hard-to-machine titanium aluminides, which are used for higher-temperature applications, is creating a new 
interest in titanium PA P/M technology. A demonstrator impeller made out of titanium aluminide PREP powder is shown 
in Fig. 16(e). All of the above-mentioned PA parts were made by the Crucible ceramic mold process (Ref 7). 
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Future Trends in Titanium P/M Technology 

Clearly, sufficient data is now available to allow both prealloyed and blended elemental Ti-6Al-4V P/M compacts to be 
used with confidence. However, cost remains a major concern: Use of the PA P/M approach is difficult to justify for parts 
with approximately the same, or perhaps even slightly higher, mechanical property levels. Only a significantly lower cost 
for PA compacts would enable them to replace reliable I/M materials. The production of a low-cost powder either by a 
scaled-up gas atomization process or by a direct chemical method would be a significant breakthrough. The BE P/M 
technique can be cost effective for less critical parts, and its increased use in this area is likely. However, as with the PA 
material, the production of fully dense chloride-free BE products is likely to be stymied by cost unless a breakthrough 
occurs. 

The trend with other conventional titanium P/M alloys is likely to follow that described above for the Ti-6Al-4V alloy. 
An exception is the high-strength Ti-1.3Al-8V-5Fe (Ti-185) alloy (Ref 67, 68, 69), which cannot be satisfactorily made 
by the I/M approach because of the segregation of the iron. This alloy should be strictly classified with rapid solidification 
alloys (discussed below) that require rapid transformation from the liquid to solid states. 

The ordered intermetallic titanium aluminides are much more difficult to process and machine than the conventional 
titanium alloys. In fact, their production characteristics approach those of the superalloys. Thus, the cost benefits to be 
gained by a net-shape P/M approach are great (particularly for the equiatomic titanium aluminide, TiAl), and these 
benefits could accelerate the acceptance of titanium P/M methods, particularly with the development of a lower-cost 
powder. 

Research is being conducted to expand the boundaries of conventional titanium P/M technology. Efforts are in progress to 
evaluate the possibility of using advanced techniques such as rapid solidification (Ref 76, 77), mechanical alloying (Ref 
78), and nanostructures (Ref 79) to enhance the behavior of titanium-base materials. 

Work on rapid solidification has focused on increasing the temperature capability of both terminal alloys and intermetallic 
compositions by dispersion strengthening. However, while some improvements have been made, they are not considered 
to be significant enough to warrant the extra cost and concern over product quality assurance associated with a P/M 
method. The rapid solidification technique has two major drawbacks. The first is that it has been unable to produce more 
than about 6 vol% of second-phase particles. The second drawback is that rapid solidification results in a β grain size that 
is much smaller than is desirable and that there is a lack of elongated α phase, which would be formed on cooling into the 
α-β phase field after a β anneal. Unfortunately, a β anneal, which corrects the second drawback, results in unacceptable 
coarsening of the dispersoids. 

Mechanical alloying of titanium alloys is at a very early stage, but it does exhibit the potential to increase the volume 
percentage of dispersoids for elevated-temperature applications. In addition, there are indications that the normally 
immiscible titanium and magnesium can be combined by mechanical alloying to produce a low-density titanium alloy. 

Very preliminary results on the mechanical alloying of titanium-magnesium and titanium-eutectoid formers such as nickel 
and copper suggest that a very fine nanoscale microstructure (~10-9 m scale) can be obtained; such a microstructure could 
have novel physical and mechanical properties. 
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