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OverviewTitanium’s Expanding Market

Cost-Affordable Titanium: The 
Component Fabrication Perspective
F.H. (Sam) Froes, Mehmet N. Gungor, and M. Ashraf Imam

Table I. Cost of Titanium—A Comparison*

Material ($/lb.)

Item Steel Aluminum Titanium

Ore 0.02 0.01 0.22 (rutile)
Metal 0.10 1.10 5.44
Ingot 0.15 1.15 9.07
Sheet 0.30–0.60 1.00–5.00 15.00–50.00

*Contract prices. The high cost of titanium compared to aluminum and steel is a result of (a) high extraction costs and (b) 
high processing costs. The latter relates to the relatively low processing temperatures used for titanium and the conditioning 
(surface regions contaminated at the processing temperatures, and surface cracks, both of which must be removed) required 
prior to further fabrication.

 Titanium is the material of choice for 
a wide variety of applications. However, 
because of its relatively high price—a 
result of extraction and processing 
costs—it is used only when it is the only 
choice. This paper will overview the 
potential areas that are amenable to cost 
reduction for titanium products, empha-
sizing all steps in component fabrication 
from extraction and processing to the 
fabrication of fi nal parts.

COST REDUCTION

 The major thrust in titanium develop-
ment has been aimed at achieving cost 
reduction rather than developing alloys 
with enhanced properties.1 The cost of 
titanium compared to steel and aluminum 
is shown in Table I. Broadly speaking, 

cost reduction can come from either a 
reduction in the cost of production of 
the metal itself or from creative tech-
niques for the fabrication of fi nal com-
ponents. Over the past few years there 
has been much activity in the area of 
reduced-cost titanium extraction pro-
cesses. This is a result of new and 
developing applications such as armor 
and auto use where a cost reduction could 
signifi cantly increase use. However, it 
must be kept in mind that in the big 
picture the cost of extraction is a small 
fraction of the total cost of a component 
fabricated by the cast and wrought (ingot 
metallurgy) approach (Figure 1). 
 The possible market penetration 
resulting from cost reduction is demon-
strated in a study of the potential appli-

cations for commercially pure (CP) 
titanium metal powder conducted by T.E. 
Norgate and G. Wellwood.2 This work 
assumed that there could be a 50% reduc-
tion in the cost of CP titanium (from 
$13.60/lb) and developed the data shown 
in Table II for various applications. This 
represents a greater-than-1,100% 
increase in titanium use, which seems 
unrealistically high. However, it does 
demonstrate the great infl uence that the 
cost of titanium can have on the magni-
tude of applications.
 Figure 2 shows examples of consumer 
goods fabricated from titanium.

EXTRACTION

 In a review at the International Tita-
nium Association Conference in Scott-
sdale, Arizona (October 2005), of the 
various extraction processes under 
development in various parts of the 
world, E.H. Kraft noted that there are 
more than 20 new processes under 
development, many using the oxide as 
a precursor.3 This makes sense as the 
cost of the contained titanium is less in 
the oxide than, for example, in the inter-
mediate compound (in Kroll/Hunter 

Figure 2. A titanium hammer head and 
knife handle. (Courtesy Stiletto Tool and 
Buck Knives, respectively.)
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Figure 1. The cost of 
titanium at various 
stages of a compo-
nent fabrication.
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Table II. Potential Worldwide Market For 
Commercially Pure Titanium*2

  Volume
Application (t/y)

Cookware 39,000
Medical Implants 1,000
Architecture, Building 343,000
 and Construction
Automotive Exhaust Systems 48,000 
Tubing 290,000

*Assuming a cost reduction in titanium extraction and
fabrication of 50%; emphasis on the powder metallurgy
approach.

Table III. Cost of Titanium Precursors

Cost of 
Cost Contained Ti

Precursor ($/lb) ($/lb)

TiO2
* 1.75 2.94

TiCl4 1.00 4.00
Ti Sponge 5.44 5.44

* Metal grade

Table IV. Titanium Extraction Processes3

Techniques                    Comments

FFC* Oxide, electrolytic molten CaCl2
MER* Oxide, electrolytic
SRI* Fluidized bed H2 reduction of TiCl4
BHP (Billiton, Australia) Oxide electrolytic, pre-pilot plant
Idaho Ti Plasma quench, chloride
Ginatta, Italy Electrolytic, chloride
OS (Ono, Japan) Electrolytic/calciothermic oxide
MIR, Germany Iodide reduction
CSIR, South Africa Electrolysis of oxide
Okabe-I, Tokyo, Japan Oxide, reduction by Ca
Okabe-II, Tokyo, Japan Oxide, Ca vapor reduction
Vartech, Idaho Oxide, Ca vapor reduction
Northwest Inst. for Non-Ferrous Metals Innovative hydride-dehydride
CSIRO, Australia Chloride, fluidized bed, Na
Armstrong/ITP* Chloride, continuous reduction with Na
DMR Aluminothermic rutile feedstock
MIT Oxide, electrolysis
QIT/Rio Tinto Slag, electrolysis
Tresis Argon plasma, chloride
Dynamet Technology Low-cost feedstock

* DARPA funded.

Figure 4. A schematic of 
slab casting by the plasma 
arc melting process.8

Figure 3. A schematic of the 
Armstrong/International 
Titanium Powder Process 
indicating the production of 
Ti-6Al-4V alloy powder.

reduction) tetrachloride (Table III). He 
noted that the costs of providing adequate 
purity and morphology of oxides must 
also be considered, as should the poten-
tial of halide recycling. Kraft also pointed 

out that a number of the new processes 
could result in products that eliminate 
some of the current ingot metallurgy 
processing steps (Figure 1), hence giving 

a greater cost reduction than from lower 
extraction costs per se. Examples are the 
production of sheet and chunky shapes 
directly from powder.

The approaches mentioned by Kraft 
are shown in Table IV, and include four 
processes being funded by the Defense 
Advanced Research Projects Agency 
(DARPA). Among these processes the 
Fray–Farthing–Chen (FFC) approach 
has been quoted as capable of producing 
sponge for as little as $1 per pound4

compared to Kroll sponge at $3.50 per 
pound. Another analysis of this method,5

however, suggests a cost similar to the 
Kroll approach. Timet has experienced 
difficulties in scale-up of this process, 
but more promising results have been 
obtained by Norsk Ti.

The extraction process closest to com-
mercialization is the Armstrong/Inter-
national Titanium Powder (ITP) process 
(Figure 3), which is scheduled for scale-
up to 4 million pounds per year by late 
2007. Perhaps the process with the great-
est potential is MER Corporation’s 
process, projected to produce titanium 
for a cost of $1.30 per pound. Whether 
any of these processes will mature to the 
point where it supercedes the Kroll/
Hunter approach remains to be seen.

PRIMARY FABRICATION

In the melting arena, plasma arc melt-
ing (PAM) and electron beam melting 
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Figure 5. A 33 cm  86 cm 
 127 cm slab cast in the 

furnace shown in Figure 4.8

Figure 6. An investment 
cast Ti-6Al-4V M777 com-
ponent.12

Figure 7. A comparison of 
the price of conventional 
ingot metallurgy product 
(“chunky” forging) with a 
powder metallurgy near 
net shape, not to scale.

Figure 8. The pro-
cessing steps for the 
blended elemental 
Ti-MMC engine valve 
production.15

(EBM) are cold hearth melting processes 
that provide the advantage of flexibility 
using various forms of low-cost input 
materials, leading to reduced costs.6,7

Specifically, PAM and EBM offer the 
potential to make single-melt near-net 
shaped (NNS) slabs and ingots and cur-
rently the U.S. Army, Navy, and Air 
Force all have active programs in this 
area. Figures 4 and 5 show a schematic 
of the PAM slab casting process and an 
as-cast slab.8

These techniques also increase the 
time for which metal is molten, hence 
increasing the chance of homogeneity 
and removal of defects such as the type 
I species (oxygen-nitrogen stabilized). 
This latter effect is particularly important 
for rotating quality stock produced from 
alloys such as Ti-6Al-4V, Ti-6Al-2Sn-
4Zr-2Mo-Si, and Ti-17.

NEAR-NET SHAPE
PROCESSES

Castings

Castings are a cost-effective method 
of producing complex near-net shapes. 
Castings offer cost reduction by minimiz-
ing machining, reducing part count, and 
avoiding part distortion from fabrications 
such as machining and welding. Tradi-
tionally, the investment casting technique 
has been used for aerospace (mainly gas 
turbine engine) parts and rammed graph-
ite castings for large chemical processing 
industry components. One recent excel-
lent demonstration of titanium castings 
use is in M777 Lightweight Howitzer 
applications where fabricated titanium 
parts have been converted into unitized 
investment castings to reduce cost and 
distortions.9–12 One good example of a 
cast component developed and imple-
mented is shown in Figure 6.12 This part 
reduced cost because 60 fabricated parts 
integrated into a single part.11
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Figure 9. Titanium MIM knife handles.

Figure 10. Tita-
nium MIM parts.

Recently, low-cost metal mold tita-
nium castings have been developed that 
exhibit finer grain sizes and much lower 
alpha case (oxygen-enriched surface 
regions). Already, variable blades for the 
F119 gas turbine engine (the power 
system for the advanced tactical fighter, 
F22) and automobile valves for Formula 
I racing cars have been made using this 
approach. At 1,500 shots per die the 
process is well beyond the break-even 
point to be profitable. 

Powder Metallurgy

Powder metallurgy (P/M) approaches 
to production of near-net shapes have 
been explored in various parts of the 
world. Both blended elemental (BE) and 
prealloyed (PA) methods4,13 have been 
investigated as techniques for production 
of cost-effective shapes (Figure 7). High-
integrity P/M components have been 
produced via PA in the United States 
from both conventional alloys and the 
intermetallic TiAl, but with virtually zero 
commercial applications. Creative 
advances in the use of BE components 
in Japan have included the Toyota Altezza
valves.14 In the United States, hydroge-
nated Ti-6Al-4V leads to higher and 
more consistent densities. This can be 
achieved at lower cost by innovative 
direct production of hydrogenated 

powder.4,13 This approach is also ame-
nable to the incorporation of reinforcing 
particles into the titanium matrix (Figure 
8).15

Another P/M NNS approach that is 
receiving increased attention is metal 
injection molding (MIM).16 This process, 
developed from plastic injection mold-
ing, is capable of producing very complex 
parts generally less than 500 g in weight 
in large numbers (Figures 9 and 10).

Thus, while there is no widespread 
established titanium P/M industry as yet 
in the United States (or worldwide), this 
approach does offer the potential for 
cost-effective titanium compacts.

OTHER PROCESSES

Beyond casting and P/M products, 
other recent advances in the NNS arena 
include laser forming and, further into 
the future, possibly semi-solid process-
ing and cold spraying. Minor perturba-
tions to existing titanium alloy formula-
tions—adding as little as 500 to 1,000 
parts per million boron—have been 
shown to alter the intrinsic processing 
response of titanium alloys leading to a 
radical shift in the manufacturing process 
paths including dramatic reduction or 
elimination of ingot breakdown enabled 
by an order-of-magnitude decrease in 
the as-cast grain size, and relaxing con-

straints in secondary manufacturing 
processes resulting in lower cost tita-
nium.

ACKNOWLEDGEMENTS

 The assistance of Ms. Linda Shepard
inmanuscriptpreparationandMr.David
Newell indrawingsomefigures isgreatly
appreciated.

References

1. F.H. (Sam) Froes, M. Ashraf Imam, and Derek Fray,
editors, Cost Affordable Titanium (Warrendale, PA:
TMS, 2004).
2. T.E. Norgate and G. Wellwood, “The Potential
Applications for Titanium Metal Powder and Their Life
Cycle Impacts,” JOM, 58 (9) (2006), pp. 58–63.
3. E.H. Kraft, Summary of Emerging Titanium Cost 
Reduction Technologies (Oak Ridge, TN: Oak Ridge
National Laboratory, November 2003).
4. S. Karpel, “Switched-on Titanium,” MBM (July 2003),
p. 18.
5. P. Kirchain, The Role of Titanium in the Automobile
(Cambridge, MA: Camanoe Associates, July 2002).
6.F.H. (Sam) Froes, “Tenth WorldTitanium Conference,”
Light Metal Age, 61 (9, 10) (2003), pp. 52–57.
7. F.H (Sam) Froes and T. Nishimura, “The Titanium
Industries in Japan and USA—A Comparison,” Kinzoku 
(Materials Science and Technology), 73 (5) (2003), p.
9.
8. F.H. (Sam) Froes and K. (Oscar) Yu, “Emerging
Applications for Titanium” (Presentation at the Ti-2002
Conference, Hamburg, Germany, July 2003).
9. Christopher Hatch and Robert Nestor, “Military
Makeover the Investment Casting Way,” Modern 
Casting (December 2003), pp. 30–32.
10. Kevin L. Klug et al., “Affordable Ti-6Al-4V Castings,”
Cost-Affordable Titanium—Symposium Proceedings,
ed. F.H. (Sam) Froes, M. Ashraf Imam, and Derek Fray
(Warrendale, PA: TMS, 2004), pp. 103–109.
11. Kevin L. Klug et al., “The Near-Net-Shape
Manufacturing of Affordable Titanium Components for
the M777 Lightweight Howitzer,” JOM, 56 (11) (2004),
pp. 35–41.
12. Laurentiu Nastac et al., “Advances and Challenges
in Investment Casting of Ti-6Al-4V Alloy: A Review,”
International Journal of Cast Metals Research, 18 (6)
(2006), pp. 1–22.
13.F.H.(Sam) Froes et al., “Titanium Powder Metallurgy
in Aerospace and Automotive Components” (Paper
presented at the MPIF Conference, Las Vegas,
Nevada, June 2003).
14. F.H. (Sam) Froes et al., “Titanium in the Family
Automobile: The Cost Challenge,” JOM, 56 (2) (2004),
pp. 40–44.
15. T. Saito, “New Titanium Products via Powder
Metallurgy” (Paper presented at the International Ti-
Conference, Hamburg, Germany, July 2003).
16. F.H. (Sam) Froes, “Advances in Titanium Metal
Injection Molding,” Innovations in Titanium Technology,
ed. M.N. Mehmet, M.A. Iman, and F.H. (Sam) Froes
(Warrendale, PA: TMS, 2007), pp. 157–168.

F.H. (Sam) Froes is Director and Department Chair 
of the Institute for Materials and Advanced 
Processes, University of Idaho, McClure Hall Room 
437, Moscow, ID 83844-3026; Mehmet N. Gungor is 
with Concurrent Technologies Corporation in 
Johnstown, Pennsylvania; and M. Ashraf Imam is 
with the Naval Research Laboratory in Washington, 
D.C. Dr. Froes can be reached at (208) 885-7989; fax 
(208) 885-4009; e-mail imap@uidaho.edu.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.01667
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.03333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 2400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


