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The past few years have shown significant advances in the additive
manufacturing (AM) technologies leading to the production of fully
functional parts using titanium and its alloys. While powder bed fusion
technologies offer the ability to build hollow near-net shapes with finer
resolution, directed energy based technologies offer the ability to add
features on existing parts and remanufacture/repair damaged parts, as
well as building parts directly from CAD data. Most of the studies in
the industry reveal that the mechanical properties of AM material are
as good as or better than the conventionally fabricated titanium alloys.
Selection of the right AM technology, along with proper design opti-
mization, can lead to very significant savings through greatly reduced
buy-to-fly ratios, overall weight reduction, and scrap reduction.
Additionally, these technologies offer design freedom that conventional
manufacturing does not.

However, full exploitation of the benefits of AM depend largely on
educating the manufacturing and design community and successful
integration of these technologies in manufacturing industry and it is
the aim of this book to help achieve these goals. The aerospace and
medical industries have so far been the largest driver for the usage of
titanium AM materials, while other industries, such as the automotive
industry, are beginning to exploit benefits of AM of titanium alloys.
The recent push in low cost titanium powders is expected to expand
usage of AM in more cost sensitive industries such as automotive.

A book of this type could not be compiled without the help of
many colleagues and the authors would like to recognize the contribu-
tions of the following—Ma Qian (Advisory Editor), Christina Gifford
(Elsevier Acquisitions Editor), Heather Cain (Elsevier Editorial Project
Manager) Jim Sears, Ryan DeHoff, Richard Grylls, Jessica Nehro,
Anders Hultman, Scott Thompson, Laura Kinkopf, Michael Cloran,
David Whittaker, and Karl D’Ambrosio.
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ABBREVIATIONS AND GLOSSARY

3D three dimensional

AM additive manufacturing
CAD computer aided design
DED directed energy deposition
DMD  direct metal deposition
DMLS direct metal laser sintering
EBM  electron beam melting

GE General Electric Corporation
LENS laser engineered net shaping
PBF powder bed fusion

PM powder metallurgy

SL stereolithography

1.1 INTRODUCTION

1.1.1 Titanium Alloys and Their Importance

Titanium alloys are among the most important of the advanced
materials that are key to improved performance in aerospace and
terrestrial systems (Figs. 1.1—1.4) and is even finding applications in
the cost conscience auto industry.' > These applications result from
the excellent combinations of specific mechanical properties (properties
normalized by density) and outstanding corrosion behavior® "' exhib-
ited by titanium alloys. However, negating its widespread use is the
high cost of titanium alloys compared to competing materials
(Table 1.1).

The high cost of titanium compared with the other metals shown in
Table 1.1 has resulted in the yearly consumptions as shown in
Table 1.2.
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Figure 1.2 GE Aviation’s GEnx is an advanced dual rotor, axial flow high bypass gas turbine engine for use on
Boeing’s 787 and 747-8 aircraft and features titanium allow compressor blades and disks. Source: GE Aviation.

Figure 1.3 Author Dr. F.H (Sam) Froes is shown in front of The Guggenheim Museum in Bilbao, Northern
Spain, which is sheathed with titanium sheet.
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Figure 1.4 Titanium is used for a wide variety of items, such as bike frames, hip implants, eyeglass frames, and earrings.

Table 1.1 Cost of Titanium: A Comparison

Item Material ($/1b)

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
“2015 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.

Table 1.2 Metal Consumption

Structural Metals Consumption/Year (10> Metric Tons)
Ti 50

Steel 700,000

Stainless steel 13,000

Al 25,000

1.1.2 Challenges to Expanding the Scope of Titanium Alloys

In publications over the past few years' >’ the cost of fabricating
various titanium precursors and mill products has been discussed (very
recently the price of TiO, has risen to US$2.00/Ib and TiCl, to US
$0.55/1b). The cost of extraction is a small fraction of the total cost of
a component fabricated by the cast and wrought (ingot metallurgy)
approach (Fig. 1.5). To reach a final component, the mill products
shown in the figure must be machined, often with very high buy-to-fly
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Figure 1.5 Cost of titanium at various stages of a component fabrication.
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Figure 1.6 Boeing 787 side-of-body chord, manufacturing cost breakdown. Source: Courtesy of Boeing.

ratios (which can reach as high as 40:1). The generally accepted cost of
machining a component is that it doubles the cost of the component
(with the buy-to-fly ratio being another multiplier in cost per pound),
as seen in Fig. 1.6. Fig. 1.7 illustrates how the machining of titanium
has evolved, with rough machining showing a much greater improve-
ment than the much more precise and more expensive final machining.
Thus, while improvements in the machining of titanium have occurred,
anything that can be done to produce a component which is closer
to the final configuration will result in a cost reduction—hence the
attraction of near-net shape components.
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Figure 1.7 A historical perspective of the machining of titanium showing how various advancements have reduced
the cost of machining. The light gray region represents the progress in rough machining and the brown(dark gray
in print version) region shows how the final (much more precise and therefore costly) machining has evolved.
Source: Courtesy of Boeing.

The high cost of conventional titanium components has led to
numerous investigations of various potentially lower cost processes,' >
including powder metallurgy (P/M) near-net shape techniques.'
In this book, one P/M near-net shape technique called additive
manufacturing (AM) will be reviewed with the emphasis on the “work
horse” titanium alloy Ti-6Al-4V, which accounts for more than 70% of
the alloy titanium produced world-wide.”’ This technique (described
below) is receiving a lot of attention from the US Navy who envision a
future use of the approach aboard a carrier where parts can be rapidly
fabricated for immediate use on the battle group that the carrier is sup-
porting.”” The various approaches to AM are presented, followed by
some examples of components produced by AM. The microstructures
and mechanical properties of Ti-6Al-4V produced by AM are listed
and shown to compare very well with cast and wrought product.
Finally the economic advantages to be gained using the AM technique
compared to conventionally processed material are presented.
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Figure 1.8 A typical decorative article as described by Baker’s 1920 patent.”’’

1.2 INTRODUCTION TO AM, INCLUDING A HISTORY OF AM

The history of metal AM dates back to at least 1920 by Baker (US
patent, 1,533,300) who used an electric arc and metal electrode to
form walled structures and decorative articles (Fig. 1.8).”' Today,
directed energy deposition (DED) techniques, such as direct metal
deposition (DMD), light engineered net shaping (LENS), or direct
manufacturing (DM), are based on similar ideas but integrate layered
manufacturing concept to create parts directly from computer-aided
design (CAD) data. However the concept of layered manufacturing
finds its roots from two different technologies that started in the 19th
century: topography and photo sculpture.

As early as 1892, Blanther patented a technique for making a mold for
topographical relief maps using impressions of topographical contour
lines on a series of wax plates, cutting these wax plates on these lines, and
stacking them to create raised relief map of paper. In 1972 Matsubara
proposed a process using photopolymer resin coated onto graphite pow-
der/sand, spread into a layer, selected areas of the layer heated, and hard-
ened using a mercury vapor lamp and the remaining area dissolved to
create sheets with defined geometry, which were then stacked together to
form a casting mold. In 1974, utilizing a similar stacking technique,
DiMatteo produced three-dimensional (3D) shapes from contour milled
metallic sheets that were then joined in layered fashion by adhesion, bolts,
or tapered rods (Fig. 1.9A). In 1968 Swainson proposed a process to
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Figure 1.9 (A) Laminated mold from DiMatteo’s 1974 patent’” and (B) schematic drawing showing
Householder’s invention.”

directly fabricate a plastic pattern by selective 3D polymerization of a
photosensitive polymer at the intersection of two laser beams. This was
followed by work from Ciraud (1972), Householder (1979) (Fig. 1.9B),
Kodama (1981), Herbert (1982), Hull (1984), and Deckerd (1986) paving
the way for modern 3D printing technologies that are based on powder
bed fusion (PBF) technologies.”* Patents by Ciraud (1972), Arcella and
Lessmann (1989), Jeantette et al. (1996), and Koch and Mazumder
(1998) form the basis of modern DED technologies.** More details about
the history of AM and 3D printing as well as commercialization of this
industry can be found elsewhere.***

1.3 BRIEF INTRODUCTION OF VARIOUS AM TECHNOLOGIES

All AM technologies are based on the common principle of slicing a
solid model into multiple layers, creating a tool path for each layer,
uploading this data in the machine, and building the part up layer by
layer following the sliced model data using a heat source (laser, electron
beam, electric arc, or ultrasonic energy, etc.) and feed stock (metal
powder, wire or thin metal sheet, etc.). ASTM F2792-12a categorizes all
AM technologies into a broad group of seven categories: binder jetting,
DED, material extrusion, material jetting, PBF, sheet lamination, and
vat polymerization.”® Of these seven categories, only four involve metal
processing—DED, PBF, sheet lamination, and binder jetting—and only
the first three of these four have been used for processing titanium
and its alloys. While all three categories, DED, PBF, and ultrasonic
consolidation have demonstrated capability of producing metal parts,
their approach and capabilities vary significantly. The details of their
working principles, capabilities, merits, and demerits will be discussed in
Chapter 3, Additive Manufacturing Technology.
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1.4 AM OF TITANIUM IN THE FOREFRONT OF THE METAL AM
INDUSTRY

Commercial efforts of AM started with introduction of stereolithogra-
phy (SL) and formation of the 3D Systems Corporation in 1987. This
was followed by formation of EOS GmbH in 1990, Stratasys in 1991,
DTM Corp. in 1992, Fockele & Schwarze (F&S) in 1994, Z Corp in
1996, and subsequently many other companies. While most of this
effort was using polymeric materials, commercialization of metal AM
started with DTM. DTM launched a metal sintering system, by laser
sintering polymer-coated metal powders in the sinter station to form a
green part, followed by a furnace process to remove the polymer, bond
the metal matrix, and infiltrate it with a secondary metal to remove
the porosity. In contrast to this, EOS developed a direct metal laser
sintering (DMLS) process where metal powders were directly sintered
using a moving laser beam.”’

Titanium AM efforts began in 1997 at the Aeromet Corporation
which focused on a laser-based DED technology for large aerospace
components’® and Arcam AB using its patented electron beam melting
(EBM) technology to produce medical components. Arcam’s continued
work with Adler Ortho Group resulted in Conformit¢ Européenne,
meaning “European Conformity” (CE-certification) of EBM manufac-
tured titanium hip implants in 2007 marking a significant step in tita-
nium AM. In 1998 commercialization of Sandia National Laboratory-
developed Laser Engineered Net Shaping (LENS) by Optomec Inc. and
the University of Michigan-developed DMD by POM Group brought
further thrust to metal AM and processing titanium. Due to economic
reasons, early efforts on metal AM were focused on expensive parts and
components, with aerospace and medical industry being a natural fit.
This resulted in a major focus on titanium and its alloys, besides other
expensive alloys. These efforts on titanium processing were soon fol-
lowed by other companies such as EOS, Concept Lasers, MTT, SLM
Solutions, Sciaky, Solidica, and more.

REFERENCES

1. Froes FH (Sam). Powder metallurgy of titanium alloys. In: Chang I, Zhao Y, editors.
Advances in powder metallurgy. Philadelphia, PA: Woodhead Publishing; 2013. p. 202.

2. Froes FH (Sam), Imam MA, Fray D, editors. Cost affordable titanium. Warrendale, PA:
TMS; 2004.


http://refhub.elsevier.com/B978-0-12-804782-8.00001-X/sbref1
http://refhub.elsevier.com/B978-0-12-804782-8.00001-X/sbref1
http://refhub.elsevier.com/B978-0-12-804782-8.00001-X/sbref2
http://refhub.elsevier.com/B978-0-12-804782-8.00001-X/sbref2

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

The Additive Manufacturing of Titanium Alloys 9

. Gungor MN, Imam MA, Froes FH (Sam), editors. Innovations in titanium technology.

Warrendale, PA: TMS; 2007.

. Imam MA, Froes F H (Sam), Dring KF, editors. Cost-affordable titanium III. Switzerland:

Trans Tech Publications Ltd; 2010.

. Imam MA, Froes FH (Sam), Reddy RG, editors. Cost affordable titanium IV. Switzerland:

Trans Tech Publications; 2013.

. Froes FH (Sam). Titanium powder metallurgy: developments and opportunities in a sector

poised for growth. Powder Metall Rev 2013;2(4):29—43 Winter.

. Dutta B, Froes FH. Additive manufacturing of titanium alloys. Adv Mater Process February

2014;172(2):18—23.

. Froes FH (Sam), editor. Titanium physical metallurgy, processing and applications. Materials

Park, OH: ASM; February 2015.

. Froes FH (Sam). Titanium alloys: alloy designation system [to be published] In: Hashmi S,

editor. Module in materials science and engineering. Kidington, UK: Elsevier Publishing;
2015

Froes FH (Sam). “Titanium alloys: thermal treatment and thermomechanical processing [to
be published] In: Hashmi S, editor. Module in materials science and engineering. Kidington,
UK: Elsevier Publishing; 2015

Froes FH (Sam). Titanium alloys: properties and applications [to be published]
In: Hashmi S, editor. Module in materials science and engineering. Kidington, UK:
Elsevier Publishing; 2015

Froes FH (Sam). Titanium alloying [to be published] In: Hashmi S, editor. Module in
materials science and engineering. Kidington, UK: Elsevier Publishing; 2015

Froes FH. Introduction: developments to date. In: Qian M, Froes FH (Sam), editors.
Titanium powder metallurgy. Amsterdam: Elsevier and Science Direct; 2015. p. 1—19.

Yolton CF, Froes FH. Conventional titanium powder production. In: Qian M, Froes FH
(Sam), editors. Titanium powder metallurgy. Amsterdam: Elsevier and Science Direct; 2015.
p. 21-32.

Froes FH. Research based titanium powder processes. In: Qian M, Froes FH (Sam), editors.
Titanium powder metallurgy. Amsterdam: Elsevier and Science Direct; 2015. p. 95-9.

Samarov V, Seliverstov D, Froes FH. Titanium components manufacture from prealloyed
powder using hot isostatic pressing (HIP)”. In: Qian M, Froes FH (Sam), editors. Titanium
powder metallurgy. Amsterdam: Elsevier and Science Direct; 2015. p. 313—36.

Dutta B, Froes FH. Additive manufacturing of titanium. In: Qian M, Froes FH (Sam),
editors. Titanium powder metallurgy. Amsterdam: Elsevier and Science Direct; 2015. p.
447-68.

Whittaker D, Froes FH. Current and future markets for titanium powder metallurgy.
In: Qian M, Froes FH (Sam), editors. Titanium powder metallurgy. Amsterdam: Elsevier and
Science Direct; 2015. p. 579—600.

Froes FH, Qian M. Titanium powder metallurgy for the future. In: Qian M, Froes FH
(Sam), editors. Titanium powder metallurgy. Amsterdam: Elsevier and Science Direct; 2015.
p. 601-38.

Froes FH (Sam), Dutta B. The additive manufacturing of titanium alloys. In: Proceedings of
the light metals conference, Kwa Maritane, South Africa. Switzerland: Transtech Publishing;
2015.

Froes FH (Sam), Dutta B. The additive manufacturing of titanium alloys. To be published in
the Proceedings of the World Conference on Titanium, San Diego, CA; 2015.


http://refhub.elsevier.com/B978-0-12-804782-8.00001-X/sbref3
http://refhub.elsevier.com/B978-0-12-804782-8.00001-X/sbref3
http://refhub.elsevier.com/B978-0-12-804782-8.00001-X/sbref4
http://refhub.elsevier.com/B978-0-12-804782-8.00001-X/sbref4
http://refhub.elsevier.com/B978-0-12-804782-8.00001-X/sbref5
http://refhub.elsevier.com/B978-0-12-804782-8.00001-X/sbref5
http://refhub.elsevier.com/B978-0-12-804782-8.00001-X/sbref6
http://refhub.elsevier.com/B978-0-12-804782-8.00001-X/sbref6
http://refhub.elsevier.com/B978-0-12-804782-8.00001-X/sbref6
http://refhub.elsevier.com/B978-0-12-804782-8.00001-X/sbref7
http://refhub.elsevier.com/B978-0-12-804782-8.00001-X/sbref7
http://refhub.elsevier.com/B978-0-12-804782-8.00001-X/sbref7
http://refhub.elsevier.com/B978-0-12-804782-8.00001-X/sbref8
http://refhub.elsevier.com/B978-0-12-804782-8.00001-X/sbref8
http://refhub.elsevier.com/B978-0-12-804782-8.00001-X/sbref9
http://refhub.elsevier.com/B978-0-12-804782-8.00001-X/sbref9
http://refhub.elsevier.com/B978-0-12-804782-8.00001-X/sbref9
http://refhub.elsevier.com/B978-0-12-804782-8.00001-X/sbref10
http://refhub.elsevier.com/B978-0-12-804782-8.00001-X/sbref10
http://refhub.elsevier.com/B978-0-12-804782-8.00001-X/sbref10
http://refhub.elsevier.com/B978-0-12-804782-8.00001-X/sbref11
http://refhub.elsevier.com/B978-0-12-804782-8.00001-X/sbref11
http://refhub.elsevier.com/B978-0-12-804782-8.00001-X/sbref11
http://refhub.elsevier.com/B978-0-12-804782-8.00001-X/sbref12
http://refhub.elsevier.com/B978-0-12-804782-8.00001-X/sbref12
http://refhub.elsevier.com/B978-0-12-804782-8.00001-X/sbref13
http://refhub.elsevier.com/B978-0-12-804782-8.00001-X/sbref13
http://refhub.elsevier.com/B978-0-12-804782-8.00001-X/sbref13
http://refhub.elsevier.com/B978-0-12-804782-8.00001-X/sbref14
http://refhub.elsevier.com/B978-0-12-804782-8.00001-X/sbref14
http://refhub.elsevier.com/B978-0-12-804782-8.00001-X/sbref14
http://refhub.elsevier.com/B978-0-12-804782-8.00001-X/sbref14
http://refhub.elsevier.com/B978-0-12-804782-8.00001-X/sbref15
http://refhub.elsevier.com/B978-0-12-804782-8.00001-X/sbref15
http://refhub.elsevier.com/B978-0-12-804782-8.00001-X/sbref15
http://refhub.elsevier.com/B978-0-12-804782-8.00001-X/sbref16
http://refhub.elsevier.com/B978-0-12-804782-8.00001-X/sbref16
http://refhub.elsevier.com/B978-0-12-804782-8.00001-X/sbref16
http://refhub.elsevier.com/B978-0-12-804782-8.00001-X/sbref16
http://refhub.elsevier.com/B978-0-12-804782-8.00001-X/sbref17
http://refhub.elsevier.com/B978-0-12-804782-8.00001-X/sbref17
http://refhub.elsevier.com/B978-0-12-804782-8.00001-X/sbref17
http://refhub.elsevier.com/B978-0-12-804782-8.00001-X/sbref17
http://refhub.elsevier.com/B978-0-12-804782-8.00001-X/sbref18
http://refhub.elsevier.com/B978-0-12-804782-8.00001-X/sbref18
http://refhub.elsevier.com/B978-0-12-804782-8.00001-X/sbref18
http://refhub.elsevier.com/B978-0-12-804782-8.00001-X/sbref18
http://refhub.elsevier.com/B978-0-12-804782-8.00001-X/sbref19
http://refhub.elsevier.com/B978-0-12-804782-8.00001-X/sbref19
http://refhub.elsevier.com/B978-0-12-804782-8.00001-X/sbref19
http://refhub.elsevier.com/B978-0-12-804782-8.00001-X/sbref19

10

22.

23.

24.

25.

26.

27.

28.

29.

30.
31.
32.
33.
34.

35.
36.
37.

38.

Additive Manufacturing of Titanium Alloys

Froes FH, Eylon D, Bomberger H, editors. Titanium technology: present status and future
trends. Dayton, OH: TDA; 1985.

Froes FH (Sam), Yau TL, Weidenger HG. Titanium, zirconium and hafnium. In: Matucha
KH, editor. Materials science and technology—structure and properties of nonferrous alloys.
Weinheim, FRG: VCH; 1996. p. 401 [chapter §].

Froes FH (Sam). Titanium. In: Bridenbaugh P, editor. Encyclopedia of materials science and
engineering. Oxford, UK: Elsevier; 2000 [chapters 3.3.5a—3.3.5¢].

Froes FH (Sam). Titanium alloys. In: Weasel JK, editor. Handbook of advanced materials.
New York, NY: McGraw-Hill Inc.; 2000 [chapter §].

Froes FH (Sam). Titanium metal alloys. In: Ellis J, editor. Handbook of chemical industry
economics, inorganic. New York, NY: John Wiley and Sons Inc.; 2000.

Boyer RR, Welsch G, Collings EW, editors. Materials properties handbook: titanium alloys.
Materials Park, OH: ASM Int.; 1994.

Froes FH, Eylon D. Powder metallurgy of titanium alloys. Int Mater Rev 1990;35:162.

Froes FH, Suryanarayana C. Powder processing of titanium alloys. In: Bose A, German
RM, Lawley A, editors. Reviews in particulate materials, vol. 1. Princeton, NJ: MPIF; 1993.
p. 223.

Defence News, June 10, 2013. p. 24.

Baker R., US Patent 1,533,300; 1925.

DiMtteo P., US Patent 3,932,923; 1976.

Householder R.F., US Patent 4,247,508; 1981.

Beaman JJ, Barlow JW, Bourell DL, Crawford RH, Marcus HL, McAlea KP. Solid freeform

fabrication: a new direction in manufacturing. New York: Springer; 1997. p. 1-21.

Terry Wohlers, Wohlers Report 2014.
ASTM F2792-12a.

Shellabear M, Nyrhila O. In: PresentedPlease provide chapter title in Ref. [37]. at LANE
2004 conference, Erlangen, Germany; September 21—24, 2004.

Lutjering G, Williams JC. Titanium. Berlin: Springer; 2003. p. 95.


http://refhub.elsevier.com/B978-0-12-804782-8.00001-X/sbref20
http://refhub.elsevier.com/B978-0-12-804782-8.00001-X/sbref20
http://refhub.elsevier.com/B978-0-12-804782-8.00001-X/sbref21
http://refhub.elsevier.com/B978-0-12-804782-8.00001-X/sbref21
http://refhub.elsevier.com/B978-0-12-804782-8.00001-X/sbref21
http://refhub.elsevier.com/B978-0-12-804782-8.00001-X/sbref22
http://refhub.elsevier.com/B978-0-12-804782-8.00001-X/sbref22
http://refhub.elsevier.com/B978-0-12-804782-8.00001-X/sbref22
http://refhub.elsevier.com/B978-0-12-804782-8.00001-X/sbref23
http://refhub.elsevier.com/B978-0-12-804782-8.00001-X/sbref23
http://refhub.elsevier.com/B978-0-12-804782-8.00001-X/sbref24
http://refhub.elsevier.com/B978-0-12-804782-8.00001-X/sbref24
http://refhub.elsevier.com/B978-0-12-804782-8.00001-X/sbref25
http://refhub.elsevier.com/B978-0-12-804782-8.00001-X/sbref25
http://refhub.elsevier.com/B978-0-12-804782-8.00001-X/sbref26
http://refhub.elsevier.com/B978-0-12-804782-8.00001-X/sbref27
http://refhub.elsevier.com/B978-0-12-804782-8.00001-X/sbref27
http://refhub.elsevier.com/B978-0-12-804782-8.00001-X/sbref27
http://refhub.elsevier.com/B978-0-12-804782-8.00001-X/sbref28
http://refhub.elsevier.com/B978-0-12-804782-8.00001-X/sbref28
http://refhub.elsevier.com/B978-0-12-804782-8.00001-X/sbref28
http://refhub.elsevier.com/B978-0-12-804782-8.00001-X/sbref29

Raw Materials for Additive Manufacturing
of Titanium

ABBREVIATIONS AND GLOSSARY
ADMA  Advanced Materials (Corporation)

AM additive manufacturing
ASTM  American Society for Testing Materials
ATI Allegheny Technologies Incorporated

AWS American Welding Society
CSIRO Commonwealth Scientific and Industrial Research

Organization

DED direct energy deposition

DM direct manufacturing

EB electron beam

FFC fray, farthing, and chen (powder production process
inventors)

HDH hydride—dehydride (powder)

ITP International Titanium Powder (Corporation)

MER Materials and Electrochemical Research (Corporation)
PBF powder bed fusion

P/M powder metallurgy

PREP plasma rotating electrode process

SMD shaped metal deposition

WAAM wire arc additive manufacturing

2.1 INTRODUCTION

While most additive manufacturing technologies use powder as the
raw material, there are a few exceptions, such as direct manufacturing
(DM) and shaped metal deposition (SMD) or wire arc additive
manufacturing (WAAM) that use titanium wire and ultrasonic consoli-
dation which uses sheet metal and/or thin foils of titanium as feed
stock. Since the majority of the AM technologies including all powder
bed fusion (PBF) and most of the direct energy deposition (DED)

Additive Manufacturing of Titanium Alloys. DOI: http://dx.doi.org/10.1016/B978-0-12-804782-8.00002-1
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technologies use metal powder, more emphasis will be given to powder
production and its requirements for AM usage.

2.2 TITANIUM POWDER PREPARATION TECHNIQUES

Table 2.1 shows the characteristics of the leading different types of tita-
nium powders that are either available or under development today.' ~°
The oxygen level of the hydride—dehydride (HDH) powder can be
reduced by deoxidizing with calcium.' The spherical powders exhibit
good flow characteristics while the more angular powders do not flow
as well. The angular HDH can be converted to a spherical morphology
using the Tekna process." Generally the more free-flowing spherical
powders are preferred for AM, however angular powders have also
been successfully processed by this technique (see later in this chapter).

Table 2.1 The Characteristics of Different Types of Titanium Powders

Type/Process Elemental or Advantages Status/
Prealloyed Disadvantages
Hunter Process (pure sodium) Elemental Low cost, excellent for cold Limited
press/sinter sinter availability
High chloride
HDH* Kroll Process (pure Elemental Lower cost
magnesium) Good compactability low
chloride
HDH powder produced from Prealloyed Readily available High cost
alloys ingot, sheet, or scrap
Atomized Prealloyed High purity High cost
Available
REP/PREP® Prealloyed High purity High cost
compactable
ITP/Armstrong Both Compactable moderate cost Processible

Potential for low cost

FFC Cambridge Both TBD Developmental
MER® Both TBD Developmental
CSIRO TiRO* Both TBD Developmental
ADMA Products Both Lower cost and better Semicommercial
hydride powder compactability

“Hydride—dehydride.

b Rotating electrode powderlplasma rotating electrode powder.
“MER Corp., Tucson, AZ.

4CSIRO Melbourne, Australia.
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2.2.1 Irregularly Shaped Powder

The cost of spherical titanium powder is a major obstacle in commercial-
ization of AM technologies as part of mainstream manufacturing.
The stringent quality requirements, such as shape and flow specifications,
lead to only few powder manufacturing processes amenable to it.
Therefore, there is a significant interest in production of low cost, gener-
ally angular-shaped, titanium powder that can be used in AM either as is
or after conversion to a spherical morphology (see Fig. 2.6).

Six nonmelt processes for the production of angular powder appear to
have the greatest potential for scale-up and a lower cost product than the
spherical materials,' © along with the additional hydride powder process
that has been developed by Advance Materials (ADMA) Products also
of potential commercial interest. © These six processes are the HDH
method, the FFC Cambridge approach, the MER technique, the
Commonwealth Scientific and Industrial Research Organization
(CSIRO) method, the Chinuka process, and the ITP (International
Titanium Powder)/Armstrong technique. However, these powders are
not yet available commercially and their relative cost and processing
characteristics are yet to be established.

An example of the process for production of an angular powder is the
FFC Cambridge approach in which titanium metal is produced at the
cathode in an electrolyte (generally CaCl,) by the removal of oxygen from
the cathode, as seen in Figs. 2.1 and 2.2."° This technique allows the
direct production of alloys such as Ti-6Al-4V at a cost which could be less
than the conventional Kroll process.' It is possible to generate a spherical

Mty Conde taswder

FCC Cambridge Process
.. et
~
S \ <« :::::f:i -

Figure 2.1 Schematic of the FFC Cambridge process. Source: Courtesy of Metalysis.
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20KV, #X33 “ 500y

Figure 2.2 SEM Image of Ti-6AI-4V powder obtained by electrodeoxidation in Molten CaCl, at 950°C. Note
the distorted spherical morphology of the Powder (the FFC Cambridge Process). Source: Courtesy of lan
Mellor, Metalysis.

Flowing o0 .: oTi-AlV
Sodium ‘ © g ow *NaCl
- -
AICI,y vCl,
Mixtures of chloride

TiCl, vapors produce alloys

Figure 2.3 Schematic of the ITP/Armstrong Process. This process is claimed to be continuous, with a reaction
efficiency of 100%, at a low temperature, low capital, low labor cost and can directly produce alloys such as
Ti-6 Al-4V. Source: Courtesy of Cristal Metals, Inc.

powder directly from the FFC process. The process allows routine produc-
tion of 1000-um diameter particles, and there is an active development
program to lower this to the levels required for AM. The process is being
commercialized by Metalysis in South Yorkshire, United Kingdom. The
ITP/Armstrong process is shown schematically in Fig. 2.3 and an example
of the powder produced in Fig. 2.4. Another example of an angular pow-
der (HDH) is shown in Fig. 2.5. Examples of other processes to produce
angular powders, and photographs of the products, are given in Ref. 6.

2.2.2 Prealloyed Spherical Powder

There are a number of processes which produce prealloyed spherical tita-
nium powder (see Figs. 2.6 and 2.7 for examples), © with a recent
increase in number as interest in titanium AM has significantly expanded.
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Figure 2.4 Photomicrograph of angular Ti-6A1-4V powder produced by the ITPlArmstrong process.
Source: Courtesy of Kerem Araci, Cristal Metals Inc.

Figure 2.5 Irregular hydride—dehydride Ti-6 Al-4V powder. Source: Courtesy of Ametek Corp.

1. ATI Powder Metals (formerly Crucible Research Center).
Spherical gas atomized alloy powder, 100 pounds capacity melting
furnace, 50 pounds of —100/+325 (—150/+45 um).

2. Advanced Specialty Metals. Spherical plasma rotating electrode
process (PREP) —100/+325 (—150/+45 um).

3. Raymor (now includes Pyrogenesis). Spherical plasma atomized
Ti-6Al1-4V powder. —450 to +60 mesh (—30/+250 pum) powder
available, regular grade (0.20 O, max) Ti-6Al-4V, low oxygen
(0.13 max). Arcam AB (a major fabricator of Titanium AM equip-
ment) acquired the metal powder arm of Raymor and announced
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Rotating ._:
electrode e
(anode) .

Helium plasma arc

Water-cooled tungsten (cathode)

Water-cooled copper nozzle

: k-

Water

Helium

Water

Ignition arc

. (nontransfer) —-

power supply
© O
Transferred-arc
power supply
Figure 2.6 Schematic of the plasma rotating electrode process (PREP) for producing spherical prealloyed tita-
nium powder.”

7' Cotiection

chamber

Figure 2.7 Schematic of the gas atomization (GA) process which produces spherical prealloyed titanium powder.
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Wire straightener\ 7
Plasma . LE _\\A)

torches
N\
Wire
Gas exhaust feedstock
to filtration and

recirculation

Figure 2.8 Schematic of the Arcam AB/Advanced Powders and Coating (AP&C) Plasma Atomization Process,
using a wire feed.

that the metal powder subsidiary AP&C, based in Montreal,
Canada, is building its fourth and fifth reactors using a wire feed
(Fig. 2.8), adding significant capacity to its titanium powder
manufacturing operations.

4. Baoji Orchid Titanium. Spherical PREP. Ti-6Al-4V —70/ +325
(—210/+45 pm), 0.13 oxygen max.

5. ALD Vacuum Technologies. Spherical gas atomized Ti-6Al-4V
electrode induction melting gas atomization.

6. Sumitomo Sitex. Gas atomized (Ti-6Al-4V, oxygen 0.08—0.13 wt%).

7. TLS Technik. Gas atomized Ti-6Al-4V with 0.13 oxygen. Ti-6Al-
4V 100—270 mesh (53—150 pm).

8. Osaka Titanium offer Induction Melted Gas Atomized Titanium
powder.
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Figure 2.9 SEM photomicrograph of spherical powder (left) produced by processing angular HDH titanium
powder (right) using the Tekna technique.

9.

10.

11.

12.

Tekna Induction plasma spherodization process converts irregular
shaped titanium powders to a spherical morphology. Typically an
irregular powder of —100/ + 400 mesh (—150/ +37 pm) is converted
to a spherical powder of the same size range (but with a significant
improvement in tap density and flow rate) (see Fig. 2.9).

LPW Technologies also offer the same services as Tekna using
Tekna equipment.

Praxair Surface Technologies have announced (September 2015)
that they plan to use close-coupled high pressure gas atomization
to produce fine spherical titanium powder in large quantities,
available by the end of the third quarter. They will be able to
make a range of powder sizes: for laser PBF (10—45 pm) and elec-
tron beam PBF/powder fed technologies (45—150 pm). In addition
to larger batches, the flexibility in particle size distribution is an
advantage of the close-coupled high pressure gas atomization
process.

Puris, located in West Virginia, United States, uses a Plasma Arc
Melter to manufacture bars, or electrodes, for atomization.
Producing electrodes in-house allows Puris to create custom chem-
istries with very precise elemental control, and facilitates achieving
very low oxygen levels even for fine powders. Puris produces
spherical gas atomized powder, 300,000 annual capacity, most
common sizes are —140/+325pm and —325pum mesh. Zero
refractory in the system and the atomizer is constructed of
Titanium to remove any risk of iron contamination (Puris is the
only company that make those claims).
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Figure 2.10 An example of spherical gas atomized titanium powder. Source: Courtesy of Osaka Titanium.

13. Hoeganeous. AncorTi is a gas-atomized spherical titanium powder
for applications in additive manufacturing, metal injection
molding, and hot isostatic pressing.

14. Carpenter Technology Corporation, Wyomissing, PA, United
States, is reported to be spending an additional $23 million to add
titanium furnace equipment to its new super alloy powder facility
in Limestone County, Alabama. The purchase will raise
Carpenter’s investment in the plant to $61 million.

An example of a spherical powder is shown in Fig. 2.10. For further
details on the prealloyed spherical titanium powders the reader is
referred to Ref. 6.

2.3 WIRE FEED STOCK

Two DED processes that use metal wire as feedstock are SMD
patented by Rolls Royce Corp and jointly developed with Cranfield
University; and DM commercialized by Sciaky Inc. Both these
processes use standard welding wires specified by AWS specifications
and typical gage sizes of about 1.2 mm (0.05") for SMD/WAAM’ and
0.9—4.0 mm for DM.* According to AMS 4999A, the wire feedstock
for titanium deposition process shall be wire conforming to AWS
A5.16 ERTi-5 (Al content up to 7.5% is allowed, and a minimum
of 1400 ppm oxygen).
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2.4 ISSUES AND QUALIFICATION OF TITANIUM POWDERS FOR
ADDITIVE MANUFACTURING

As noted earlier majority of the AM technologies use titanium or
prealloyed titanium powders as feedstock. While titanium powder
production has been well standardized over the years, its successful use
in AM requires close control of the powder production process and
handling of the powder. Below are certain key factors related to
powder feedstock, which influence quality of AM parts. Details of
characterization techniques that can be used for additive manufactur-
ing technologies can be found elsewhere.”'”

1. Size (and size distribution): In additive manufacturing, powder
particle size determines the minimum part layer thickness, as well
as the minimum buildable feature sizes on a part and surface finish
in as-built condition. In addition, powder size distribution
also plays a role in packing density for the PBF technologies.
Typically PBF technologies use powder sizes ranging from
20 to 40 pm, while DED technologies use powder sizes ranging
from 45 to 150 pm.

2. Powder morphology: Depending on the powder production
process, powders can have various morphologies, including acicu-
lar, flake, granular, irregular, needle, nodular, platelet, plates, and
spherical. Preferred powder morphology for AM are spherical
shape and without any satellites. The morphology of powder
particles determines the packing density of the powder and, hence,
plays a major role in PBF technologies. The packing density will
eventually determine the layer thickness and shrinkage in PBF
processes. While powder morphology is less critical in DED, it is
nevertheless important to maintain a consistent powder flow rate
and therefore, a spherical or near spherical geometry is strongly
recommended.

3. Chemical composition: Chemical composition of the powders play a
major role as raw material chemistry determines final part chemistry
and properties. The ASTM F42 Committee, who are responsible for
developing AM Standards, have published chemistry specifications
for most the commonly-used two Ti-alloys, namely, Ti-6Al-4V and
Ti-6A1-4V-ELI (extra low interstitial) alloys for PBF processes.''*'? It
is to be noted that this Standard only requires chemistry compliance
for the end part and allows for chemistry variation in the powder
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form in order to adjust to the differences of various processes. It is
worth noting that AM techniques involving electron beam melting
operates in vacuum environment and therefore, leads to loss of
elements, such as Al. Therefore the raw feedstock, such as Ti6-Al4-V
powder for electron beam based processes often use additional
amount of Al to compensate for the losses during processing. Raw
material chemistry for Ti6-Al4-V alloy for DED processes can be
found in the AMS 4999A specification.

. Flow: Powder flow is a critical parameter for successful AM
operations. Whether it is the recoater in PBF processes or powder
delivery systems in DED processes, a consistent layer thickness
depends on good and consistent powder flow. Powder morphology
and surface characteristics, including surface contaminations, can
affect the powder flow. For the purpose of obtaining consistent
and repeatable powder flow, spherical powder shape without any
satellites and surface contaminations are the preferred characteris-
tics for powders in AM.

. Powder density: Powder density is an important factor in AM.
Hollow powders with or without gas entrapments can cause
porosity effects in the end part and result in inferior part property.
Fully dense powders are therefore highly recommended for AM.

. Powder handling and contamination: As discussed earlier, powder
contamination can cause impurities in the final part and effect prop-
erties. It is essential to exercise care while handling powder during
transferring to powder hopper in machines or during sieving, etc.

. Effect of humidity: Humidity plays a major role in AM. Moisture on
the surface of the powder particles can cause porosity formation in
the part. Therefore, it is essential to store the powder in dry places. If
possible, powder drying prior to use is strongly recommended.

. Effect of powder recycling: Powder recycling is a very important
factor in AM processes. All PBF processes use only a fraction of
the powder that is placed on the build plate and therefore powder
recycling is mandatory for economic operation of these processes.
Even though all titanium processing is carried out under inert
environment or vacuum atmosphere, the powders are exposed to
thermal effects from multiple layer builds and can have loss in
elemental chemistry. ASTM F2924-14 and 3001-14 do not limit
powder usage to any specific number of builds, and recommends
to follow specific equipment guidelines for this purpose.
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Figure 2.11 Effect of repeated runs through realizer powder bed fusion equipment on the oxygen content of
Ti-6A1-4V."

Tang et al. undertook an extensive study to evaluate the effect of
powder reuse during electron beam melting (EBM) of Ti6-Al4-V
alloys. Their results indicate that the powder morphology changes
from smooth, spherical to rough, irregular after about 21 times of
recycling. This change in powder morphology causes appreciable
change in powder tap density (from 2.96 to 2.88 g/cc) and
improves flowability (from 32.47 to 28.34 s/50 g). Enhanced pow-
der flow during recycling is attributed to reduction. During this
recycling process, powder chemistry was also affected, while V
content changed marginally, Al content in the powder changed
from 6.47% in virgin powder to 6.35% after 21 recycles and corre-
spondingly, in the test samples from 6.14% to 5.93%. Loss of Al
content is due to vaporization of Al in low partial pressure
(2x 1072 Pa of He). Powder recycling is also associated with an
increase in oxygen content from 0.08% in powder (0.07% in test
sample) in virgin powder to 0.19% in powder (0.18% in test
sample) after 21 recycles. Repeatable powder handling and
exposure to air during recycling causes this additional oxygen pick
up in the powder. As a result, the UTS increased from 920 to
1039 MPa, yield strength increased from 834 to 960 MPa and
tensile elongation dropped from 16% to 15.5%. In other work
using Realizer PBF equipment over 10 repeated runs, the oxygen
content of Ti-6Al-4V was found to increase from 0.16 to 0.18 wt%,
as seen in Fig. 2.11."
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Additive Manufacturing Technology

ABBREVIATIONS AND GLOSSARY

3D
ASTM
AM
CAM
CAD
DED
DM
DMD
DMLS
DMDCAM
EBM
ELI
GD&T
ID
LENS
LM
NIST
PBF
SLM
SLS
STL
UAM
WAAM

three dimensional

American Society for Testing Materials
additive manufacturing
computer-aided manufacturing
computer-aided design

directed energy deposition

direct manufacturing

direct metal deposition

direct metal laser sintering

direct metal deposition computer-aided manufacturing
electron beam melting

extra low interstitial (composition)
geometric dimensioning and tolerances
internal dimension

laser energy net shaping

laser melting

National Institute for Science and Technology
powder bed fusion

selective laser melting

selective laser sintering

Standard Tessellation Language
ultrasonic additive manufacturing

wire arc additive manufacturing

3.1 TECHNOLOGY OVERVIEW

Fig. 3.1 shows the process flow chart for a typical additive
manufacturing (AM) process. It starts with selection of the part and
determining part requirements. Once this has been accomplished, the
design process begins with creating the CAD file and then the CAM
toolpath for the AM equipment. At the other end of the process, given

Additive Manufacturing of Titanium Alloys. DOI: http://dx.doi.org/10.1016/B978-0-12-804782-8.00003-3
© 2016 Elsevier Inc. All rights reserved.
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Figure 3.1 Process flow chart for a typical AM technology.

property requirements for the part suitable build material (in powder
or wire form) is identified and appropriate AM process parameters are
selected and data uploaded in the machine. The part is built up layer
by layer following one layer at a time.' * Once the process is over, the
part is cleaned up, stress relieved, or heat treated following the part
specification, substrate and/or support structures are removed, finish
machined as per drawing specifications, inspected for compliance and
its ready for use (Fig. 3.1). This section first addresses the design and
creation of the computer toolpath and is followed by a discussion of
various AM technologies for processing titanium with the main focus
on two technologies: powder bed fusion (PBF) and directed energy
deposition, followed by ultrasonic consolidation of sheet metal AM
components.
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3.2 SOFTWARE FOR AM

In principle, three-dimensional (3D) printing is based on taking a 3D
geometry, slicing it into multiple layers, and creating a toolpath that
will trace the part layer by layer, one layer at a time. 3D printing of
metals has its roots in the stereolithographic process, invented by 3D
Systems. Stereolithography was built on a surface file format, called
STL (Standard Tessellation Language) and widely used in rapid proto-
typing and computer-aided manufacturing. Many of the metal-based
3D printing technologies use STL files as input. However, as STL
represents the raw unstructured triangulated surface by the unit normal
and vertices of the triangles using a 3D Cartesian coordinate system
and does not contain any scale information, these files may not
be suitable for complex operations and precision applications.
Therefore many AM technologies are using solid models as input.
Remanufacturing and/or surface coating using deposition based
technologies (DED) pose additional challenges as they involve creating
3D layers as opposed to 2D layers that require five or six axis software
for creation of the toolpath. Fig. 3.2 shows a typical deposition path
simulated on a CAD model for a 5-axis deposition process using
DMDCAM software.’

In PBF systems parts are fully built from scratch in a single setup.
Therefore proper part geometry orientation is a critical step. In addition
these systems also rely on support structures for building overhangs and
designing the proper support structure is an essential part of a successful
build s‘[rategy.6 Various software, such as Magics from Materiallise, is

Figure 3.2 Left: CAD model of the part and process head. Right: Simulated tool path for 5-axis deposition using
DMDCAM software. Source: Courtesy of DM3D Technology.
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available that are dedicated to strategizing part orientation and building
support structures for PBF systems.” Once the part is built, the support
structures are machined off from the part.

3.3 PART BUILDING TECHNOLOGY

As mentioned in Chapter 1, The Additive Manufacturing (AM) of
Titanium Alloys, ASTM classifies AM technologies into a broad
group of seven categories: binder jetting, directed energy deposition
(DED), material extrusion, material jetting, PBF, sheet lamination,
and vat polymerization. Of these seven categories, only four involve
metal processing: DED, PBF, sheet lamination, and binder jetting,
and only the first three of these four have been used for processing
titanium and its alloys, with the main focus being concentrated on
PBF and DED technologies (Table 3.1). There are several

Table 3.1 Various AM Technologies for Processing of Titanium and Its Alloys

AM Category

Technology

Company

Description

Directed energy

Direct metal deposition

DM3D Technology

Uses laser and metal powder for

fusion (PBF)

(SLS)

(acquired Ph