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1. Introduction

Titanium is known as a wonder metal because of its properties including high strength to
density ratio, excellent corrosion resistance, and biocompatibility. However, the use of Ti in the
industry is extremely limited because it is prohibitively expensive for many consumer
applications. Powder metallurgy (PM) has long been suggested as a low cost manufacturing
alternative to traditional wrought methods [1]. PM methods include die pressing and sintering,
metal injection molding (MIM), and hot isostatic pressing (HIP), which have advantages over the
traditional wrought method with respect to the efficiency of material utilization due to its near-
net-shape (NNS) capability. In the most recent decade, with the advent of additive manufacturing
(AM) technologies, the manufacturing of Ti components using selective laser melting (SLM) and
electron beam melting (EBM) techniques emerged as one of the most important areas of Ti
manufacturing [2-4]. All NNS methods including AM, MIM, and HIP use Ti or Ti alloy powders
to make bulk materials and components. Needless to say, the quality and performance of Ti alloy
and components depends strongly on the quality and cost of the Ti alloy powders that are used.

First of all, the powders must meet the stringent requirements of chemical compositions for Ti
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alloys including low oxygen content. Typical specifications for Ti-6Al-4V alloy mandates that
the oxygen content of finished Ti products to be lower than 0.2 wt.%, which has been very

challenging for PM Ti.

In general, the oxygen content of Ti powder is inversely proportional to the particle sizes [5].
In other words, the smaller the particle size the higher the oxygen content. Secondly, most NNS
methods mentioned above require powder to have excellent flowability, which dictates that the
powder must have spherical shape and the particle sizes must be reasonably large. The
flowability of the powder decreases with a decrease in particle size. Furthermore, the powders
must have good apparent density and tap density, which also affect the density and uniformity of
manufactured parts. In short, spherical Ti alloy powder with low oxygen and good flowability is
in high demand. Unfortunately, high quality spherical Ti alloy powders that meet the
requirements of NNS manufacturing as described above, especially powders for AM Ti are all
very costly and in short supply, which hinders the development of Ti for broad applications using
AM or any other advanced manufacturing techniques. Therefore, a strong need exists in the AM
as well as conventional PM industries to develop low cost methods for the production of
spherical low oxygen Ti alloy powders that meet all requirements for chemical composition and

physical properties.

Conventional spherical Ti powder production methods include the plasma rotating
electrode process (PREP), gas atomization (GA), and plasma atomization (PA) [6]. The PREP
powder has very high purity and very spherical shape. However, the size of PREP powder is also
typically coarser (e.g. 50-350 pum [7]) and the size distribution wider than desired for AM or
MIM applications. Finer spherical powder can, however, be produced via GA and PA methods.

Typical particle sizes of GA and PA Ti alloy powders range from 10 to 300 um [6]. Although



atomized powder can be classified to produce desired size cuts, classification reduces the yield of
usable size cuts, further increasing the cost of the materials. In general, satellite formation is
difficult to avoid in GA techniques, which are detrimental for achieving good flowability [5].
Internal voids within individual particles that contain trapped argon are another concern for GA
powders. Most of the atomizing techniques depend on using high quality mill products, such as
wires or rods, which have high built-in costs, making it difficult to reduce the cost of high quality
powders. The price of spherical Ti-6Al-4V powder is in the range of one to five hundred dollars
per kilogram [8], and varies depending on particle size, impurity level, and quantity. In short,
making high quality low cost spherical Ti alloy powder has become a glaring technology
challenge for the Ti manufacturing industry. There is no single process to date that can produce
Ti and Ti alloy powders with all the required characteristics: spherical, desired size range (from a
few to 40 microns or from 40 to 100 pm in size), low oxygen (<0.2 wt.%), and low cost. The
objective of this research is to develop such a process to achieve all of the above.

There have been some reported research efforts on making spherical Ti powder more
affordable. Among those efforts, plasma-spheroidization has been used commercially [9]. During
plasma spheroidization, the metal powder is melted by a plasma torch and forms molten droplets,
which solidify to form spherical solid powder before reaching the bottom of the reactor chamber
[10]. Plasma-spheriodized particles typically have a very spheroidal shape, similar to other
atomized powder [11, 12]. Another example is a continuous method during which low-cost Ti
sponge or electrolytically produced Ti and alloy powders were fed through a plasma transferred
arc torch to make spherical alloy powder [13]. In addition to spheroidizing or producing particles

in the molten state, there are reports on modifying particle shape in the solid state by mechanical



means [14, 15]. The flowability of irregularly shaped powders was reportedly improved by
removing sharp angles on the particles through high-speed blending or high sheer milling.

In this paper, a new process is designed and demonstrated. The new process combines
granulation and sintering to form solid spherical particles. The new process also minimizes the
oxygen content in the powder by using a low temperature molten salt process to de-oxygenate
the Ti alloy powder. This granulation-sintering-deoxygenation (GSD) process is also inherently
low-cost. The current paper describes the process, as well as elaborating the fundamentals behind
the process, especially the principles of controlling oxygen content.

2. Experimental

The raw material used in this study was -200 mesh Ti-6Al-4V hydride powder purchased
from Reading Alloys, an Ametek company. This powder was produced from Ti-6Al-4V scrap
through cleaning, hydrogenating, milling and sizing steps. It is noted that blended elemental
powder can be used as raw material as well. As-received -200 mesh Ti-6Al-4V hydride powder
was first ball-milled in a solvent to reduce the particle sizes to less than 10 um. A thermoplastic
binder of about 2 wt.% was added to aid the formation of granules. After ball-milling, the slurry
was fed into a spray dryer (Buchi Mini Spray Dryer B290) and was dried with Ar gas to form
spherical granules consisting of fine Ti-6Al-4V hydride particles. The granules were sieved, and
the size cut of -140+400 mesh (37-106 um) was collected for subsequent processing. Unwanted

granules can be returned to the slurry.

The spherical granules were thermally debinded in the temperature range of 200-400 °C for
10 hours and sintered at 1200 °C for 4 hours in argon atmosphere in a tube furnace. The flow rate
of argon during sintering was 1 liter per minute. The pressure during sintering was controlled

slightly above atmospheric pressure to let Ar flow through the furnace tube. An inorganic



separator was used during debinding and sintering to prevent granules from sintering to each
other. The separator must have the following characteristics: it must be able to survive the high
temperature of sintering; it must not react with the Ti alloy powder during sintering; and there
must be a way to separate the ‘“separator” from the sintered granules after sintering. Calcium
oxide (CaO) powder with 99.9% purity was used as the separator in this study. After sintering,
CaO was leached with dilute hydrochloride acid, washed with water, and then dried in air at
room temperature. The sintered spherical Ti-6Al-4V powder was de-oxygenated with calcium
metal. The de-oxygenation was conducted in a tube furnace at 750 °C for 12 hours in flowing Ar.
The powder after de-oxygenation was leached using dilute HCI acid and then was washed with
water. Finally, the powder was dried in air at room temperature. The entire process as described
above is schematically illustrated in Figure 1. It is believed that the GSD process requires much
less energy than other atomizing methods during which Ti alloys need to be melted. However, a
detailed analysis of the process energy is yet to be carried out. In the GSD process, Ca, CaO and
HCI are consumed, and CaCl, would be the main by-product, which can be reconverted to Ca,
CaO and HCI, if desired.

The oxygen/nitrogen/hydrogen contents in the powder were determined by using a LECO
TCH 600, and the carbon content was analyzed by using a LECO C/S 230. The concentrations of
metallic elements in the powder were analyzed by using an inductively coupled plasma-atomic
emission spectrometer (ICP-AES). All measurements were taken three times, and the average is

reported.
3. Results

Figure 2a shows that the particle size of hydrogenated Ti-6Al-4V scrap was reduced to less

than 10 pm after ball milling for 100 minutes. The spray-dried granules are shown in Figure 2b,



having a very good spherical shape. The sintered granules are shown in Figure 2c, demonstrating
that they inherit the desired spherical shape of the spray dried granules. The cross-section of the
sintered granules is shown in Figure 2e. There are no obvious internal voids in the as-sintered
granules. According to Figures 2 d and f, the particle size of the final de-oxygenated Ti-6Al-4V
powder ranges from 20 to 90 um. The powder can be further classified into different size cuts for
different applications (i.e. 20-45 pm for SLM, 45-90 um for EBM, and <45 pm for MIM). It is
noted here that the processing parameters of spray drying can be adjusted to maximize yield of
various size cuts for different applications. The micrograph of the cross section of the final
powder (Figure 2e) reveals that the particles were fully densified and have fine lamellar
microstructure. The true density of the material was measured using a pycnometer, which shows
that there is only ~ 0.5 vol.% porosity in the final products (Table 1). The measured flowability,
apparent density and tap density are also listed in Table 1.

Table 2 lists the chemical composition of the powder at different stages during the GSD
process, and shows that the final spherical Ti-6Al-4V powder meets the requirements of AMS-
4998 for chemical composition. The oxygen content of the powder is even lower than the
requirement of AMS. In fact, the oxygen content in the final product powder can be tailored in
the range between 0.08-0.20 wt.%, if so desired. Understandably, oxygen content in the powder
changed drastically throughout the multiple steps of the process. Oxygen content of the powder
increased during milling and sintering, while it decreased during the de-oxygenation step,
designed for that purpose. The issue of controlling oxygen content in the powder is further

discussed below.
4. Discussion

4.1 Oxygen pick-up during milling



Oxygen content of as-milled powder depends directly on the particle sizes in the as-milled
condition. As shown in Figure 3, the oxygen content in the powder during milling is linearly
dependent on the specific surface area. In this research, the temperature of milling was controlled
at room temperature by flowing water through the cooling jacket on the attritor. At this
temperature, the oxygen picked up during milling is unable to diffuse into the bulk of the
particles, thus the increased oxygen content would only accumulate on the surface of particles.
Assuming that a uniform layer of TiO> forms on the surface of all particles, the oxygen weight

percentage in the powder can be expressed as:

Ototal = Opuik + Osurface = Opuik + @ X t X prig, X Orig, = Opypp + 1.69 x 108%ta (1)

where a is the specific surface area of the powder, t is the thickness of the TiO: layer, pr;, is the
density of TiOz, and Or;p, is the oxygen weight percentage in TiO>. By comparing eq. (1) with
the equation of the linear regression line in Figure 3, the thickness of the oxide layer was
calculated to be 3.8 nm and the bulk oxygen content was 0.32%. It should be noted, however, if
the oxide on the surface is non-stoichiometric TiOx, then the oxide layer on the surface would be
thicker than 3.8 nm.

4.2 Oxygen pick-up during sintering

Oxygen content also increased significantly during sintering in this study. This is a surprising
result because the sintering was conducted in inert atmosphere. However, as mentioned earlier,
CaO was used as a separator during sintering. CaO was thought to be inert with regard to Ti
because calcium is a well-known reducing agent for Ti oxide [17-19], since calcium oxide is
more thermodynamically stable than titanium oxide according to the Ellingham diagram. In other
words, the reaction of Ti + 2Ca0O —TiO> + 2Ca is thermodynamically unfavorable. However, the

oxygen content did increase from 2.20 wt.% to 3.56 wt.% during the de-binding and sintering



experiments of this study, as shown in Table 2. The only source of oxygen pick-up for the
titanium alloy in the system was the CaO powder. This apparent contradicting fact is explained

as follows.

Titanium has significant solubility for oxygen as a solid solution. The chemical potential of
oxygen in titanium as a function of oxygen content is plotted in Figure 4 [19], which reveals that
the oxygen chemical potential in the non-stoichiometric TiO2« or Ti-O solid solution is lower
than that in TiO2. And also, at 1200 °C in flowing Ar, calcium metal would form and evaporate
depending on the vapor pressure of oxygen. When calcium is in its gas state, the formation of
CaO reaction can be written as 2Ca (g) + O,=CaO (s). The standard free energy change of

formation of CaO is expressed by eq. (2):

AGgo = RTIn (2) (’%)2 = RTIn (“2) + 2RTIn(-2) )

where P° denotes 1 atm. The standard free energy change for the formation of CaO from calcium
vapor at different partial pressures of calcium was added to Figure 4.

Taking Ti with 0.03 wt.% as an example, it would react with calcium oxide to form Ti-O
solid solution with a higher oxygen content at 1200 °C under 1 atm of calcium pressure, and the
oxygen content in Ti would increase and reach equilibrium at a value between 0.03 to 0.34 wt.%
according to Figure 4. If the calcium vapor pressure decreases to 1072 atm, Ti would dissolve
more oxygen and equilibrate with CaO at an oxygen content of ~3.57 wt.%. Therefore, the
equilibrium oxygen concentration in Ti metal is higher under a lower calcium vapor pressure. In
other words, a low partial pressure of calcium vapor (e.g. in vacuum and in flowing inert gas)
favors oxidation of titanium metal in the Ti-CaO system. As a result, in the experiment as
described earlier in flowing Ar, the Ti-6Al-4V powder picked up a significant amount of oxygen

(1.36 wt.%) during sintering at 1200 °C, and it equilibrated with CaO at the oxygen
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concentration of 3.56 wt.%. This explains the observed increase of oxygen content during
sintering in the presence of CaO.

4.3 Oxygen reduction during de-oxygenation

Oxygen content decreased during the de-oxygenation, as it is designed to do. The oxygen
content of sintered Ti-6Al-4V particles must be below 0.18 wt.% to meet the specifications of
AMS 4998 for Ti-6Al-4V powder. Calcium is known to be an effective reducing agent to reduce
not only TiO> but also Ti (alloy) powder with high oxygen content [20-22]. The calciothermic
reduction is usually conducted above 900 °C (i.e., above the beta transus of titanium and the
melting point of calcium). In 1988, the RMI Company filed a patent for the de-oxygenation of
titanium in the forms of milled or finished parts, scrap metal, and powder [22]. During this
process solid Ti is de-oxygenated in molten Ca, which is thus termed as de-oxygenation in solid
state (DOSS) process, within the operating temperature range of 900-1000 °C [22]. The DOSS
process cannot be directly applied for de-oxygenation of the spherical Ti powder because the
spherical shape would be destroyed during milling if strong bonding is formed between the
particles during the de-oxygenation process, which would occur when the Ti alloyed powder is
exposed to temperatures above 900 °C. Therefore, the challenge for the de-oxygenation of
spherical Ti powder is to reduce the oxygen content without forming strong bonding between the
particles.

In order to eliminate or minimize the bonding between particles during de-oxygenation, the
de-oxygenation temperature has to be significantly lower than 900 °C. J.M. Oh et al. reduced
oxygen content in Ti powder from 0.22 wt.% to 0.10 - 0.15 wt.% in the temperature range of 700
- 830 °C by using Ca vapor [21]. However, in this temperature range, the rate of de-oxygenation

is very slow because the vapor pressure of Ca at solid state is extremely low. In this work, a low



temperature molten salt process (LTMS) is applied to de-oxygenate the spherical Ti powder [23].
During LTMS, a eutectic salt consisting of CaCl, (melting point 772 °C) and KCI (melting point
770 °C) was used with calcium metal. The eutectic salt has a melting point at 690 °C. When the
de-oxygenation is carried out at 750 °C, the salt is in its molten state, which greatly facilitates the
transport of the reducing agent and the reaction between Ca and oxygen [23]. During the de-
oxygenation process, the oxygen atoms diffuse to the Ti-6Al-4V particle surface to form calcium
oxide. Furthermore, according to Figure 4, in addition to the benefit of minimizing bonding
between particles, another reason for using the low temperature de-oxygenation process is that
the equilibrium oxygen content in Ti is lower at a lower temperature; thus a lower oxygen
content can be achieved. As shown earlier, after being de-oxygenated at 750 °C for 12 hours, the
oxygen content in the Ti-6Al-4V spherical powder was reduced to 0.10 wt.%.

It is apparent that the surface of particles formed by the GSD method is not as smooth as that
of PREP, GA or PA powders, since Ti particles do not go through a molten state during the GSD
process, and melting/solidification can produce very smooth surfaces. However, it should be
noted that spherical titanium powder is usually recycled after printing, and the surface becomes
rougher with repeated cycling [24]. The surface quality of powder by the GSD method is close to
or better than that of reused spherical Ti-6Al-4V powder in the AM process, indicating GSD

powder meets the requirement of surface quality for AM applications.
5. Summary

A novel method that synergistically combines granule spheroidization, sintering, and de-
oxygenation into one integrated process for producing low-cost spherical Ti-6Al-4V powder is
demonstrated. The spherical powder produced using the GSD method has controlled particle size,

size distributions and low oxygen content. The powder can be used for additive manufacturing,
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cold spraying, metal injection molding, hot isostatic pressing, press and sintering, as well as
other Ti manufacturing processes. This method is also applicable for producing other spherical
titanium alloy or other metal alloy powders such as nickel based super alloy powders and

stainless steel powders.
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Figure Captions

Figure 1. Flow chart of the process for making spherical Ti-6Al-4V powder from scrap.

Figure 2. SEM micrograph of (a) as-milled Ti-6Al-4V hydride scrap powder, (b) spray-dried
granules, (c) sintered spherical granules, (d) de-oxygenated spherical Ti-6Al-4V powder and (e)

its cross section; (f) particle size distribution of de-oxygenated powder by laser diffraction.

Figure 3. The linear dependence of the oxygen content on the specific surface area of milled Ti-

6Al-4V hydride scrap powder.

Figure 4. The Ellingham diagram showing the oxygen potential in Ti-O with different oxygen

contents and CaO under different partial pressures of calcium.

Table Captions

Table 1. Physical properties of the final GSD Ti-6Al1-4V powder and the plasma-atomized Ti-

6Al-4V powder.

Table 2. Chemical compositions of Ti-6Al-4V after each step during the GSD process.
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Table 1. Physical properties of the final GSD Ti-6Al1-4V powder and the plasma-atomized

Ti-6Al-4V powder.

Flowability =~ Apparent Tap Density True Density
(s/50g)  Density (g/em®)  (gfcm’) (%)

GSD powder (20-45um) 27.5+0.3  2.34+£0.02 278+0.02 995+0.1

PA powder (15-45 um) [16] 28 2.50 2.79 -




Table 2. Chemical compositions of Ti-6Al-4V after each step during the GSD process.

(Unit: wt.%) 0] N C H Ca Fe A% Al
Ti6AI4V hydrideserap | o | w01 | w0000 | o0 | 0004 | 0002 | :

Milled 006 | © | sooow | - |00t | s000s| - :
Debinded and sintered | g | oo | 0003 | 20002 | 0002 | 0010 | - :
Final GSD Powder | o1 | 01 | 0001 | #0.0010 | 20001 | 0008 | 009 | 006

AMS 4998 0.13- 0.04 0.1 0.012 - 0.3 3.50-4.50 | 5.50-6.75

0.18
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