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ABSTRACT
A new gas atomizer using induction skull melting has been utilized to produce a series of
standard ASTM titanium alloys and new research alloys. The utilization of titanium scrap to
produce a more cost effective end product is explored. The effect that various types of scrap have
on the resulting oxygen, nitrogen, carbon and hydrogen levels is studied. In addition, the
segregation and oxidation of volatile elements such as, aluminum, vanadium and tin are studied
using chemical analysis and scanning electron microscopy (SEM) with energy dispersive
techniques. The microstructure and inclusion level are characterized in the as atomized powder.
Shape, porosity and inclusion analysis of the various grades of powder are performed via
standard metallographic and image analysis techniques.
INTRODUCTION
With the advent of additive manufacturing (AM) there is a more intense interest in titanium and
titanium alloy powders. In the aerospace industry, where the yield of a machined part can be as
low as 10-15%, AM, utilizing titanium alloy powder is an attractive method, not only to improve
the yield of the base metal but also to introduce new design features in the manufactured part
which improve the overall manufacturing cost and part performance. With the increasing age of
the population, there is an increased activity in developing titanium alloy powders containing
nontoxic elements such as niobium, tantalum and zirconium for use in the biomedical field.
Applications for these alloys include artificial hip and knee joints as well as dental products such
as dentures and crowns [1].
Metal Injection Molding (MIM) of titanium powders is a relatively mature industry that
manufactures a range of products such as biomedical implants, surgical tools, golf club heads
and fasteners [2-3]. Powder for MIM requires free-flowing, spherical powders have a high
apparent density or tap density. Typical powder particle sizes < 44 m are used and the final
mechanical properties are influenced, in part, by the oxygen content of the powder. Despite the
higher cost, spherical gas atomized powders are preferred over powders made by hydride-

dehydride (HDH) because they are more spherical than the latter and have lower levels of
carbon, oxygen and nitrogen.
The use of titanium in the automotive market has been explored [4-7]. Advantages of using
titanium are its high strength to weight ratio and enhanced corrosion resistance. However the
cost of titanium, in comparison with other metal systems such as steel and aluminum, has
normally precluded use in conventional automobiles. Recently, due to tighter gas mileage
requirements, some automotive applications such as valve guides and connecting rods have been
realized, though mostly in high end automobiles where cost is not the deciding factor but weight
and performance are. Froes et al. [5] give an excellent summary of the use of titanium in
automotive applications. The major cost of titanium arises from the reduction of the metal from
its oxide to the metallic state, which can be as much as twenty times the cost of steel. To use
titanium powder in conventional automotive applications, particularly with AM as a
manufacturing route, a cost effective method for powder production is necessary.
One current approach to lower the material cost associated with titanium powder production is to
use titanium scrap. It has been estimated that the size of the global scrap market (2016) is 80,000
mt of high quality scrap predominately from aerospace applications [8]. The market varies from
year to year depending on business conditions within the aerospace and chemical sectors.
Producing powder from titanium scrap has some inherent problems such as traceability of the
material, chemical consistency and purity (inclusions) of the starting material. However, quality
control techniques common to the production of conventional powders (iron, low alloy steel and
stainless steels) for the automotive sector can be utilized to ensure that titanium powder, made
from scrap, can be manufactured into high quality parts. In addition, the parts made for the
automotive sector have less stringent requirements than those for aerospace applications.
There are several commercial methods for melting and atomizing titanium and high melting
point alloys and it is not the intent of this investigation to review the benefits of each. However
these methods can be broadly classified into those which need precursor material to be melted
(such as bars or wires consisting of the final product chemistry) and directly fed into the atomizer
and those that can melt the raw materials (virgin alloys and scrap) to feed the atomizer. In
general the difference between these two melting methods is the purity of the final powder. With
precursor material, the feedstock is already certified for chemistry and cleanliness (inclusions)
and contamination from the process is minimal. The melting and atomizing process does not
change either one of these attributes to a significant extent. The energy source that disintegrates
the molten metal stream into droplets that solidify to powder can be either gas or plasma.
The second method for melting high temperature alloys is called induction skull melting (ISM)
or cold wall crucible melting [9]. Reactive metals, especially titanium, which have a high
melting point, generally react with ceramic crucibles leading to inclusions and high oxygen
content in the molten metal, both of which are deleterious to mechanical properties. With ISM,
an induction heated water cooled copper crucible is used to melt the material. In this process, the
molten metal which comes in contact with the crucible wall solidifies into a thin solid shell. This
thin solidified layer, which has the same chemical composition as that of the molten metal,
prevents contact between the liquid metal and the water cooled copper wall, hence acting as a
crucible for the remaining molten metal. The cold wall crucible delivers a stream of the molten

metal through an orifice or nozzle to a gas atomizing jet which produces the powder. One of the
major advantages of ISM is that both virgin alloys and scrap can be utilized to make the target
alloy, eliminating the need for purchased rod or wire.
Which of the two aforementioned methods that is utilized can have an impact on the shape, size,
flow-ability and cost of the atomized powder. For example, the cost of the method utilizing
wire, rod or bar, normally depends on the commercial availability of the alloy being produced. If
the alloy desired is not commercially available it needs to be produced by some other means such
as vacuum arc re-melting (VAR) or plasma arc melting (PAM). In the case of ISM, many times a
refractory nozzle is necessary to deliver the molten metal to the atomizing jet. In the case of
reactive metals like titanium the erosion of the nozzle can lead to impurities or inconsistent
particle size of the final powder.
The current study utilizes two methods to produce titanium powders. The first is a commercially
accepted production route called the EIGA process.1 EIGA, electrode induction melting gas
atomization requires bar stock, typically 50-60 mm in diameter, as the feed source (precursor
material). The other method utilizes ISM linked to a gas atomizer to produce powders directly
from raw materials, both virgin and scrap.2
The primary objective of this study was to utilize various forms of titanium scrap as a basis for
alloy development. This was done based on cost and the desire to measure the impurity levels
and change in chemistry that might result in the powder.
RESULTS AND DISCUSSION
ISM Titanium Powder
As a result of the inherent value of titanium scrap, the processing of titanium scrap is a relatively
mature and robust process. Figure 1 shows the general steps in reclaiming turnings for use in remelting. The steps in preparing any form of titanium scrap can be categorized as sorting, sizing,
cleaning, sampling, and inspection. The most important of these steps from a metallurgical
standpoint is cleaning which includes processes such as washing (for oils and cutting fluids) and
blasting/grinding (for surface contamination). Oils and cutting fluids, if not removed, can be a
source of carbon, sulfur, oxygen, nitrogen and hydrogen in the final powder. If surface
contamination is not removed from the scrap, non-metallic inclusions can be present in the
powder which will negatively impact the mechanical properties. There are essentially three scrap
types that are used in titanium re-melting: turnings, cobbles (shredded titanium sheet) and solids
(as shown in Figure 2). The most obvious difference between the materials is the amount of
surface area and therefore the amount of surface oxidation and contamination that can take place
(i.e. the turnings have the highest surface area whereas the solids have the least). There is also a
difference in bulk density of the three types of scrap. In this study, the first test was to determine
1

EIGA is a trademark of ALD Vacuum Technologies.
The ISM/Gas Atomizer unit was a HERMIGA 100/10 V2I MM supplied by Phoenix Scientific
Industries Limited.
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the consistency of the quality and chemistry of the scrap being supplied. It was also desired to
understand the recovery of alloying elements and the increase in oxygen, nitrogen and hydrogen
levels during the atomizing process (i.e. to separate the effects of melting and atomizing). So the
first set of experiments performed was to melt 100% of the three different types of scraps shown
in Figure 2 and measure the chemistry prior to atomizing. This was accomplished by melting 5
kg of scrap in the ISM unit and then analyzing the chemistry. Five different melts of Ti 6Al-4V
were produced for each scrap type in order to ascertain the consistency of the material. A
summary of the chemical analysis results of these 5 melts is shown in Table I.

Figure 1: The processing flow in recycling titanium scrap for re-melting [10].

The chemical compositions of the five ingots from the different scrap types had consistent
chemical analyses. The highest standard deviation was found in the turnings which, as expected,
had the higher oxygen content. This most likely was the cause of the higher standard deviations
and the lower absolute levels of aluminum and vanadium in the ingots produced from turnings,
as these two elements tend to combine with the oxygen in the melt and form oxides. However the
loss of these two elements was consistent so additions of pure aluminum and vanadium could be
made to compensate for these losses. Another key point from these results is that each of the
scrap types picked up very little oxygen, hydrogen or nitrogen during the melting process. The
ingots produced from cobbles and solids had oxygen contents and overall chemistry that met the
ASTM Grade 5 requirements for chemical composition; however the oxygen content for the

ingots made from turnings was above the maximum allowable values. However, by mixing
various amounts of the different types of scraps such as solids or adding titanium sponge (both of
which have lower oxygen content) it would be possible to meet the Grade 5 requirements for
oxygen.
The next step was to atomize the same scraps into powder and determine the resultant chemistry
and purity of the powders. The melt stream diameter was 2 mm and the atomizing gas was argon.
The atomizing chamber was evacuated and then back filled with argon. Table II shows the
chemistry of the atomized powder relative to the starting melt chemistry in Table I (the average
of five heats). The only significant change in chemistry was in the oxygen and carbon values.
There was a slight increase in oxygen content (due to the surface area). The carbon content
increase was attributed to the graphite pouring nozzle which was used to deliver the molten
titanium to the atomizing jet.

a.

b.

c.

Figure 2: Variations in titanium scrap feedstock for ISM: (a) turnings compacted into
“briquettes”, (b) cobbles and (c) solids.

Table I: Summary of chemistry of scrap types measured in melted ingot (w/o).
Turnings
C
O
N
H
Fe
V
Al

Avg.
0.03
0.25
0.013
0.002
0.18
3.85
6.04

Cobbles

Std.
0.004
0.031
0.002
0.001
0.048
0.196
0.093

Avg.
0.03
0.17
0.011
0.006
0.20
4.21
5.69

Solids

Std.
0.023
0.006
0.001
0.004
0.018
0.057
0.057

Avg.
0.02
0.20
0.009
0.002
0.13
4.03
6.05

ASTM B348
Std.
0.008
0.004
0.003
0.001
0.007
0.027
0.060

Grade 5

Grade 23

0.08 max
0.20 max
0.05 max
0.015 max
0.40 max
3.5 to 4.5
5.5 to 6.75

0.08 max
0.13 max
0.03 max
0.0125 max
0.25 max
3.5 to 4.5
5.5 to 6.5

Table II: Melt and Powder Chemistry (w/o)

Turnings
C
O
N
H
Fe
V
Al

Melt
0.03
0.25
0.013
0.002
0.18
3.85
6.04

Atomized
0.04
0.26
0.012
0.002
0.18
3.84
6.10

Cobbles
Melt
0.03
0.17
0.01
0.006
0.20
4.21
5.69

Atomized
0.04
0.190
0.012
0.009
0.20
4.17
5.63

Solids
Melt
0.02
0.20
0.009
0.002
0.13
4.03
6.05

Atomized
0.04
0.21
0.012
0.002
0.13
4.00
6.01

Inclusion Analysis
One of the major concerns in producing powder from titanium scrap is the potential for
inclusions or foreign contaminants to be introduced into the powder during the melting process.
There are generally two classes of inclusions found in titanium alloys: (1) high density inclusions
and (2) hard alpha inclusions. High density inclusions occur by contamination of the titanium
alloy with various raw materials used in the production of the alloy. These can include
molybdenum, tantalum, tungsten and tungsten carbide, all with a higher density than titanium
[11]. High density inclusions have the potential to sink and attached to the bottom of the skull.
Hard alpha defects are titanium particles or regions with high concentrations of the interstitial
alpha stabilizers (nitrogen, oxygen, or carbon). These inclusions can reduce fracture toughness,
fatigue life and ductility. If an alpha inclusion is denser than titanium it also can sink, or if it is
less dense, it may dissolve if the superheat is high enough and the retention time in the melt
furnace is long enough. Since this is difficult to predict, a method has been established to
measure the inclusion content of the final atomized powder. A sample of the powder is sintered
in an argon atmosphere to create a preform. This preform is then re-heated (in argon) and forged
into a fully dense slug from which image analysis can be used to detect any type of inclusion.
This mode of analysis is a standard quality assurance method used to evaluate iron and steel

ASTM

powders used in the production of connecting rods for automobiles (and other powder forged
products). Due to the dynamic cyclic loading of connecting rods, fatigue life can be dramatically
lowered by inclusions present in the powder; therefore this test is used to ensure that the powder
meets the stringent quality requirements.
Because the experimental atomizer utilizes a graphite nozzle contamination can take place and as
a result hard alpha inclusions can form. This does not allow for an evaluation of the inclusions
coming directly from re-melting of the scrap. Therefore a trial was run with scrap utilizing an
EIGA atomizer which does not utilize a nozzle but melts a solid bar in a non-contact induction
coil. The molten metal then drips from the bar as it melts into the atomizing jet without the use of
a pour tube or nozzle. The same scrap previously described (Ti-6Al-4V solids and turnings) was
melted into ingots using a Leicomelt induction skull melter.3 Bars were then used as feedstock to
produce powder (Figure 3). The chemistry of the final powder was measured and it was found
that it was similar to the analysis shown in Table II; there was no significant change from scrap
to powder. One of the advantages of EIGA is that no refractory is used in the process. Therefore
these trials were utilized to evaluate the level of inclusions in the final powder.

Figure 3: Route for processing solid titanium scrap for inclusion analysis.

A schematic of the process utilized is shown in Figure 3. Scrap was melted in a skull melter and
then poured into molds to form ingots. The ingots were then processed in an EIGA atomizer to
produce powder. The powder was screened (140/325 mesh) and then used to form a specimen
for analyzing the cleanliness of the powder.
3

Leicomelt (Leybold Induction Cold Wall Melting) is a trademark of ALD Vacuum
Technologies.

Measurement of the non-metallic inclusion content was made by evaluating consolidated, porefree metallographic specimens using an automated image analysis system. As described
previously, to create the specimens, a cylindrical porous preform was made from the powder,
which was sintered, reheated, and hot forged using traditional powder forging techniques. After
cooling from the forging operation, a metallographic specimen was removed from the forged
slug by sectioning along the diameter of the cylinder. The rectangular section was mounted
using standard methods, then ground and polished using techniques specific to the alloy being
tested. The resulting surface was scratch-free and suitable for testing.
When viewed using the optical microscope, the presence of the darker non-metallics is
determined by comparing the digital representation of the microstructure with a predetermined
gray-scale range. Features falling within this gray to black range were detected and separated
from the remainder of the image and those located within a specified distance of other detected
feature(s) were joined, thus defining inclusions as the combination of the joined individual
features. These features were measured and sorted into predefined size classes. The optical
microscope magnification and joining distances can be modified to match alloy and application
requirements. This technique follows the well-established ASTM (B796) technique used to
analyze powder-forging grade ferrous powders.
Table III: Results of Inclusion Testing (ASTM B796).
Frequency of Inclusions per 100 mm2
Processing/(Material)

> 25 microns

> 75 microns

> 100 microns > 150 microns > 200 microns

EIGA (Solids)

0

0

0

0

0

EIGA (Turnings)

0

0

0

0

0

ISM/Gas (Turnings)

2

1.49

0.75

0

0

Results of inclusion testing on various powders produced by both the gas atomizing method
(Hermiga) and the EIGA process are shown in Table 3. The table shows the frequency of
inclusions as a function of size per 100 mm2 of surface examined. All powders were produced
from scrap with the powder from the EIGA process formed into ingots as previously described.
The powders from the EIGA process in which there is no contact with refractories had no
inclusions greater than 25 m. The powders produced by the ISM/Gas atomizing method had
several inclusions from 25 m to 100 m in diamter. One of the advantages of forging a slug
over performing a computer tomography scan (CT Scan) is that the inclusions can be located in
the physical sample and the chemistry of the inclusions can be determined by EDS on the SEM.
An example of the inclusions found in the ISM/Gas atomizing process utilizing turnings is
shown in in Figure 4. The SEM results indicate that this inclusion was approimately 100 m in
length and was comprised of nearly all carbon. In addition, there was a trace amount of yittria.
The atomizing nozzle used for this material was graphite and it was coated with yittria. All the
inclusions found in this sample were of this type which indicated that in both cases, there were
no inclusions (> 25 m) from the scrap.

(a)

(b)

Figure 4: (a) SEM photomicrograph of inclusion found in gas atomized powder. (b)
corresponding EDS showing that the inclusion was carbon (graphite from the nozzle).
This is not to imply that there is not the chance for inclusions from scrap to occur, but it is clear
that the test developed is a valid method for determining if inclusions do exist in the powder and
can be used as a quality assurance tool as it is in powder forgings of other materials.

Alloy Development
Due to recent developments in AM there is an interest in titanium powders other than
commercially pure (CP Ti) and Ti-6Al-4V. Issues such as cracking during the building of parts
(due to rapid cooling in the build chamber) and the desire to investigate non-toxic alloying
elements for biomedical applications, require changes in alloy chemistry. When using a process
which requires precursor material, this can be costly and time consuming due to the need to first
melt the bar stock which then is used in the atomizer. With the ISM/gas atomizing process new
alloys can be made quickly and in small amounts from scrap. Although these materials may not
yet have the trace-ability and certified quality for aerospace applications, AM processing of
alloys made from currently available scrap may allow for cost savings permitting their use in
conventional applications such as automotive. Therefore a series of alloys was made utilizing
commercially available scrap and the ISM/gas atomizing process.

Beta 21S Alloy (UNS Number R58210)
Beta 21S, which was originally developed as the matrix for titanium metal matrix composites
(MMC's), has been developed as an alternative to Ti-15V-3Cr and is a high strength alloy with
improved oxidation and creep resistance and which can be age hardened to develop high strength
[12-13]. There has been increased interest in producing the alloy in powder form for use in AM.
Beta 21S scrap, available in sheet form, was sheared and compacted into small pieces (< 1 cm).
The scrap was then charged and melted via ISM and atomized. The chemistry results of the
starting scrap versus the atomized powder are shown in Table IV:
Table IV. Chemistry of Beta 21s- Starting Scrap versus Final Powder (w/o).
Optical Emission Spectroscopy
Al
Mo
Nb
Beta 21S
%
%
%
Specification
2.5-3.5
14-16
2.4-3.0
Scrap
2.98
15.09
2.61
Powder
3.02
14.81
2.68

LECO
Si
%
0.15-0.25
0.24
0.19

C
%
0-0.05
0.02
0.02

O
%
0-0.2
0.15
0.16

N
%
0-0.04
0.011
0.027

H
%
0.015 Max.
0.003
0.003

The increase in oxygen and nitrogen content from scrap to final powder was very low and met
the final product specification typically associated with Beta 21s. In addition, the losses of
volatile elements such as aluminum and silicon appeared to be minimal. The particle shape and
microstructure of the atomized powders are shown in Figure 5. There are small amount of
satellites (Figure 5A) and there are grains clearly evident in the microstructure due to a slight
partitioning of some of the alloying additives. This appears as a decoration on the boundaries,
which is thicker, compared with typical single phase grain boundaries.

(a)

(b)

Figure 5: Images of: (a) particle shape, (b) as atomized microstructure of Beta 21s powder
(SEM).

Ti-6Al-6V-2Sn (UNS Number R56620)
Titanium 6-6-2 is a heat treatable, high strength titanium alloy with higher strength and
hardenability than that of Ti-6Al-4V, but with lower toughness and ductility. The 2 w/o Sn
strengthens both the alpha and beta phases and in combination with the aluminum, provides
better room and elevated temperature strength than those of Ti-6Al-4V. The copper and iron
additions are made intentionally to improve the heat treatability by stabilizing the beta phase.
Segregation of beta forming elements such as iron and copper is a concern in ingots, but should
pose minimal problems in atomized powders. Figure 6 illustrates the morphology of the particles
with the (a) image showing the slight increase in the number of satellites compared with the Beta
21S and possibly secondary solidification on the spherical particles appearing as roughened
surfaces. The microstructure in the (b) image is similar to that shown in Figure 5b with the
precipitates decorating the grain boundaries; however these particles also contain precipitates
within the grains.

Table V. Chemistry of Ti 6-6-2 Starting Scrap versus Final Powder (w/o).

Ti 6-6-2
Specification
Scrap
Powder

Optical Emission Spectroscopy
Al
V
Sn
Fe
%
%
%
%
5-6
5-6
1.5-2.5
0.35-1
5.51
5.37
1.79
0.55
5.64
5.43
1.85
0.55

(a)

LECO
Cu
%
0.35-1
0.32
0.31

C
%
0-0.05
0.02
0.03

O
%
0-0.2
0.18
0.20

N
%
0-0.04
0.020
0.020

H
%
.015 Max.
0.003
0.003

(b)

Figure 6: Images of: (a) particle shape (b) as atomized microstructure of Ti-6Al-6V-2Sn (SEM).

Ti-5Al-5Mo-5V-3Cr
The aircraft industry is using Ti-5Al-5Mo-5V-3Cr in the production of parts for landing gears.
Typically, the alloy is forged or cast and is difficult to machine, making it a candidate for AM.
The ultimate tensile and yield strength are approximately 15-20% higher than those of Ti-6Al4V [15-16]. It also has higher hardenability in thicker sections. Ti-5Al-5Mo-5V-3Cr alloy was
developed in Russia as a high fracture toughness alloy. The AM approach is particularly
attractive for high Fe (segregation prone) containing alloys. For this alloy a mixture of scrap and
virgin raw materials was utilized and therefore no scrap chemistry is shown in Table VI. Figure 7
(a) shows the spherical shape of the particles with an indication of possible agglomeration of
finest particles into clusters. In the (b) image, the etched microstructure shows a grain structure
somewhat different to what was seen in Figures 5 and 6 with the boundaries appearing more
typical. The structure also appears to show a faint dendritic texture, which was missing in the
two previous figures.

Table VI. Chemistry of Ti 5Al-5Mo-5V-3Cr Starting Scrap versus Final Powder Chemistry
(w/o).

Ti 5-5-5-3
Ideal
Powder

Optical Emission Spectroscopy
Al
V
Mo
Cr
%
%
%
%
4.4-5.7
4-5.5
4-5.5
2.5-3.5
5.68
5.26
3.88
3.17

(a)

LECO
Fe
C
O
N
H
%
%
%
%
%
0.30-0.50 0.10 Max. 0.18 Max. .05 Max. .015 Max.
.044
0.16
0.26
0.015
0.002

(b)

Figure 7: Images of: (a) particle shape (b) as atomized microstructure of Ti-5Al-5Mo-5V-3Cr
(SEM).

It should be noted that the chemistry of the atomized powder did not meet the chemical
specification requirements of this grade. Molybdenum was slightly lower than required and the
oxygen content was higher than the maximum allowable level. The high oxygen was traced to
the additions of electrolytic chromium while the molybdenum was a miscalculation in the charge
materials required.

Powder Shape and Porosity
Powders for both AM and MIM are required to be as spherical as possible. In the case of AM,
spherical powders provide a uniform flow of the powder from the feeder and/or pack more
predictably in the powder bed which helps reduce defects in the final parts. In the case of MIM,
spherical powders allow for a higher loading of powder in the binder which leads to higher
density and less distortion in the final part. Porosity in the individual powder particles can be a
problem; in MIM, if sintering is not enough to remove the pores or in the case of AM if the
melting source does not fully melt the powder particles containing porosity. For this reason a test
method was developed to measure both circularity and porosity of the atomized powder.
To estimate the shapes, metallographic mounts of loose powder particles were made and
analyzed using an automated image analysis system. Loose powder samples were mixed with a
liquid epoxy and cured, encapsulating the individual particles in the hard, stable epoxy. The
composite mounts were ground to create cross-sections of the distributed particles, and then
polished using procedures designed to match the alloy. When prepared, individual particle
cross-sections were revealed surrounded in the mount by the epoxy.
The automated image analysis system created a digital representation of individual fields and
was able to separate the metallic particle cross-sections from the mounting material by the
amount of light reflected by the polished surface. The highly reflective metallic cross-sections of
the particles were considerably brighter and lighter in gray compared with the mounting material.
Consequently, a gray level was established which corresponded to the particles and these could
be separated from the mounting material for further image processing and eventual testing. Test
parameters included measurement of the length, perimeter, and area of each detected particle.
Two of these values, the perimeter and area, were used in the following expression to estimate
shape:
4𝜋𝐴
SF = 2
(1)
𝑃
where, A is the particle cross-sectional area and p, the perimeter. This factor is based on the
shape of a circle, where SF=1. Any particle shape more irregular than a circle or having a
perimeter longer than that of a circle with the same area will have a shape SF <1. The powders
intended for use in AM routinely have a shape factor >0.75.
The results of the measurements on the powders produced in this study are shown in Table VII.
The powders produced from the EIGA process appear to have a higher circularity (2 dimensional
representation of sphericity) than the ISM/Gas atomized powders. Part of this is that the gas
atomizing jet for ISM is still in the development stage, but it also appears that the ISM/Gas

atomized powders have significantly more satellites than the powder atomized with the EIGA
process.
The amount of porosity in the particles can be measured during the same analysis used to
estimate shape. This is accomplished by using the detected metallic portion of the cross-section
and having the system software fill any darker, undetected areas surrounded completely by
metal. These filled regions are the pores within the particles. By manipulating the various
detected and stored images, the filled regions can be further separated and both the volume
percent porosity in the particles and the percentage of particles containing pores can be
estimated.
In the case of porosity the area of the porosity as a function of the total area of powder and the
percent of particles containing porosity is lower for the EIGA produced powders. More work
will be needed to draw definite conclusions as the alloys are different and there may be other
factors involved (e.g. superheat, viscosity, surface tension, etc.). The method developed will be
useful not only as a quality control tool but also as a means to investigate and improve the gas
atomizing process.

Table VII. Comparison of Shape (Circularity) and Porosity of Titanium Powders.

Sample

Mean
Circularity

Area % Porosity

% Particles Containing
Pores

EIGA- Ti-6-4

0.82

0.20

6.73

EIGA- Ti-6-4

0.85

0.28

5.03

ISM/Gas- Ti 6-6-2

0.79

0.43

15.35

ISM/Gas-Ti 5-5-5-3

0.79

0.48

14.06

ISM/Gas-Ti Beta 21s

0.81

0.19

13.76

Powder Contamination
Since this research dealt with making several different grades of titanium powders (different
alloy content) it was desirable to find a method to determine the types and levels of
contamination that may occur in powder processing. Chemical analysis on an individual particle
basis is performed on additive manufacturing feedstock to ensure the powders are free from
contamination by foreign materials and alloys dissimilar in chemical composition. The presence
of these contaminants can degrade mechanical properties through the creation of internal defects
or cause unwanted changes to the local microstructure.
Historically, CT scanning was used for these determinations using grayscale images for an
imprecise estimate of chemical composition. CT scans use feature density as the characteristic
determining consistency in particle-to-particle composition, where variations in particle density

are imaged as grayscale differences. In these images, higher density particles appear as brighter
features against a darker gray background of lower density particles. This can be effective where
the difference is great, such as particles of tungsten in a titanium alloy. The density difference in
this case is approximately 4.4 g/cm³ for a titanium alloy and 19.3 for tungsten. However, in
situations where the density difference is closer, the contrast between the density levels may not
be as clear. Contamination of stainless steels, Ni-based alloys, or other titanium alloys will not
result in an obvious contrast difference.
An alternate technique is to use scanning electron microscopy (SEM) imaging and energy
dispersive spectroscopy (EDS) for the determination of accurate local chemical analysis.
Compared with CT scans, backscattered electron imaging (BEI) uses the relative atomic number
of the features to show grayscale contrast differences. Using BEI, higher atomic number features
appear as bright features compared with lower atomic number features. Additionally, the
SEM/EDS combination allows for measurement of chemical analysis of small individual
particles and not simply a comparative visual appearance of different compositions. The
chemical analysis of particles can be imaged using elemental dot maps showing the various
elements with different colors. The presence of multiple alloying elements can be shown
through the combination of colors representing these elements.
To show the effectiveness of this test technique, a research-method development project was
initiated with Ti-6Al-4V used as the base and varying percentages of 316L stainless steel and
Inconel 625 additive manufacturing powders added. The doping percentages were
approximately 0.5 w/o 316L and 5 w/o Inconel. BEI and elemental maps were generated for
each example. Results of the Inconel doping are shown in Figure 8, where the left image is a
BEI with the higher atomic number Ni-based alloy appearing brighter than the titanium alloy. In
the map image, the titanium alloy is shown as the red particles and the Ni-base Inconel as the
blue.

Figure 8: Ti-6Al-4V doped with approximately 5 w/o Inconel 625. The left image is a BEI
where the higher atomic number Inconel appears brighter. In the right image, the Inconel is
shown as the blue features and the titanium base powder as the red.

To demonstrate further the effectiveness of the test method, a blind contamination test using
commercially pure, CP titanium was performed with the Ti-6Al-4V base. Approximately 3 w/o
CP titanium was added to the Ti-6Al-4V base. Due to the similarity in atomic number, the BEI
contrast difference was insufficient to show a clear difference. As a consequence, secondary
electron images were generated in addition to the elemental maps (Figure 9). The map image to
the right clearly shows a distinction between the yellow Ti-6Al-4V particles and the red CP
titanium.

Figure 9: Ti-6Al-4V doped with approximately 3 w/o CP titanium. The left image is a SEI and
in the right image, the CP titanium is shown as the red features and the titanium base powder as
the yellow.

SUMMARY
Various methods of melting and atomizing have been used in the evaluation of powders
produced from titanium scrap. The form of the scrap can have an impact on the final powder
chemistry, in regards to specific elements such as oxygen. Loss of oxidizable elements such as
aluminum, tin and vanadium appears minimal in the melting and atomizing process showing that
scrap is a potential feedstock and may lower the overall production cost of making titanium
powders. In addition, titanium alloys can be made in a similar fashion, leading to easier and
more economical development of new materials. Testing which is standard in the PM industry
has been modified for use with titanium powders leading to cost effective methods for evaluating
the cleanliness, shape and porosity of powders used in AM.
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