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Abstract: A simple, low temperature, method, hydrogen-enhanced atomic transport (HEAT),
for creating metallic-bonded brown bodies of order 40% bulk density in molds of designed shape
from Ti metal particles is introduced. In this initial study 40 micron titanium particles were
poured into graphite molds, then heated to temperatures equal to or greater than 650 ◦C for four
hours in a flowing ambient pressure gas mixture containing some hydrogen led to brown body
formation that closely mimicked the mold shape. The brown bodies were shown to be dense,
metallic bonded, and consisted of primarily Ti metal, but also some TiH. It is postulated that
hydrogen is key to the sintering mechanism: it enables the formation of short-lived TiHx species,
volatile at the temperatures employed, that lead to sintering via an Ostwald Ripening mechanism.
Data consistent with this postulate include findings that brown bodies are formed with hydrogen
present (HEAT process) had mechanical robustness and only suffered plastic deformation at high
pressure (ca. 5000 Atm). In contrast, brown bodies made in identical conditions, except the flowing
gas did not contain hydrogen, were brittle, and broke into micron scale particles under much lower
pressure. HEAT appears to have advantages relative to existing titanium metal part manufacturing
methods such as powder injection molding that require many more steps, particularly debinding,
and other methods, such as laser sintering, that are slower, require very expensive hardware and
expert operation.
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1. Introduction

In this paper a novel method for manufacturing brown titanium/titanium hydride parts (open pore
metallic foam) from titanium particles, a method mechanistically related to reduction expansion
synthesis-sintered metal (RES-SM), but based on a unique chemistry is described. It is potentially an
alternative to standard additive manufacturing processes that use laser induced melting. It is also
a potential alternative to metal injection molding (MIM), as MIM processes require more steps and
higher temperatures to create brown bodies similar to those resulting from the lower temperature
process introduced here. Indeed, any new process that is shown to reduce the required processing
temperature by several hundred degrees, as shown herein, is significant.

The new process, hydrogen-enhanced metal transport (HEAT), is simple in practice: at elevated
temperatures and ambient pressure a gas mixture containing hydrogen and inert gas is flowed over
a bed of only titanium particles, held in an inert (e.g., graphitic) mold. At moderate temperatures,
where moderate means more than 500 ◦C below the melting temperature of the metal processed,
and with sufficient time (ca. 4 h) brown bodies of shapes that closely follow the contours of the original
molds form. These brown bodies are composed of two phases: titanium and titanium hydride.
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It is postulated that titanium/titanium hydride metal bodies using HEAT occurs via this
mechanism: titanium hydride, TiH2 readily forms in a hydrogen-containing environment as predicted
by thermodynamic phase diagrams. It is anticipated that, as per kinetic theory, the titanium hydride
concentration reaches steady state because of a balance between formation and decomposition. It is
postulated that some TiHx species have a relatively high vapor pressure at temperatures just below
or order of 200 ◦C above the decomposition temperature of the hydride, leading to “transport”
of this species in molecular form within the bed. Subsequent decomposition leads to titanium
deposition/transport. As shown below, this classic model of sintering is consistent with all observations.

The proposed model of sintering in the HEAT process is that it is a form of Ostwald Ripening (OR),
and that Ostwald Ripening does not occur in the absence of hydrogen gas. Thus, the nature of titanium
sintering observed in the present study is unique. The general OR model is that transport of material
within a particle bed, either surface or gas phase, at the atomic/molecular scale leads to large particles
growth at the expense of small particles [1,2]. A similar “metal radical” model is used to explain the
growth of large metal particles in the gas phase during catalytic etching [3] as well as the enhanced
rates of particle growth in supported catalysts under reaction conditions [4]. In the case of the beds
to titanium particles treated in this study, the process is postulated to lead to growth in the average
particle size via sintering and neck formations between particles. The ultimate product is a titanium
brown body of moderate density. All experimental evidence, as detailed below, is consistent with this
postulated mechanism.

The development of the HEAT process represents a further evolution of reduction expansion
synthesis (RES) [5–16], a set of technologies based on a “reduction” chemistry introduced by our team.
RES chemistry in all cases starts with a primary step: thermal decomposition of a “reducing” solid,
such as urea, under inert gas. This primary step chemistry creates volatile reducing species that can
be harnessed to create a wide range of products based on designed secondary reactions. Processes
developed on the basis of the RES concept include the batch generation of sub-micron metal and metal
alloy particles [7–9], metal thin film formation [13,14], metal part formation from mixtures of metal
and metal oxide particles [6,15,16], graphene from graphite oxide [10], even stable tin/carbon anodes
for batteries [11].

In all “metal” variants of RES [6–9,13–16] there is also a key secondary step: radicals, produced in
the first step, interact with oxygen atoms in metal oxides or hydroxides to create products such as CO2

and H2O that subsequently leave the process reactor as a gas. The heavier metal atoms/metallic clusters
produced via the removal of oxygen are not volatile and do not leave the reactor. Instead, based on
proper arrangement of materials within the bed, these species migrate, as per the OR mechanism,
leading to metal particle growth and sintering. The process has been demonstrated to lead to growth
and sintering of metal, specifically Ni, Fe, and Cr, objects from beds or films consisting originally of
particles of metal oxide and in some cases metal. This leads to the creation of designed solid metal
objects by the addition of multiple layers, thus this type of RES, RES-sintered metals (RES-SM) is an
alternative to standard metal additive manufacturing or even particle injection molding.

The inherent chemical limitations of the RES-SM method to only a few metals led to the invention
of HEAT. Indeed, RES will not work for certain metal oxides, including titania, which are too stable
for reduction by radicals even at 1000 ◦C. Yet, the motivation for finding an RES-like process for
metal additive manufacturing of titanium parts is clear. Titanium and titanium alloys are widely used
in aerospace, automotive, chemical, and biomedical industry because of its great strength, low weight,
and excellent corrosion resistance [17–19]. Also, titanium is very expensive, thus “subtractive”
manufacture involves a significant cost, because cut metal must be reprocessed. Thus, HEAT was
developed as a means to create a new “primary step” for titanium sintering.

The two main steps in the postulated HEAT process parallel those in the RES-SM. The generation
of mobile, but short-lived, titanium hydride species is postulated to be the primary step in HEAT. This
is equivalent to the generation of mobile atomic species via local oxide reduction in the RES-SM process.
The subsequent HEAT secondary steps lead to OR, very similar to that in RES. In HEAT and RES-SM,
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the dominant means of metal transport is hypothesized to be via atomic metal species, which leads,
via OR, to sintering. HEAT, like RES-SM, creates brown bodies at ambient pressure and at a temperature
far below the melting temperature of the metal.

Prior to the present study, mold-based methods for titanium part creation were the MIM
process [20,21], and high pressure cold pressing as RES cannot be used to create titanium brown bodies.
Many variations on the MIM process have been studied, including the use of titanium hydride as a
“sintering aid” [22–25]; however, in all cases both high temperature (>1000 ◦C) and high pressure,
more than 1000 atmospheres are required to create brown bodies demonstrated to have high strength.
Also, the MIM process is multi-step: (i) A green body containing a binder (wax) is formed by high
pressure injection into a metal mold followed by moderate heating. (ii) The binder is removed in a
slow heating step (debinding). (iii) The metal is sintered at high temperature to create a titanium
brown body. An advantage to the HEAT process, similar to the advantages of RES, is that neither
high temperature nor pressure is required to create a strong titanium brown body of designed shape.
Only one step is required: heat (>650 ◦C) titanium particles in a mold at ambient pressure in a gas
containing hydrogen for a few hours.

In sum, this study provides evidence that sintering Ti in a hydrogen-containing gas allows
for the formation of hard brown bodies of Ti at 650 ◦C which are structurally equivalent to those
produced in inert gas at about 1000 ◦C. This may provide a way forward to create strong brown,
designed, titanium and titanium alloy metal parts more quickly and with less investment than any
commercial process for creating titanium parts of designed shape from particles including laser particle
bed sintering and related metal additive manufacturing technologies, and metal powder injection
molding (MIM).

2. Materials and Methods

2.1. Sample Preparation

There are three parts to the HEAT process employed herein. First, for each experiment a new
mold was created from Grafoil (Union Carbide, Lakewood, OH, USA). Second, titanium metal particles
were added, simply by pouring particles from the source and gently brushing to create a flat top surface,
until the mold was at approximately half capacity. Third, the mold/titania powder was fired in a simple
flush/heat sequence. Each step is described in more detail below.

2.1.1. Mold

The molds were created from Grafoil (GTA Grade 0.3 mm thick, NeoGraf Solutions, Lakewood,
OH, USA), a moderate surface area, ~22 m2/g, graphite material [26,27] made from compressed
graphite flakes. This material can be cut and “shaped” in the same manner as cellulose-based
construction paper. Small cylindrical molds approximately 1.0 cm in diameter by 0.5 cm tall were easily
created for each experiment (Figure 1). In addition, to add mechanical stability, the molds were placed
in a “stand,” also made of Grafoil. The stand consisted of 10 layers of Grafoil formed into a rectangle,
approximately 4.5 cm × 1 cm. A hole was punched in the center of the stand to accommodate the mold
(Figures 2 and 3).

Figure 1. Grafoil mold. (A) Top view of handmade mold. (B) Side view. Powder is poured into
the mold. No compression undertaken.
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2.1.2. Experimental Conditions

In all cases reported herein (Table 1) the precursor material was titanium powder (Sigma Aldrich –
Ti powder, 325 mesh, 99.9% metal basis), average particle size (~40 microns). The weight of the input
titanium powder was in all cases 0.5 +/− 0.1 gms. The key treatment parameters, such as temperatures
and gases employed, along with the apparent bonding quality from visual observations for all samples
is found in Table 1. The term Strong Brown Body (SBB) is employed here to describe products that do
not easily pulverize or break under compressive forces of more than 5000 Atm.

Table 1. Test description—pure Titanium.

Test Firing Temp
(◦C) Flow Key Visual

Observations—Raw
Key Visual Observations—

Post-(5000 Atm) Compression Test

1 650 Ar/H2 Solid Metallic Bonded Solid/modest shape
change/SBB

2 650 Ar Powder -

3 650 Ar Powder -

4 650 Ar/H2 Solid Metallic Bonded Solid/modest shape
change (5000 Atm)/SBB

5 550 Ar/H2 Unstable solid -

6 750 Ar/H2 Solid Metallic Bonded Solid/modest shape
change(5000 Atm)/SBB

7 750 Ar Powder Only powder after compression
(5000 Atm).

8 850 Ar/H2 Solid Metallic Bonded Solid/modest shape
change (5000 Atm)/SBB

9 950 Ar/H2 Solid Metallic Bonded Solid/modest shape
change(5000 Atm)/SBB

10 850 Ar Solid Only powder remains

11 850 Ar Solid Retest of 10, only powder remained
(confirmation)

12 750 Ar/H2 Solid Metallic Bonded Solid/modest shape
change (1000 Atm)/SBB

13 750 Ar/H2 Solid Metallic Bonded Solid/modest shape
change (3000 Atm)/SBB

14 900 Ar/H2 Solid Metallic Bonded Solid/modest shape
change(5000 Atm)/SBB

15 950 Ar Solid Cracked Solid (1800 Atm)

2.1.3. Firing

The firing process required seven simple steps. (i) The mold and stand were placed in the center
of a 50 cm × 2.5 cm diameter quartz tube. (ii) The tube was flushed with ultra-high purity (UHP) argon
(Praxair, Salinas, CA, USA) or a pre-mix gas of argon and 2% hydrogen (Praxair, Salinas, CA, USA) at
~50 sccm for 30 min. (iii) Gas flow reduced to ~10 sccm. (iv) Tube, sealed with no change in gas flow
(per iii) quickly placed inside a furnace (Lindburgh/Blue M, 24” single zone) pre-heated to the test
temperature such that the mold/sample was at the furnace center. (v) The quartz tube/sample, gas flow
continuous, held at test temperature for four hours. (vi) At the completion of the test time the quartz
tube was quickly removed from the furnace and the gas flow increased to 50 sccm. (vii) The quartz
tube/sample cooled, under gas flow, at ambient temperature, generally for 30 min. At the end of this
process the tube was opened and the sample removed for observation. (A picture of the furnace and
the tube is available in Reference 16.)

2.2. Characterization and Analysis

Four characterization techniques were employed to analyze the solid objects created. (i) A Rigaku
Mini-flex 600 X-ray diffractometer (Rigaku Corporation, Tokyo, Japan) operated at 40 kV and 15 mA
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with a Cu metal target (1.54 Å Kα line) was used for x-ray diffraction of crystal structure. Data were
collected in the 2θ range of 10◦ to 90◦ at 3◦–5◦ min−1, step width 0.02◦. Structural and refinement data
analysis were performed using the software Jade 9. (ii) Micron and sub-micron scale morphology of
Ti specimens was studied with a Zeiss Neon 40 scanning electron microscope (ZEISS International,
Oberkochen, Germany). Key parameter settings were a 30 µm aperture and an accelerating voltage
of 20 kV. (iii) An Archimedes principle device, “Ohaus density kit” (Ohaus, Persippany NJ, USA),
was employed in an effort to determine density. The Archimedes method results were found to
be unrepeatable and clearly suggested an exaggerated density. This is consistent with the general
finding that the Archimedes method is only reliable for titanium samples with density acceding 95%
of nominal solid density [22,28–30]. Thus, like others [28–30], for the low density samples made in
this study, a digital micrometer with a sensitivity of 0.02 mm was employed. Per standard practice
values reported are based on average five measurements of thickness and diameter. (iv) A model 5892
Instron tester (Instron, Norwood, MA USA) was used in ambient temperature compression mode (max
capacity 100 kN) to determine density vs. compressive pressure behavior. In this work, the brown
body “cylinders” were not confined by any device during compression.

3. Results

All data are consistent with the major hypothesis of this study: hydrogen gas passed through a bed
of Ti particles enhances sintering because of the formation of unstable, but volatile (at the temperatures
of the experiment) hydride species that concomitantly lead to metal transport and sintering/growth of
metal via an Ostwald Ripening process. Specifically, it was demonstrated that heating (T > 650 ◦C)
Ti particles at ambient pressure in hydrogen-containing gas leads to the formation of solid brown
bodies, with a shape closely matching the graphitic mold shape. In the absence of hydrogen, all other
parameters remained unchanged, a solid brown body does not form until ~950 ◦C.

3.1. Visual Observations

Solid cylinders with the same radii as the mold formed above 650 ◦C for HEAT, and above 850 ◦C
for control processes (no hydrogen). At lower temperatures solid structures appeared to be present,
but after even modest shaking only powder was found (Figure 2). The control sample behavior is
completely consistent with earlier work that shows parts made from Ti or TiH2 powders and sintered
below ~950 ◦C in Ar or vacuum are very fragile [31].

Figure 2. Stability after mild shaking. (A) Control sample, produced in Ar only at 750 ◦C. Sample displays
brittle behavior, breaks, and pulverizes. (B) Sample, imperfect cylinder shape that mimics mold shape,
created in Ar/H2, same temperature conditions, shows metallic behavior, remaining intact after shaking.
(Scale: each square is 1

4 in wide).

3.2. X-Ray Diffraction Phase Analysis

The phases of Ti found after treatment are clearly a function of the gas present during firing
(Figure 3). The patterns presented in Figure 3A,D are those of commercially acquired Ti and TiH2
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powders, respectively. After titanium powder treatment in argon, at all temperatures, only titanium
metal is present (Figure 3B,C), and the XRD line positions are identical to those of the precursor
particles. In contrast, after heat treatment in Ar/H2 98%/2%, although the patterns are dominated by
metal peaks, there is always evidence of titanium hydride phases (Figure 3E,F). For all samples treated
in Ar/H2 gas, there are diffraction lines unique to TiH2, as well as peak widening and evidence in the
baseline that the peaks are formed by the contribution of more than one phase. These features are not
observed in the samples fired in only Ar.

Figure 3. XRD of fired samples—firing temperature and gas phase shown. (A) Commercial Ti powder.
(B,C) Pure titanium samples fired in Ar. (D) Commercial TiH2 powder. (E,F) Samples fired in
forming gas. These clearly contain both Ti metal and TiH2. The diffraction lines marked with the line
segments are clearly TiH2, per D. All unmarked lines are Ti metal lines, as per A.

Employing PDXL (Rigaku proprietary software) to determine phase fractions from integrated
line areas yields an estimate, after treatment in forming gas at 650 ◦C (Test 10), of 30% TiH and 70%
Ti metal. After treatment in forming gas at 850 ◦C this method yields an approximate composition of
10% TiH and 90% Ti metal. Although the absolute values are only semi-quantitative, the method does
provide a valid approximate indication that the amount of hydride decreases with firing temperature.
This is consistent with thermodynamics indicating TiH2 is less stable as temperature increases. In fact,
the HEAT sample produced at 900 ◦C (Table 1 NO. 14) did not yield any TiHx lines in XRD. This
is consistent with earlier studies in which no hydride was found after treatment at 1000 ◦C of pure
titanium hydride powder [23].

3.3. Microstructural Analysis Using Scanning Electron Microscopy

The SEM images support the proposed model of HEAT; however, the evidence is subtle, for example
there is little evidence of extensive ‘neck’ formation between particles. This contrasts with the less
subtle SEM evidence, including extensive necking, observed in earlier RES-SM studies [6,15] of solid,
designed shapes. Chief among the differences observed between HEAT and control samples is the
smoother profile and edges of the particles formed in Ar/H2 mixtures, the identification of direction
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joining of some particles, and the appearance, only for the Ar/H2-treated samples, of structures
associated with multiple phases.

All of the above listed differences between Ar/H2- and Ar-only-treated samples can be observed
in Figure 4, and are even more evident in Figure 5. First, the micrographs suggest “rounding” of
all particle edges in the HEAT-processed samples. This structure is consistent with prior studies of
particles growing via OR type sintering [1–4]. In those works, the same “rounding” of edges is observed.
Also, only for the HEAT-prepared samples is there evidence of chemical connections between particles.
The structures observed are not “necks,” but clearly show diffusion between adjacent particles at
particle edges. Finally, only in the HEAT samples are “stacking” or lamellae structures observed that
are similar to those found in multi-phase titanium alloys [30].

Figure 4. SEM contrast HEAT vs. control. (A) and (C) HEAT at 850 ◦C. (B) and (D) Ar only 850 ◦C.
HEAT samples show evidence of diffusion/metal flow; smoother particle edges, evidence of sintering
between particles, and examples of stacked layers (center of (C)), characteristic of titanium alloys with
multiple phases. Note, the SEM appearance of the Ar-treated control samples appear virtually identical
to the angular starting powder.

Figure 5. HEAT vs. control. (A) Prepared with HEAT and shows evidence of sintering (ellipse area)
and “stacked layers” (rectangular area). (B) Control sample prepared in pure Ar and shows small
wrinkles/crenulations (rectangular area), but no evidence of sintering, stacking, or growth in SEM images.

All the features of the SEM results are consistent with the other findings. First, it is clear that there
is a great deal of void space, in agreement with density studies (Table 2). Second, the XRD results
(Figure 3) clearly indicate that there are multiple phases present in the HEAT samples. Third, following
shaking (Figure 2) and compression studies (Figures 6 and 7) only HEAT samples are evidently held
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together by metallic bonds throughout. The HEAT samples are stable to shaking and only metallic
bonds can explain the plastic deformation observed under high pressure. In contrast, the thermally
sintered control samples shatter in a brittle fashion under minor shaking or compression (Figure 7).

Table 2. Density of samples fired using Ar/H2 gas.

Test Firing Temp (◦C) Density (g/cm3) Fraction Solid

1 650 1.44 0.32
6 750 1.786 0.396
8 850 1.919 0.426

12 750 1.659 0.368
13 750 1.652 0.367
14 900 1.668 0.370

3.4. Density vs. Applied Pressure Tests

In the absence of a mold, compressed HEAT-generated strong brown bodies demonstrate the
existence of metallic bonding. As illustrated in Figure 6 the brown bodies sintered at 750 ◦C were
modified in shape by high-pressure compression (approximately 5000 Atm), but only modestly.
The diameter of the near-cylinders increased by roughly 2.5%. These modest dimensional changes
are indicative of metallic bonding holding particles together throughout the sample. In contrast,
weakly bonded bodies (WBB) samples made by sintering in pure argon at 750 ◦C were found to
be brittle, consistent with earlier studies [31]. Even after relatively low loading (ca. 1000 Atm) the
samples completely crumbled (Figure 7). This indicates true metallic bonding did not exist in the
control samples.

Figure 6. Yield under compression (A). HEAT-prepared sample prior to compression (B). Same sample
following approximately 5000 Atm compression (C). Overlay of pre and post compression-diameter of
specimen increased by approximately 2.5%.

It is interesting to compare the density versus the compressive force data for the HEAT samples
with earlier reports regarding the use of cold compression to create brown bodies from titanium
and titanium hydride powders [28,29]. It must be noted in making the comparison, many earlier
reports regard titanium hydride, not pure titanium, and that all prior studies confined the powder
and compaction product using hard steel molds during compression. Hence, it is anticipated that
the earlier outcomes (Figure 8) can only serve as a point of qualitative comparison. In some cases,
the difference in protocol between the present work and earlier work can lead to enormous variation in
observed behavior. For example, the absence of a mold for the control samples in the present study is
likely the cause for the observed brittle behavior.
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Figure 7. Contrasting control and HEAT samples under compression. (A) The control sample prepared
at 850 ◦C is brittle and pulverized at ~1000 Atm pressure. (B) The HEAT-treated sample, 750 ◦C, is only
modestly plastically deformed even at 5000 Atm pressure.

The outcome of density vs. compressive pressure studies of HEAT-treated samples (Figure 8)
follow similar density vs. compression trend lines observed in earlier cold compression studies of
both Ti and TiH2 particles. The primary difference is that the trend line for HEAT samples fired at
750 ◦C indicates HEAT-prepared samples appear to have more resistance to compressive forces. At any
given compression above ~100 MPa, the cold compressed samples have a density 10% more than
that of the HEAT-prepared samples. This difference may partially reflect the difference in constraints.
Only the unconstrained HEAT samples can expand orthogonal to the compressive force, leading to
increased lateral dimension. As density is mass/volume, the denominator is larger for unconstrained
compression. Still, based on observed changes in diameter, this lateral expansion should increase
density due to volume increase by <4%, whereas measured density changed by more than 10% in
all cases.

The control sample fired at 950 ◦C appears to lie exactly on the curve of the earlier cold
compressed samples. Only one control is shown, because the controls prepared at lower temperature
disintegrated during compressive testing. In sum, it is concluded that uncompressed HEAT-prepared
samples are approximately as “hard”/resistant to compression as cold-compressed Ti and TiH2 powders,
and have the advantage of achieving that property without compression.
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Figure 8. Cold compression—density following compression for HEAT samples treated at different
temperatures, and one (macro cracked) control sample (950 ◦C) are shown. Also shown data from prior
titanium cold compression studies of Ti and TiH2 powders [29]. The HEAT sample data follow the
same trend as earlier data. Apparent increased hardness of HEAT samples may be an artifact, see text.
After Ref [28].
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4. Discussion

All empirical evidence shows the HEAT process leads to the formation of metallic-bonded
titanium brown bodies of any desired shape (matching the mold). The process simply requires
heating titanium particles in a mold at ambient pressure and temperature as low as 650 ◦C. It also
should be noted that only titanium brown bodies generated using the HEAT process contain hydride.
As all other studies involved sintering at above 1000 ◦C, all hydride present initially decomposed
as expected by thermodynamics [22–25]. Indeed, the temperatures and pressures required to create
HEAT brown bodies are significantly lower than those employed in any prior work, ca. > 1000 ◦C,
and >1000 atmospheres of pressure [19–25], designed to create titanium brown bodies. The significance
of employing hydrogen in the HEAT process is clear: brown bodies generated in the control studies,
that is samples prepared identically to the HEAT process below 950 ◦C, except for the absence of
hydrogen gas, are very brittle, and somewhat brittle even if heated to 950 ◦C.

The data suggest a simple model of the mechanism of metallic-bonded brown body formation;
hydrogen gas creates a short-lived volatile titanium compound that mobilizes titanium atoms or clusters.
The hydrides decompose, releasing hydrogen gas, and metal atoms or clusters. The Ti species released
in this process re-bond with existing particles, and this eventually leads to particle sintering and
the creation of metallic “connections” between existing titanium particles in the bed. The process of
sintering described is anticipated by one of the oldest models of particle growth: Ostwald ripening [1–4].

All observations are consistent with this model. First, visual inspections and simple “shaking”
tests reveal that only brown bodies produced in the presence of hydrogen at temperatures greater than
650 ◦C are mechanically stable. In contrast, the control samples prepared at 850 ◦C or less are clearly
very brittle, even under low loads. Second, XRD studies reveal that some titanium hydride is present in
HEAT-prepared samples, but not in the control samples. This finding is anticipated by/consistent with
the model. Note: Another fact consistent with the model: the Ti/TiH2 phase diagram [32] indicates
both metal and hydride phases should coexist at the temperatures employed. Third, SEM reveals
the existence of features such as softened edges and evidence of direct particle–particle sintering,
anticipated for an OR process. The existence of step structures observed in SEM, similar to structures
observed in “stabilized multi-phase titanium alloys” [32,33], is consistent with the XRD results showing
the coexistence of metal and hydride phases in the HEAT samples. Fourth, the finding that HEAT
prepared samples modestly plastically deform under pressure is clearly an indication that these samples
have metallic bonds formed between particles. In contrast, the control samples created at 850 ◦C or
lower completely shatter under pressure, revealing a lack of metallic bonding between particles. This
clearly supports the supposition that hydrogen is needed to promote diffusion and generation of
metallic bonds between particulates.

In addition to the data reported being consistent with the provided model, a number of literature
reports are consistent with the postulate that short-lived volatile metal-containing species can lead
to gross modification of metals [3]. The earliest reports of atoms/radicals restructuring metals
were published more than 90 years ago [34–37]. Of greatest relevance are reports that hydrogen
atoms can restructure metal, which dates from 1933 [38]. It was reported that hydrogen atoms
restructured arsenic, antimony, selenium, tellurium, germanium, and tin. The ability of hydrogen
atoms to volatize/restructure metals was repeated more recently [39]. In an even more recent report it
was found that in the afterglow of a microwave generated hydrogen plasma tin foils were completely
reorganized to create a low-density network of micron scale “strings” [40]. Remarkably, detailed
study showed the final structure was also tin and the restructuring took place without any weight
loss. All evidence suggests the restructuring occurred via metal transport in the form of unstable
tin hydride. There are also several reports of the restructuring of platinum because of the action of
“radical” species, formed homogenously during the combustion process of both ethylene [3,4,41,42]
and hydrogen [43,44] oxidation. Reportedly, these radicals react with platinum foils, films, catalysts
etc., to create very short-lived volatile species. Upon decomposition, new platinum structures form.
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The net result is gross-scale reconstruction over time, at temperature hundreds of degrees below
melting, often clearly observed without any magnification.

In all published reports of hydrogen-induced metal reconstruction, the emphasis is on the action
of hydrogen atoms, not molecules. Is it possible that hydrogen atoms are the actual active species in
HEAT? There is data regarding the H-atoms in titanium. For example, it is known that within titanium
hydrides of all stoichiometries, hydrogen atoms are the diffusing species and diffuse rapidly within
the crystal even at low temperature [45]. It is also clear there are a multitude of titanium hydride
stoichiometries, of formula TiH2−x where x can be greater than one, are known to exit. This clearly
indicates that titanium is able to “split” hydrogen molecules. Moreover, it is well-known that platinum,
palladium, and other noble metals can split hydrogen at even ambient temperature. Hydrogen
atoms created in this fashion are used in catalytic isomerization reactions [46–49]. It has even been
demonstrated that hydrogen atoms created in this fashion can diffuse through the gas phase, impacting
processes downstream [50]. In sum, although there is no direct study of atomic diffusion on titanium
at elevated temperatures, the suggestion is consistent with observations regarding atomic hydrogen
formation and diffusion on other metals.

There are at least two alternative models of hydrogen-induced titanium sintering in the existing
literature, which bear consideration, yet it must be noted both are based on sintering studies performed
at temperatures and pressures far higher than that employed herein. Also, the models are generally
consistent with observation, but contain no direct supporting evidence. The first is that surface
oxide is a barrier to sintering, and hydrogen formed via titanium hydride decomposition reacts with
surface oxygen to form water, enabling faster, more complete sintering of titanium hydride relative to
titanium [22]. In all cases in which titanium hydride was initially present, the final product was pure
titanium metal [22–25]. In all those studies with pure titanium, sintering is conducted at 1200 ◦C or
even higher, that is 550 ◦C higher than that required to observe sintering in the present study, and in
all cases sintering was conducted on cold pressed compacts made at 1000 Atm or higher pressure.
Notably, there is no direct evidence provided of a layer of oxide on the particles, nor of its removal.
The only evidence provided is the generation of water, at a rate <3% that of hydrogen generation by
decomposition [22]. Water is a ubiquitous impurity, hence the source is always uncertain. Moreover,
in the one study in which oxygen content was measured, sintering increased, not decreased, oxygen
content [25]. The inclusion of TiHx particles is shown to enhance sintering, presumably acting as a
hydrogen source for oxygen removal. In sum, it is not clear those results pertain to the work described
herein for which there are no TiH2, particles in the initial bed, and sintering is significant even at 650 ◦C.

The second model is based on sintering in hydrogen-containing gas of mixtures of
titanium, aluminum and vanadium particles in a stoichiometry of the target alloy, Ti-6Al-4V,
in hydrogen-containing gas [51]. In all cases sintering of high density compacts, created via cold
pressing at 3500 Atm., was carried out at 1200 ◦C and followed by a multi-step cooling protocol
including a prolonged anneal in vacuum. It was postulated that solid titanium solutions containing
hydrogen have a reduced activation energy to self-diffusion, hence a mechanism for metal transport
and consequent sintering, relative to pure Ti. It is not at all obvious that the model, for which there is
no direct evidence, can be extrapolated to explain observations made for sintering loose, pure, titanium
powder at ~500 ◦C lower temperature.

5. Conclusions

All data indicate that the HEAT process, specifically treating a mold filled with titanium particles
to above 650 ◦C in a flowing ambient pressure gas containing hydrogen, creates a metallic bonded
brown body on the order of 40% metal density. The brown body will also mimic the mold shape.
Based on prior work with titanium brown bodies formed using Ti-MIM [21] it is anticipated that second
step of hot isostatic pressing will lead to complete densification.

It must be noted that finding a low cost, relatively rapid alternative to standard “subtractive”
manufacturing is particularly valuable for titanium and titanium alloys. Not only is titanium more



Materials 2020, 13, 5008 12 of 15

expensive than other metals of construction, it is also clear cutting, drilling, and other standard metal
shaping processes are particularly difficult for titanium and its alloys [52,53]. It is argued below
that HEAT is arguably the most viable alternative to standard titanium manufacturing. To wit: the
HEAT process may have advantages relative to current commercial additive manufacturing processes,
particularly as it creates brown Ti bodies at 650 ◦C and ambient pressure, with properties equivalent
to those found for cold-pressed samples following conventional sintering processes, that is in Ar
or vacuum at ~1000 ◦C. Lowering the temperature required for any industrial process by several
hundred degrees is fundamentally significant. Another advantage to the HEAT process is simplicity.
For example, HEAT creates a titanium brown body in a single step in a soft mold. In contrast, Ti-MIM
requires a sequence of steps to create a similar brown body: (i) mixing metal and binder, (ii) high
pressure injection and high pressure molds, (iii) moderate temperature green body formation, and (iv)
very slow debinding at 900 ◦C. Laser sintering from particles requires extremely expensive equipment,
is slow, and requires significant expertise. Finally, all data collected are consistent with a simple model;
in the presence of hydrogen at temperatures exceeding approximately 650 ◦C, some form of titanium
hydride is produced. The vapor pressure is sufficient to carry titanium short distances within the bed
before decomposing. Titanium atom/clusters generated by the decomposition are released and these
bond with existing particle surfaces. The net result, as anticipated by the Ostwald Ripening model,
is sintering and metal bonding between particles.

This work was designed for comparison with existing metal “additive manufacturing”
technologies, particularly mold-based MIM. In the MIM process, as in true metal additive
manufacture by laser sintering, generally a fully dense metal object is the required product.
Alternatively, the “brown” Ti parts created here can be considered “designed” open cell Ti/TiH metal
foams of high compressive strength. Cellular metal foams, as discussed elsewhere may have properties
for some applications superior to fully dense metal parts [54,55]. For example, the light weight, yet
high strength (Figure 8), of such foams could be advantageous for applications in aerospace, sports
equipment, and as bio-compatible [56–62] implants. Thus, it is possible that the brown bodies of
specific shape produced with the HEAT process may represent an end state for some applications,
with no need for further densification.

Author Contributions: Conceptualization, J.P.; data curation, A.J.; formal analysis, C.C.L.; investigation, J.P., A.J.
and T.Y.A.; methodology, C.C.L.; supervision, J.P.; writing—original draft preparation, J.P.; writing—review and
editing, A.J. and C.C.L. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: The team expresses their gratitude to Chanman Park for his support during compression tests.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Alexandrov, D.V. On the theory of Ostwald ripening: Formation of the universal distribution. J. Phys. A
2014, 48, 035103. [CrossRef]

2. Lifshitz, I.M.; Slyozov, V.V. The kinetics of precipitation from supersaturated solid solutions. J. Phys.
Chem. Solids 1961, 19, 35–50. [CrossRef]

3. Wei, T.C.; Phillips, J. Thermal and catalytic etching: Mechanisms of metal catalysts reconstruction. Adv. Catal.
1996, 41, 359–421.

4. Wu, N.L.; Phillips, J. Sintering of silica-supported platinum catalysts during ethylene oxidation. J. Catal.
1988, 113, 129–143. [CrossRef]

5. Phillips, J. System and Methods for Low Temperature Metal Printing. US Patent 10,648,058, 12 May 2020.
6. Daniels, Z.; Phillips, J. Reduction Expansion Synthesis of Sintered Metal. US Patent 16/712, 18 June 2020.
7. Zea, H.; Luhrs, C.C.; Phillips, J. Reductive/expansion synthesis of zero valent submicron and nanometal

particles. J. Mater. Res. 2014, 26, 672. [CrossRef]
8. Luhrs, C.C.; Kane, M.; Leseman, Z.; Phillips, J. Novel process for solid state reduction of metal oxides and

hydroxides. Metall. Mater. Trans. B 2013, 44, 115. [CrossRef]

http://dx.doi.org/10.1088/1751-8113/48/3/035103
http://dx.doi.org/10.1016/0022-3697(61)90054-3
http://dx.doi.org/10.1016/0021-9517(88)90243-6
http://dx.doi.org/10.1557/jmr.2010.66
http://dx.doi.org/10.1007/s11663-012-9756-x


Materials 2020, 13, 5008 13 of 15

9. Luhrs, C.C.; Leseman, Z.; Phillips, J.; Zea, H.R. Generation of Metal and Alloy Micron, Submicron or Nano
Particles in Simple, Rapid Process. U.S. Patent 8,709,126, 29 April 2014.

10. Luhrs, C.C.; Phillips, J. Reductive/Expansion Synthesis of Graphene. U.S. Patent 8,894,886, 25 November 2014.
11. Lee, T.T.; Adams, R.A.; Luhrs, C.C.; Arora, A.; Pol, V.G.; Wu, C.H.; Phillips, J. High stability tin/carbon battery

electrodes produced using reduction expansion synthesis. Carbon 2018, 132, 411. [CrossRef]
12. Elbaz, L.; Phillips, J.; Artyushkova, K.; More, K.; Brosha, E.L. Evidence of high electrocatalytic activity of

molybdenum carbide supported platinum nanorafts. J. Electrochem. Soc. 2015, 162, 681–685. [CrossRef]
13. Plear, C.; Greenaway, K.; Zea, H.; Wu, C.H.; Luhrs, C.C.; Phillips, J. Novel chemical process for producing

chrome coated metal. Materials 2018, 11, 78. [CrossRef]
14. Phillips, J. Chemical Methods to Create Metal Films on Metal and Ceramic Substrates. US Patent 10,273,582,

30 April 2019.
15. Daniels, Z.; Rydalch, W.; Ansell, T.; Luhrs, C.C.; Phillips, J. Reduction expansion synthesis of sintered metal.

Materials 2019, 12, 2890. [CrossRef]
16. Rydalch, W. Reduction Expansion Synthesis of Sintered Metal. Master’s Thesis, Naval Postgraduate School,

Monterey, CA, USA, 2019.
17. Lutjering, G.; Williams, J.C. Titanium; Springer: Berlin, Germany, 2007.
18. Inagki, I.; Takechi, T.; Shirai, Y.; Ariyasu, N. Application and features of titanium for the aerospace industry.

Nippon Steel Sumimoto Metal 2014, 106, 22–27.
19. Boyer, R. Attributes, characteristics and applications of titanium and its alloys. J. Mater. 2010, 62, 21–24.

[CrossRef]
20. Ewart, P.D. The use of particulate injection molding for fabrication of sports and leisure equipment from

titanium metals. Proceedings 2018, 2, 254. [CrossRef]
21. German, R.M. Progress in titanium metal powder injection molding. Materials 2013, 6, 3641. [CrossRef]

[PubMed]
22. Wang, C.; Zhang, Y.; Xiao, S.; Chen, Y. Sintering densification of titanium hydride powders.

Mater. Manuf. Process. 2017, 32, 517. [CrossRef]
23. Hedayati, A. Fabrication and Properties of TiH2 and Ti Blends for Powder Metallurgy Ti Products. Master’s

Thesis, The University of New South Wales, Wales, UK, 2012.
24. Ileana, C.; Stefan, G.; Ilie, D.; Claudiu, N. Aspects about sintering behavior of a titanium hydride powder

based alloy used for automotive components. Appl. Mech. Mat. 2016, 823, 467.
25. Lee, D.W.; Lee, H.S.; Park, J.H.; Shin, S.M.; Wang, J.P. Sintering of titanium hydride powder compaction.

Proc. Manuf. 2015, 2, 550. [CrossRef]
26. Phillips, J.; Clausen, B.; Dumesic, J.A. Iron pentacarbonyl decomposition over grafoil production of small

metallic iron particles. J. Phys. Chem. 1980, 84, 1814–1822. [CrossRef]
27. Phillips, J.; Dumesic, J.A. Iron pentacarbonyl decomposition over grafoil: II. Effect of sample outgassing on

decomposition kinetics. Appl. Surf. Sci. 1981, 7, 215–230. [CrossRef]
28. Machaka, R.; Chickwanda, H.K. Analysis of the cold compaction behavior of titanium powders:

A comprehensive inter-model comparison study of compaction equations. CrossMark 2015, 46, 4285–4297.
[CrossRef]

29. Machaka, R.; Chickwanda, H.K. An experimental evaluation of the gerdemann–jablonski compaction
equation. Metall. Mater. Trans. A 2015, 46, 2194–2200. [CrossRef]

30. Frykholm, R.; Brash, B. Press and sintering of titanium. Key Eng. Mater. 2016, 704, 369. [CrossRef]
31. Esen, Z.; Tarhan Bor, E.; Bor, S. Characterization of loose powder sintered porous titanium and Ti6Al4V alloy.

Turk. J. Eng. Environ. Sci. 2009, 33, 207–219.
32. San-Martin, A.; Manchester, F.D. The H-Ti (hydrogen-titanium) system. Bull. Alloy Phase Diagr. 1987, 8, 30–42.

[CrossRef]
33. Denquin, A.; Naka, S. Phase transformation mechanisms involved in two-phase TiAl-based alloys–I. Lamellar

structure formation. Pergamon 1996, 44, 343–352.
34. Paneth, F.; Hofeditz, W. Über die Darstellung von freiem Methyl. Chem. Eur. 1929, 62, 1335. [CrossRef]
35. Paneth, F.; Lautsch, W. Isolation of radical ethyl. Nature 1930, 125, 564. [CrossRef]
36. Rice, F.O.; Glasebrook, A.L. The thermal decomposition of organic compounds from the standpoint of free

radicals. XI. The methylene radical. J. Am. Chem. Soc. 1934, 56, 2381. [CrossRef]
37. Pearson, T.G.; Purcell, R.H.; Saigh, G.H. Methylene. J. Chem. Soc. 1938, 82, 409. [CrossRef]

http://dx.doi.org/10.1016/j.carbon.2018.02.079
http://dx.doi.org/10.1149/2.0991509jes
http://dx.doi.org/10.3390/ma11010078
http://dx.doi.org/10.3390/ma12182890
http://dx.doi.org/10.1007/s11837-010-0071-1
http://dx.doi.org/10.3390/proceedings2060254
http://dx.doi.org/10.3390/ma6083641
http://www.ncbi.nlm.nih.gov/pubmed/28811458
http://dx.doi.org/10.1080/10426914.2016.1244833
http://dx.doi.org/10.1016/j.promfg.2015.07.095
http://dx.doi.org/10.1021/j100451a015
http://dx.doi.org/10.1016/0378-5963(81)90111-2
http://dx.doi.org/10.1007/s11661-015-3038-6
http://dx.doi.org/10.1007/s11661-015-2793-8
http://dx.doi.org/10.4028/www.scientific.net/KEM.704.369 
http://dx.doi.org/10.1007/BF02868888
http://dx.doi.org/10.1002/cber.19290620537
http://dx.doi.org/10.1038/125564a0
http://dx.doi.org/10.1021/ja01326a046
http://dx.doi.org/10.1039/jr9380000409


Materials 2020, 13, 5008 14 of 15

38. Pearson, T.G.; Robinson, P.L.; Stoddart, E.M. The behavior of metals, particularly lead and bismuth, in atomic
hydrogen, and attempts to prepare atomic hydrogen from hydrides. Proc. R. Soc. Lond. 1933, 142, 275–285.

39. Hiraoka, H. Selective removal of metal atoms in hydrogen reactive ion-etching. J. Vac. Sci. Techol. 1986, 4,
345. [CrossRef]

40. Chou, C.H.; Phillips, J. Tin foil reconstruction in hydrogen plasma. J. Vac. Sci. Technol. A 1990, 8, 3941.
[CrossRef]

41. Wu, N.L.; Phillips, J. Catalytic etching of platinum during ethylene oxidation. J. Phys. Chem. 1985, 89,
591–600. [CrossRef]

42. Wu, N.L.; Phillips, J. Reaction-enhanced sintering of platinum thin films during ethylene oxidation.
J. Appl. Phys. 1986, 59, 769. [CrossRef]

43. Hess, J.M.; Phillips, J. Catalytic etching of Pt/Rh guazes. J. Catal. 1992, 136, 149. [CrossRef]
44. Dean, V.W.; Frenklach, M.; Phillips, J. Catalytic etching of platinum foils and thin films in hydrogen-oxygen

mixtures. J. Phys. Chem. 1988, 92, 5731–5738. [CrossRef]
45. Kaess, U.; Majera, G.; Stolla, M.; Peterson, T.; Barnes, R. Hydrogen and deuterium diffusion in titanium

dihydrides/dideuterides. J. Alloys Compd. 1997, 259, 74. [CrossRef]
46. Weigle, J.C.; Phillips, J. Modeling hydrogen spillover in dual bed catalytic reactors. AIChE 2004, 50, 821.

[CrossRef]
47. Weigle, J.C.; Phillips, J. Novel dual bed reactors: Utilization of hydrogen spillover in reactor design. Langmuir

2004, 20, 1189–1193. [CrossRef]
48. Change, H.; Heck, R.; Phillips, J. Catalytic synergism in physical mixtures. Langmuir 1996, 12, 2756. [CrossRef]
49. Chang, H.; Phillips, J. Catalytic synergism in physical mixtures of supported iron-cerium and supported

nobel metal for hydroisomerization of 1,3-butadiene. Langmuir 1977, 13, 477. [CrossRef]
50. Menéndez, J.A.; Radovic, L.R.; Xia, B.; Phillips, J. Low-temperature generation of basic carbon surfaces by

hydrogen spillover. J. Phys. Chem. 1996, 100, 17243–17248. [CrossRef]
51. Fang, Z.Z.; Sun, P.; Wang, H. Hydrogen sintering of titanium to produce high density fine grain titanium

alloys. Adv. Eng. Mater. 2012, 14, 383–384. [CrossRef]
52. Beranoagirre, A.; Olvera, D.; López de Lacalle, L.N. Milling of gamma titanium–aluminum alloys. Int. J. Adv.

Manuf. Technol. 2012, 62, 83–88. [CrossRef]
53. Beranoagirre, A.; Urbikain, G.; Calleja, A.; Lopez de Lacalle, L.N. Drilling process in.-TiAl intermetallic

alloys. Materials 2018, 11, 2379. [CrossRef]
54. Banhout, J. Manufacture, characterization and applications of cellular metal and metal foams. Prog. Mater.

Sci. 2001, 46, 559.
55. Salimon, A.; Brechet, Y.; Ashby, M.E.; Greer, A.L. Potential applications for steel and titanium metal foam.

J. Mater. Sci. 2005, 40, 5793. [CrossRef]
56. Evans, A.G.; Hutchinson, J.W.; Ashby, M.F. Cellular metals. Sol. State Mater. Sci. 1998, 3, 288–303. [CrossRef]
57. Tuchinsky, L.; Loutfy, R. Titanium Foams for Medical Applications. Materials & Processes for Medical

Devices Conference, Anaheim, CA, USA, 10 September 2003; pp. 377–381.
58. Zhao, C.Y.; Kim, T.; Lu, T.J.; Hodson, J.P. Thermal transport in high porosity cellular metal foams. J. Therm.

Heat Trans. 2004, 18, 309–317. [CrossRef]
59. Nazar, A.; Abate, K.M.; Kumar, A.; Jeng-Ywan, J. A state-of-the-art review of types, design, optimization and

additive manufacturing of cellular structures. Int. J. Adv. Manuf. Technol. 2019, 104, 3489. [CrossRef]
60. Kashef, S.; Asgari, A.; Hilditch, T.B.; Yan, W.; Goel, V.K.; Hodgson, P.D. Fatigue crack growth behavior of

titanium foams for medical applications. Mater. Sci. Eng. A 2011, 528, 1602–1607. [CrossRef]
61. Kashef, S.; Asgari, A.; Hilditch, T.B.; Yan, W.; Goel, V.K.; Hodgson, P.D. Fracture toughness of titanium foams

for medical applications. Mater. Sci. Eng. A 2010, 527, 7689–7693. [CrossRef]
62. Zhao, C.Y.; Tassou, S.A.; Lu, T.J. Analytical considerations of thermal radiation in cellular metal foams with

open cells. Int. J. Heat Mass Trans. 2008, 51, 929–940. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

http://dx.doi.org/10.1116/1.583328
http://dx.doi.org/10.1116/1.576426
http://dx.doi.org/10.1021/j100250a009
http://dx.doi.org/10.1063/1.336597
http://dx.doi.org/10.1016/0021-9517(92)90114-W
http://dx.doi.org/10.1021/j100331a037
http://dx.doi.org/10.1016/S0925-8388(97)00124-2
http://dx.doi.org/10.1002/aic.10077
http://dx.doi.org/10.1021/la034400m
http://dx.doi.org/10.1021/la9507895
http://dx.doi.org/10.1021/la960674g
http://dx.doi.org/10.1021/jp961243+
http://dx.doi.org/10.1002/adem.201100269
http://dx.doi.org/10.1007/s00170-011-3812-6
http://dx.doi.org/10.3390/ma11122379
http://dx.doi.org/10.1007/s10853-005-4993-x
http://dx.doi.org/10.1016/S1359-0286(98)80105-8
http://dx.doi.org/10.2514/1.11780
http://dx.doi.org/10.1007/s00170-019-04085-3
http://dx.doi.org/10.1016/j.msea.2010.11.024
http://dx.doi.org/10.1016/j.msea.2010.08.044
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2007.10.010


Materials 2020, 13, 5008 15 of 15

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Sample Preparation 
	Mold 
	Experimental Conditions 
	Firing 

	Characterization and Analysis 

	Results 
	Visual Observations 
	X-Ray Diffraction Phase Analysis 
	Microstructural Analysis Using Scanning Electron Microscopy 
	Density vs. Applied Pressure Tests 

	Discussion 
	Conclusions 
	References

