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Abstract. In recent times, there has been significant interest in powder metallurgy, driven primarily by the active development of additive
manufacturing. Consequently, a pressing task is the development of methods for producing initial metal powders that are cost-
effective while meeting high consumer standards. This research is a continuation of studies on titanium powders obtained through SHS
hydrogenation and thermal dehydrogenation. The titanium hydride powders, previously obtained using SHS technology, were sieved,
resulting in fractions that matched the granulometric composition of titanium powders of PTK, PTS, PTM, and PTOM grades. Subsequently,
the titanium hydride powder samples underwent dehydrogenation through vacuum annealing in an electric resistance furnace. Throughout
the dehydrogenation process, the kinetics of hydrogen release from the titanium powder were examined as a function of particle size.
The macro- and microstructure, chemical composition, and technological properties of the dehydrogenated powders were thoroughly
analyzed. It was determined that the titanium powder maintained its original polygonal fragmented shape after dehydrogenation.
The average particle size decreased by 5-20 %, and “satellites” were observed on larger particles. Chemical analysis revealed that larger
samples contained a higher level of residual hydrogen and gas impurities (£0.77 wt. %) compared to finer powders (X£0.26 wt. %).
Regarding the study of technological properties, the resulting powders exhibited the necessary characteristics for use in titanium powder
metallurgy, with the exception of low flowability due to the particle shape and microstructural heterogeneity). In conclusion, this research
has demonstrated the potential of the SHS hydrogenation and thermal dehydrogenation method in producing high-quality titanium powders.
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W3BECTUA BY30B

paboTa sBIsAETCA NPOMODKCHHEM HCCIENOBAHMM TUTAHOBBIX IIOPOIIKOB, NONydaeMbIXx MeTomoM CBC-ruapupoBaHHS M TEPMHYECKOTO
nerunpupoBanus. [lomydeHHble paHee MOPOIIKM rHApuIa TUTaHa 1o texHonorud CBC 6buin npocesiHbl Ha (Gpakiyy, COOTBETCTBYIOIINE
TPaHyJIOMETPIYIECKOMY cocTaBy Hopomika Tutana Mapok [ITK, IITC, IITM u [ITOM. Jlanee moponxkoBsie 00pa3Ibl THAPHUAA TUTAHA ObLIH
JIETUJIPUPOBAHbI C TOMOILBIO BAKYYMHOIO OTKUTA B MJIEKTPUUECKOM IIeur CONpoTHBiIeHuUs. B npouecce neruapuposanus OblIa HCCIEA0BaHA
KUHETHKA BbIJIEIEHNS BOIOPO/A U3 TIOPOILIKA TUTAHA B 3aBUCUMOCTH OT pa3Mepa yacTull. M3yueHsl Makpo- U MUKPOCTPYKTYpa, XUMHUYECKHE,
TEXHOJIOTMYECKUE CBOICTBA AETHAPUPOBAHHBIX IIOPOLIKOB. YCTaHOBIICHO, YTO IIOPOLIOK TUTAHA OCIE ICTUIPHPOBAHUS COXPAHUIT HCXOTHYIO
HOJIMTOHANIBHYIO OCKONOuHyI0 (opmy. CpenHuii pasmep udacTul] yMeHbImics Ha 5-20 %, Ha KPYIHBIX YacTHULAX ObUIM OOHAPY)KCHBI
«caTeIUTh». XUMUYECKMM aHAII30M BBIABICHO, YTO KPYIHBIE 00pasiibl cofepKaT OoJblIee KOIMYECTBO OCTATOYHOIO BOJOPO/A U Fa30BbIX
npumeceii (X0,77 mac. %), ueM ToHKHE TOpoIKH (oxoio X 0,26 Mac. %). CornacHO HCCIeI0BaHUSIM TEXHOJIOTHICCKUX CBOUCTB, ITOTy4aeMble
HOPOIIKU 00/NaJaloT HEOOXOAUMBIMU XapaKTEPUCTUKAMU JUI IPUMEHEHHs B OPOIIKOBOM METAaTypruy THTaHa (MCKIIOYECHUEM SIBISICTCS
HH3Kasl TEKy4eCTb IOPOLIKOB M3-32 (JOPMBI 4aCTUIl M MUKPOHCOTHOPOJHOCTH CTPYKTYpHI). TakuM 00pa3oM, moka3aHa MEpCIEKTUBHOCTh
metona CBC-ruapupoBaHus ¥ TEPMUYECKOTO JICTHIPHPOBAHHS, KOTOPBII 103BOJISIET U3rOTaBIUBaTh KAYECTBCHHBIC TOPOILIKH THUTAHA.

KnioyeBbie cnoBa: TitaH, MOPOLIKOBAst METAILTYPrHs, CAMOPACIIPOCTPAHSIOIIHICS BoICOKoTemMmeparypHbiii cuate3 (CBC), nerunpuposanue,

M()p(bOJ'IOFI/IH, XUMHUYECCKUC CBOfICTBa, TEXHOJIOTMYECKUE CBOMCTBA
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Introduction

Titanium exhibits remarkably high chemical reac-
tivity, in particular, it is highly reactive with nitrogen,
carbon, and, most notably, oxygen, leading to the forma-
tion of a robust outer oxide layer [1]. This reactivity inten-
sifies at elevated temperatures, leading to interactions
with foundry equipment and the formation of a brittle
surface layer on titanium, which can detrimentally
affect its mechanical properties [2; 3]. Consequently,
the production of titanium in conventional metallurgical
furnaces becomes challenging, necessitating the crea-
tion of an inert gas or vacuum environment.

Powder metallurgy methods for crafting titanium
products offer several advantages over traditional casting
techniques:

—products and materials can attain unique physi-
cal, chemical, mechanical, and technological properties
that are unattainable through conventional methods, such
as pseudo-alloys, items with specific porosities, enhanced
wear resistance, and friction materials;

— the possibility of using waste materials from metal-
lurgical and engineering production, including scale and
shavings;

—reduced consumption of costly metals due

to the high material utilization ratio;

— less labor-intensive processes compared to casting
and machining [4].

Titanium powder metallurgy involves stages like
powder production, pressing, shaping, sintering, and fin-
ishing. The high cost associated with producing titanium
powders often serves as the primary barrier hindering
the utilization of powder metallurgy techniques for crea-
ting materials and products from titanium [5].

6

One potential approach to obtaining cost-effective
titanium powders involves the crushing of titanium
sponge [6; 7]. The resultant powder typically exhibits
lower purity (96-97 wt. % Ti) and larger particle sizes
(>630 um). Challenges in the mechanical grinding pro-
cess, using crushing methods, stem from the high ducti-
lity of pure titanium.

Electrolytic production of titanium is carried out
at temperatures considerably below the titanium’s mel-
ting point, resulting in a cathode deposit comprised
of crystalline dendritic intergrowths. These intergrowths
disintegrate into individual particles during the cleaning
process after removal from the electrolyte. This method
of obtaining titanium from its dioxide eliminates seve-
ral complex steps found in alternative methods, such
as the production of titanium chlorides and the genera-
tion of a reducing agent. Consequently, the development
of this method was of great interest. However, in all cases
of electrolysis using an insoluble anode, the resulting
titanium powder contains a notable amount of impuri-
ties, which is why these technologies have not gained
widespread industrial adoption [8].

Titanium powders can also be produced by hydro-
genating sponge or waste titanium to form titanium
hydride, which possesses inherent brittleness. This tita-
nium hydride can be easily mechanically crushed and
sieved to yield fine powders, subsequently subjected
to dehydrogenation (removing hydrogen in a vacuum) in
a furnace to produce pure titanium powder [9; 10]. These
powders exhibit an irregular and fragmented morpho-
logy, and their impurity content can be quite low pro-
vided that the impurity content of the initial feedstock
is minimal. The key advantage of this method is its
relatively low cost. The expenses associated with hydro-
genation and dehydrogenation only marginally increase
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the cost of the starting material, and the resulting powder
exhibits high purity when the impurity content of the raw
material is controlled. The oxygen content is significantly
influenced by the starting material, processing proce-
dures, and the specific surface area of the powder [5].

High-purity titanium powders are typically manu-
factured using atomization methods, which involve
melting the titanium material and atomizing the mol-
ten metal in an inert atmosphere through various tech-
niques [11-14]. The atomization process yields spherical
titanium powders, ideally suited for additive manufac-
turing. However, the disadvantages of these powders
include a broad particle size distribution, ranging from
a few micrometers to hundreds of micrometers, as well
as their notably higher cost when compared to powders
produced by other methods.

A thermochemical process used extensively in Russia
for producing titanium powder involves the direct reduc-
tion of titanium oxide with calcium hydride. As the tem-
perature gradually increases, calcium hydride dissociates
into hydrogen gas and calcium. The liberated calcium sub-
sequently reacts with titanium dioxide to form titanium
metal and calcium oxide. Hydrogen gas released during
the dissociation of calcium hydride partially interacts with
the reduced titanium, leading to the formation of titanium
hydride [14—16]. The resulting titanium powder, obtained
through the reduction of titanium dioxide with calcium
hydride, boasts a well-developed porous structure, low
impurity content, and fine particle size.

The development of new production methods for tita-
nium powder, such as the Armstrong, CSIRO, and MER
processes, aims to reduce the cost of titanium powder.
However, as of now, these methods have not found com-
mercial applications [17].

Among the considered methods, hydrogenation-dehy-
drogenation technology is regarded as the most promis-
ing, as it allows for the production of low-impurity and
cost-effective titanium powder [18; 19]. This technology
is environmentally friendly and generates minimal waste.
Moreover, it can utilize titanium waste materials like
chips, sawdust, and small scraps as feedstock, making it
resource-efficient [20; 21].

The efficiency of the hydrogenation-dehydrogena-
tion technology can be further enhanced by employing
the self-propagating high-temperature synthesis (SHS)
method. SHS is unique in that the hydrogenation pro-
cess occurs without the need for external energy input,
relying solely on the heat generated by the exother-
mic reaction Ti+ H, — TiH, + O (39 kcal/mol) [22].
Subsequently, the synthesized titanium hydride under-
goes the same processes as in the standard technology:
grinding, sieving, and dehydrogenation.

The technological characteristics, such as bulk den-
sity and compressibility, of the initial powders are crucial

for items produced through titanium powder metallurgy
methods. These powders must possess specific proper-
ties and characteristics. The study of powder particle
properties and structure for manufacturing products via
solid-phase sintering is a pressing task in the develop-
ment of titanium powder metallurgy technologies. It is
essential for the quality parameters of powders to remain
stable and consistent during storage [23-25].

The aim of'this study was to conduct a thorough exam-
ination of titanium powders produced through the ther-
mal dehydrogenation of titanium hydride in a vacuum.
The research focused on investigating the impact
of the powder’s particle size distribution on dehydroge-
nation parameters, structural characteristics, chemical
properties, and technological indicators. The particle size
distribution of the powders selected for this study was
chosen with consideration for potential practical appli-
cations and aligned with the specifications of the PTK,
PTS, PTM, and PTOM grades.

Experimental

Titanium hydride powders with varying particle
size distributions were employed as initial materials.
Each hydride sample matched the particle size distribu-
tion specifications of titanium powders corresponding
to the PTK, PTS, PTM, and PTOM grades. All the tita-
nium hydride powders were produced using the SHS
hydrogenation technology described in [26].

The thermal decomposition (dehydrogenation)
of the titanium hydride powders was conducted using
a specialized dehydrogenation apparatus, the schematic
of which is depicted in Figure 1.

The apparatus comprises a sealed cylindrical con-
tainer constructed from stainless steel (dehydrator),
which is situated inside the PTGR-1.0-140 electric fur-
nace. Heating is regulated using a digital thermal control-
ler, with a measurement error of £5 °C. On both sides
of the container, pipelines are connected for the supply
of argon and connection to the vacuum pump.

For the dehydrogenation process, a 0.02 kg sample
of titanium hydride powder was placed on a molybde-
num substrate (boat). This boat was then positioned
within the dehydrator on a designated stand. To create
a vacuum, a 2NVR-5DM oil vane-rotor two-stage vac-
uum pump was utilized, capable of achieving a residual
pressure of 2.6 Pa. To minimize the residual air content
in the system, argon was introduced into the container
at a pressure of 0.1 MPa, followed by evacuation. This
procedure was carried out twice to ensure the lowest pos-
sible residual air content in the dehydrator.

The dehydrogenation process (Fig. 2) entailed seve-
ral steps. It commenced with vacuum drying at 300 °C
for 60 min. Subsequently, the heating temperature was

7
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Fig. 1. Schematic view of facility for thermal dehydration
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raised to 750 °C and held constant for 40 min. Thermal
decomposition of the titanium hydride involved hea-
ting the powder until the pressure in the system ceased
to change. The initiation and cessation of hydrogen
release were determined by monitoring the vacuum
gauge’s readings, indicating the start and end of pressure
variations. The dehydrogenation parameters were chosen
to prevent particle sintering. The cooling of the pow-
ders was carried out simultaneously with the furnace,
and after complete cooling, the reactor was additionally
purged with argon. The weight change of the dehydroge-
nated powder was calculated using equation:

Am =" 100 9, (1)

my

where m, is the weight of initial titanium hydride powder,
and m, is the weight of the powder after dehydrogenation.
The measurement error for this calculation was +0.1 g.
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Fig. 2. Dehydration regime of powdered titanium samples

Puc. 2. Pexxum eruapupoBaHusi MOPOLIKOBEIX 00pa3IloB THTaHA
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The particle size of the obtained powders was deter-
mined using a “MicroSizer 201 laser particle analyzer
(LLC “VA Insalt”, St. Petersburg, Russia). The measure-
ment error did not exceed 1.2 %.

The particle morphology of the obtained titanium
powder was examined using a “Zeiss Ultra plus”
autoemission ultrahigh resolution scanning elec-
tron microscope (Carl Zeiss, Germany), which is based
on “Ultra 55”. This microscope offers a magnifica-
tion range of 12-10°, an accelerating voltage of 0.02 V
to 30 kV, and a probe current of 4-20 nA.

The chemical composition of the materials under
investigation was determined using analytical chemistry
methods: oxygen and nitrogen were analyzed through
reductive melting in a graphite crucible in a helium cur-
rent, carbon content was determined via oxidative melting
in a ceramic crucible, and hydrogen content was deter-
mined according to State Standard GOST 24956-81.
Oxygen and carbon were detected by measuring
the amount of CO, released through infrared absorption,
while nitrogen was determined through thermal conduc-
tivity. The iron content in titanium was assessed using
photocolorimetry. The instruments employed for these
measurements include the TS-600 oxygen and nitrogen
analyzer (Leco, USA), the RHEN-602 hydrogen analyzer
(Leco, USA), the CS-600 carbon analyzer (Leco, USA),
and the KFK-3-01 photometer (JSC “ZOMZ”, Zagorsk,
Russia) for iron content determination.

The bulk density of the obtained powders was deter-
mined in accordance to State Standard GOST 19440-94,
while their compressibility (compactibility) was assessed
following State Standard GOST 25280-90. Pycnometric
density was determined based on State Standard
GOST 2211-2020, considering the weight of the analyti-
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cal sample and its true volume, measured with a pycno-
meter using toluene as a saturating liquid.

The specific surface area was measured using low-
temperature nitrogen adsorption with a “Sorbi-M” device
designed for determining the specific surface of porous
materials (ZAO “META”, Novosibirsk, Russia). Pow-
der flowability was evaluated using a calibrated fun-
nel (Hall device) in accordance with State Standard
GOST 20899-98.

Result and discussions

Four distinct powder samples of dehydrogenated
titanium, denoted as DH-PTK, DH-PTS, DH-PTM, and
DH-PTOM, were obtained.

The initial titanium hydride powders contained
4.2 wt. % of hydrogen and primarily varied in their
particle size distribution. When heated within the range
of 300400 °C, the process of titanium hydride decom-
position initiates, leading to the release of hydrogen.
However, even at higher temperatures, typically around
1000-1100 °C, dehydrogenation in this case doesn’t
reach completion. To lower the temperature required
for dehydrogenation, vacuum treatment is employed.
Achieving the permissible hydrogen content for tech-
nical-grade titanium (<0.10 %) attained under vacuum
conditions at ¢ = 700+800 °C. During the initial stages
of dehydrogenation, when the hydrogen content in tita-
nium is relatively high, the rate of hydrogen release is
notably significant [27].

During dehydrogenation, it was observed that the par-
ticle size plays a role in influencing the kinetics of hydro-
gen release (Table 1). The PTOM sample, characterized
by the smallest particle size, exhibits the commencement
of hydrogen desorption at a low temperature, £, = 520 °C.
For the coarser PTS and PTM powders, hydrogen release
initiates at 550 °C and 540 °C, respectively. It can be
inferred that larger particles require more heat to initiate
this process, as evident in the case of the PTK sample,
where hydrogen release commences at#, = 555 °C.

Moreover, for the powders under examination,
the time interval from the initiation of hydrogen release
to its completion also differs. As particle size decreases,
this time interval tends to increase, possibly due to incom-
plete dehydrogenation of the coarser particles.

To evaluate the extent of dehydrogenation, the samp-
les were weighed both before and after the dehydrogena-
tion process. It’s important to note that as the particle size
of the samples decreases, the reduction in weight after
dehydrogenation becomes more significant. As indicated
in Table 1, it is evident that coarse particles are not com-
pletely dehydrogenated, which is reflected in the short
duration of hydrogen release and the relatively low
weight loss.

Table 1. Kinetics of dehydration of powdered samples
of titanium hydride

Tabnunya 1. Knnernka npouecca aeruipupoBaHus
MOPOIIKOBBIX 00Pa310B I'HAPUIA TUTAHA

Ayerag'e Hydrogen release Gl
Sample | particle size, . . o
t,°C | 7,min | weight, %
um in

DH-PTK 82 555 25 -3.1
DH-PTS 48 550 27 -3.6
DH-PTM 36 540 29 —4.7
DH-PTOM 33 520 30 5.8

The histograms in Figure 3 reveal that following
the thermal decomposition of titanium hydride, there is
a slight reduction in the particle size within the overall
mass. This phenomenon is similar to what was observed
in a previous study [28], where it was demonstrated
that the thermal decomposition of scandium hydride
powder results in a marginal decrease in the average
linear particle size (by ~4 %). As reported in other pub-
lications [29], during the hydrogenation of titanium,
there is an expansion of the unit cell volume by approxi-
mately 2.5 times, leading to a “swelling” of the particles.
Presumably, after the removal of hydrogen, the titanium
particles tend to revert to their original structure under
the influence of temperature, causing them to decrease in
volume. This effect is more pronounced in the PTK and
PTS powder samples, which consist of coarser particles
when compared to PTM and PTOM. The average linear
particle size after dehydrogenation for the PTK, PTS,
PTM, and PTOM samples decreased by roughly 24, 13,
12 and 10 %, respectively. Additionally, after dehydro-
genation, there was a reduction in the number of par-
ticles within the range of 0.5 to 10 um. It is likely that,
at the chosen temperature, such particles are sintered
with the primary fraction particles.

The structure of particles has a significant impact
on the properties of titanium powder, and it is influenced
by the methods used for production and powder process-
ing, as well as the chemical composition. Electron micros-
copy was employed to examine the dehydrogenated tita-
nium powder, and the results indicated that the particle
shape of the original titanium hydride was preserved.
Figure 4 provides an overall view of the dehydrogenated
titanium powders obtained. It is noteworthy that the cho-
sen dehydrogenation temperature did not alter the shape
of the powder particles, which retained their polygonal
fragmented structure.

In the detailed images of Figure 5 at higher magnifica-
tion, individual particles of the dehydrogenated titanium
powder can be closely examined. A portion of the fine
particles tends to sinter with the coarser particles,

9
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giving rise to what are commonly referred to as “satel-
lites.” These satellite formations result in various types
of micro-irregularities in the structure, which can poten-
tially have adverse effects on the technological proper-
ties of the powders and the properties of the final pow-
der products. The formation of satellites is influenced
by the vacuum treatment and the specific temperature
applied during dehydrogenation. As lowering the tem-
perature and reducing the vacuum level are generally
undesirable, it is recommended to pre-sieve the powder
before dehydrogenation to eliminate fractions within
the 0.5 to 10 pwm range. It is worth noting that the surface
of the titanium particles after dehydrogenation is char-
acterized by the absence of pores and does not exhibit
a developed surface structure.

The purity of titanium can be estimated through its
hardness (HB), which tends to increase with higher impu-
rity content. Among the impurities, oxygen and nitrogen,
which form interstitial solid solutions with titanium, have
a significant detrimental impact on the ductility of tita-
nium and are considered harmful. The primary impuri-
ties also include carbon and iron. The influence of these
main impurity elements on the hardness of titanium
can be roughly expressed by the following empirical
equation, MPa [27]:

HB =19604/N, % +15804/0O, % +
+4504/C, % +2004/Fe, % + 57. 2)

10

As per Equation (2), nitrogen has the most substantial
effect on the hardness of titanium, followed by oxygen,
carbon, and iron. Nitrogen, which stabilizes the o phase
of titanium, raises the temperature of the polymorphic
transformation. Every 0.01 % increase in nitrogen con-
tent results in a 20 MPa increase in tensile strength and
a 60 MPa increase in hardness. Oxygen also stabilizes
the a phase, and a 0.1 % increase in oxygen content leads
to a 12 MPa increase in tensile strength and a 40 MPa
increase in hardness. Nitrogen and oxygen are inter-
stitial atoms with high solubility in a titanium and are
situated in octahedral voids, which enhances the rigi-
dity of the interatomic bonds in titanium. Hydrogen is
another highly detrimental impurity in titanium, as it sig-
nificantly diminishes the ductility of the metal, particu-
larly its impact toughness. Carbon has limited influence
on the mentioned properties of titanium, as it only dis-
solves slightly in a titanium. The presence of iron impu-
rities up to 0.5 % has a negligible impact on the mechani-
cal properties of titanium.

The quality of products manufactured from titanium
powders is directly linked to the purity of the initial
powders. Thus, it is crucial to maintain the concentra-
tion of major impurities at a minimum level. Based
on the results of chemical analysis (Table 2) of dehydro-
genated titanium powders, it was observed that samp-
les from the coarser fraction contain a higher level
of residual hydrogen (0.2 wt. %) compared to the finer
fraction (0.06 wt. %). This suggests that the selected
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Fig. 4. General view of dehydrogenated titanium powders Fig. 5. Microstructure of dehydrogenated titanium powders
a—PTK, b—-PTS, ¢ - PTM, d - PTOM a—PTK, b-PTS, ¢ - PTM, d - PTOM
Puc. 4. O6uwmit BUA IeTHIPUPOBAHHBIX TIOPOIIKOB THTAHA Puc. 5. MuKpOoCTpYKTypa IernApHPOBAHHBIX TOPOLIKOB THTAHA
a—TITK, b —TITC, ¢ - I1TM, d - TITOM a—TITK, b —TITC, ¢ — [1TM, d - TITOM
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dehydrogenation process is less effective for the PTK and
PTS samples. Notably, during the dehydrogenation pro-
cess, there is a reduction in gas impurities such as nitro-
gen and oxygen. This may be due to the vacuum facilitat-
ing active degassing of the powders [30]. Additionally,
the hydrogen released during dehydrogenation can serve
as a reducing agent, forming molecules with nitrogen
and oxygen impurities, which are subsequently desorbed
into the gas phase and eliminated [31; 32]. As a result,
the PTM and PTOM powder samples exhibit the lowest
levels of gas impurities (0.5-0.6 wt. %).

For practical applications, the technical charac-
teristics of titanium powders are of great importance.
The size and shape of particles are the primary factors
that determine the technological properties of powders,
including bulk density, flowability, and compressibility.
The technological properties of dehydrogenated titanium
powder are summarized in Table 3.

Bulk density represents a volumetric property
of'the powder, which is the ratio of its weight to its volume
at free bulk density. The bulk density of dehydrogenated
titanium powder increases in comparison to the hydride
due to the higher density of pure titanium (4.5 g/cm?).
Additionally, there is a trend of decreasing bulk den-
sity with a reduction in the average particle size. Fine
particles possess a higher specific surface area, which

increases inter-particle friction, making it more challeng-
ing for them to move relative to each other, resulting in
a lower bulk density.

Compactibility characterizes the change in powder
density during compression and determines the ease
and cost-effectiveness of the cold pressing process.
Powder samples with larger particle sizes exhibit lower
compactibility compared to titanium hydride, which,
due to its brittleness, breaks down and fills voids. Pure
titanium powder is more pliable, and therefore compact-
ing the coarse fraction at a pressure of 200 MPa is chal-
lenging. The compactibility of dehydrogenated powder
samples, in general, aligns with that of the initial titanium
hydride powders.

The pycnometric (true) density of metal powders
depends on their internal porosity, defects in the crystal
lattice, oxide content, and usually differs from the theore-
tical density. Based on measurements of the pycnometric
density of the dehydrogenated powder samples, it is evi-
dent that the PTK powder sample, with the highest impu-
rity content (particularly hydrogen), has a lower density
(4.43 g/cm®). Generally, there is a dependency: the closer
the pycnometric density is to the theoretical density,
the lower the impurity content in the samples.

In evaluating the technological properties of pow-
der materials, the specific surface area of their particles

Table 2. Content of major impurities in the studied powder samples

Ta6nm.(a 2. Conepmalme OCHOBHBIX IPUMECHBIX 3JICMEHTOB B HCCJIEAYEMbIX NMOPOIKOBBIX 06])33[13)(

Average particle Content of elements, wt. %
Sample .
S1Ze, pm C N (0) Ee H 2,

Initial titanium hydride - 0.09+0.04 | 0.35+0.03 | 0.26£0.03 | 0.035+0.01 | 420+0.02 | 4.93
DH-PTK 82 0.13+0.01 | 0.30+£0.02 | 0.27+£0.02 | 0.035+£0.01 | 0.20+£0.02 | 0.93
DH-PTS 48 0.14+0.01 | 0.29+0.02 | 0.25£0.02 | 0.050+0.01 | 0.13+0.01 | 0.86
DH-PTM 36 0.13+0.01 | 0.15+£0.01 | 0.20£0.02 | 0.070£0.01 | 0.08 £0.01 | 0.63
DH-PTOM 33 0.16+0.01 | 0.02+0.01 | 0.180.01 | 0.080+0.01 | 0.06 £0.01 | 0.50

Table 3. Technological properties of the studied powdered samples

Ta6bnuya 3. TexHo10rnyeckue CBOICTBA UCCIeyeMbIX OPOIIKOBLIX 00pa3LoB

Sample pa?t;]cireafi(;e, Bulk denSSity, g/ctig?ﬁlrllj(?;rt 1; lfii};’sure PycpometricS sursfzizlgrcea, Flowabilit, s
i g/cm 5200 MPa density, g/cm —_

PTK hydride 108 1.38+0.04 2.83+0.04 3.79+0,01 0.6 £0.01 21.25

DH-PTK 82 1.74 £0.03 2.66 +0.01 4.43+£0,01 0.7+0.01 16.60
PTS hydride 55 1.31+0.03 2.85+0.03 3.81+0,01 0.6 +0.01 Does not flow
DH-PTS 48 1.56 £ 0.06 2.88 £0.01 448 +£0,01 0.8+0.01 Does not flow
PTM hydride 41 1.30 £ 0.02 2.86+0.03 3.80+£0,01 0.6 £0.01 Does not flow
DH-PTM 36 1.46 £ 0.06 2.89+0.03 4.50+0,01 0.8+0.01 Does not flow
PTOM hydride 37 1.16 £ 0.02 2.88+0.03 3.72+£0,01 0.7 +£0.01 Does not flow
DH-PTOM 33 1.39+0.02 2.84+£0.02 4.50+£0.01 0.9+0.01 Does not flow
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is significant in several instances. Its value can provide
insights into certain physical and chemical properties
of powder materials, including the degree of disper-
sibility. As the average particle size of the powder sam-
ples decreases during dehydrogenation and the particle
area increases due to satellites, the specific surface area
of the dehydrogenated powders (0.7-0.9 m?/g) is greater
compared to that of the hydride (0.6-0.7 m%/g).

Flowability denotes the ability of powders to flow
out from the opening of a container under the influence
of gravity. Flowability is influenced by factors such as
powder density, particle size and shape, surface condi-
tion, humidity, and the nature of contact between par-
ticles. Good flowability is particularly important in cases
of automatic pressing, where the productivity of the press
is dependent on the rate of mold cavity filling. Poor flui-
dity can also lead to the production of items with non-
uniform density. The resulting powders, due to the frag-
mented shape of the particles and structural defects,
exhibit a low level of flowability, amounting to 16.6 s for
the coarse fraction, while the fine fraction does not flow.

Conclusions

The presented study examines the impact of the par-
ticle size distribution of initial titanium hydride powders
on their thermal decomposition process. It comprehen-
sively investigates the physical, chemical, and techno-
logical properties of dehydrogenated titanium powders.

It has been determined that the chosen dehydroge-
nation process is better suited for the fine fraction with
an average particle size of 35 pm, where complete dehy-
drogenation occurs without particle sintering. Larger
particles (>60 um) require higher dehydrogenation tem-
peratures. During the thermal decomposition of titanium
hydride, there is a significant reduction in the average
linear size of powder particles, ranging from 5 to 20 %
depending on the sample.

The dehydrogenation process does not alter the shape
of the particles, which maintain their original polygo-
nal fragmented structure. The study identifies the pres-
ence of “satellites” on large particles, which can intro-
duce various forms of micro-irregularities in the struc-
ture, potentially affecting the technological properties
of the powders and the properties of the final powder
products. This factor should be taken into consider-
ation during production, and powder separation should
be carried out with care.

Chemical analysis results reveal that larger pow-
der samples contain a higher amount of gas impurities
(hydrogen, nitrogen, oxygen X 0.77 wt. %) compared
to the fine fraction (X 0.26 wt. %). Presumably, this is
due to the more complete dehydrogenation and degassing
of the fine fraction under the selected regime.

The technological properties of dehydrogenated
powders generally meet the requirements for their use in
powder metallurgy. However, the presence of satellites
and the fragmented shape of the particles significantly
reduce the fluidity of the powders, which can lead to dif-
ficulties when using them in automated processes.

In conclusion, this comprehensive study of titanium
powders obtained through SHS hydrogenation and ther-
mal dehydrogenation demonstrates their potential for
application in powder metallurgy.
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