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Abstract: Porous materials are very efficient in absorbing mechanical energy, for instance, in combined armor, in order to improve the

anti-ballistic protection characteristics. In the present study, porous titanium-based structures were manufactured via powder metallurgy

methods using titanium hydride (TiH,) powder, which provided activated sintering, owing to dehydrogenation. The emission of hydrogen and

shrinkage of powder particles on dehydrogenation also added a potential to control the sintering process and create desirable porosities.

TiH2 powder was sintered with additions of ammonium as pore holding removable agents. The microstructures and porosities of sintered

dehydrogenated titanium with different concentration ammonium were comparatively studied. Mechanical characteristics were evaluated

using compression testing with strain rates varying from quasi-static to high levels. All testing methods were aimed at characterizing the

energy-absorbing ability of the obtained porous structures. The desired strength, plasticity and energy-absorbing characteristics of porous

titanium based structures were assessed, and the possibilities of their application were also discussed.
Keywords: TITANIUM HYDRIDE, POROUS MATERIALS, MICROSTRUCTURE, POWDERS.

Introduction.

Metallic materials with controlled porosities are characterized
by a number of unique physical andmechanical properties, due
towhich they arewidely used in various fields—from filters to
impact energy-absorbing systems [1-2]. A wide range of different
technological approaches are used to obtain such materials: foaming
of liquid metals, laser printing with metallic powder, powder
metallurgy method including employment of removable space
holders [2-4]. The last method, powder metallurgy with space
holders, is the simplest and most versatile, allowing one to obtain
materials with porosities of more than 80%, high specific strength,
and sufficient strain values when tested with different deformation
rates. Concerning titanium and titanium-based porous materials,
early works were devoted to the production of porous titanium
using NaCl as a space holder [5,6]. These studies were carried out
either on hydrogenated/dehydrogenated titanium powder [5] or
globular powder [6] sintered at relatively low temperatures (780 C),
which correlated well with the properties (strengths) of cancellous
bones and was promising for use in implants. The works in which
not only NaCl was used as a space holder together with aluminum
powder ensuring the formation of highly porous intermetallic
compounds of the Ti-Al system should also be noted [7]. The
mechanical behavior of porous materials is determined with
specified parameters of porosity, including total volume content,
size of pores, and uniformity of their distribution. Thus, to achieve
desirable strengths, ductility levels, and dumping capacities, the
parameters of pore structures should be strictly controlled. The aim
of the present work was the fabrication of highly porous titanium-
based materials in employing earlier developed powder metallurgy
approaches based on the employment of titanium hydride instead of
pure titanium [8] to obtain desirable porous structures and
investigations of the mechanical behaviors of produced materials
under conditions of quasi-static and dynamic compression in order
to evaluate their potential for energy absorption.

Materials and experimental procedure.

Powder metallurgy approach employing titanium hydride TiH2
as raw powder [8-9] were tested in the present study to produce
porous titanium-based materials. To achieve increased porosities,
titanium hydride powder with a particles size of <100 m
(Figure la) was blended with ammonia carbonate (NH4)2CO3
(Figure 1d). Corresponding blends (Table 1) were compacted at
room temperature at 150 MPa pressure and sintered using specified
regimes to achieve dehydrogenation of titanium hydride,
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consolidation of titanium particles, and removal of space holder
agents. Porous commercially pure titanium (CP-Ti) was produced
using ammonia carbonate (NH4)2CO3) as a removable space
holder, which could be removed by annealing of green compacts at
150 °C in open air before vacuum sintering.

b

Fig.1 Microstructures of initial powders: (a) TiH2, (b) ammonia
carbonate (space holders).

Cylindrical samples with gauge lengths and diameters of 10 mm for
direct impact Hopkinson pressure bar (DIHPB) and quasi-static
compression (QSC) tests were cut by the electric discharge
machining technique. The first tests were performed with the
installation shown in Figure 2; the second—using the Instron 8802
strength machine. Young’s, Shear moduli, Poisson’s ratios, and
Damping capacities of materials were measured with the
Resonance-Frequency-Damping Analysis (RFDA) system (IMCE,
Genk, Belgium), using the Impulse Excitation Technique (IET),
following the ASTM E1876-15 protocol. Material microstructures
before and after tests as well as the specimens’ fractures were
studied using scanning electron microscope (SEM), Vega 3
(Tescan, Czech Republic), equipped with energy dispersive X-ray
(EDX, Bruker, USA) spectroscopy allowing the measurement of the
chemical composition of materials. Phase compositions of the
specimens and their crystalline structure measurements, including
texture analyses, were performed using an X-ray diffraction (XRD)
Ultima IV (Rigaku, Tokyo, Japan) system. The gas content within
the sintered specimens was measured using a gas analyzer
ELTRA OH900 (Haan, Germany). Instron 8802 strength machine.
Young’s, Shear moduli, Poisson’s ratios, and Damping capacities of
materials were measured with the Resonance-Frequency-Damping
Analysis (RFDA) system (IMCE, Genk, Belgium), using the
Impulse Excitation Technique (IET), following the ASTM E1876-
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15 protocol. Material microstructures before and after tests as well
as the specimens’ fractures were studied using scanning electron
microscope (SEM), Vega 3 (Tescan, Czech Republic), equipped
with energy dispersive X-ray (EDX, Bruker, USA) spectroscopy
allowing the measurement of the chemical composition of
materials. Phase compositions of the specimens and their crystalline
structure measurements, including the texture analyses, were
performed using an X-ray diffraction (XRD) Ultima IV (Rigaku,
Tokyo, Japan) system. The gas content within the sintered
specimens was measured using a gas analyzer ELTRA OH900
(Germany).
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Fig. 2 The schematics of the forward DIHPB system used in the
present work

Dynamic compression tests were performed using the DIHPB
technique, represented by the forward configuration, which ensured
the deformation of the specimens to large strains (up to
densification in the case of cellular solids) [16,17]. The schematic
drawing of the forward DIHPB set-up is depicted in Figure 2. The
used solution of the DIHPB arrangement was similar to the one
presented in [18,19]. The currently used laboratory stand consisted
of a striker bar with a diameter of 36 mm and a mass of 4760 g,
launched from a gas gun and a 6 m long output bar, i.e., two 3 m
long pressure bars with a diameter of 40 mm and a data acquisition
system. The specimen was put at the front of the output bar, and the
600 mm long striker bar could directly impact the specimen. The
striker bar and output bars were made of the same material, i.e., C45
steel with a yield strength and elastic wave velocity equal to
735 MPa and 5140 m/s, respectively. To determine force/stress on
the loading surface of a specimen, a pair of strain gages placed 500
mm from the front end of output bar was used to record transmitted
signals. The position of the strain gages and the length of the output
bar were chosen in order to avoid wave superposition.

A Phantom V1612 high-speed camera (Vision Research, Inc.,
Wayne, NJ, USA) was used to measure the shortening of the
specimens, the compression rates, and to identify failure modes, as
well as to confirm that the striker bar Kinetic energy was sufficient
to provide a near-constant compression velocity of specimen up to a
nominal strain of at least 0.5. High-speed video images were
recorded with a resolution of 512 208 pixels and a frame rate of
110,000 fps. To ensure high measurement accuracy based on video
images,crush test markers and specialized TEMA Classic software
version 4.6-002.64 (Image System AB, Linkoping, Sweden) were
used.

Results and discussion.

Typical initial microstructures of the studied porous materials are
presented in Figure 3. It is clearly seen that all the sintered materials
are characterized mostly by open porosities, which were most
developed in the case of 75% ammonia carbonate (AC) as space-
holding. In this case, the sizes of the formed pores (~100 pm)
completely inherited the sizes of the initial material (Figure 3, and
compare with Figure 1b). In addition to large pores in the locations
of space holders, there is a multiplicity of small (less than 20-30
um) pores between the consolidated dehydrogenated titanium
particles. The application of ammonia carbonate (AC) as a space
holder caused wide variations in pore sizes and total porosities
(Figure 3 1), depending on the amount of pore holder in the initial
blends.

materials

Fig.3.Microstructures  of
carbonate (AC) space holders: (a,b) 25%, (c,d) 50% AC, (e,f) 75%
AC.

porous using ammonia

The nominal (apparent) stress—strain curves of the porous
samples were obtained with strain rates ranging from 107 to 10 s,
The representative stress—strain curves for produced porous
materials under quasi-static loading are presented in Figure 4.
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Fig.4 Quasi-static compression stress—strain curves of porous
materials
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Porous titanium obtained with ammonia carbonate (AC) showed
more promising results (Figure 5¢). In most cases, the stress—strain
curves were smooth and typical for porous materials, i.e., a linear-
like elastic stage appeared initially up to the yield stress level,
followed by a period of long strain hardening, collapsed porous
regions, and—in the case of Ti-50%AC and Ti-75%AC materials—
an onset of densification. However, the stress—strain curve profile of
the Ti-25%AC material was similar to the compression curve of the
solid material (Ti-25%AC vyield point was 232 MPa and it was
lower by approximately 23% than the vyield strength of
commercially pure titanium), whereas other materials exhibited
mechanical behaviors similar to open-cell foams (type 1) or
additively manufactured regular cellular materials [10]. At this
point, it should be noted that the relative densities of Ti-50%AC and
Ti-75%AC were 0.51 and 0.43, respectively; thus, they were higher
than the upper value of the relative densities attributed to foams
(according to the work [11]). Foam is defined as a cellular material,
whose relative density ranges from 0.01 to 0.3). Hence, no plateau
stage was observed, wherein stress was relatively constant over a
large strain range. Instead, an increase in nominal stress was
observed, which was associated with the effect of the strain
hardening of the base material. Nevertheless, the visible positive
slope of the nominal compression curve after exceeding the yield
point was not only the effect of strain hardening but also the
increase in the compression force, resulting from the increase in the
specimen’s cross-section, especially in a material with low porosity,
such as Ti-25%AC.
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Fig.5 Representative dependencies between apparent stress and
strain for porous specimens tested at initial impact velocity of 14.1
m/s:

To ensure that the specimen compression velocity under DIHPB
conditions was relatively constant, the initial impact velocity was
increased to 14.1 m/s on average. As a result, the relative shortening
of the specimens for a 20% drop in the impact velocity was higher
and amounted to 0.38 and 0.64 for Ti-25%AC and Ti-75%AC,
respectively. Thus in the case of the Ti-75%AC material, the
specimen crushing took place at a relatively constant velocity
for more than half of the entire deformation process. The
dynamic stress—strain dependencies for the porous specimens
tested at a 14.1 m/s compression velocity are presented in
Figure 5. The obtained compression curves are nominal and
were calculated on the basis of the initial cross-section of the
specimen. Thesem representative stress—strain curves are
derived from a dataset of at least three experiments, with a
scatter of results less than 5% for all materials. For the
assumed level of initial impact velocity, i.e., 14.1 m/s, the
corresponding average deformation rate is about 1300 s™ for
a 20% decrease in compression velocity after impact.

After the initial stage of compression, during which the
samples deformed elastically, a slight decrease in stress
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occurred. From that moment on, the quasi-plateau phase
began. Depending on the porosity, a different strain
hardening effect was observed. The slope of the compression
curves in the quasi-plateau range for the Ti-25%AC and
Ti-50%AC specimens was almost the same, which indicated
a similar degree of strain hardening, while the strain
hardening of the material of the Ti-75%AC specimens was
clearly smaller. Nevertheless, it should be noted that the
slope of the compression curves in the part corresponding to
the quasi-plateau phase was not only the result of the strain
hardening of the specimen material but also the result of the
increase in the cross-section of the specimen during
compression. On the other hand, however, the slope of the
curves of the Ti-75%AC samples with relatively high
porosities of 57% was very similar in the initial stage of
compression, and, after exceeding the strain value of 0.2, it
started to increase, especially from the strain of 0.4. This
different behavior of the Ti-75%AC material was probably
due to the presence of air enclosed in the pores. As stated in
[25], the gas effect was significant at the densification stage,
wherein the crushing stress, i.e., the strain hardening effect,
could be remarkably enhanced. This issue will be further
addressed in Section 4.2 on the strain rate sensitivities of
tested titanium-based porous materials.
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Fig.6 Energy absorption capacity—strain curves of Ti porous
materials

o

Energy absorption capacity, E,, [MJ/m’]

The energy absorption capacity—strain curves were calculated
according to the dynamic stress—strain curves (Figure 4) in the
determined range of densification strain and are shown in Figure 6.
The curves of Eab show a linear or parabolic increase with the
strain rising. The Ti-25%AC materials reveal a near-linear
dependence, while Ti-50%AC and especially Ti-75%AC are
characterized by a parabolic relation between the Eab parameter and
nominal strain. At the densification strain, the values of Eab are
214, 160, and 156 MJ/m3 for Ti-X%AC, respectively. These results
prove that the porosity and fracture mechanisms play a very
important role in the energy absorption property.  The titanium
matrix remains plastic until the porous structure is fully densified.

Conclusions.

The mechanical behavior of the porous titanium materials
prepared via powder metallurgy approaches was studied under
quasi-static and dynamic compression loading conditions. The
influence of porosities, phase composition features, and
microstructures on the mechanical behaviors of materials were
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analyzed. Based on the experimental data presented and their
analysis, the following conclusions could be drawn:

e The mechanical behavior under quasi-static and dynamic
compression of porous titanium materials obtained by powder
metallurgy method was determined the porosity value. Single-phase
porous titanium produced with ammonium carbonate demonstrated
a mechanical behavior that was similar to a solid metal if the
material porosity was lower than 50%. Otherwise, the tested Ti
porous materials behave similar to metal foams. The technological
parameters (initial particle size, pressing and sintering conditions)
of production were optimized. Sintered materials demonstrate
similar shrinkage levels and uniform microstructure within each
layer and complete integration between layers of different chemical
composition, providing sufficient properties for anti-ballistic
applications.

e It was found that porous titanium materials were sensitive
to the strain rate when the latter exceeded 103 s(J1. The dependence
of the strain rate sensitivity on the porosities of specimens was
ambiguous, probably due to the effect of the presence of gases
trapped in the pores.

e The porous titanium matrix produced using ammonium
carbonate demonstrated plastic deformation behavior until the
porous structure was fully densified, allowing the accumulation of
essentially more mechanical energy, possessing higher energy
absorption capacity.
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