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1. Introduction

Tantalum exhibits unique properties among
refractory metals, including a high melting point,
compatibility with interstitial elements, an
appropriate elastic modulus, and excellent room-
temperature formability, making it ideal for diverse
applications [1]. Its high density and flexibility
support its use in high strain-rate applications [2], and
its formability makes it a preferred material in
specific contexts [3, 4]. However, its high cost and
application in military armaments have limited its
widespread adoption [5, 6]. Recent studies have
significantly advanced efforts to reduce costs and
eliminate heterogeneous structures [7, 8].

Sintering tantalum powder is challenging due to its
high melting point, low thermal conductivity, and
strong affinity for interstitial elements, requiring high
temperatures, extended sintering times, and vacuum
conditions in powder metallurgy processes [9]. Using
nano-powders enhances sinterability [10]. Hot
pressing, which applies simultaneous pressure and
heat, effectively produces high-density parts with
controlled microstructures. Vacuum hot pressing
with rapid induction heating is particularly suitable
for sintering powders, especially nano-powders,
minimizing the gap between theoretical and actual
densities.

Mortet al. investigated oxygen and carbon dissolution
and precipitation in tantalum powder after hot
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pressing, identifying various oxide and carbide
precipitates using microscopy and XRD [11]. Stkra
reported a hardness of 120 Vickers for 99.95% pure
tantalum, which increased to 500 Vickers with 2.4%
oxygen content [12]. Dragkamp et al. used machined
tantalum powder, controlling oxygen contamination
by limiting new surface formation [13]. Mann’s work
demonstrated that machining chip powder provides a
framework for studying oxygen’s role in tantalum’s
structural development [14]. Angerer et al. achieved
a maximum relative density of 95% in hot-pressed
tantalum at 1700°C for 60 minutes under 30 MPa
pressure, with residual stress analyzed via X-ray
diffraction [15, 16]. Despite these advances, the
effects of sintering parameters on tantalum’s
microstructure and mechanical properties during hot
pressing remain underexplored.

This study investigates how hot pressing parameters,
such as sintering temperature and time, affect
tantalum’s sintering behavior and microstructure.
The relationship between porosity morphology and
mechanical properties is examined to identify
optimal sintering conditions for achieving superior
mechanical performance.

2. Materials and Methods

In this study, tantalum powder from Aldrich
Company was used. Table 1 shows the chemical
composition of the purchased tantalum powder.

Table 1. Chemical Composition of Tantalum Powder.

Trace Metal Analysis =< 1000 ppm
Chromium (Cr) 14.0 ppm
Iron (Fe) 23.0 ppm
Molybdenum (Mo) 190.0 ppm
Nickel (Ni) 16.0 ppm
Tungsten (W) 280.0 ppm
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Fig. 1. X-ray Diffraction Pattern of Tantalum Powder
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A Philips X-PERT X-ray diffractometer was used to
examine the purchased powder. Fig. 1 shows the X-
ray diffraction pattern of the tantalum powder, which
shows only the tantalum phase.

Fig. 2 shows the scanning electron microscope image
of the tantalum powder. The powder morphology was
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irregular and without any significant agglomeration.
The particle size of the powder was determined by
scanning electron microscopy by measuring more
than 30 particles, and the average particle size was
reported to be 1.44 microns.
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Fig. 2. Scanning Electron Microscope Image of Tantalum Powder.

A graphite mold was used to fabricate the samples.
Graphite foil was used on the inner surfaces of the
mold to prevent mold wear and chemical reaction
with the tantalum powder. Solidification was carried
out using a vacuum hot press with a hydraulic system
and a capacity of 15 tons. The mold and powder

assembly were placed between two punches inside
the hot press chamber. The dimensions of the
graphite mold used are schematically shown in Fig.
3. Density was measured by the Archimedes method
in water according to ASTM B 527 standard
requirements.
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Fig. 3. Dimensions of Graphite Mold

Table 2 details the vacuum hot pressing conditions, and Table 3 shows Specimen conditions.
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Table 2. Details of Vacuum Hot Pressing Conditions.

Mold diameter 12.5mm
powder in each sample 12 gram
pressure 40 MPa
Heating rate 100 °C/min
Vacuum 5*102 mbar
thermocouple type Type-R

Table 3. Specimen conditions.

Temperature Time

sample o .
C min

1 1400 20

2 1500 15

3 1500 25

4 1600 20

To examine the microstructure, initial preparation
such as sanding and polishing was performed, and
diamond paste was used in the final polishing of the
samples. After the preparation operations on the
samples, etching was performed for 30 seconds using
an H20:HNOs:HF: H2SO4 solution with ratios of
1:1:1:3. Microstructure examination was performed
by optical microscopy and scanning electron
microscopy. The grain size was determined
according to the planimetric method in ASTM E112
standard by measuring more than 90 grains from each
sample and determining the average grain size. SIS
image processing software was used to determine the
size, distribution, and morphology of the Porosity.
Hardness measurement on the samples after the hot
pressing process was performed by a Buhler Vickers
microhardness tester according to ASTM E384
standard requirements. Vickers microhardness
measurement was performed with an average of 3
hardness impressions under a load of 9.807 N. To
examine the mechanical properties of the samples, a
compression test was performed at room temperature
according to ASTM E9 standard requirements. In this
test, samples with a ratio of ho/do=1.1 (ho initial
height and do initial diameter of the sample) and a
compression test with a loading rate of 1 mm/min
were performed by an Instron-8503 device. To
calculate the percentage of porosity in the samples,
Equation (1) was used based on the density:

P=1-(:5) (1)
In this relation, P is the percentage of porosity, p is
the density of the porous material, and p0 is the
density of the material in a non-porous state
(theoretical density). The equivalent diameter factor
was used to examine the Porosity characteristics. The
equivalent diameter factor, Dcircle, is equal to the

diameter of a circle that has an area equal to the
metallographic cross-sectional area of the Porosity.
In order to examine the equivalent diameter factor,
Equation (2) was used:

Deircle = 2\/2/7'[ (2)
The effective load-bearing cross-sectional area is
considered as one of the variables of interest in
sintered materials. The value of the effective cross-
sectional area of load bearing was calculated using
equation (3):

Ai=Ao(1- P) 3)
In this relation, Aq is the apparent surface area, P is
the total porosity percentage, and At is the effective
load-bearing cross-sectional area [17].

3. Results and Discussion

The primary parameters influencing the solid-state
sintering process are sintering temperature, sintering
time, and powder particle size, which collectively
determine the metallurgical properties of components
produced through powder metallurgy. In solid-state
sintering, densification occurs through the
deformation of powder particles, driven by atomic
diffusion, porosity reduction, and grain growth.
During this process, the solid-gas interface is
replaced by a solid-solid interface, reducing the
driving force for sintering. This method necessitates
high temperatures and fine powder particles to enable
atomic diffusion and achieve densification over an
appropriate time period.

Smaller powder particle sizes increase the surface-to-
volume ratio, thereby enhancing the sintering rate,
particularly in the initial stage. During this stage,
initial bonds form between powder particles, leading
to neck growth. As sintering progresses, the neck area
expands, and the centers of adjacent particles move
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closer together. The driving force for atomic
diffusion and movement toward the neck region or
porosity is determined by the chemical potential
gradient, influenced by vacancy concentration
beneath the particle surface. Atoms migrate from
regions of higher chemical potential to those of lower
potential, activating mass transfer mechanisms.

Structural changes associated with neck growth
during sintering are governed by diffusion processes.
Generally, finer particles result in faster neck growth
rates due to their higher surface-to-volume ratio. By
optimizing sintering time and temperature, superior
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outcomes can be achieved [18]. In this study, the
average particle size was reported as 1.44 microns.
The use of finer powders, which increases the
surface-to-volume ratio and sintering driving force,
enables sintering at lower temperatures and shorter
times, improving powder densification behavior.
Figure 4 illustrates the relative density of the
samples. The green density of the samples was 60%
of the theoretical density. At a sintering temperature
of 1400°C, the relative density increased to 80% of
the theoretical density. A near-theoretical density of
97.6% was achieved at 1600°C.
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Fig. 4. Relative Density Diagram of Samples.

The results indicate that, as the temperature increases,
the theoretical density rises by approximately 17.6%.
This increase can be attributed to the enhanced
diffusion process, which is thermally activated.
Atomic movement depends on the energy required to
jump into vacancies. The multiplicity of atomic
vacancies, as well as the number of atoms with
sufficient energy to migrate into these vacancies, can
be determined using the Arrhenius equation Equation
(4).

== elwD) )
N/No is the ratio of available vacancies (activated
atoms) to the total atoms, Q is the activation energy
of tantalum (413.3 kJ/mol), R is the universal gas
constant, and T is the temperature in Kelvin [19]. The
N/No ratio for tantalum at 1400°C and 1600°C was
calculated to be 6.48*10%* and 1.77 * 1072
respectively. The results showed that temperature has
a significant effect on the vacancy ratio, and with
increasing temperature, the ratio of vacancies to total
atoms increased by 27%. On the other hand, the
diffusion coefficient of tantalum was calculated
according to Equation (5).

Dtantatum = 1.24™-10 e(%) (5)

In this relation, D is the diffusion coefficient, Do is
the intrinsic diffusion coefficient of tantalum (1.24 *
10 m?/sec), Q is the activation energy of tantalum
(413.3 kd/mol), R is the universal gas constant, and T
is the temperature in Kelvin [19].

The diffusion coefficient of tantalum at 1400°C and
1600°C was calculated to be 8.04 * 108 m%/sec and
2.19 * 10 m?/sec, respectively. The results showed
that temperature has a very significant effect on the
diffusion coefficient, and with an increase in
temperature from 1400°C to 1600°C, the diffusion
coefficient increased by 27 %. With increasing
temperature, the number of active atoms and the
necessary vacancies for movement increased.
Increasing temperature increases the grain boundary
excitability and reduces the porosity in the sample,
ultimately leading to an increase in density.

At 1500°C, with increasing sintering time, the
relative density increased from 90.86% to 95.65% of
the theoretical density. The relative density of the
samples increased by 5% with increasing sintering
time. The sintering mechanism can be explained
using Equations (6) and (7).

K = (AP (6)
Lg%:nLgHLgk (7
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In this relation, K is the sintering rate constant, Lo/AL
is the compaction rate, t is the sintering time, A is a
constant related to surface tension, diffusion
coefficient, and grain size, Q is the activation energy
of tantalum (413.3 kJ/mol), R is the universal gas
constant, and T is the temperature in Kelvin [20].
Equations 6 and 7 show that the increase in the
deformation rate in the first stage of sintering
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depends on the surface area, the activation energy of
tantalum, and grain size. According to Equation 6,
the increased surface area of tantalum powder
promotes diffusion during sintering. Finer tantalum
powder particles result in a larger surface area and
higher surface free energy, which spontaneously
decreases to a lower energy state. As sintering time
increases, the density of the sample increases.
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Fig. 5. Density Diagram Based on Sintering Methods.
Figure5 presentsarelativedensitydiagramcomparing  breaking of particle agglomerates, and the

various sintering methods from previous studies. The
highest density in sintered tantalum samples was
achieved using hot isostatic pressing (HIP). Angerer
etal.’s study, which employed hot pressingat 1700°C,
reported a density of 95% of the theoretical density,
similar to the method used in this study. In contrast,
the present study achieved a theoretical density of
97.5% at 1600°C. At 1500°C and 60 minutes, the
density reached 80% of the theoretical density, while
at 1500°C and 25 minutes, a density of 95.65% was
attained. The higher density in this study compared
to Angerer et al.’s can be attributed to increased
pressing pressure. Angerer et al. used a pressure of 30
MPa, whereas this study applied 40 MPa.

Zinto’s studies demonstrated that the yield strength
of tantalum decreases with increasing temperature:
200 MPa at room temperature, 50 MPa at 400°C, and
34 MPa at 1000°C [18]. Therefore, it can be
concluded that due to the decrease in the yield
strength of tantalum at high temperatures, the
increase in pressing pressure has increased the
density. The increase in pressure in the sintering
process leads to the rearrangement of atoms, the

mechanical collection of Porosity. The increase in
pressure increases the sintering force. The effect of
applied pressure on density can be explained using
Equation (8).

dp _ y
1 dt=B() +P) (8)

In this relation, p is the relative density, B is a term
including diffusion coefficient and temperature, g is
a geometric constant, X is a parameter related to
particle size, and P is the applied external pressure
[18]. According to Equation 8, it can be seen that the
condensation rate increases with increasing pressure.
Mort et al. reported that, during hot pressing of
tantalum powder at 1500°C, a pressure of 50 MPa
significantly increased density [11].

Figure 6 shows optical microscope images of the
microstructure of the sintered samples. The
microstructure consists of grains and porosity, with
porosity observed both within grains and at grain
boundaries. At 1400°C, the porosity appeared
interconnected. At 1600°C, grain boundaries
migrated away from the porosity, trapping it within
the grains and resulting in isolated porosity.
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Fig. 6. Optical Microscope Image of Microstructure (a) Sample Sintered at 1400°C and 20 min (b) Sample Sintered at
1500°C and 15 min (c) Sintered at 1500°C and 25 min (d) Sample Sintered at 1600°C and 20 min.
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Fig. 7. Average Grain Size of Sintered Samples

Figure 7 illustrates the average grain size of the
sintered samples. Microstructural analysis revealed
that the grain size in tantalum increased with higher
sintering  temperatures.  Specifically, as the
temperature rose from 1400°C to 1600°C, the
average grain size increased from 8.6 um to 17.3 um.
Similarly, extending the sintering time from 15 to 25
minutes resulted in an increase in average grain size
from 10.5 pm to 12.5 pm. Grain growth occurs
primarily during the final stage of intermediate

sintering, where the average grain size increases
while the number of grains decreases. At 1600°C, the
average grain size was approximately double that
observed at 1400°C.

Grain growth is driven by the reduction of grain
boundary energy, as larger grains minimize the grain
boundary area. Higher temperatures and longer
sintering times enhance atomic diffusion along grain
boundaries, facilitating grain boundary migration.
Both temperature and sintering time significantly

JMATPRO (2023), 11 (44): 55-69
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influence grain size. Limited studies have reported
achieving full density in tantalum sintering with
minimal grain growth.

Figure 8 compares grain sizes from this study with
those from previous research. The largest grain size,
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169.4 um, was reported in Zento’s study, which
utilized the Field-Assisted Sintering Technique
(FAST) [18]. Lavernia et al. investigated tantalum
powder sintering via hot isostatic pressing (HIP),
reporting a grain size of 110 um [21].
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Fig. 8. Comparison of grain size in previous studies and this study.

Filgura et al. studied the effect of adding 1% nickel
during pressureless liquid-phase sintering of
tantalum at 2000°C for one hour, achieving a grain
size of 5 um. However, the relative density in their
study was below 85% of the theoretical density [22].
Other studies using HIP reported grain sizes of 70 pm
(Henkler), 60 um (Ben-Koor), and 30 um (Beningert)
[23-25]. Grain growth was observed in all these
studies.

In contrast, Yang Mo Kim et al. successfully
mitigated grain growth during tantalum powder
sintering by combining cold isostatic pressing with
HIP [26]. Angerer et al. examined tantalum powder
with a particle size of 2.4 um using spark plasma
sintering (SPS) and hot pressing (HP), achieving a

relative density of 95% in both methods. Lower
sintering temperatures were found to prevent grain
coarsening. In the present study, sintering at 1600°C
using hot pressing in a vacuum Yyielded near-
theoretical density with a fine-grained, homogeneous
microstructure.

Temperature and sintering time also influence the
morphology and extent of porosity in tantalum.
Porosity is expressed as the volume percentage
relative to the total volume of the sample. As stress
concentration sites, pores are prone to crack initiation
and propagation. The percentage and morphology of
porosity significantly affect deformation behavior.
Figure 9 presents the porosity percentage of the
sintered samples.
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Fig. 9. Percentage of porosity of the sintered samples.
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Figure 9 illustrates the effect of sintering temperature
on porosity. As the temperature increased from
1400°C to 1600°C, the porosity percentage decreased
from 20% to 2.4%, a reduction of 17.6%. Similarly,
extending the sintering time from 15 to 25 minutes
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reduced the porosity from 9.14% to 4.35%. The
properties of powder metallurgy components are
significantly influenced by the shape and distribution
of porosity, which may be isolated (closed),
interconnected (open), or a combination of both.

Interconnected Porosity

Interconnected Porosity

Fig. 10. Electron microscope image of Porosity morphology in the microstructure of (a) sample sintered at 1400°C for
20 min, (b) sample sintered at 1500°C for 25 min, and (c) sample sintered at 1600°C for 20 min.
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Figure 10 presents scanning electron microscope
(SEM) images of porosity morphology in the
microstructure of sintered samples: (a) sintered at
1400°C for 20 minutes, (b) sintered at 1500°C for 25
minutes, and (c) sintered at 1600°C for 20 minutes.
At 1400°C, the porosity was irregular and
interconnected. At 1500°C, the microstructure
exhibited a mix of interconnected and spherical
porosity. At 1600°C, the porosity was predominantly
dispersed and isolated, with a significant reduction in
overall porosity. Higher sintering temperatures and
longer times increased density, resulting in more
uniform porosity distribution, a shift toward spherical
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porosity shapes, and a decrease in interconnected
porosity.

Figure 11 displays the maximum equivalent diameter
(D_circle) of porosity across four samples. At
1400°C, the D_circle was 13.725 pm, while at
1600°C, it decreased to 8.17 um, reflecting a 59.5%
reduction. For samples sintered at 1500°C, increasing
the sintering time from 15 to 25 minutes reduced the
D_circle from 8.919 um to 8.572 um. Porosity serves
as a site for crack initiation and propagation, and
larger equivalent diameters correlate with reduced
mechanical properties due to increased stress
concentration
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Fig. 11. Maximum equivalent diameter in sintered samples.

Figure 12 shows the Vickers hardness of the sintered
samples, with the highest value of 345 HV achieved
at 1600°C for 20 minutes. This value is comparable
to the 341 HV reported by Engerer et al. for hot-

pressed samples at 1700°C for 60 minutes, indicating
similar hardness outcomes despite differences in
processing conditions.
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Fig. 12. Vickers hardness of sintered samples

Figure 13 shows the relationship between hardness
and relative density. Hardness increased with density,

from 154 HV at 80% relative density to 310 HV at
90.8% relative density, and further to 345 HV at
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97.6% relative density. This variation is attributed to
improved sintering behavior, reduced porosity,
changes in porosity morphology, and a decrease in
the equivalent diameter of porosity. Specifically, as
relative density increased from 80% to 90.8%,
porosity decreased from 20% to 9.14% (a 10.86%
reduction), and the D_circle decreased from 13.725
pm to 8.919 um (approximately 35%). With a further
increase in relative density from 90.8% to 97.6%,
porosity decreased from 9.14% to 2.4% (a 6.8%
reduction), and the D_circle decreased from 8.919
pum to 8.17 um (approximately 8%). The higher rate
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of porosity and D_circle reduction at lower densities
ranges explains the more significant hardness
improvement in this range.

Porosity acts as a stress concentration site, promoting
crack nucleation and growth, which reduces
mechanical properties. The geometry and distribution
of porosity significantly influence mechanical
performance. Spherical and isolated porosity
mitigates stress concentration compared to irregular,
interconnected porosity, leading to improved
mechanical properties with increased density.
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Fig. 13. Graph of hardness versus density

Figure 14 presents the true stress-strain diagram of
the samples after compression testing. Figure 15
shows the compressive strength and elongation of
sintered tantalum samples. As the sintering
temperature increased from 1400°C to 1600°C,
compressive strength rose from 327 MPa to 1278
MPa, and elongation increased from 3.6% to 34%.

Similarly, increasing the sintering time from 15 to 25
minutes enhanced compressive strength from 980
MPa to 1044 MPa and elongation from 7.8% to
18.85%. These improvements highlight the critical
role of sintering temperature and time in enhancing
yield strength and ductility, particularly for high-
strain-rate applications.
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Fig. 14. True stress-strain diagram of sintered samples
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Fig. 15 shows the compressive strength and percentage elongation of the sintered tantalum samples.
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Fig. 15. Compressive strength and percentage elongation of sintered samples

As observed in Fig. 15, with an increase in
temperature from 1400°C to 1600°C, the
compressive strength increased from 327 MPa to
1278 MPa, and with an increase in sintering time
from 15 min to 25 min, the compressive strength
increased from 980 MPa to 1044 MPa.

The percentage elongation also increased with an
increase in temperature from 1400°C to 1600°C,
from 3.6% to 34%, and with an increase in sintering
time from 15 min to 25 min, from 7.8% to 18.85%.

Figure 16 illustrates the relationship between
mechanical properties and the effective load-bearing
cross-sectional area percentage of the samples. As the
sintering temperature increased from 1400°C to
1600°C, the effective load-bearing area percentage
rose from 69.86% to 99.05%. Similarly, extending
the sintering time from 15 to 25 minutes increased the

effective load-bearing area percentage from 81.78%
to 96.89%. With an increase in the effective load-
bearing area from 69.86% to 81.78%, hardness
increased from 150 HV to 310 HV, compressive
strength rose from 327 MPa to 980 MPa, and
elongation increased from 3.6% to 7.8%. Further
increasing the effective load-bearing area from
81.78% to 96.89% resulted in hardness rising from
310 HV to 327 HV, compressive strength from 980
MPa to 1044 MPa, and elongation from 7.8% to
18.85%. At 99.05% effective load-bearing area,
hardness reached 345 HV, compressive strength
increased to 1278 MPa, and elongation rose to 34%.
These results demonstrate that an increase in the
effective load-bearing area significantly enhances
mechanical properties.
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Fig. 16. Mechanical properties as a function of the effective load-bearing cross-sectional area percentage of the
samples.
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Figure 17 presents the mechanical properties as a
function of porosity percentage. As porosity
increased, hardness, compressive strength, and
elongation decreased. Under uniform compressive
loading, higher porosity reduces the effective load-
bearing cross-sectional area, leading to stress
concentration and diminished mechanical properties.
Additionally, porosity morphology influences
mechanical performance. Establishing a more direct
relationship  between microstructural changes,
particularly pore morphology, and fracture
mechanisms in compression testing can provide a
better understanding of the material's mechanical
behavior. As shown in Figure 10 (SEM images),
interconnected and irregular porosity at 1400°C acts
as stress concentration sites, promoting crack

1400

67

initiation and propagation. In contrast, at 1600°C,
isolated and spherical porosity results in more
uniform stress distribution, delaying crack initiation
and enhancing ductility (evidenced by an increase in
elongation from 3.6% at 1400°C to 34% at 1600°C
and compressive strength (from 327 MPa to 1278
MPa). Interconnected porosity at lower temperatures
facilitates crack propagation, while spherical porosity
at higher temperatures improves resistance to crack
growth. Spherical porosity promotes uniform
deformation before fracture, whereas irregular
porosity with sharp edges creates stress concentration
regions, reducing elongation. Microstructures with
interconnected porosity exhibit a greater reduction in
mechanical properties compared to those with
isolated porosity.
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Fig. 17. Relationship between mechanical properties and porosity percentage.

The study also revealed that increasing relative
density from 80% to 97.6% (a 17.6% increase)
improved hardness from 150 HV to 345 HV,
compressive strength from 327 MPa to 1278 MPa,
and elongation from 3.6% to 34%, representing a
100% increase in these properties. This underscores
the critical role of density in enhancing mechanical
performance. Higher density increases Young’s
modulus, improving the material’s ability to
withstand stress before fracture. Furthermore, as
density increased, porosity distribution became more
uniform, as evidenced by the porosity morphology
analysis.

Figure 18 depicts the mechanical properties as a
function of average grain size. As the sintering
temperature increased from 1400°C to 1600°C, the
average grain size grew from 8.6 umto 17.3 um, with
hardness increasing from 150 HV to 345 HV,
compressive strength from 327 MPa to 1278 MPa,
and elongation from 3.6% to 34%. Similarly,
increasing the sintering time from 15 to 25 minutes
resulted in grain size growth from 10.5 pm to 12.5
pm, with hardness rising from 310 HV to 327 HV,

compressive strength from 980 MPa to 1044 MPa,
and elongation from 7.8% to 18.85%. According to
the Hall-Petch relationship, an increase in grain size
is typically associated with a decrease in strength and
hardness, as grain boundaries act as barriers to
dislocation movement. However, in the present
study, an improvement in mechanical properties
(such as hardness, compressive strength, and
elongation) was observed despite the increase in
grain size, primarily due to the dominant effects of
reduced porosity and increased relative density. As
the temperature increased from 1400°C to 1600°C,
the relative density rose from 80% to 97.6%, and the
porosity decreased from 20% to 2.4%. This
significant reduction in porosity increased the
effective load-bearing cross-sectional area (from
69.86% to 99.05%), which had a stronger positive
impact on mechanical properties compared to the
negative effect of grain growth (from 8.6
micrometers to 17.3 micrometers). Despite the
increase in grain size with higher temperature and
sintering time, mechanical properties improved,
highlighting the dominant influence of density and
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porosity reduction over grain size effects. Using
Equation 8, it can be shown that increased pressure
and temperature led to higher densification and
reduced porosity, directly increasing the effective

1400 ~

68

cross-sectional area and improving mechanical
properties. In the study by Mort et al., an increase in
pressing pressure also resulted in improved density
and mechanical properties.
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The enhancement of mechanical properties in
sintered tantalum components can be attributed to the
influence of  microstructure and  porosity
morphology. In parts with low porosity, the
microstructure predominantly governs mechanical
performance, whereas in high-porosity parts,
porosity morphology is the primary factor. In low-
density porous components, porosity controls crack
propagation, with the microstructure playing a
minimal role. Conversely, in high-density
components, the microstructure is the dominant
factor in crack growth.

This study examined the impact of powder
metallurgy process parameters, specifically sintering
temperature and time, on the microstructure and
mechanical properties of hot-pressed sintered
tantalum. The findings indicate that increasing
density, reducing porosity, expanding the effective
load-bearing area, and modifying porosity
morphology enhance the ductility and mechanical
properties of sintered tantalum, despite an increase in
average grain size.

4. Conclusions

This study demonstrates that hot pressing (HP)
consolidation of pure tantalum powder significantly
enhances its mechanical properties by reducing
porosity and modifying porosity morphology. A
17.6% increase in density resulted in a remarkable
100% improvement in compressive strength,
ductility, and hardness. Optimal mechanical
properties were achieved at a sintering temperature of

1600°C, yielding a hardness of 345 HV, compressive
strength of 1278 MPa, and ductility of 34%. These
findings underscore the critical role of optimizing
sintering temperature and time to achieve superior
mechanical performance in tantalum, offering
valuable insights for advanced material processing
applications.

5. Novelty and Contribution

This study provides novel insights into the
optimization of hot pressing (HP) parameters for
consolidating pure tantalum powder, addressing
critical gaps in the existing literature on tantalum’s
sintering behavior. By systematically investigating
the effects of sintering temperature and time on
microstructure and mechanical properties, this work
establishes a direct correlation between reduced
porosity, modified porosity morphology, and
significant enhancements in mechanical
performance. The achievement of a 17.6% increase
in density, resulting in a 100% improvement in
compressive strength (1278 MPa), ductility (34%),
and hardness (345 HV) at an optimal sintering
temperature of 1600°C, represents a substantial
advancement in the processing of tantalum.
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