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The influence of the induction sintering process at different temperatures on the behavior of the
powder metallurgy Ti-SAI-5Mo-5V-3Cr alloy was investigated. Material for the research was
produced by elemental powder blending, followed by the uniaxial cold compacting process.
Powder compacts were induction heated and sintered within the temperature range of 1000 °C
to 1300 °C. The influences of process parameters on the material behavior during sintering and
its properties were studied. The microstructure examination was performed with particular
attention to the pore size and distribution as well as the homogenization of the microstructure.
The sintering temperature of 1200 °C proved to be critical for the dissolution of most alloying
powder particles. Hot compression tests were performed to determine the formability of the
obtained material. Significant differences in flow stress behavior between samples sintered at
temperatures below and above 1200 °C were observed. The mechanical properties of the
material before and after deformation were compared. The evolution of the microstructure of
sintered Ti-5A1-5Mo-5V-3Cr alloy after hot deformation was analyzed with an emphasis on its
influence on the material properties. Based on the conducted research, it was found that the
adequate homogenization of the chemical composition and microstructure was achieved at the
temperature of 1250 °C, and a further increase did not reflect in a significant improvement.

https://doi.org/10.1007/s11661-021-06179-8
© The Author(s) 2021

I. INTRODUCTION

THE unique combination of high mechanical prop-
erties, corrosion resistance, and low density of f
titanium alloys has made them widely applied as critical
components in the aerospace industry and high-perfor-

. [1.2] . )
mance racing cars. Relatively low Young’s modulus
combined with excellent biocompatibility made vana-
dium-free titanium alloys popular in medical applica-
tions such as dental implants and bone replacements.
Due to the high strength (up to 1500 MPa) and high
fatigue properties (about 700 MPa), the Ti-SAl-5-
Mo-5V-3Cr (Ti-5553) alloy found its application in
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airplane landing gear assemblies.["*) Currently, Ti-5553
alloy is gradually replacing Ti-10V-2Fe-3Al alloy
because of the wider processing window and better
hardenability, which brings weight-savings benefits.
Nevertheless, the production costs of titanium structural
parts are still relatively high.** The application of
powder metallurgy methods in the manufacturing of
titanium alloys has become more popular because of the
possible reduction of production costs by manufacturing
near-net shape products and hence reduce machining.
The most promising approach is thermomechanical
consolidation of a mixture of elemental powders which
involves the use of a relatively inexpensive blend of
elemental powders followed by a cold compaction
process and high-temperature sintering.® " Currently,
researchers have focused on studying the behavior of
master alloy powders during material production using
powder metallurgy methods. This approach ensures
high homogenization of the chemical composition but
may increase the overall costs. Research on the effect of
pure elemental powders focuses only on the use of pure
Ti. There is a lack of comprehensive knowledge about
the behavior of a mixture of pure elemental powders
during cold pressing and sintering at high temperature
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as well as their influence on the homogenization of the
chemical composition and microstructure.

Optimization of sintering parameters is a crucial step
to achieve high relative density and good mechanical
properties. For the alloys with complex chemical com-
positions, the diffusion level of alloying elements deter-
mines the chemical and microstructural homogenization
as well as the volume fraction of phases and grain
morphology. Usually, the conventional sintering process
is carried out in a sintering furnace and may take up to
several hours, which leads to excellent chemical homog-
enization, but also extensive grain growth. To protect
material from this effect and reduce the sintering time,
other techmciues such as electric current-assisted sinter-
ing (ECAS),® slpark plasma sintering (SPS),”! micro-
wave sintering! and induction sintering!''! were
developed. Various thermally activated mechanisms
are responsible for material transfer during sintering,
causing a density increase. Phenomena such as volume
diffusion, grain boundary diffusion, surface diffusion,
and viscous or plastic flow occur during the densifica-
tion process.!'” The mechanisms mentioned above can
be activated during the sintering process either simulta-
neously or sequentially. Generally, the early stage of
sintering starts with neck formation in the contact area
between two neighboring particles. Then, the filling of
the vacancy due to the lattice diffusion of atoms from
the grain boundary to the neck area occurs.'*'¥ In
general, diffusion processes are complex and depend on
various factors, such as particle shape, size, distribution
and microstructure as well as process parameters, which
are temperature, atmosphere and time.

Controlling the microstructure reflects in the mechan-
ical properties of titanium alloys and leads to the
improvement of the performance of the material during
application. Basic methods used for microstructure
modifications are deformation processes, especially sev-
ere plastic deformation (SPD) techniques such as equal
channel angular pressing (ECAP), hot forging, rollin
and extrusion, or high-pressure torsion (HPT).'>!
Due to the properly designed hot deformation process,
significant grain refinement can be obtained. Determi-
nation of favorable deformation parameters can be done
by constructing flow curves under various conditions.
Titanium alloys are relatively sensitive to changes in
deformation conditions.?® Therefore, it is important to
provide a rheological description of the new and
unconventional titanium-based material. A typical
microstructure of titanium alloy fabricated by powder
metallurgy is mainly composed of o grains with a
bimodal size distribution, where fine plate-like grains are
surrounded by large lamellar grains located at the
primary beta grain boundaries.”") Breakdown of the
initial microstructure during hot deformation results in
significant o grain fragmentation if deformation takes
place below the f-transus temperature or dynamic
recrystallization (DRX) and formation of the fine
equiaxed structure if deformatlon takes place above
the f-transus temperature.’”! Each type of mentioned
microstructure has its advantages and disadvantages,
which are manifested in fluctuations of the mechanical
properties. For example, the lamellar microstructure is
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characterized by good fracture toughness, similar to the
fine-grained o microstructure, which also has good
strength properties, while the equiaxed § microstructure
has better ductility but poor fracture toughness. Addi-
tionally, when grains are coarse the strength
decreases.!*

This study investigates the sintering behavior of the
Ti-5553 alloy obtained by the blended elemental powder
metallurgy (BEPM) method. The powder mixture was
cold-compacted and induction sintered at different
temperatures. The influence of the sintering temperature
on the shrinkage, relative density as well as pore size and
distribution was investigated. A detailed microstructure
examination was performed with particular attention to
the dissolution of powder particles. Moreover, the
formability of the obtained material was tested, and
the evolution of the microstructure during hot compres-
sion and its influence on the material properties were
described.

II. MATERIALS AND METHODS

The elemental powders used in this research were
titanium, aluminum, molybdenum, vanadium and chro-
mium. Commercially pure Ti powder (with particle size
< 150 um and purity > 99.5 pct) and V powder (with
particle size < 150 ym and purity > 99.9 pct) were
produced using the hydrogenation-dehydrogenation
(HDH) process. Atomized Al powder had a size up to
35 um and a purity of 99.8 pct. Molybdenum and
chromium powders had a size up to 35 and 65, um
respectively, and a purity of 99.9 and 99.2 pct, respec-
tively. Powders were blended for 5400 second with a
rotational speed of 55 rpm. The tungsten carbide balls
were added to the mill container to intensify the mixing
process by crushing particles and inserting softer parti-
cles to the surface of the other, harder particles. As a
result, the powder mixture with a chemical composition
corresponding to the Ti-5553 alloy was obtained
(Table I). To analyze the morphology of the elemental
powders, the Hitachi HM-3000 (Hitachi, Ltd., Tokyo,
Japan) scanning microscope was used.

The prepared mixture was compacted at room tem-
perature under the pressure of 100 MPa in a cylindrical
die with a diameter of 10 mm. Additionally, during
compaction, lubrication was used in the form of
lithium-based aerosol grease with PTFE, which signif-
icantly influenced the efficiency of the process. The
density of samples was measured by the Archimedes
method, where the temperature of water was about 20
°C. Samples were waxed before measurement to prevent
soaking. The average relative density of cold-compacted
samples was: 82.7 4+ 1.7 pct (in reference to the
theoretlcal bulk density of Ti-5553 alloy, which is 4.68
g/cm ). Then, compacts were sintered under vacuum
using the Bdhr MDS 830 Multi-Directional Deforma-
tion Simulator (BAHR Thermoanalyse GmbH, Hiill-
horst, Germany). Induction heating was applied, with a
heating rate of 100 K/s. The cooling rate was 25 K/s.
The temperature was controlled by a K-type thermo-
couple, which was welded on the side of the sample.
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Table I. Nominal Chemical Composition of Ti-5553 Alloy*¥!

Al Mo \'%

Cr (0] H N C Ti

Nominal Composition, Pct 4.4 to0 5.7 40to 5.5

4.0 to 5.5

25t035 <018 <0.015 <0.05 <0.1 bal

Diameter changes during sintering were measured by
laser detectors. Height change of the sample during
sintering was neglected because of the application of
ceramic plates that block the expansion in this direction.
The tests were carried out at the following temperatures:
1000 °C, 1100 °C, 1200 °C, 1250 °C and 1300 °C.

Sintered samples were prepared for microstructural
observations through grinding and polishing, followed
by etching using Kroll’s reagent consisting of 2 pct HF,
2 pct HNOj3 and 94 pct H,O. The microstructure
analysis was performed using a Keyence VHX-S660E
(Keyence Corp., Osaka, Japan) digital microscope and
Leica DM4000M (Leica Microsystems GmbH, Wetzlar,
Germany) light microscope. The average porosity was
determined from the micrographs, and pores size was
measured using Leica Application Suite 4.8 software.
For a detailed analysis of the alloying powder particle
dissolution and homogenization, a Merlin Gemini II
(Carl Zeiss AG, Oberkochen, Niemcy) scanning electron
microscope equipped with the electron dispersive X-ray
spectrometer (EDS) was used.

To develop the flow behavior of sintered material, hot
deformation tests were performed using the WUMSI
Servo-Hydraulic Hot Deformation Simulator (War-
mumformsimulator). Samples were heated up to the
temperature of 1000 °C and compressed with a strain
rate of 1 s™' and then air-cooled. The average hardness
of sintered as well as deformed material was determined
by the Vickers method with a load of 9.8 kN using a
Struers Duramin-40 (Struers ApS, Ballerup, Denmark)
hardness tester.

III. RESULTS
A. Initial Material

The morphology of elemental powders used in this
study, as well as the prepared mixture, is shown in
Figure 1. Titanium, molybdenum, vanadium and chro-
mium powders had irregularly shaped particles with a
rough surface. The application of irregular powders
instead of spherical ones leads to an increase in density
and reduction of pore size after compaction.>” On the
other hand, gas atomized aluminum particles are
smooth and shaped like droplets. All elemental powder
particles had satellites (particles, with size not exceeding
a few micrometers) welded to their surface. The presence
of satellites may have a negative impact on some powder
applications, but this mostly concerns the flow of
particles through the nozzle in 3D printing pro-
cesses.”®?71 As a result of the blending process, the
uniform distribution of elemental powders was
achieved. Larger particles were broken up and softer
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particles, such as aluminum powder particles, were
inserted on the surface of other ingredients of the
mixture, which led to better chemical homogenization.

B. Densification Studies

Figure 2(a) shows the relative density of the samples
sintered at each condition and an increment of density
after the sintering process. Irrespective of the tempera-
ture, the sintering process caused an increase of the
relative density compared to the density after the cold
compacting process. The relative density increased with
an increase in the sintering temperature up to 1250 °C. A
further increase of the temperature had no significant
influence on the density of the sample, taking into
consideration that after the cold compacting process the
density was already relatively high and the differences
between samples were slight. The density increment after
the sintering process in relation to the temperature is
presented as gray bars in Figure 2(a). It can be observed
that increasing temperature results in more efficient
densification of the powder compact.

Densification parameter i indicates the ability of the
cold-compacted sample to densify during the sintering
process. Equation [1] was used to calculate the
parameter:

Ps _pg
Py _pg

Y= 1]

where p, is the density of the compact after sintering, p,
is the density of the compact after the cold compacting
process, and p; is the theoretical density of the solid
material.®® Similarly to the relative density values, the
densification parameter increases with increasing sinter-
ing temperature up to 1250 °C, and it is about 0.07
higher compared to that obtained by the sintering at
1000 °C (0.24 and 0.17, respectively).

C. Sintering Curves

The sintering curves obtained during sintering at the
applied temperatures are shown in Figure 3(a). In
general, the sintering curve can be divided into three
stages: linear expansion during heating, shrinkage dur-
ing isothermal sintering and shrinkage during cooling.
The sharp increase in the diameter of the sample during
the initial stage of the sintering process was caused by
the thermal expansion phenomenon. As the sintering
temperature decreases, this effect becomes less relevant.
The exception is the curve for a temperature of 1000 °C.
Due to rapid induction heating, the effects related to the
o + f — f phase transformation, during which the
a-hcp crystalline structure transformed into the full

VOLUME 52A, MAY 2021—1701



F D92 x1,0k 100um

F D92 x800 100um

Fig. 1-—SEM image of (@) titanium, (b) aluminum, (¢) molybdenum, (d) vanadium, (¢) chromium elemental powders and (f) Ti-5553 powder

mixture.

p-bee crystalline structure, were not observed on sinter-
ing curves.””! Rapid shrinkage in the early period of the
isothermal sintering process was observed, followed by
slowing down until cooling, where once again sharp
shrinkage occurred, which is natural for this stage of
sintering.

The shrinkage observed on the sintering curves can be
divided into two types: first, shrinkage during the entire
sintering process, i.e., from the moment when heating
starts to the end of cooling. However, considering the
size of the sample before heating, and at the end of the
process, we also take into account thermal expansion
phenomena. Therefore, it will be more meaningful to
only consider shrinkage during isothermal treatment,
i.e., from the moment when the sample reaches the
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chosen sintering temperature to the moment when
cooling starts. Shrinkage values during isothermal
treatment calculated from sintering curves are shown
in Figure 3(b). In contrast to the densification studies,
no pronounced relationship between the increase of
temperature and shrinkage was observed. The best
results during isothermal heating were obtained for the
temperature of 1100 °C.

D. Observations of Microstructure

Microstructure observations of unetched samples
using light microscopy (Figure 4) revealed a similar
amount of porosity in each sample regardless of the
sintering temperature. In particular cases, the samples
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sintered at higher temperatures had a more visible pores
(marked by the yellow arrow) than those sintered at a
lower temperature. The size of the pores did not exceed
100 pm. The undissolved particles (marked by red
arrows) were still clearly visible in the microstructure of
the samples sintered at the temperature of 1000 °C
(Figure 4(a)) and 1100 °C (Figure 4(b)). Moreover, no
evidence of undissolved particles was noticed in the
microstructure of the samples sintered at the tempera-
ture of 1200 °C and above (Figure 4(c) through (e)). The
average porosity calculated based on the micrographs
(Figure 4(f)) confirmed qualitative observations, where
similar levels of porosity were noticed. This led to the
conclusion that the differences between samples sintered
at each sintering temperature were not significant. The
lowest porosity was observed in the sample sintered at
the temperature of 1100 °C and the highest in the case of
other samples sintered at the temperature of 1000 °C.
The average porosity in samples sintered above the
temperature of 1200 °C was very similar.

The etched microstructures of sintered Ti-5553 alloy
are presented in Figure 5. In the microstructure of the
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samples sintered at temperatures of 1000 °C and 1100 °C
(Figures 5(a) and (b)), the primary powder particles
could still be distinguished (blue dashed line). The
typical grain structure was not clearly visible; instead,
massive undissolved particles were still present. In the
microstructure of the samples sintered at temperatures >
1200 °C (Figures 5(c) through (e)), no significant num-
ber of undissolved particles was noticed as well as the
separate powder particles with evident unconnected
particle boundaries. The porosity occurred in the closed
form, spherical pores (Figures 5(c) and (e)) or open
form in the pore network (Figure 5(d)). The typical
microstructure of fS-titanium alloys after rapid cooling
was formed. Coarse [ phase grains, as well as thin
acicular o phase precipitations, were observed.

E. Flow Behavior

The stress-strain curves for Ti-5553 alloy compacts
sintered at different temperatures obtained from the hot
compression test were presented in Figure 6(a). All
curves were characterized by the initial stress peak
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(unetched) and (f) average porosity calculated from the micrographs.

followed by discontinuous yielding. With an increase of
the strain, more steady-state flow behavior was noticed.
With increasing sintering temperature, the flow stress
decreased. There is a significant difference in flow stress
between samples sintered below and above the temper-
ature of 1200 °C. Samples sintered below the temper-
ature of 1200 °C were characterized by higher stress
values and sharper stress peaks compared to those,
which were sintered at the temperature of 1200 °C or
above. Analyzing the peak stress values and steady-state
flow stress (Figure 6(b)), there is a non-linear correlation
between hot deformation stress for the samples sintered
below and above 1200 °C. Increasing the temperature
from 1200 °C resulted in a gradual decrease in stress. At
lower temperatures, the same relationship could be
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observed for peak stress values, but a slight increase was
noticed for steady-state flow stress.

The microstructures of the samples after hot com-
pression tests are presented in Figure 7. Undissolved
particles were still present in the microstructures of
samples sintered at the temperatures of 1000 °C and
1100 °C and deformed in a compression test. It should
be noted that some particles were elongated in the
material flow direction. Additionally, it was found that
in the case of the sample sintered at 1100 °C, the
material cracked during the hot compression test
(Figure 7(b)). With increasing sintering temperature,
the number of pores decreased, no significant undis-
solved particles could be found, and the microstructure
was more homogeneous. Due to the hot deformation
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Fig. 5—Microstructures of Ti-5553 alloy sintered at the temperatures of (a) 1000 °C, (b) 1100 °C, (¢) 1200 °C, (d) 1250 °C and (e) 1300 °C
(etched). The blue dashed line shows the primary powder particles (Color figure online).

process and the slow air cooling, the microstructure
remodeled from the equiaxed, almost fully f to fine o
grains in the § phase matrix. The o grains were arranged
in bands, and some of them were elongated in the
material flow direction.

F. Hardness Measurements

Figure 8 shows the hardness measurement results for
sintered Ti-5553 alloy compacts with their respective
sintering temperatures. The average hardness was mea-
sured at the center of the cross sections of each sample.
For as-sintered samples, the lowest average hardness
was measured for the sintering temperature of 1000 °C
and the highest for the sintering temperature of 1250 °C
(209 and 342 HV,, respectively). Due to the hot
deformation, followed by air cooling, the average
hardness approximately doubled. It was found that the
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chemical homogenization and the state of the
microstructure had a significant impact on the average
hardness values. For the samples sintered at lower
temperatures, the poor bonding of the powder particles
and the presence of the softer and undissolved particles
caused low average hardness (sintering temperature of
1000 °C) and significant differences in the results
(sintering temperature of 1100 °C). For higher sintering
temperatures, the differences in average hardness were
not significant. Relatively low average hardness for the
sample sintered at the temperature of 1300 °C was
caused by the presence of coarse [ grains. The
microstructure remodeling and generation of the dislo-
cations during hot deformation were the reason for an
increase in hardness. The softer undissolved particles,
which were still present after hot compression, similarly
to the as-sintered samples, caused a large variance in
hardness and the low average value of hardness. For the
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compressed samples sintered at the temperature of 1200
°C and above, the average hardness was similar.

IV. DISCUSSION

A. Effect of Initial Material and Sintering Conditions
on the Densification

The particle size of the powders used to prepare the
powder mixture was in a range of 35 to 150 um. As a
result of the blending process with WC balls used to
intensify milling, some of the particles crashed into a
smaller size. Previous research works?®*!! reported that
with decreasing particle size, the resulting relative
density of the compact increased. However, it should
be noted that the mentioned results concerned mixtures
containing the same average particle size. Oh et al.’?
studied the influence of using the bimodal powder
mixture and revealed that the addition of nano-particles
not exceeding 25 pct of the mixture volume increases the
relative density. This phenomenon occurs because
smaller particles fill in the gaps between irregular
micro-particles. Increasing the nano- to microparticle
ratio results in the formation of scaffold structures and
pore formation. Similar observations were noted in the
presented studies. Large particles (up to 150 um), such
as titanium powder particles, vanadium powder parti-
cles, and chromium powder particles, constitute the vast
majority in the mixture. Smaller particles (up to 35 um)
such as aluminum powder particles and molybdenum
powder particles were inserted on the surface of other
particles during the blending process and filled the gaps
between larger particles during the cold compaction
process. Therefore, the density after cold compacting
was relatively high, while after the sintering process, the
spherical pores were more common than the pore
networks.

As a result of the cold compacting process, a high
relative density value was achieved. This was influenced
by the shape of the die and the small sample size as well
as the applied lubrication. Nevertheless, further
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induction sintering provides similar densification results
compared to furnace sinterinﬁ,m] but in a significantly
shorter time. Raynova er al.*¥ studied the impact of the
green density on densification during induction sinter-
ing. It has been revealed that with increasing green
compact density, the increment of the density during
sintering decreased significantly. Similar observations
can be concluded from this study. The increment of
density due to the sintering process was relatively small
(up to 4.1 pct for the sintering temperature of 1250 °C).
Comparing the densification parameter i values, the
temperature of 1250 °C should be considered as most
beneficial for improving the relative density. Further
increasing the sintering temperature does not cause
significant effects. Panigrahi er al*> 7 studied the
influence of different volumes of Ni powder addition
on the sintering behavior of titanium powder. The Ni
addition reduced the sintering activation energy signif-
icantly compared to the sintering of pure titanium
powder and caused an increase of shrinkage (up to
about 14 pct for 5 pct Ni powder addition). During
furnace sintering alongside the diffusion process, the
reactions between Ti and Ni took place, such as the
formation of intermetallics and formation of the liquid
phase at grain boundaries. Those reactions are highly
exothermic, which is beneficial for the shrinkage phe-
nomenon. Considering the above, the complex chemical
composition of the powder mixture used in this study,
with mostly f phase-stabilizing chemical elements, may
have a positive impact on the densification. However, in
the case of induction sintering, the exposure to the high
temperature is much shorter, which results in lower
shrinkage (up to 1.1 pct). Therefore, the influence of the
sintering temperature on the chemical and microstruc-
tural homogenization requires deeper analysis.

The pore size fraction with respect to the sintering
temperature and average pore size is presented in
Figure 9(a). Irrespective of the sintering temperature,
the most pores were with size from 2 to 7 um (~76 to 84
pct). No more than 17 pct of pores with size from 8 to 13
um were observed. The share of significantly large pores
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Fig. 7—Microstructures of Ti-5553 alloy compacts sintered at the temperatures of (@) 1000 °C, (b) 1100 °C, (c¢) 1200 °C, (d) 1250 °C and (e)
1300 °C after hot compression test performed at the temperature of 1000 °C and strain rate 0.1 s™' (etched).

with a size of > 50 um was insignificant (< 0.2 pct). The
average pore size irrespective of the sintering tempera-
ture was in the range from 6 to about 7 um
(Figure 9(b)). Similar values were previously reported
for induction sintering of commercially pure (CP)
titanium powder or mixtures of elemental powders
based on titanium consolidated in comparable
conditions.t'!-2%:34

B. Microstructural Analysis of As-Sintered Material

Analyzing the microstructure of the samples sintered
at temperatures of 1000 °C and 1100 °C, the undissolved
alloying element particles are still present (Figure 5).
Increasing the temperature above 1200 °C resulted in
homogenization of the microstructure and the disap-
pearance of separate alloying element particles. A
similar sintering temperature was previously reported
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for other titanium alloys manufactured by different
powder metallurgy methods.'!*! Ivasishin and Sav-
vakin®” studied the chemical and microstructural
homogenization of Ti-5553 alloy obtained by the BEPM
technique and furnace sintering. It was found that
sintering at the temperature of 1250 °C for 2 hour
provides full chemical and microstructural homogeniza-
tion. Further increasing of the sintering time was aimed
at increasing the relative density. Compared to furnace
sintering, the induction sintering process requires sig-
nificantly less time to achieve a similar degree of
homogenization and properties of sintered materials.
This is primarily due to the possibilities of the improve-
ment of the processing parameters resulting from a
significant increase in heating rates, sintering tempera-
ture and the local increase of temperature resulting from
the concentration of electrical current around pores.[*”!
Better diffusivity during induction sintering results from
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the rapid dissolution of primary grain boundaries and
cracking of the oxide layer on the surface of the powder
particle. In this study, a similar level of microstructural
and chemical homogenization was achieved during
induction sintering at the temperature of 1000 °C for
450 s as for classic furnace sintering at the same
temperature for an hour.”) Recent studies showed that
after induction sintering of titanium alloys, the content
of oxygen is lower compared to the vacuum furnace
. : [41] . . . .
sintering.” ' This has a direct impact on the mechanical
properties of the sintered materials. It has been shown
that higher oxygen content increases the tensile strength,
but at the same time has an unfavorable effect on
elongation.

Despite a high relative density of the samples, the
primary powder particles still can be distinguished,
especially at lower sintering temperatures. The particles
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Fig. 8 —Influence of the sintering temperature on the hardness of
Ti-5553 alloy compacts in as-sintered condition and after hot
compression tests.

100
Fraction Cumulative
95 action ¢raction
90 [ — 1000 °C
g5 Il — 1100°C
80 B — 1200°C
o B —1250°C
%71 Il —1300°C
O 70 =
©
©
. 20
154
104
5
0

T 1 1 T
50-60 44-49 38-43 32-37 26-31 20-25 14-19 8-13
Pore size range, um

(a)

2-7

I 100
95
90
-85
I 80
75
=70

20

15

10

Cumulative fraction, %

with the most difficult dissolution were identified using
the SEM/EDS method. The microstructure of the
sample sintered at the temperature of 1000 °C with
indicated points where the EDS measurements were
performed is presented in Figure 10. Light gray (point
‘a’) and white (point ‘b’) undissolved particles were
identified as chromium and molybdenum, respectively.
Mo is a chemical element having the highest melting
point from all of the mixture ingredients and Cr has a
relatively low diffusion coefficient at this temperature.[**!
Nevertheless, the EDS analysis at point ‘a’ has shown
that some chemical elements such as Ti, Al and V
started to diffuse. The dark gray phase (point ‘c’)
contains Ti, V with a higher concentration of Al
compared to the light gray phase (point ‘d’), which
indicates that the dark gray phase consists mostly of o
acicular grains and light gray of f grains.

With increasing temperature, the observation of the
necking formation phenomenon and development of the
new grains is possible. The microstructure of the sample
sintered at 1100 °C is presented in Figure 11. The blue
dashed line signifies the primary particle boundary, and
the purple arrows signify the place where the necking
was starting to form. The dominant mass-transfer
mechanism during the sintering process was solid-state
diffusion. The neck growing between two neighboring
particles accelerates the atom transfer between two
particles and improves the chemical homogeneity.
Before the material starts to diffuse from one particle
to another, the oxide layer on the particle surface has to
fracture because of the material expansion at high
temperatures. The application of induction heating
significantly increases the heating rates, which causes
rapid thermal expansion, accelerates the necking forma-
tion and leads to a reduction of the sintering time.’¥
Increasing the sintering temperature also has a beneficial
influence on the material diffusion process. It has been
previously reported that sintering above the f-transus
temperature enhanced the self-diffusion of the titanium
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Fig. 9—Influence of sintering temperature on (a) pore size fraction and (b) average pore size.
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Fig. 10—SEM image of the Ti-5553 alloy sintered at the temperature of 1000 °C and EDS spectra corresponding to the measurement points.
The following points have been identified as: () undissolved Cr particle; (b) undissolved Mo particle; (¢) o precipitation-rich phase; (d) f grains

rich phase.

Fig. 11-—Microstructures of Ti-5553 alloy sintered at the
temperature of 1100 °C. The blue dashed line signifies the primary
powder particles. The purple arrows indicate the place where the
neck was formed and diffusion occurred.

as well as aluminum, where its diffusion coefficient in
B-Ti increased when increasing the temperature.!®*)
The microstructure of Ti-5553 alloy sintered at a
temperature > 1250 °C consisted of equiaxed f grains
and thin acicular o phase precipitations. The SEM-EDX
elemental maps (Figure 12) showed the differences in the
distribution of titanium and other alloying elements.
The chemical homogenization was significantly
improved at this temperature. This is because alloying
elements included in the powder mixture had about ten
times better diffusivity in f-titanium at a temperature of
1250 °C than at 1020 °C. The concentration of Ti and
Al was higher around the o phase precipitations, while
the Mo and Cr around the full-f phase. The distribution
of V was uniform regardless of the phase field. Even
though the primary alloying powder particles cannot be
distinguished after sintering at the temperature of 1250
°C, the stabilization effect of Al (stabilizing « phase) and
Mo, V and Cr (stabilizing f§ phase) may disrupt the
redistribution of alloying elements by the creation of the
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phase barriers. Nevertheless, previous studies®~"

revealed that the application of pure elemental powders
results in more uniform distributions of alloying ele-
ments than the master alloy powders with a complex
chemical composition. When the alloying elements are
introduced to the material as one powder, the diffusion
of f-stabilizing elements is impeded by the saturation of
the aluminum in this area, while at higher temperatures
the effect is the opposite.

C. Flow Characteristics and the Effect of Deformation
on the Microstructure and Material Properties

Various sintering temperatures influenced the flow
behavior of the Ti-5553 compacts at constant hot
compression conditions. The discontinuous yielding
phenomenon, which can be described as an initial flow
stress increase followed by a drop in stress value, was
previously observed for many types of titanium alloys,
also for those produced by powder metallurgy tech-
niques. It is probably associated with the rapid gener-
ation of new dislocations on grain boundaries.?>#++
With an increase of strain, the flow stress decreased and
became more steady state, which indicated that soften-
ing effects [dynamic recrystallization (DRX), dynamic
recovery (DRV)] may occur and compensate the work
hardening. Significantly, higher flow stress values for the
samples that were sintered below 1200 °C were caused
by the presence of the undissolved particles that blocked
the movement of the dislocations during the hot
compression process. This effect can be compared with
the hot deformation of titanium alloy matrix compos-
ites, where the reinforcement particles interrupt the
movement of dislocations. As a result, the peak stress
value for the composite may be higher compared to the
unreinforced titanium alloy matrix.***” Increasing the
sintering temperature above 1200 °C results in a
significant decrease in flow stress (about 100 MPa).
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Fig. 12—SEM-SE image and corresponding Ti, Al, Mo, V and Cr elemental distribution maps for Ti-5553 alloy induction sintered at the

temperature of 1250 °C.

Nevertheless, the obtained flow curves are characterized
by a sharper and higher flow stress peak at the beginning
of the deformation. Compared to the Ti-5553 alloy
manufactured by the conventional casting route, the
steady-state flow stress value is about 50 MPa higher.[*
This effect may be the consequence of the powder
mixture preparation and the application of WC balls.
Powder particles were intensively broken up during the
mixing process and were exposed to oxygen contamina-
tion. Titanium alloys exhibit sensitivity to the changing
oxygen content.* The increased oxygen level inhibited
the f-phase stabilization effect of other alloying ele-
ments such as vanadium, molybdenum or chromium
and increased the f-transus temperature. The higher
volume fraction of o phase in the material during hot
compression increased the flow stress, because the o
phase with a hexagonal close-packed (hcp) lattice
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structure has worse deformability than f phase with a
body-centered cubic (bcc) lattice structure.

Some of the undissolved powder particles remained in
the microstructure after sintering at the temperatures of
1000 °C and 1100 °C (Figures 7(a) and (b)) and were not
deformed during hot deformation. Those particles
impede the flow of the material, which resulted not
only in increasing the flow stress but also suppressed
closing up of the pores. The microstructure after the
deformation of samples sintered at lower temperatures is
uneven. There are regions richer in lamellar o grains and
others composed of fine equiaxed f§ grains. This is the
result of the inhomogeneity in the chemical composition
of the material sintered at too low temperature. Increas-
ing the sintering temperature above 1200 °C caused the
uniform precipitations of fine o gains on the primary f
grain boundaries after hot compression and air-cooling.
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Low strain <« High strain

Fig. 13—Schematic representation of the microstructure changes with the increasing strain [(a) low strain, (b) medium strain, (¢) high strain)] in
the cross section of the hot compressed Ti-5553 alloy sample previously sintered at 1250 °C.

The comparison of the microstructure changes in hot
deformed samples sintered at 1250 °C is shown in
Figure 13. As mentioned previously, above the sintering
temperature of 1200 °C, the microstructure after hot
compression is well homogenized, with no significant
undissolved particles that disturb the flow of the
material. During axial compression of the cylindrical
sample of any solid metallic material, the friction
between the flat compression plates and the sample
causes the inhomogeneous deformation called “barrel-
5y [49] . . .
ing”."! This phenomenon leads to the varied strain
values on the cross section of the compressed sample,
which results in this case in a different morphology and
arrangement of the o phase. Close to the sample contact
surface with the plate (areca a), where the flow of the
material was blocked by the friction force and the strain
value is low, the unclosed pores were still visible. The
microstructure consists of coarse lamellar o grains
located on primary f§ grain boundaries and the colonies
of o plates stacked within those boundaries. Such
evolution of the microstructure is typical for titanium
alloys after being recrystallized from the temperature
above the f-transus.”**”! With increasing strain value
(area b), the pores start to close. The o lamellar grains
that contour the primary f grain boundaries begin to
flatten to the material flow direction and the o plates
start to defragment. At the highest strain (area c), the a
plates break up to fine, spheroidal equiaxed grains. The
primary f grain boundaries cannot be distinguished, and
the microstructure is oriented to the material flow
direction. The observed microstructure evolution was
similar to the PM f titanium alloy manufactured under
different approaches as well as oo + f titanium allo;/s hot
deformed in a similar process and conditions.®'>?! The
type of formed microstructure influenced the mechanical
properties of the material and caused some heterogene-
ity on the cross section of the sample. The hardness
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measurements performed at areas a, b and ¢ indicated in
Figure 13 revealed the gradual increase of the hardness
with increasing strain value and hence the fragmentation
of the microstructure (459 HV,, 546 HV,, and 623 HV,
respectively).

Additionally, the microstructure, remodeled during
the hot deformation, may affect the other mechanical
properties of the processed material. The cooling from
the temperature above f-transus affected the type of the
obtained microstructure, which consisted of fine and
fragmented lamellar o grains on the  phase matrix. No
globular o grains were visible. This type of structure
determines the high strength and good fracture tough-
ness of the material but also is responsible for low
ductility.!*?! Several studies investigated the influence of
the morphology and the location of the « phase on the
mechanical properties of Ti-5553 alloy obtained by the
conventional casting route®*>* and powder metal-
lurgy.>>% Irrespective of the manufacturing method,
the microstructure consists of the lamellar o phase,
resulting in a significant increase of the tensile strength
compared to the initial full f microstructure and
passable elongation, which is furthermore possible to
improve by adequate heat treatment.

V. CONCLUSIONS

The sintering behavior of the Ti-5553 alloy obtained
by the blended elemental powder metallurgy method
and induction sintering process at different temperatures
was investigated. The level of the consolidation, shrink-
age during sintering and their influence on the material
properties were studied. The chemical homogenization
as well as microstructure and its evolution during hot
processing was analyzed and discussed.
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The main conclusion of this study can be summarized
as follows:

1. The density of the cold-compacted material was
relatively high (about 83 pct) and the sintering
process slightly improved the level of density. The
increase of the sintering temperature caused the
gradual increment of relative density in relation to
the cold-compacted sample. Regardless of the
temperature, the average pore share and size were
similar. The average pore size did not exceed 7 um.

2. The neck formation initiating the material diffusion
between powder particles has been observed at the
temperature of 1100 °C. Increasing the sintering
temperature to 1200 °C proved to be critical for the
chemical and microstructural homogenization of
the sintered material. The dissolution of alloying
elements was significantly improved above this
temperature and the microstructure has become
more uniform.

3. Appropriate selection of sintering parameters of the
compacts manufactured from a mixture of blended
elemental powders allows obtaining high-density
material that can be successfully hot deformed. The
flow behavior of the investigated material revealed
that the dissolution of the alloying particles was
crucial for decreasing the flow stress value. Increas-
ing the sintering temperature above 1200 °C results
in significant flow stress reduction. Microstructure
analysis of hot deformed samples revealed that the
thermomechanical processing of induction sintered
f titanium alloy induced the microstructural devel-
opment and contributed to the significant improve-
ment of the mechanical properties.
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