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High-frequency induction heating is applied as an alternative heating source for pressureless
sintering of commercially pure Ti powders, aiming to intensify the sintering process. The effects
of the process parameters on the properties of the sintered material are systematically studied.
The initial powder compact density is the most influential parameter permitting sintered
structures with highly porous to almost fully dense appearance. Short heating time combined
with sintering to temperatures just above the b-transus resulted in a strong diffusion bonding
between the Ti powder particles, and grain growth is observed at the former boundaries of the
neighboring powder particles. The dimpled appearance of the fracture surface at those regions
confirmed the strong metallic interparticle bonding. Tensile properties comparable to those of
Ti-Grade 3 and Ti-Grade 4 are achieved, which also demonstrates the efficiency of the induction
sintering process. A mechanism explaining the fast and efficient sintering is proposed. The
process has the added advantage of minimizing the oxygen pickup.
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I. INTRODUCTION

TITANIUM (Ti) is an ideal material for many
structural and advanced engineering applications
because of the combination of properties it comprises
such as high specific strength, good corrosion resistance,
and biocompatibility. However, Ti is classified as an
expensive and difficult-to-process material due to vari-
ous factors such as complex extraction technology, high
affinity for interstitials such as O, N, and C as well as to
its low thermal conductivity. Powder metallurgy tech-
niques are identified as a potential way to reduce the
processing costs of Ti while maintaining acceptable levels
of mechanical performance, thus creating a possibility to
expand the use of Ti in general applications such as
automotive and sports. Among the powder metallurgy
methods, press and sinter is the simplest and widely used
technique for powder consolidation. Electric vacuum
furnaces are commonly used to sinter Ti-based pow-
ders.[1] Because of the slow heating and cooling rates
imposed by the way of heat transfer by radiation, the
sintering cycle takes around 8 to 12 hours, making the
process long and economically inefficient. The

traditional belt-type continuous sintering furnaces are
not suitable for Ti because of the significant contami-
nation from atmospheric gases as well as temperature
limitations.[2] Over the last decade, alternative tech-
niques using microwave energy, direct resistance heat-
ing, and spark plasma have been explored to intensify
the heat penetration beyond traditional limits, to
achieve faster sintering. Studies have shown that each
one of these techniques has potentially significant
benefits but also limitations. For example, spark plasma
sintering is a very fast method to obtain fully dense
materials but generally, the size and complexity of the
part that can be produced is limited.[3] The effectiveness
of microwave sintering has been demonstrated on many
ceramic systems[4, 5] but remains challenging for metallic
powders, knowing that metallic materials reflect micro-
wave energy rather than absorb it.[6] High-frequency
induction heating (HFIH) is another alternative form of
heating which can be applied to conductive materi-
als.[7,8] Early research on using HFIH for sintering of
metal powders consider mostly Fe-based powders.
Advantages such as simple and relatively inexpensive
equipment setup, which can provide fast heating rates,
were reported.[8,9] It was shown that heat transfer during
induction heating could be 3000 times higher than that
of radiation heating.[10] Scientific work on induction
sintering (IS) of Fe-based powders reported properties
comparable to those of similar powders sintered using
conventional vacuum furnaces.[11,12] The shorter IS
resulted in finer microstructure, which led to enhanced
mechanical properties of the considered ferrous
alloys.[12,13] HFIH combined with a simultaneous
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application of pressure is used for rapid consolidation of
nanostructured powders such as TiC, TiAl-Al2O3,

[14,15]

and more recently Al-Fe.[16] In the Ti powder metal-
lurgy, HFIH was used in combination with hot pressing
to consolidate Ti powders.[17] Another application is for
presintering of Ti and Ti6Al4V powder compacts prior
to the final consolidation by hot forging,[18,19] thus
eliminating lengthy vacuum sintering and the need of
reheating. The report on the application of HFIH in
pressureless sintering of Ti powders is limited and
mainly associated with the purpose to achieve partial
consolidation and improve the strength of the powder
compacts prior the final consolidation by hot forg-
ing.[20,21] To fill the above gap in the literature, this study
investigates the possibility of using HFIH for pressure-
less IS as a final consolidation stage of commercially
pure Ti powders. The presented work considers three
main aspects, i.e., the effect of the green density, the
effect of the sintering temperature, and the effect of the
sintering time, on the physical response of the powder
compacts, such as heating rate and level of consolida-
tion. Furthermore, the tensile properties, the fracture
behavior, and the oxygen contamination were evaluated,
and a mechanism explaining the fast sintering is
proposed.

II. EXPERIMENTAL DESIGN

The induction sintering of the Ti powders was done in
an in-house made experimental setup consisting of a
glove box chamber equipped with a copper induction
coil externally connected to an HFIH Inductotherm
Powertrack 15 to 96 power supply unit, see the sketch in
Figure 1(a).

The induction coil carries an alternating current,
which creates a magnetic field that induces eddy current
in the metal powder compact so that heat is generated
directly into the heated object, allowing rapid heating.
The efficiency of the heating and the uniform heat
distribution in the powder compact depends on the
physical properties of the material such as electrical

resistivity (k), magnetic permeability (l), the geometry
of the heated object (d-diameter of the heated object)
and the process parameters such as frequency (f). The
relation of those parameters with the penetration depth
(d) is given by Eq. [1].[8]

d � 1=klfð Þ1=2; 2d<d ½1�

To satisfy the experimental conditions allowing suf-
ficient penetration depth, an induction heating power
supply working with frequency in the range of 0.1 to 10
kHz was used. The diameter of the powder compact was
40 mm. The induction coil was with a round design and
multiple windings to fully enclose the powder compact,
to allow generation of sufficient magnetic field and
consequently eddy current through the powder compact
height. Figure 1(b) shows the temperature difference,
measured via K-type thermocouples, between the center
and the periphery of the Ti powder compact with a
relative green density of 89.5 pct, during IS to 1000 �C.
No significant variation in the temperature trends can be
highlighted. Due to the potential experimental errors as
physical contact of the thermocouple with the samples,
the recorded heating curves and the average heating
rates are indicative.
The chamber of the experimental setup is designed to

work with continuous argon flow to maintain the
oxygen level below 200 ppm during the experiments.
An oxygen analyzer Rapidox 3100 was connected to the
chamber to monitor the oxygen content. Each sample
was induction sintered individually following the
required parameter. For the temperature control, a
flexible K-type thermocouple was inserted into an inlet
made on the top section of the powder compact. During
the heating, the power level from the HFIH unit was
kept constant. During the holding time at the maximum
sintering temperature, the power level was adjusted to
maintain the targeted temperature consistent within
± 30 �C. The heating rates were established manually
by recording the time for every 50 �C temperature
increase.
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Fig. 1—Diagram of the experimental induction sintering setup (a) and temperature profile during heating at the center and the periphery of the
powder compact (b).
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The Ti used for the experiments is a hydrogena-
tion–dehydrogenation (HDH) powder with irregular
morphology, particle size below 75 lm, and oxygen
content of 0.25 wt pct. Quantities of 60 g of powders
were first compacted into cylindrical billets with a
diameter of 40 mm using a steel die and uniaxial
pressure. To minimize the density gradient during the
powder pressing, holding time at the chosen pressure
was used. In addition, the ratios of diameter/height of
the powder compacts were in the ranges of 3.6/1 and 2.5/
1, which minimizes the density gradient through the
sample height due to the uniaxial pressure used for the
powder compaction. Three sets of powder compacts
were prepared to conduct the experiments for the three
substudies. The investigated process parameters are
given in Table I. In study A, six samples with green
density (GD) between 65.6 and 96.5 pct were prepared,
using different combinations of uniaxial pressure and die
temperature. Subsequently, the samples were heated to
1300 �C, using HFIH. After the sample temperature
reached 1300 �C, the power was cut off, and the sample
was removed from the induction coil. For study B and
study C, the GD of the powder compacts was kept
constant, in the range of 89 ± 1 pct. In study B, the
powder compacts were heated using HFIH to five
different temperatures between 1000 �C and 1400 �C
without holding time. In study C, the IS temperature
was kept constant of 1300 �C, but the samples were held
at this temperature for a period of time from 2 to
10 minutes.

The densities of the powder compacts and the sintered
billets were quantitated via mass/volume ratios and the
Archimedes method measurements, respectively. Oxy-
gen analyses of the sintered samples were obtained by
the inert gas infusion method using LECO equipment. A
standard metallographic route was used to prepare the

sintered material for scanning electron microscopy
(SEM) in order to analyze the porosity distribution.
The samples were further etched using Kroll’s reagent,
to reveal the grain structure. For the tensile test
examination, at least three dog-bone-shaped specimens,
with a rectangular cross section and dimensions
2 9 2 9 20 mm3, were cut from each sintered sample.
The tensile test pieces are cut in a radial direction, as the
three pieces within each sample fall in different regions
of the sample vertical axis. The tensile test was done on
Instron 33R4204 universal testing machine equipped
with a strain gage. The strain rate was 8.33 9 10�5 s�1.
Further, the fracture surface of the tested tensile samples
was analyzed by SEM.

III. RESULTS AND DISCUSSION

A. The Effect of the Green Powder Compact Density

The experimental heating curves and the calculated
heating rates obtained during the IS of powder com-
pacts with different GDs are presented in Figure 2. All
samples, with an exception of sample A1, were able to
heat up to 1300 �C in a relatively short time, between 85
and 250 seconds (Figure 2(a)). The calculated average
heating rates varied from 3.5 �C/s to 15.3 �C/s
(Figure 2(b)). It is noticeable that the heating rates are
slower in the initial stage of the HFIH, up to a
temperature of approximately 1000 �C, where also the
variances of the heating rates are mostly observed. The
reason for this variability is due to the amount of the
porosity of each sample, as the gaps between the powder
particles act as an insulator. Consequently, the powder
compacts with higher GD, or less interparticle gaps,
have higher conductivity in the initial stage of the

Table I. Experimental Parameters

Study Green Density, Pct Induction Sintering Temperature, �C Holding Time at Tmax, min

A (Effect of Green Density) 65.6; 69.7; 77.8;
82.9; 88.5; 96.5

1300 no hold

B (Effect of Sintering Temperature) 89 ± 1 1000;1100;1200; 1300; 1400
C (Effect of Sintering Time) 1300 ± 30 2; 4; 6; 8; 10
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Fig. 2—Effects of the green density on the (a) experimental heating curves and (b) average heating rates.
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HFIH, referred as an incubation period,[9, 22] when the
coupling and the Eddy current are generated. The
sluggish heating of sample A1 is clearly because of the
significant amount of porosity present in its structure. It
appears that this sample was in the incubation stage
throughout the whole period of heating.

Earlier studies on using HFIH for consolidation of
Fe-based powders[22,23] and Ti powders[20] found a
similar relation between the powder compact density
and the heating rates.

The main reason for the fast heating is the fact that
the powder compact becomes a conductor of heat by
itself when placed in the magnetic field created by the
induction coil. In addition to the more direct and fast
heating, there are minimal heat loses.

Although cooling curves are not shown on the graph,
it takes approximately 5 minutes for a compact to cool
down below 200 �C due to the room temperature
cooling. The overall length of the IS is therefore 7 to
13 minutes. These is significantly shorter than 8 to
12 hours for the conventional vacuum sintering com-
monly used for Ti, with an average heating rate of
10 �C/min (0.17 �C/s) and cooling for several
hours.[24,25]

The extent of the densification and consolidation of
the Ti powder compacts gained by the IS were assessed
by obtaining the values of the densification parameter,
the density increase (Figure 3), and the distribution and
morphology of the residual pores (Figure 4). Both
figures clearly indicate that the sintered density and
microstructure are strongly related to the initial powder
compact density. The samples with low GD of 65.6 to
69.7 pct (A1 and A2) show significant density increase,
in the range of 15 pct (Figure 3). Nevertheless, very little
actual sintering is observed in these samples
(Figure 4(a)). Sintering necks are developed between
the neighboring powder particles, but the morphology
of the original powder particles is still distinguished, and
thus highly interconnected porosity network is observed.
Increase of the GD in the range of 77.8 to 82.9 pct

results in a significant reduction of the pore network
(Figure 4(b)) but the density increase of those samples
was only 5 to 7 pct. Further increase of the GD to 88.5
pct resulted in a sintered microstructure with mostly
closed pores having highly irregular shape and size in
the range of 10 to 20 lm (Figure 4(c)). The density
increment of this sample is 6 pct and the final sintered
density- 94.5 pct. Sample A6, with the highest GD of
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Fig. 4—SEM micrographs showing the porosity distribution of samples induction sintered to 1300 �C, with starting green densities of: (a) 65.6
pct (A1), (b) 82.9 pct (A4), (c) 88.5 pct (A5), and (d) 96.5 pct (A6).
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96.5 pct, shows very little increase of density after
sintering of (2.0 pct from Figure 3), but significant
reduction of the size of the pores of few microns and
predominately spherical morphology (Figure 4(d)).

The densification parameter (W), calculated by the
Eq. [2], shows that the densification did not proportion-
ally increase with the increasing green density (Figure 3,
bars).

W ¼ qs � qg
� �

= qt � qg
� �

½2�

W—densification parameter, qs—sintered density,
qg—green density, qt—theoretical density

The greater densification of the samples with 65.6 to
69.7 pct GD is related to the powder particles rotation
and repacking during sintering.[26] In the initial stage of
sintering, diffusion between the closely packed particles
results in the formation of sintering necks, which is an
unbalanced process because of the inhomogeneous
packing of the powder particles. The formation of these
necks leads to the formation of new grain boundaries
with different associated energies depending on their
crystallographic orientation. The unbalanced surface
energies and inhomogeneous formation of necks gener-
ate torques in response to which the particles rotate or
twist. In the powder compacts with lower density, there
are more cavities between the particles, allowing greater
rotation and repacking. Hence, there is a bigger poten-
tial for a density increase during the initial stage of
sintering.

Another reason for the greater densification of the
samples with lower green density is the length of the
effective sintering time (Figure 3). The effective sintering
time is referred to the heating time above the b-transus,
where the diffusion process is significantly faster, which
is above 900 �C for Ti with 0.25 pct oxygen.[27] The
effective sintering time calculated from Figure 2(a)
shows that the samples with higher GD (A5) and (A6)
were effectively sintered for only 20 seconds, while for
the rest of the samples that were in the b-phase field,
sintered for 50 to 100 seconds.

The porosity distribution of the samples with GD>
82.9 pct is found to be homogenous, while in the lower
GD samples show more pore density in the peripheral
areas and fewer pores in the center.

It is worth remarking that, when the green density is
over 88 pct, the sintered density is comparable with
those found in vacuum sintered Ti,[28–30] where a similar
temperature but much longer sintering time of 2 hours is
used.

B. The Effect of the Induction Sintering Temperature

From study A, samples with GD of 89 ± 1 pct are
used to assess the effect of the temperature (in the b-
phase field, 1000 to 1400 �C) on the properties of the IS
titanium. Consolidation of the material was achieved in
every condition (Figure 5). The sintered densities and
the densification parameter increased with the temper-
ature (Figure 5). However, the increase was less evident
at lower temperatures (1000 �C and 1100 �C), with

densification parameter of 0.32, and more pronounced
as the IS temperature increased to 1200 �C, 1300 �C,
and 1400 �C, showing values of the densification
parameters of 0.4, 0.48, and 0.68 and sintered densities
of 93.3, 94.3, and 96.5 pct respectively. Substantial
consolidation is also evident from the representative IS
microstructures shown in Figures 5(a) and (b). A typical
microstructure for the samples sintered below 1200 �C is
a mixture of short-range pore network and some closed
porosity, with highly nonuniform size and irregular
morphology (Figure 5(a)).
A significant change in the pore morphology is

observed in the samples IS at higher temperatures of
1300 �C and 1400 �C. The total area of the pores is
significantly reduced. For the sample IS at 1400 �C,
microstructure shows mostly rounded pores with size in
the range of 2 to 5 lm (Figure 5(b)). However, no
significant difference in the porosity distribution can be
highlighted between the center and periphery of the
sintered at different temperatures samples.

C. The Effect of the Sintering Time

The introduction of dwell time of 2 to 10 minutes
at maximum IS temperature of 1300º C results
in a considerable change in the pore morphology
(Figures 6(a) and (b)) in comparison to the sample A5
(Figure 4(c)) where similar green density and sintering
temperature but no holding time was applied. Specifi-
cally, after 2 to 4 minutes dwell, the number of the
spherical pores increased while the irregular pores
become significantly smaller in size and edge rounding
occured (Figure 6(a)).
With the progression of the sintering during the

prolonged 6 to 10 minutes dwell time, the sintered
structures appear with mostly spherical pores with an
average size of several microns (Figure 6(b)). The total
amount of the porosity gradually decreases with the
sintering time, evident also by the increase of the
sintered density (Figure 6(c)). Nevertheless, no signifi-
cant change of the densification parameter is seen with
the increase of the sintering time from 6 to 10 minutes.
Comparing the effects of the IS temperature

(Figure 5) and the IS time (Figure 6), the sintering at
a higher temperature of 1400 �C is much more efficient
than the increase of the sintering time, particularly
noticeable with the values of the densification parame-
ter. The samples sintered for 4 to 10 minutes showed a
relative density of 95.7 pct and above, similar to those
reported in the literature for high vacuum sintered
Ti.[28,29]

D. Overall Effect of the Process Parameters

To fully understand the effect of the different pro-
cessing parameters, a graph representing the sintering
stage of each sample is presented in Figure 7. In
accordance with the theory,[26] the sintered materials
were classified into three groups, identified by the level
of consolidation or the sintering stage. Stage 1 is
identified with the first signs of sintering, where multiple
sintering necks between the neighboring powder
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particles are formed. Stage 2 is identified by extensive
growth of the sintering necks but interconnected poros-
ity is still largely evident. The final Stage 3 of sintering is
characterized by the presence of mostly closed pores,
where the powder particle boundaries disappeared. The
final stage is divided into two substages, differentiating
by the morphology of the pores- irregular and spherical.

Figure 7 demonstrates that the HFIH results in some
level of sintering regardless of the process conditions.
The GD is the parameter, with the greatest influence on
the level of consolidation, where highly porous struc-
tures (Stage 1) are obtained if GD< 70.0 pct. Structures
with well-developed interparticle bonding but still con-
siderable porosity (Stage 2) could be made, by control-
ling the GD or using lower IS temperatures of 1000 to
1200 �C. Structures with properties of fully solid mate-
rials (Stage 3) are attained with GD> 89 pct, IS
temperatures of 1300 �C or higher, and IS time of 2 to
10 minutes.

E. The Effect of the Process Conditions on the Oxygen
Pickup

The presence of oxygen in the Ti-based materials
greatly affects their mechanical properties, where oxygen
pickup can easily occur during high-temperature pro-
cessing. Figure 8 shows the effects of the Ti powder
compacts GD, the IS temperature, and the IS time on
the oxygen content of the sintered materials.

The oxygen content of the sintered samples is closely
related to the GD of the powder compact (the dots in
Figure 8). The oxygen increases from 0.29 to 0.46 wt pct
with the decrease of the GD from 96.5 to 65.6 pct. The
significant oxygen pickup of the compacts with lower
GD is mainly due to their fairly open structure and the
larger air gaps between the powder particles. The air
trapped in the powder compact is the main source of
oxygen contamination. Since the sintering was done in a
flowing argon atmosphere, the degassing of the powder
compacts was not efficient during the purging of the

chamber, in such way as in the high vacuum sintering.
However, for the samples with GD> 88.5 pct, the
oxygen pickup during IS remains minimal, in the range
of 0.044 to 0.056 wt pct for an overall oxygen content of
~ 0.3 wt pct.
The increase of the IS temperature (the triangles in

Figure 8) and the sintering time (the diamonds in
Figure 8) does not have a significant effect on the
oxygen pickup as the values are in the range of 0.040 to
0.063 wt pct, reaching overall oxygen content in the
range of 0.29 to 0.31 wt pct, with no particular trend
with temperature or sintering time. The observation that
oxygen pickup during IS is independent of sintering
temperature and time is similar to those in the earlier
study.[20] The short time that the material spends at high
temperatures is the reason behind the limited oxygen
pickup. These results show that the IS process can
produce material with consistent oxygen content inde-
pendently on the sintering temperature and time. Most
of the IS samples have oxygen content in the range

Fig. 7—Diagram of the predominant sintered structure found in the samples depending on the process conditions: green density—Series A
(dots), temperature—Series B (triangles) and sintering time—Series C (diamonds).

Fig. 8—Variation of the oxygen content with the processing
parameters (green density—dots, temperature—triangles, and
time—diamonds.
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acceptable for the commercially pure Ti-Grade 3 (0.35
wt pct) and Ti-Grade 4 (0.40 wt pct).[31] The oxygen
pickup and the oxygen content of the IS Ti shown in
Figure 8 are lower then this reported for vacuum
sintered HDH Ti.[32]

F. The Effect of the Process Conditions
on the Mechanical Behavior

Irrespective of the sintering parameters, there is a
significant improvement in the tensile strength and
ductility of the IS samples compared to those of the
green samples (17 MPa), where the strength is purely
due to mechanical interlocking between the powder
particles.[21] Figure 9 shows that the variations of the
properties are closely related to the process conditions.
On the other hand, there is no large variability of the
tensile properties within each sintered samples. As the
tensile test pieces were cut from different locations along
the vertical axis of each sample, this confirms that no
significant gradient in the porosity distribution is present
at the vertical direction of the sintered samples.

As expected, there is a strong relationship between the
porosities of the sintered structures and the tensile
properties (Figure 9(a)). The structures with large areas
of pore network (Figure 4(a)), typical of Stage 1
(Figure 7), show YS of 110 to 190, 150 to 230 MPa
UTS, and 2.5 pct elongation to fracture (Figure 9(a),
GD< 70 pct). In spite of the low tensile strength, each
of these samples underwent yielding, confirming that
sufficient interparticle bonding occurred during the
short sintering cycle. The samples showing structures
typical for Stage 2 of sintering (GD 78 to 82 pct or those
sintered at 1000 �C to 1200 �C) have comparatively
higher YS and UTS, respectively, in the ranges of 290 to
400 and 320 to 480 MPa, where an improvement of the
elongation to fracture to the average of 5 pct was also
observed. The samples characterized with predomi-
nately closed porosity (IS at 1300 to 1400 �C or 2 to
10 minutes dwell time) have high YS and UTS, respec-
tively 400 to 460 and 500 to 550 MPa and show a
significant improvement of the ductility. The elongation
to fracture varies between 10 pct for the structures with
irregularly and angular-shaped pores and 23 pct for
those with rounded and mostly spherical pores.

Overall, the powder compacts GD has the greatest
effect on both the strength and ductility of the IS
samples (Figure 9(a). The IS temperature does not affect
largely the strength but changes significantly the elon-
gation to fracture, which gradually increases from 4.5 to
13 pct with the temperature increase (Figure 9(b)). It is
clear that introducing a holding time at the maximum
temperature of 1300 �C for samples with average GD of
89 pct leads to an increase of the YS, UTS, and the
ductility (Figure 9(c)). After 2 minutes of sintering at
1300 �C, the material is characterized with a YS of
475 MPa, UTS of 550 MPa and elongation to fracture
of 18 pct. However, further increase of the sintering time
from 4 to 10 minutes does not remarkably increase the
tensile properties.
The development of the sintered structures is also well

represented by the fracture behavior of the tensile tested
samples (Figure 10). The effect of the GD can be
summarised using the representative A1 and A6 sam-
ples. Two main features are present in the fracture
surface of the IS samples from series A: plane surfaces
(green arrows) and rough, uneven surfaces with charac-
teristics of a typical solid fractured material (black
arrows). The relative amount of these features changes
with the GD. The IS sample with the lowest GD of 65
pct (A1) shows only isolated areas of fractured surfaces,
where the necking between the powder particles
occurred (Figure 4(a)). The smooth surfaces are the
network of interconnected pores due to the fairly poor
consolidation of the materials. In contrast, the IS
samples with a GD> 88.5 pct fractured in a manner
typical for a fully solid material (Figure 10(b)). The
fracture occurred along the new grain boundaries
formed at the former powder particle boundaries
(Figure 10(b), red arrow), as well as through the grains,
resulting in transgranular fracture (Figure 10(b), blue
arrows).
The effect of the IS temperature on the fracture

behavior is shown in Figures 10(c) and (d). In the
samples induction sintered at lower temperatures of
1000 �C to 1200 �C, a significant amount of nonconsol-
idated surfaces are observed along with the dimpled
solid fractures at the newly developed sintering necks
between neighboring powder particles (Figure 10(c)).
For the samples sintered at higher IS temperatures of
1300 �C and 1400 �C, the fracture surface is a

Fig. 9—Effect of the process parameters, (a) green density, (b) sintering temperature, and (c) sintering time, on the tensile properties of the IS
samples.
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combination of transgranular and intergranular fracture
(Figure 10(d)).

Regarding the effect of the sintering time, no notice-
able difference in the fracture behavior was observed
with increasing the dwell time from 2 to 10 minutes
during sintering at 1300 �C. Predominately transgranu-
lar fracture with dimpled features is observed, confirm-
ing the high ductile properties of these materials
(Figure 10(e)).

G. The Induction Sintering Mechanism

The etched microstructure image, taken from Series A
sample with GD of 65 pct and IS to 1300 �C, shows that
after sintering, the powder particles are still well
distinguished, but significant necking occurred between
the two neighboring powder particles P1 and P2
(Figures 11(a) and (b)). The original powder particle

boundary disappeared, and new grain developed across
the two neighboring powder particles.
The consolidation of particulate materials is governed

by solid-state diffusion which is dependent on the species
present on the surface of the powder particles. In
particular, metallic powders are generally covered by a
superficial oxide layer which slows down the sintering
process. In the heating step of the sintering cycle, these
oxide layers have to be broken or dissolved before (the
much faster) metal to metal diffusion can occur. In the
case of sintering in a resistance heating furnaces, this
process is slow because the powder compact is heated
gradually from the surface to the core, relying on
conductive heat transfer from the outer to the inner part
of the compact as a whole as well as from the surface to
the core of each powder particle. However, during
heating by HFIH, eddy currents are generated directly
into the powder sample, and faster heating rates are

Fracture at the grain 
boundaries

(e)

(d)

Transgranular
fracture

(a)

Fracture at the 
diffusion bonds Pore network

(b)

(c)

Fig. 10—Representative results of the fractographic analysis: (a) and (b) samples with GD of 65 pct (A1) and 95 pct (A6), respectively, sintered
at 1300 �C without dwell time; (c) and (d) sintered at 1000 �C (B1) and 1400 �C (B2), respectively, without dwell time; and (e) sintered at
1300 �C with 4 min of dwell time (C2) (Color figure online).
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achieved. A mechanism for the fast diffusion and the
development of grains from the powder particles during
IS is then proposed (Figure 11(c)) based on the exper-
imental observations. Specifically, the model considers
two neighboring powder particles such as those shown
in Figure 11(a)). During induction heating eddy currents
are created simultaneously within each conductive
powder particle, located within the penetration depth,
without much influence from the presence of the
superficial oxide layer, thus leading to a significantly
faster increase of the temperature. The fast rise of the
temperature causes thermal expansion (i.e. tensile
stresses) of the powder particles leading to fracturing
of the superficial oxide layer, due to the significant
difference of its coefficient of thermal expansion, and
consequently allowing the metal to metal interaction.
The diffusion in Ti is significantly faster above the b-
transus, allowing fast material transfer along the neigh-
boring powder particles and consequently leading to the
consolidation of the material and the formation of the
final microstructure from the former powder particle
boundaries.

IV. CONCLUSIONS

This study demonstrates that high-frequency induc-
tion heating is a fast and efficient way for the consol-
idation of commercially pure Ti powders. The level of
consolidation and the properties of the sintered material
are highly influenced by the process parameters. Highly
porous and highly dense structures are possible by
varying the green density, induction sintering tempera-
ture, and the dwell time. Necking starts to occur in the
very initial stage of sintering independent of the process
conditions and the porosity of the material. Strong
interparticle bonding is evident by the significant
increase of the tensile strength and ductility, the
characteristics of the fractured surface, and the forma-
tion of grains across the boundaries of the former
powder particles. The oxygen pickup during the induc-
tion sintering is limited due to the short exposure to high
temperatures. Selected combinations of process param-
eters enable the production of Ti material with proper-
ties comparable to those of wrought and powder
metallurgy Ti-Grade 3 and Ti-Grade 4.

P 1 P 2

oxide layer pure metal

1. As- pressed material 2. During the induction heating- fracture of the oxide 
layer due to the metal expansion caused by the increased 
temperature inside the particle, due to the eddy currents

3. Material diffusion from P1 to P2 and vice 
versa due to the high temperature  

4 Formation of grain from the  former 
powder particle boundaries

new grain

(c)

Former powder particle 
boundary

Powder particle 1 (P1) Powder particle 2 (P2)

(a) (b)

Grain

Fig. 11—Development of sintering necks during IS at 1300 �C, (a) and (b) SEM images of the microstructure of the sample with 65 pct green
density (sample A1), and (c) schematic of the IS mechanism.
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