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Pulse electric current sintering (PECS) was tried for Ir-25 at.% Nb (IrsNb), which has a high melting
temperature of about 2435 °C. Ingot powder was made by crashing an ingot, and the ingot powders were
sintered at temperatures between 1700 and 1900 °C up to 2 h under 40 MPa. Pure-metal powder was
mixed to achieveacomposition of Ir-25at.% Nb, and thepure-metal powder sweresintered at atemperature
between 1700 and 1900 °C for up to 1 h. The microstructure and phase structures of sintered sampleswere
investigated by scanning electron microscopy (SEM) and x-ray diffractometry. Thesintering mechanism and

problems for IrsNb in PECS are discussed.
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1. Introduction

Iridium has been noted as a high-temperature materia due
to having a high melting temperature (2447 °C), a modulus
with the highest elasticity (570 GPa) at room temperature,™
and high oxidation resi stance.l¥ We devel oped refractory super-
aloys with an fcc and L1, two-phase coherent structure using
Ir as the base material and showed that the strength and creep
properties of some of the binary alloys, such as Ir-Nb and Ir-
Zr, makethem very promising as high-temperature material .54
However, polycrystalline Ir cleaves at grain boundaries, simi-
larly to brittle materials after insignificant preliminary deforma-
tion but unlike typical fcc metals.™ Single-crystal Ir also shows
a brittle transgranular mode.[® We found that two-phase aloys
aso fractured by the intergranular fracture model!” These
results suggest that the machinability of Ir or Ir-based alloys
will not be satisfactory until the ductility of Ir or Ir-based alloys
is improved.

Although machining of Ir or Ir aloys is difficult, Ir and
some of the Ir alloys have been used as structural materials,
mainly Ir crucibles for the single crystal of high-melting-tem-
perature oxides, such as MgAIl,O, or Al,Os. These crucibles
are made by hot pressing high-purity Ir powder or by welding
a hot-rolled Ir sheet.!® For Ir aloys, Liu and his colleagues
developed ductile Ir-0.3 a.% W including a small amount of
Th.I®! These alloys can be deep-drawn at temperatures between
500 and 600 °CI*® and are used as a fuel-cladding material
in radioisotope thermoelectric generators (the major source of
onboard electric power in interplanetary spacecraft). They aso
investigated the weldability of their alloys.[*12

We tried to make a plate-type tensile test sample using our
Ir-based alloys with an fcc and L1, two-phase structure. These
aloys were easily cracked and fractured under different kinds
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of conditions, although pure Ir can be hot rolled under some
conditions. We did not find a suitable hot-rolling condition for
our aloys. Next, along rectangul ar-shaped ingot was made by
arc melting, and plate-type tensile specimens were cut using
an electric discharge machine. However, the specimens broke
easily during cutting because of their brittleness. Another prob-
lem wastheir heterogeneous microstructure. Solid-solution heat
treatment cannot be performed on two-phase aloys because
thefcc single phase does not expand at high temperatures. Thus,
even after heat treatment, the as-cast microstructure remained,
causing the fracture of the specimen during cutting or when
setting the sample in the tensile test equipment. Therefore,
another processing method must be found for our aloy; other-
wise, these alloys cannot be used in the application field.

Recently, pulse electric current sintering (PECS) has been
noted as a new processing method. It is said that by using
PECS, the sampleissintered for ashorter time than hot pressing
because the electricity is turned on and off in a pulse-state
electric discharge that occurs between powder samples, and
also Joule's heat is produced by a large current in PECS. The
el ectric discharge between powders and thelarge Joul €' s heat by
alarge current seem to be suitable for high-melting temperature
materials. Furthermore, the sintered sample will be more homo-
geneous than the ingot by arc melting. When we use a long
graphite die, we can sinter a long sample and make a long
tensile test sample. To investigate if PECS is a suitable method
for Ir-based aloys, we tried to sinter single L1, phase Ir-25
at.% Nb (Ir3Nb), which has a high-melting temperature of about
2435 °C, using PECS.

2. Experimental Procedure

Single-phase I1r-25 at.% Nb, IrsNb with an L1, structure,
was chosen for thefirst trial of PECS for the sake of simplicity.
Two kinds of samples, namely, powders from an aloy ingot
of Ir-25 at.% Nb and mixed pure-metal powder, were prepared.
For the first sample, the Ir-25 at.% Nb alloy was prepared by
arc melting; then, powder below 150 um in size was obtained
by crashing the aloy ingot. For the second sample, powder
samples of pure Ir 5 um in size and pure Nb 50 um in size
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Fig. 1 Schematic diagram of PECS

were measured to obtain the composition of 1r-25 at.% Nb. The
total amount of each sample was about 5 g. The measured
samples were put in a plastic bottle and then mixed by rotating
the bottle on a milling machine for 72 h. These samples were
put in a graphite die 15 mm in diameter and 30 mm in height
(Fig. 1). Samples were sintered in a vacuum condition under
40 MPa between 1700 and 1900 °C for up to 2 h. To compare
with PECS, hot pressing was also carried out at 1800 °C for 4
h. Detailed conditions are summarized in Table 1. During sin-
tering, the temperature and displacement of the die were meas-
ured. After the temperature decreased to room temperature, the
sintered sample was taken out of the sintering machine. The
density of the sintered samples was estimated by measuring
their diameter, thickness, and weight. Phase analysis was per-
formed by x-ray diffractometry, and then the microstructure
was observed using scanning electron microscopy (SEM). For
pure element powder, fluorescence x-ray analyses were per-
formed to analyze composition.

3. Results

3.1 Ingot Powder

The displacement of die and the temperature change during
sintering are shown in Fig. 2. Here, the temperature increased
at the rate of 2.5 °C/s for all samples. Samples were heated at
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Tablel Sintering condition, composition, and relative
density of sintered samples

Composition Relative
Ingot powder (at.%) density
1800 °C soon/1.25 °C/s 70.39
1800 °C 15 min/2.5 °Cls 85.63
1900 °C 15 min/2.5 °Cls 78.79
1900 °C 1 h/2.5 °C/s 89.89
1900 °C h/2.5 °Cls 90.32
2000 °C soon/2.5 °Cls 89.87
1800 °C 4 h/20 MPa 89.82
1800 °C 4 h/20 MPa hot press 95.22
Pure-metal powder
1700 °C soon/2.5 °Cls 37.82 92.16
1800 °C 15 min/2.5 °Cls 23.95 107.86
1800 °C soon/2.5 °Cls 24.71 107.41
1800 °C soon/1.25 °Cls 334 100.41
1900 °C 1 h/2.5 °C/s 33.45 90.58
1700 to 1800 °C/0.016 °C/s 24.42 97.22

1800 °C for 15 min and 1900 °C for 1 and 2 h. For the condition
of 2000 °C, the temperature increased up to 2000 °C and then
it was cooled immediately. All samples were expanded during
increasing temperature and were still expanded after the temper-
ature reached the setting temperature. When the sintering condi-
tion was 1900 °C for 2 h, the sample expansion was stopped
1 h after the temperature reached the setting temperature.

The relative density for each sintering condition is summa-
rized in Table 1 and plotted as a function of the sintering
temperature in Fig. 3. The sintering time is also shown close
to each symbol. Most samples were sintered under 40 MPa,
and the temperature was increased at the rate of 2.5 °C/s. When
samples were sintered using a different condition, the condition
is shown in the respective figure. The relative densities were
between 70 and 90%. At the same sintering temperature, for
example, at 1900 °C, therelative density increased with increas-
ing the holding time. However, there was no large difference
in the relative density under a holding time between 1 and 2
h. This suggests that the sintering process was saturated after
1 h at 1900 °C. Applied stress was not effective between 20
and 40 MPa. The relative density was higher in the condition
under 20 MPa for 4 h than in the condition under 40 MPa for
15 min. This suggests that, when the holding time is long
enough, the sintering process progresses under low applied
stress. When the rate of increasing temperature changed to half,
i.e., 1.25°C/s, therelative density wasat itslowest. Hot pressing
was also tried at 1800 °C for 4 h and compared with PECS.
The relative density of the hot-pressed sample was the highest
among other PECS samples.

The microstructure of the sintered sample was observed by
SEM (Fig. 4). Most grains were well sintered; however, some
grains were not, as shown by A (Fig. 4a and b). Small holes
were aso found in the grains. When a sample was sintered at
1900 °C for 2 h, dlip lines were observed in many grains (Fig.
4(b)). This shows that the sintering process did not progress
after 1 h and grains were just plastically deformed during sin-
tering. When the sintering temperature increased up to 2000
°C, grain growth was observed. Grain size at 1900 °C was about
20 um but incressed to over 50 um at 2000 °C. However, a
gap was aso observed at the grain boundary. This suggests
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Fig. 2 Displacement of die and temperature change of ingot powder during sintering (a) 1800 °C for 15 min, (b) 2000 °C and immediately cooled

down, (c) 1900 °C for 1 h, and (d) 1900 °C for 2 h
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Fig. 3 Relative density as a function of the sintering temperature of
ingot powder

that, even at 2000 °C, the sintering process was not perfect. The
microstructures of sintered samples by PECS and hot pressing at
1800 °C for 4 h are shown in Fig. 5. Although the hot-pressed
sample showed the highest relative density, many more holes
were observed in it than in the sample sintered by PECS. This
suggests that the sintering process by hot pressing was not
perfect either.

3.2 Pure-Metal Powder

The displacement of the die and the temperature change for
sintering of pure-metal powder are shown in Fig. 6 for some
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conditions. In contrast to ingot powder, the pure-metal powder
sample shrank while the temperature was increasing and then
started to expand after the temperature reached the setting tem-
perature. Expansion continued for 1 h at 1900 °C (Fig. 6c).
Sudden shrinkage was also observed between 1700 and 1800
°C when the temperature increased at a rate of 2.5 °C/s (Fig.
6aand c). However, when thetemperature-increase rate between
1700 and 1800 °C decreased to 0.016 °C/s, sudden shrinkage
was not observed (Fig. 6(d)). Instead, the sample gradually
expanded.

The relative density of the sintered sample and the aloy
composition after sintering are shown in Table 1. The relative
density was between 90 and 100%. Some samples showed
relative density over 100%. After sintering, the alloy composi-
tion greatly shifted from the nominal composition, 25 at.% Nb.
We observed that the powder was observed to spill from the die
during sintering around 1750 °C. Thus, the alloy composition
deviated from the nominal composition, and then the relative
density showed over 100% for some samples.

X-ray anaysis is shown in Fig. 7. For al samples, pesks
from pure Ir, pure Nb, and IrsNb (L1,) were observed. This
shows that alloying progressed partially; however, it was not
perfect. At 68 and 82 deg (arrow in Fig. 7), the L1, peak
increased with increasing the sintering temperature. Compared
with samples sintered at 1800 °C, the L1, peak was larger when
the holding time was longer. This suggests that higher sintering
temperature and longer holding time allow alloying to progress.
The same was observed in the microstructure of the sintered
sample (Fig. 8). When the sample was heated to 1700 °C and
then immediately cooled (Fig. 8a), the Nb phase was observed.
By EDS (Energy Dispersive Spectrometer) analysis, some parti-
cles were amost pure Nb, including 3 at.% Ir, while some of
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Fig.5 Microstructure of ingot powder sample sintered by (a) PECS and (b) hot pressing at 1800 °C for 4 h

them included 45 at.% Ir. The matrix showed Ir-12.5 at.% Nb.
When the sintering temperature was 1800 °C (Fig. 8b), the
amount of Nb decreased, and diffusion of Nb progressed. Thus,
we found some particles with 1r-23.6 at.% Nb. Thisis close to
the composition of IrsNb (Ir-25 at.% Nb). The composition of
the matrix was 11.1 at.% Nb. When the sintering temperature
was 1800 °C, but the temperature-increase rate was half (Fig.
8c), we till found pure Nb. However, the matrix composition
was about 20 at.% Nb. Thisis close to the IrsNb composition.
When sintering was held at 1900 °C (Fig. 8d), the matrix was
IrsNb (about 23 at.% Nb), although we still observed pure Nb.
When the sample was heated very slowly between 1700 and
1800 °C at about 0.016 °C/s, IrsNb (20 at.% Nb) was formed,
but the matrix showed 1r-46.5 at.% Nb. From these results, it
appears that the best condition is 1900 °C for 1 h. A slow
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temperature-increase rate was aso effective, but the sintering
temperature was more effective for alloying. However, for all
conditions, we found that pure Nb or Ir included a high amount
of Nb. This suggests that Nb powder did not mix homoge-
neously, and thus, the alloying process did not finish perfectly.

4. Discussion

4.1 Ingot Powder

The displacement of the die expanded after the temperature
reached the setting temperature in PECS, in which the sample
is heated directly. This suggests that the sample temperature
did not reach the setting temperature during sintering. That is,
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Fig. 7 X-ray analysis of pure-metal powder after sintering

the sample temperature still increased during sintering; then,
the sample continued to expand. On the other hand, the sample
shrank in hot pressing, in which the sample is heated indirectly.

Journal of Materials Engineering and Performance

Thus, the sample temperature seemed to reach the setting tem-
perature. These results show that, although heating the sample
directly is an advantage of PECS because the temperature
should increase quickly, it is not effective for Ir;Nb.

The heat conductivity of IrsNb decreases from 100 W m™?
K1 above 200 °C.I*¥ According to Wiedemann-Franz's law,
the heat conductivity is in inverse proportion for electric con-
ductivity at constant temperature:

x/oT = const

where y is the heat conductivity, o is the electric conductivity,
and T is the absolute temperature. When the heat conductivity
becomes low at a high sintering temperature, the electric con-
ductivity becomes low. In this case, it will be difficult for
electrons to pass through into the sample. Thus, the sample
temperature did not increase as quickly as we expected.

For the sintering process, two kinds of models are suggested.
Thefirst model isthat, when the average powder sizeis constant
during sintering, the relative density increases with increasing
applied stress. This suggests that the plastic flow around the
surface of each powder is a strong factor to the sintered sample.
This model can be shown as follows.*4

In(1 — D) = Kt (Eq 1)
where D is the relative density, t is the holding time, and K is
the constant. The second model is that pores shrink by the
diffusion effect in thefinal stage of sintering. This can be shown
as follows:[*!
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Fig. 8 Backscattered images of a pure-metal powder sample sintered at (a) 1700 °C and immediately cooled down, (b) 1800 °C for 15 min, (c)
1800 °C and immediately cooled down but at a temperature increase rate of 1.25 °C, (d) 1900 °C for 1 h, and (€) 1800 °C and immediately cooled
down but at a temperature increase rate between 1700 and 1800 °C of 0.016 °C/s

r3—r3=kt (Eq 2)
where rq is the initial pore size, and r is the pore size at time
t. Only the first model was confirmed for our alloy because
pore sizeisdifficult to measure. Figure 9 shows relative density
change as a function of holding time. The relative density and
the holding time are proportionate to each other. This suggests
that the sintering process of IrsNb was controlled by the plastic
flow around the surface of each powder. When sintering is
controlled by the diffusion process, the relationship between

690—\Volume 10(6) December 2001

the relative density and the holding time deviates from the
proportionate relationship in Eq 1.[* Figure 4 also supports
this model. After the sample had been sintered for 2 h at 1900
°C, dip lines were observed inside the grains. This shows that
each powder deformed plastically and that plastic flow occurred
around the powder during sintering.

We could not find a suitable sintering condition for ingot
powder. The reason is that neither powder size nor powder
shape was homogeneous. By using a mill with a mill ball, we
can achieve spherical and homogeneous size powder and may

Journal of Materials Engineering and Performance
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then succeed in sintering. However, Ir is a very precious and
expensive material, so we used only a 5 g sample, an amount
that is not enough for milling. Among Ir-based alloys, Ir-50
at.% Al with a B2 structure was tried for hot pressing.[*€l
The ingot was prepared by the arc-melting method and then
mechanically crushed into powder with a size smaller than 50
um. Hot pressing at 1800 °C for 4 h was carried out. Some
voids and pure It were observed because of the narrower phase
region of B2 IrAl or extremely low diffusivity.

4.2 Pure-Metal Powder

Compared with ingot powder, the pure-metal powder sample
showed very few pores. However, the alloying process did not
finish perfectly. One reason is that both Ir and Nb have a very
high melting temperature of around 2450 °C. Diffusion at
1800 °C must be very slow for the alloying process. Another
reason is that Nb powder distribution is not homogeneous, as
shown by pure Nb in the sintered sample. This is because of
the powder size difference or the weight difference between
the Ir and Nb powder. The weight of Nb is half that of Ir.
However, mechanical alloying isdifficult for thelimited sample
used (5 @). In this case, the heat of formation may be helpful
for sintering to succeed. If we add a third element with a low
melting temperature, large heat reaction may occur, and this
reaction may allow the alloying process to progress at the low
melting temperature. We hope to conduct thiswork in the future.

4.3 Pulse Electric Current Sintering

In this study, we could not succeed in sintering using PECS.
Generally, it is considered that when high voltage isintensively
applied to a sample in PECS, spark plasma generates between
each powder, which is covered by athin insulator-like oxidation
layer, and then the powder surface becomes clean, alowing
sintering to progress.[*l Pulse electric current sintering is some-
times called plasma-activated sintering or spark plasma sin-
tering. The sintering process is considered to work as follows.
(1) The oxidized layer of the metallic sample surfaceis broken.
(2) An électric current and heat are concentrated at the point
wherethe powders connect, and then, the connecting area (neck)
grows thicker. (3) The temperature difference between the con-
necting point of the powders and the center of the powder
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allows atomic diffusion to progress. Thus, the metallic sample
can be sintered at relatively low temperature and for a short
time by PECS. However, the sample temperature did not reach
the setting temperature, and we found many pores inside the
sample. This suggests that the preceding advantage of PECS
did not occur for IrsNb. To date, no clear evidence of plasma
between powders has ever been obtained. Thus, we aso doubt
that plasma generates between powders during sintering.

5. Conclusions

Pulse electric current sintering was tried for IrsNb, which
has a melting temperature of about 2450 °C. Powder made by
crashing an aloy ingot (ingot powder) and sample mixed-pure
metal to become Ir-25 at.% Nb (pure-metal powder) were tried.

* Ingot powder. After sintering at 1900 °C for 2 h, therelative
density was about 95%. Microstructure showed that plastic
deformation occurred during sintering. This shows that the
sintering process was controlled by the plastic flow around
the powder surface.

e Pure-element powder. The aloying process did not finish
perfectly, and pure Nb still existed after sintering.

The advantage of PECS, namely, that plasma breaks the
insulator of the metallic powder, or that the short sintering
time is enough for direct heating of sample, was not effective
for IrsNb.
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