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Abstract. The effect of intensity and duration of the electrical resistance sintering process on the
phase stability, porosity distribution and microstructural evolution of Al50Ti50 amorphous
powders is studied. The phase transformations during the consolidation process were determined
by X-ray diffraction. The porosity distribution was observed by optical and scanning electron
microscopy. The amorphous phase is partially transformed to the crystalline phase during the
sintering process, and formation of AlTi and AlTi3 intermetallic compounds occurs for
temperatures higher than 300 °C. Finally, it is observed that the compacts core have lower
porosity and a higher tendency to the amorphous-crystalline phase transformation than the
periphery.
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INTRODUCTION
The direct use of electricity as a powder sintering method has been suggested
numerous times throughout the twentieth century, and still remains a topic of special
interest. Among the many methods, perhaps the simplest consists in a current passing
through a conductive mass of powders that is simultaneously compressed. Heat is
generated by the powder itself due to the Joule effect. This technique was already
described in 1933 by Taylor[1] but no systematic study was carried out until some
years later by Lenel[2], who called it “Electrical resistance sintering” (ERS). Among
the advantages of the ERS method[3], as compared with the conventional route of cold
pressing and furnace sintering, we can mention: the use of relatively low pressures
(about 80 MPa) to achieve very high densification, the use of extremely short
processing times (about one second), and the possibility of sintering without protective
atmospheres. The most important drawbacks are operating problems and an
inhomogeneous temperature distribution in the powder mass.
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MATERIALS AND EXPERIMENTAL PROCEDURE
Pure elemental powders of Ti Se-Jong 4 (purity > 99.4 %) and Al AS61 (purity >
99.7 %) were mixed to give the atomic compositions of Ti50Al50. The mix was poured
and sealed in a cylindrical 304 stainless steel vial, with 304 stainless steel balls and 1.5
wt. % of wax. The wax acts as the process control agent to balance the welding and
fracture processes. The mix was then dry-milled at 25 °C for 75 hours in a high energy
attritor ball mill (the ball-to-powder weight ratio was 50:1, the rotor speed was 500
rpm and the protective atmosphere was purified argon) to obtain an amorphous
structure[3]. The electrical requirements of the process (high intensity and low voltage)
are fulfilled by an appropriate resistance welding machine, which also can provide the
necessary compressive mechanical stress.. The machine consists of a single phase
transformer of 100 kVA, a pneumatic cylinder capable of providing a force of 1.400
kgf and an electronic controller that governs the process sequences and regulates the
current intensity. The powder container die was made with an alumina pipe enclosed
by a metallic hoop. The die had an orifice of 12 mm in diameter to host the powder.
The die is closed on the top and bottom orifices with punches of temperature
resistance cooper. The powder mass to be sintered is located between those punches.
Two wafers of an electrical erosion resistant alloy (75.3%W-24.6%Cu) are located in
direct contact with the powder. They have the function, due to their small thermal
conductivity, of interrupting the flow of heat generated in the powder mass towards
the water cooled electrodes (Figure 1). The phase transformations and microstructural
evolution during the consolidation process were determined by X-ray diffraction
(XRD, Siemens D500). The porosity distribution was observed by optical microscopy
(Nikon Epiphot 200) and scanning electron microscopy (SEM, Philips XL 30).

RESULTS AND DISCUSSION
Final Porosity
In general, powders sintered with low intensity have high porosity (Figure 2) and
low density. By increasing the intensity, the material increases its compacting capacity
by reducing the number of pores between particles. Increasing processing time (in
cycles in Figure 2) has similar consequences, although for the studied values the
influence of intensity is more remarkable.
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Figure 1. Sketch of punches and die used in
electrical resistance sintering.

Figure 2. Final porosity vs. intensity of the
specimens after the ERS for different processing
times.

As expected, the achievement of an amorphous structure (hardened particles by
mechanical alloying), makes more difficult to eliminate the porosity than in the case of
ductile, crystalline and non-mechanical alloyed powders. In the first stage of the ERS
process (pressing stage at 80 MPa), the porosity of the amorphous powders decreases
less compared to the second stage of the ERS process (action of the electric current).
No satisfactory experiments have been carried out with lower and higher intensities.
For lower intensities, the powder, having a high electrical resistivity, do not sinter. For
higher intensities, mechanically alloyed powders adhere to wafers, resulting
impossible to separate the compact from the wafers.

Optical And Scanning Electron Microscopy
ERS compact with 7 kA and 40 cycles (ERS 7/40) have been chosen to perform a
metallographic analysis regarding the influence of sintering on the microstructure. The
uniform porosity distribution of conventionally processed compacts is clearly different
from the non-uniform distribution of the electrical processed ones. Electrically
sintered compacts have a densified core (Figure 3.a) and a more porous periphery
(Figure 3.b), as can be seen by optical microscopy in metallographically prepared and
non-etched compacts. Very irregular distribution for the core (Figure 4.a) and the
periphery (Figure 4.b) of the compact can also be observed by SEM. The different
porosity is due to an uneven temperature distribution inside each compact, due both to
the behaviour of the electric current inside the material, and the cooling effect of the
die walls. The temperature rise is smaller, and cooling is faster, nearer the die wall.
The different temperature distribution in the compact could also affect the proportion
of amorphous phase. The areas near the axis of the cylindrical compact could
transform to a crystalline phase whereas the zones closer to the die wall could remain
as an amorphous phase.
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Figure 3. Porosity (optical microscopy) in Al50Ti50 compact ERS 7/40. (a) Core and (b) periphery of the
compact.

Figure 4. Distribution of porosity (SEM) in Al50Ti50 compact ERS7/40. (a) Core and (b) periphery of
the compact.

X-Ray Diffraction
The evolution of the amorphous-crystalline transformation with the temperature
rise in the ERS compacts can be evaluated by X-ray diffraction (Figure 5). At room
temperature, after the electrical sintering of the amorphous powders, a small peak,
belonging to a small amount of the AlTi and/or AlTi3 intermetallic compounds,
appears. If the compact is heated, the peak begins to grow, which implies an increase
of the crystalline phase and decrease of the amorphous phase. At 300 °C, the main
peak (39°) shows the almost complete crystallization, because at higher temperatures
(500 and 600 °C) there is no big difference between the main peaks. Besides, above
300 °C, other secondary peaks (45, 66, 78 and 79°) appear for the same compounds.
For all XRD patterns, it should be considered that there is more crystalline phase in
the core of the compact and more amorphous phase in the periphery. The pattern
register the sum of the amorphous and the crystalline phase along the entire section of
the compact. Finally, it may be mentioned that sintered compacts are thermally
unstable to relatively low temperatures, because heating at 300 °C promotes almost the
completely crystalline of the amorphous phase. Itsukaichi et al.[4] showed that an
Al50Ti50 amorphous alloy can be consolidated by hot pressing with temperature of 800
°C and pressure of 100 MPa for 600 s and this amorphous phase crystallize to an AlTi
intermetallic compound. Calderon et al.[5] consolidated Al50Ti50 amorphous alloy by
spark plasma sintering to form two intermetallic compounds, AlTi and AlTi3.
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Figure 5. XRD patterns of ERS (7/40) Al50Ti50 compact heated up to (a) 25, (b) 300, (c) 500 and (d)
650 ºC.

CONCLUSIONS
Al and Ti particles, milled for 75 hours, have high hardness and oxidize very easily
forming a layer of oxides with very high electrical resistivity. Because of the high
hardness and small plastic deformation ability, it results very difficult to
conventionally press and sinter the powders. Furthermore, because of the oxide layers,
it is very difficult to sinter powders electrically, and the current is capable to overpass
only a small amount of powder in the matrix. Sintered compacts with different
intensities and times of processing exhibit a porosity between 16.5 and 20%. The
amorphous structure of the powders milled for 75 hours is partially lost after ERS, and
a complete amorphous-crystalline transformation occurs around 300 °C.
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