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Abstract Current-activated tip-based sintering (CATS) is

a new process that imposes local current-activated sintering

conditions to consolidate selected areas of a powder com-

pact/bed through the controlled application of a contacting

tip electrode. The process has the ability of achieving very

high sintering rates and obtaining complex-sintered

geometries through the controlled precision motion of the

electrically conductive tip. In this study, the high current

densities afforded by CATS are utilized to locally activate

a macroscopic combustion synthesis type reaction in

compacts of reactive mixtures of nickel and aluminum to

rapidly form nickel aluminides. The effect of current

intensity on the ignition time, microstructure, homogeneity,

and properties of the combustion synthesized products is

discussed in this article. It was found that ultra-rapid for-

mation of aluminum-rich intermetallics precedes and con-

tributes to the major ignition event. Moreover, time to

ignition was found to decrease with an increase in current

intensity, also leading to less homogenous microstructures.

Keywords Metallography � Powder metallurgy �
Non ferrous metals

Introduction

Spark plasma sintering (SPS) has been at the center of

recent scientific attention as a rapid powder consolidation

process [1–6]. Advantages of the process over conventional

sintering include rapid heating rates, shorter sintering

times, and lower sintering temperatures. Recently, a novel

process ‘‘current-activated tip-based sintering (CATS)’’ [7]

was developed by three of the authors, wherein electric

current is locally applied through an electrically conducting

precision controlled tip that is either placed or allowed to

travel over a powder bed/compact to locally sinter small

targeted regions. With this process, one-, two-, and three-

dimensional microscale (and potentially nanoscale) sin-

tered features can be formed very rapidly. The process has

so far been limited to the production of high-density,

locally sintered regions from non-reactive powders [7, 8].

The CATS of reactive mixtures of powders, however, can

present new possibilities for either locally imposing a

microscale combustion synthesis process or for activating a

macroscale combustion synthesis process. In the conven-

tional combustion synthesis (thermal explosion mode) of

Ni–Al materials [9], compacts of nickel and aluminum

powder mixtures are heated to an ignition temperature at

which the reactant powders are converted to the intended

intermetallic product. The reaction is exothermic in nature,

which gives rise to considerable self-heating of the com-

pact, thus instantaneously raising the compact temperature

by several hundred degrees. Combustion synthesis within

the self-propagating high temperature synthesis (SHS)

mode of ignition has also been applied to the synthesis of

nickel aluminides [9]. In this case, the powder compact is

ignited (using radiative or laser heating) at one end giving

rise to a local reaction that spreads in the form of a

wave throughout the compact, consuming reactants and
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precipitating products in its wake. Recent preliminary

experiments by the authors on reactive current-activated

tip-based sintering (R-CATS) have indicated that very low

green densities with an accompanied low thermal and

electrical conductivity can play an important role in

localizing/limiting the reactions to regions close to the tip

[10]. However, if reactions were intentionally allowed to

propagate beyond the local ignition point, R-CATS can be

a viable inexpensive process for ‘‘current-activated’’ com-

bustion synthesis of macroscale products. As such, this

article explores for the first time, the R-CATS of macro-

scale reactively produced materials. The effect of current

intensity on the ignition time, developed microstructure,

homogeneity, and properties is discussed for reactive

compacts of nickel and aluminum powder mixtures.

Experimental Procedure

Precurser materials used in the study were nickel (Ni)

powder (3–7 lm, INCO 123) and aluminum (Al) powder

(325 mesh). Powders were rotator mixed for 30 min at

70 rpm in the composition of Ni3Al (86.7 wt% Ni with

balance aluminum). Figure 1 shows scanning electron

micrographs of the nickel and aluminum powders. The

relative sizes and morphologies of the powders used are

shown, which are ligamental in the case of aluminum

(Fig. 1a) and spherical/rounded in the case of nickel with

pronounced evidence of agglomeration for 3- to 7-lm

nickel (Fig. 1b). The Ni/Al powder mixture was first placed

inside the die, and tapped multiple times for leveling then

compacted with a pressure of 369 MPa to produce green

compacts of *75% theoretical green density. While still

inside the die, a very thin layer of nickel powder was

likewise added and the whole arrangement repressed at a

lower pressure of 246 MPa. This resulted in green compact

of *14 mm diameter and 2.5 mm thick, with a *300-lm-

thick top layer comprised only of nickel (i.e., aluminum

free). The exclusion of aluminum in the top layer was to

avoid severe tip/specimen reactions brought upon by con-

tact with molten aluminum.

All compacts were vacuum degassed at 120 �C for 1 h

prior to reactive processing. The R-CATS setup used is

shown in Fig. 2. A tungsten tip with a flat contacting sur-

face 1 mm in diameter was used to deliver a continuous

DC electric current centrally to the top surface of the green

compact, and promote local ignition. Three current inten-

sities were investigated (100, 200, and 300 A), and fol-

lowing any given reaction, the power was immediately

switched off.

The powder shape, morphology, and post processing

microstructure were analyzed using a field emission scan-

ning electron microscope (FESEM). For compositional

and phase analysis, energy dispersive X-ray spectros-

copy (EDXS) and X-ray diffraction (XRD) were used.

Fig. 1 Scanning electron

micrographs of (a) aluminum,

(b) nickel powder used in the

investigation

Fig. 2 Schematic of reactive CATS setup
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Microhardness was evaluated using a Wilson microhardness

tester with a load of 500 g. At least seven indents were made

for each specimen and an average and standard deviation

was calculated and presented. Porosity measurements were

conducted using image analysis; for any given location, at

least three images were used in the analysis.

Fig. 3 Reactive current

activated tip-based sintering of

Ni/Al powder compact using

200 A current intensity

(a–d) pre-ignition local heating

of the compact, (e–i) reaction

initiation and engulfment of

compact with reaction wave

(j) compact during cooling

following the reaction
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Results and Discussion

Figure 3 shows the tip–specimen configuration and reac-

tion when 200 A current was applied. The initial radial

glow on the surface of the sample is believed to be caused

by reflection of the light from the hot tip onto the specimen,

and not a reaction wave propagation. Similar observations

were noted when non-reacting powder compacts were used

in other studies. However, what is clear is the formation of

a fine crack (due to local rapid rise in temperature) at

around 16.45 s, which is believed to correspond to the

onset of an SHS type reaction, with very rapid observed

wave propagation that engulfs the whole specimen within

*0.5 s (Fig. 3h).

To reveal the local microstructural evolution leading up

to ignition, specimens where exposed to 200 A current for

5, 10, and 15 s (i.e., just before ignition occurs). Micro-

structural characterization of the material region beneath

the tip reveals the formation of some aluminum-rich inter-

metallic phases even after 5 s of current exposure. The size

of the Al-rich intermetallic region was found to increase as

the current exposure time increased from 5 to 15 s.

Figure 4 shows the microstructure of the specimen

cross-section beneath the tip after 15 s of current exposure.

EDXS analysis shows that just below the initial aluminum-

free nickel layer, Al3Ni and Al3Ni2 (also shown in Fig. 4)

have formed in the Ni/Al region beneath the tip (similar

microstructures were also observed for the 300 A samples

after exposure times of 3 s), and no aluminum powder was

present in this region. In conventional combustion syn-

thesis of nickel aluminides, such Al-rich intermetallic

(Al3Ni and Al3Ni2) phase formation has been known to

occur when heating Ni ? Al green compacts at very low

heating rates (for example less than 10 �C/min) to the

ignition temperature (typically 640 �C for this material

system) [9]. This gives more time prior to ignition for

solid-state interdiffusion to occur between aluminum and

nickel where aluminum can become significantly con-

sumed at the lower heating rates, leaving less aluminum for

the major intended reaction. In this case, however, the very

rapid heating rates imposed by the local current exposure

(taking only *5 and *16.5 s to reach the ignition tem-

perature under current intensities of 300 and 200 A,

respectively) points to another more likely electric current

activation effect that increases the rate of solid-state

interdiffusion between nickel and aluminum. Previous

study on Ni/Ti foil diffusion couples have indeed shown

that electric current can have a major influence on the

Fig. 4 Backscattered scanning

electron micrograph of

specimen exposed to localized

electric current (200 A) for

15 s, i.e., just prior to ignition
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diffusion rate and consequently the rate of intermetallic

phase growth which can be more than an order of magni-

tude higher than for diffusion couples carried out at the

same temperature but without current exposure [11]. Hence

our rapid aluminum-rich intermetallic phase formation in

such a short time is believed to be due to the high current

densities locally imposed via CATS.

It is interesting to see from Fig. 4 that at the bottom

surface, a similar region was observed, where aluminum-

rich intermetallics have formed prior to ignition. The for-

mation of these Al-rich intermetallic phases is exothermic

in nature, which gives rise to local self-heating that sup-

plements and modifies the Joule heating imposed by the

tip. It is therefore believed that the SHS reaction propa-

gates from one or both of these regions. Figure 4 also

shows that even at 15 s of current exposure the interior of

the specimen is still a mixture of nickel and aluminum

powder with no observed intermetallic phase formation.

The effect of applied current intensity on the ignition

time is shown in Table 1. At 100 A, no ignition was

observed even after 600 s of current exposure. When cur-

rent was increased from 200 to 300 A, the reaction ignition

time was reduced from *16.5 to *5 s.

Figure 5 shows XRD patterns of the green compact and

specimens exposed to 100, 200, and 300 A current inten-

sity. No significant reaction took place at 100 A, even after

600 s of current exposure; hence, only aluminum and

nickel peaks are present as was in the case of the green

compact. The XRD patterns for specimens reacted under

200 and 300 A show no aluminum peaks, indicating the

consumption of aluminum during the reaction. They also

show the formation of intermetallic phases including

Ni3Al, Al3Ni2, Al3Ni, and Ni5Al3. Moreover, residual

nickel was also found in both cases.

Scanning electron microscopy (Fig. 6) in the backscat-

tered mode of operation indeed shows a multiphase

microstructure for specimens reacted under 200 and 300 A.

The figure shows the microstructures under the tip location

at the following regions: just beneath the initial aluminum-

free nickel layer, mid thickness and close to the bottom of

the reacted specimen for both 200 A (a, b, c) and 300 A (d,

e, f). The figures show clear differences between specimens

exposed to 200 and 300 A. Just under the initial aluminum-

free nickel layer, for 300 A current exposure, the micro-

structure is more homogeneous and consolidated compared

with the 200 A counterpart. This is believed to be a direct

result of the higher currents/temperatures generated within

this region under 300 A. This was also confirmed by

investigating the initial aluminum-free Ni layer, where

under 200 A close to the Ni/Al region, some minor alu-

minum was detected using EDXS (possibly through back

infiltration of molten aluminum during the reaction from

lower regions of the compact), but no tungsten was found.

However, under 300 A current exposure, significant

Table 1 Effect of applied current intensity on the ignition time

Applied current intensity (A) Ignition time (s)

100 600 (no reaction)

200 *16.5

300 *5

Fig. 5 XRD patterns of the

green specimen in addition to

specimens processed at 100,

200, and 300 A (the latter two

have exothermically reacted)
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amounts of aluminum and tungsten were detected in the

initial aluminum-free nickel layer due to the excessive

diffusion of tungsten in nickel, indicating high temperature

generation. Moreover, the tip had sunk into the specimen,

giving rise to better consolidation within these regions.

What is interesting is that at lower depths both specimen

microstructures show inner (light) unreacted predominantly

nickel regions; however, under 300 A larger such regions

are observed, indicating a less complete reaction. This

would at first appear contrary to expectations; however, if

we consider the time the compact is allowed to heat prior to

ignition, it would seem that under 200 A the compact has

more time to pre-heat at larger distances away from the tip,

prior to reaction ignition. Higher pre-heat temperatures of

green compacts are typically known to improve homoge-

neity in SHS reactions due to an increase in the combustion

temperature [9].

Under 300 A of current exposure, although an SHS

reaction is expected to propagate after only *5 s, it would

propagate through a compact that has had less time for pre-

heating, leading to a reduced combustion temperature and

less complete reaction. Future study will be directed at

Fig. 6 Scanning electron

micrographs (backscattered

mode) at three locations, just

below the top nickel layer, in

the center of the specimen

thickness and close to the

bottom of the specimen for

specimens reacted under 200 A

(a–c) and 300 A (d–f) of current

exposure
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implementing a setup that allows spatial and temporal

temperature measurements to confirm these hypotheses.

Interestingly, in Fig. 6a and f, it is clear that two district

pore sizes are observed (large and small). The larger pores

are surrounded by intermetallic phases which are brought

upon by the reaction. The smaller pores exist within the

predominantly nickel region, which indicate single-phase

sintering of the elemental nickel powder. These types of

pores are not clearly present in the microstructure within

the mid-sections.

Figure 7 shows high magnification scanning electron

micrographs taken from the mid thickness region of sam-

ples exposed to 200 and 300 A. These micrographs clearly

show that the unreacted predominantly nickel regions are

larger for the 300 A samples.

Figure 8 shows how the porosity changes across the

thickness of the specimens for both 200 and 300 A sam-

ples. The results show that for both current exposures, the

average residual porosity slightly increases away from the

tip (although there is some error bar overlap). The figure

also shows that under 300 A of current exposure, less

porosity is generated than that under 200 A. The overall

average porosity content at 200 and 300 A (an average of

all spatial data points considered) are 23.2% ± 4.4 and

14.8% ± 5.8, respectively. Despite the lower overall pore

content at 300 A, the average room temperature microh-

ardness is slightly lower than that of the 200 A sample

(143.2 Hv ± 20 and 152 Hv ± 33, respectively), although

there is still some overlap when the error bars are

accounted for. This is believed to be due to the presence of

a larger amount of softer unreacted nickel in the micro-

structure of the 300 A reacted samples as compared to the

200 A reacted samples. In contrast, the average specimen

microhardness for the 100 A current exposure was only

62 Hv ± 3, which is considerably lower than those of

specimens reacted under 200 and 300 A. This is because

under 100 A, no reaction had occurred and the micro-

structure contained basically unreacted mixtures of Ni and

Al, as opposed to reactively formed intermetallic phases

which possess higher hardnesses.

Fig. 7 Higher magnification

scanning electron micrographs

showing unreacted nickel,

Ni3Al and Ni5Al3 phases for

specimens reacted at (a) 200 A

and (b) 300 A

Fig. 8 Percentages residual

porosity taken from cross-

section of the 200 A (dark gray)

and 300 A (light gray) reacted

specimens at three different

central locations (just beneath

the initial Al-free layer, mid

thickness and close to the

bottom surface)
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The results in this study show for the first time that it is

possible to combustion synthesize Ni–Al powder mixture

under local current activation using CATS. Future study

will be directed at using moderate currents for longer

times, investigation of the effect of environment (e.g.,

vacuum), green density, room temperature pressure trans-

mitting medium, and multiple tips at pre-determined

locations to promote a more uniform reaction ‘‘approach-

ing’’ that of thermal explosion (volume combustion) reac-

tion mode.

Conclusions

The following conclusions can be drawn from this study:

1. R-CATS has been used for the first time to combustion

synthesize Ni–Al macroscale intermetallics under an

applied local current.

2. Under the investigated processing conditions, an

applied current intensity of 100 A did not trigger a

combustion synthesis reaction even after 10 min of

current exposure.

3. Current intensities of 200 and 300 A resulted in a

combustion synthesis reaction throughout the samples.

4. Rapid formation of aluminum-rich Ni–Al intermetallic

compounds under the 200 and 300 A imposed current

intensity precedes and contributes to the ignition

process.

5. An increase in current intensity from 200 to 300 A

results in a decrease in ignition time, microhardness,

pore content, and microstructural homogeneity.
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