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Abstract In this study, commercially pure Ti powder was

consolidated by the electrical resistance sintering (ERS)

technique. This consolidation technique consists of the

application of pressure (around 100 MPa) to a powder

mass at the same time that the powder is heated by the

passage of an electric current of high intensity (around

10 kA), low voltage (around 5 V) and a frequency of

50 Hz. Several current intensities and dwell times were

tested during the consolidation process. The work includes

a microstructural study of the most relevant characteristics

of the compacts. Furthermore, the obtained compacts were

mechanically characterised by the measurement of their

hardness distribution and by an indirect tensile test. For all

the compacts, the average hardness and the strength

resulting from the indirect tensile test are empirically

related to the global porosity of the compact and the

electric energy supplied during the consolidation process.

This energy is a function of the intensity of the electric

current and the dwell time. These empirical relationships

can be useful to select the best process conditions. The

results were compared with values obtained for specimens

prepared with the same powder by the conventional pow-

der-metallurgy route of cold die pressing and furnace

sintering.

Introduction

The conventional powder-metallurgy (PM) route consists

of cold pressing a powder mass to obtain a green compact,

which is later furnace sintered to obtain the final consoli-

dated specimen. Although this technology has a wide range

of industrial uses, new alternatives are continuously under

study. These new routes aspire to improve, at least par-

tially, the problems and deficiencies of the current tech-

nology. In this sense, the direct use of electricity as a route

for powder consolidation (especially with conductive

powders) has been suggested and studied several times,

generally from an experimental point of view. Several

modalities and variants have been proposed that could be

grouped under the generic name of ‘‘electrical sintering

techniques’’. Recently, the designation of Field-Assisted

Sintering Techniques, abbreviated as FAST, has become

popular. It is true that speed is the most remarkable char-

acteristic that all of these techniques have in common.

One of the FAST techniques, the so-called Electrical

Resistance Sintering (ERS), was already described in 1933

by Taylor [1], although its systematic study was not carried

out until some years later by Lenel [2], around 1955. Later,

the ERS technique was the subject of numerous studies

[3–14]. The ERS technique consists of applying an alter-

nating electric current of low voltage and high intensity to

a powder mass contained in an isolating die for a few

seconds whilst, at the same time, pressure is applied. As the

electric requirements (low voltage and high intensity) are

perfectly satisfied by resistance welding equipment, one of

such piece of equipment was the basis for the implemen-

tation of the ERS technique in this study.

The ERS technique was used in this study for the con-

solidation of commercially pure titanium (referred to as

cp-Ti). The interest of this material [15–18] lies in its
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excellent properties (especially its low density, high

specific resistance and high corrosion resistance), which

make it extraordinarily attractive for the aeronautic and

aerospace industries, which demand half of the titanium

produced. This complete dominance makes the price of the

metal vary widely depending on the economical cycle of

the aerospace industry, which makes difficult for Ti to

penetrate traditional industries. The greatest challenge of

the Ti industry is to gradually increase its market to reach

that of the large series automotive industry. One of the

necessary conditions to achieve this objective is the

development of economic processing routes, where the PM

will play a fundamental role during the next several years.

Despite these good omens, the conventional PM pro-

cessing of Ti is, at this moment, riddled with obstacles. In

particular, both the high reactivity of the Ti and the need

for long sintering times require a sintering process under

high vacuum conditions, which complicates and increases

the price of the process. The use of sufficiently fast con-

solidation techniques, such as ERS, could make the use of

controlled atmospheres unnecessary and would be a major

step forward in the cost reduction of the process.

In this study, the hardness and indirect tensile strength

of compacts prepared by the ERS of titanium powder were

determined, and these values were compared with the same

properties obtained with the conventional route. Further-

more, the study is accompanied by a microstructural

analysis that highlights the differences between the elec-

trical consolidation technique and the conventional route of

cold pressing and furnace vacuum sintering.

Materials and experimental procedure

Cp-Ti powder, Ti 325 from Sejong Materials Co., was used

in this research. Its more remarkable impurities are

\0.045 wt% O and \0.08 wt% N (being nearly class 4,

according to the ASTM standards [19]). A detailed chem-

ical analysis as proportioned by the manufacturer is given

in Table 1.

This powder has an irregular shape and a mean particle

diameter of 24.2 lm (as determined by laser diffraction).

Figure 1 shows a scanning electron microscopy (SEM)

image of the powder particles and an optical micrograph of

the internal microstructure of the powders (composed of a-

Ti phase grains and without any other remarkable details).

There is no commercial equipment available to carry out

an electrical resistance sintering process. However, the

electrical requirements—high intensity and low voltage—

are appropriately satisfied by a resistance welding machine,

which can also provide the necessary mechanical load for

compression. A resistance welding machine (Serra Solda-

dura S.A., Spain) was adapted for this study. The machine

consists of a monophase transformer of 100 kVA, a

pneumatic cylinder capable of providing a uniaxial force of

up to 14 kN, and an electronic controller that governs the

sequences of the process to regulate the direct current

intensity to a given value. Follow-up sensors of the out-

standing parameters of the process were installed to record

the displacement of the mobile punch, the applied load and

the effective values of the voltage and 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 powders. The die is closed

on the top and bottom orifices with punches of temperature

resistant copper (98.9%Cu–1%Cr–0.1%Zr). The powder

mass to be sintered is located amongst those punches. Two

wafers of the alloy 75.3%W–24.6%Cu (resistant to the

electric erosion) are located in direct contact with the

powder. They have the function, due to their small thermal

conductivity, of dumping the flow of heat generated in the

powder mass towards the water cooled electrodes (Fig. 2).

During the consolidation of the powder by ERS, the

compaction pressure was fixed to 80 MPa. Several com-

binations of current intensity (from 3.5 to 6.0 kA) and

current dwell time (from 40 to 80 cycles, with

1 cycle = 0.02 s) were tested; only one pulse was used to

consolidate each specimen. During the process, the evo-

lution of the electrical resistance of the specimens was

calculated via the measurement of both the voltage

between the electrodes and the intensity current. The var-

iation of the porosity of the powder mass was determined

through the knowledge of the punch displacement together

with the measurement of the final porosity of the sintered

compact.

Furthermore, to compare the ERS process with the

conventional PM route, cylindrical compacts were also

processed by the conventional route. These compacts were

uniaxially cold pressed to attain a density of the 90%

(1080 MPa according to the compressibility curve of the

powder) and furnace sintered (1300�C, a high vacuum of

10 mPa and a sintering time of 150 min), according to

conditions taken from the literature [20].

The sintered compacts, both electrically consolidated

and processed via the conventional route, were tested to

characterise (a) their hardness (HV5) distribution and the

average hardness and (b) their indirect tensile strength.

Hardness tests were carried out after cutting the cylin-

drical compacts by the diametrical plane and mounting

Table 1 Chemical analysis of the Ti 325 powder as proportioned by

Sejong Materials Co

Ti Fe Si O N Mg Mn

Wt% [99.5 0.038 0.035 \0.045 \0.08 0.003 0.0006
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them in Bakelite resin. For the ERS compacts, hardness test

were constrained to only one quadrant, following a distri-

bution such as the one shown in Fig. 3 (indentation in

different places is needed in electrically consolidated

compacts due to the nonuniform distribution of the

porosity, which is a consequence of the temperature gra-

dient generated in the compact during the consolidation

process).

The indirect tensile tests are carried out by placing the

cylindrical compacts on their lateral surface, not on their

bases (Fig. 4a). They are then subjected to an increasing

load until breaking (Fig. 4b). Once the breaking load of the

compact (Pmax) is found, the Indirect Tensile Strength

(rITS) can be estimated due to the fact that the vertical and

diametrical plane of the cylindrical compact breaks with a

tensile type fracture. The value of the rITS can be calcu-

lated with

rITS ¼
Pmax

prH
ð1Þ

where r is the compact radius and H its height.

In the case of ductile materials, the break will be not

achieved, and the compact will be strongly deformed.

In this situation, the test does not give any quantitative

value. There is no specific standard for this test in the PM

Fig. 1 a Scanning electron microscopy (SE-SEM) image of the cp-Ti powder and b optical micrograph of the cp-Ti powder etched with the

Kroll agent

Fig. 2 Schematic representation of the different parts of the zone

where the powders are sintered in the ERS experiments. The upper

electrode is the only one with movement allowed

Fig. 3 Indentation map on a quadrant of a diametrical section for the

determination of the hardness distribution. The hardness distribution

in the other quadrants is supposed to be known due to the symmetry

of the compact. The nine indicated indentations were used to

determine the mean hardness of the specimens

Fig. 4 Scheme of the operating arrangement in the indirect tensile

test of the compacts
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field, and thus the conditions considered for the tests were

taken from the literature [21].

Results and discussion

Chemical analysis

The clue for successful Ti processing is the control of the

interstitials O, C and N. Therefore, chemical analysis of the

starting powders and some of the various consolidated

specimens were carried out (Table 2).

The N content measured for the starting powder is in the

order of that given by the manufacturer (see Table 1), but

for the O content now measured is almost the double. On

the other hand, some differences appear after the sintering

process. Thus, the C and N content increase to the double

of the original content; however, the O content increases in

a significant way.

Densification kinetics

Figure 5 shows the typical evolution of the global porosity

and the electrical resistance of a powder mass processed by

ERS. The curves are not parallel, and the decrease of the

resistance curve is much more marked than that of the

porosity curve.

The much different behaviour of the curves in Fig. 5 is

due to the oxide layers surrounding the metallic powder

particles. The dielectric or semiconductor nature of these

layers provokes a strong dependence of the electric

behaviour on the temperature. This dependence is expo-

nential in such a way that a small increase of the temper-

ature makes the resistivity quickly decay. Despite the small

thickness of the dielectric layer, its resistivity governs the

electric behaviour of the whole powder particle [22], and,

when this resistivity drops, the resistivity of the compact

decays. Also the self-getter effect of Ti, i.e. the dissolution

of the oxide layers in the bulk material above a given

temperature threshold, should be considered despite the

shortness of the ERS process, as shown by the increase in

the O content in the ERS processed specimens. This sig-

nificant resistivity decrease occurs even before the tem-

perature reaches sufficient values to provoke material

softening. This softening, together to the continuously

applied pressure, is responsible for the material densifica-

tion. During densification, the resistivity of the remaining

dielectric layers decreases so much that the compact

resistance is no longer governed by them. Only the increase

of the metal–metal contacts and the increase of the area of

the contacts associated with the porosity reduction cause

the electric resistivity to decay, although, from then on, not

in a significant way. Yet, such a decrease is partially

compensated by the thermal increase of the metal resis-

tivity, which reaches an approximately continuous resis-

tance value during the process.

The final porosity H (i.e. the volumetric fraction of

pores) of the ERS consolidated compacts, as a function of

the current intensity (I) and the current passing time (t), is

given in Table 3.

Table 3 indicates that the final porosities follow a rea-

sonable trend (it would be expected for the porosities to

decrease from top to bottom and from left to right) in most

cases. Deviations are not uncommon in PM processes. It

would be possible, in principle, to carry out bidimensional

interpolations from the data shown in Table 3 to estimate,

for given values of I and t, the value of the final porosity

Table 2 Chemical analysis (wt%) of the starting Ti 325 powder and

a high-energy ERS consolidated specimen

O C N

Ti 325 powder \0.01 0.011 0.016

ERS consolidated Ti 0.42 0.025 0.033

Fig. 5 Evolution of the porosity and the electrical resistance during a

typical experiment of ERS. The vertical line (t = 30 cycles) points

out the beginning of the passing of current. The end of the time scale

(t = 100 cycles) indicates the end of the current passage but not of

the pressure application, which is prolonged for 60 more cycles. The

curves correspond to an experiment carried out with 4.5 kA for

70 cycles

Table 3 Values (expressed in %) of the compacts final porosities (H)

for the different ERS experiments (1 cycle = 0.02 s)

t (cycles)

40 50 60 70 80

I (kA) 3.5 18.00 17.26 16.59 15.26 13.81

4.0 15.49 15.79 15.17 14.68 13.49

4.5 13.42 13.45 11.89 10.17 9.60

5.0 9.88 9.36 7.49 7.77 7.62

5.5 8.07 8.05 7.36 6.15 5.89

6.0 6.79 4.89 4.36 3.34 3.26
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(H) of the compact. However, a new magnitude, more

suitable than I and t, can be considered for an appropriate

description of the process: the thermal energy generated by

the Joule effect.

Specific thermal energy (g)

The parameter g is the thermal energy generated per unit

mass of the powder (specific thermal energy) due to the

Joule effect. Table 4 shows the values of g corresponding

to the different combinations of intensity and dwell time in

the ERS experiments. These values were calculated by

time integration of the curve of the dissipated electrical

power in the powder aggregate (and transformed to thermal

energy) during the consolidation process; that is,

g ¼ 1

M

Z t

0

I2R sð Þds ð2Þ

where I is the current intensity crossing the powder

aggregate, R is the electrical resistance of the powder

aggregate (obtained from curves such as that of Fig. 5) and

M is the powder mass. The integration shown in Eq. 2 was

computed by a numerical method. As expected, the values

of g in Table 4 grow from top to bottom and from left to

right.

Curves H versus g

The final porosity, H, is plotted in Fig. 6 versus the cal-

culated values of the specific thermal energy (g). Figure 6a,

b only differs in how the dots are classified: (a) by identical

dwell time and (b) by identical current intensity in the ERS

experiments. The linear trend line appearing in the figures

was obtained by the least squares method.

As expected, higher values of g (i.e. higher intensities

and current passing times) cause the porosity to reach a

minimum value, which is about 3.3% for the conditions

tested. A quick view of the graphs in Fig. 6 shows that

conclusions cannot be easily drawn when the intensity or

time are considered separately. For instance, without

Fig. 6b, it could be thought that all the experiments at

3.5 kA are less energetic that those carried out at 4.0 kA.

However, the experiment at 3.5 kA and 70 cycles is more

energetic that the experiment at 4 kA and 50 cycles, which

is not easy to predict a priori because the electrical resis-

tance of the compact is unknown. The magnitude of g helps

to overcome this inconvenience.

Metallographic study

The marked differences between the ERS and conventional

processing are translated into significant microstructural

differences in the compacts obtained by both methods.

Figure 7 shows three macrographs of diametrical sections

of three cylindrical compacts, the first one (Fig. 7a) con-

solidated by the conventional PM route and the other two

(Fig. 7b, c) consolidated via ERS (4.0 kA and 50 cycles,

and 6.0 kA and 80 cycles, respectively).

The porosity distribution of these compacts is quite

different. For the conventionally consolidated compacts,

the distribution is relatively uniform; however, the ERS

consolidated compacts show a nonuniform distribution

characterised by a perimeter that is more porous than the

centre, which is much more visible in the low g compact.

This nonuniform distribution of the porosity is a conse-

quence of the inhomogeneous distribution of the tempera-

ture during the sintering process, where the temperature is

Table 4 Values of g (expressed in kJ/g) for the different ERS

experiments (1 cycle = 0.02 s)

t (cycles)

40 50 60 70 80

I (kA) 3.5 1.09 1.30 1.43 1.67 1.77

4.0 1.27 1.45 1.62 1.88 2.11

4.5 1.43 1.78 2.05 2.30 2.58

5.0 1.69 1.96 2.35 2.62 2.99

5.5 1.88 2.35 2.72 2.96 3.46

6.0 2.08 2.57 2.97 3.31 3.72

Θ = -5.6758η  + 22.8439

R2 = 0.7884
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(a) (b)Fig. 6 Final porosity (H) of

electrically sintered compacts as

a function of the specific

thermal energy (g). Values are

grouped by a families of equal

dwell time, and b families of

equal current intensity
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higher in the compact centre and lower towards the bases

and the lateral walls, as already observed by Lenel [2] in

experiments carried out with several metals. The temper-

ature decrease near the bases is due to the cooling provoked

by the refrigerated electrodes. In contrast, the lateral tem-

perature decrease is caused by the contact of the compacts

with the die walls, initially at room temperature and with a

lower thermal conductivity.

Another factor that can contribute to the porosity het-

erogeneity in ERS compacts is the evacuation of gases

during heating. As a consequence of the speed of the

process and the simultaneous compacting and heating

processes, pores can close when gasses remain in the

compact, causing some residual porosity. However, during

the conventional processing, the slow heating process, the

use of a vacuum atmosphere and the usual presence of open

porosity in the green compact decrease the probability of

pores closing.

A detailed study of the pore morphology of ERS com-

pacts can differentiate three types of pores (Fig. 8). The first

one consists of a porosity that is localised in an easily visible

aureole in the compact borders (Figs. 7b, 8a). These pores

are in regions of abundant porosity, showing an irregular

shape and a size comparable to the powder particles size,

which is a consequence of a deficient sintering process.

A second type of porosity is uniformly distributed over the

whole compact (Fig. 8b). This residual porosity is present

even when the compact is well sintered. It consists of small

and rounded pores (with a diameter of around 3 lm), rep-

resenting a very small fraction of the total volume of the

compact. Finally, the third type of porosity is only observed

in compacts processed with high current intensity and con-

sists of isolated and planed large pores, with the greater axis

perpendicular to the punch axis but with some inclination

due to the punch movement (Fig. 8c). Yet, it should be

considered that these pores could really not be pores but

shear cracks introduced during pressing, probably as a

consequence of friction between the punch faces and the

compact. These pores appear in lines and only near the upper

punch, which is the only one with movement allowed.

Concerning the phases present in the material and given

that it is a commercially pure Ti, the two possible phases

Fig. 7 Macrographs of

diametrical sections of half of

a a compact that was

conventionally sintered (with a

porosity of 2%), b an

electrically consolidated

compact (4.0 kA, 50 cycles, and

a porosity of 15.8%), and

c another electrically

consolidated compact (6.0 kA,

80 cycles, and a porosity of

3.3%). The ERS compact

consolidated with low g shows a

kind of aureole due to a high

porosity area near the periphery.

The high-g ERS compact shows

a more uniform porosity than

the one with low g and a

porosity level higher than the

conventionally consolidated

compact
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are the allotropic varieties of Ti, i.e. a-Ti (hcp structure)

and b-Ti (bcc structure). The microstructure of the initial

powder, as shown in Fig. 1b, consists of only a-Ti grains

with an equiaxial morphology.

Considering the composition of the Ti Sejong (which is

nearly class 4), its b-transus temperature (the transforma-

tion temperature from a–b phase, or all-a phase, to all b) is

about 920�C. Under a slow enough cooling from the b
zone, as the furnace cooling from 1300�C corresponding to

the conventional route, a large-grain, irregular and equi-

axed morphology is developed in the secondary a grains

(Fig. 9a). The new grains, similar in shape to those of the

original powders, now have a size of about 200 lm versus

the 12 lm of the original powders. In contrast, when

analysed at a high enough magnification by EDX-SEM, the

rest of the b phase (the dark area in Fig. 9b) is still present,

as well as a few grains with Ti–Fe needles due to some

impurities in the powder composition.

Lamellar a morphology is the most common phase

appearing from the b phase transformation during faster

cooling as a result of a nucleation and growth process on

crystallographic planes of the b matrix. This growth pro-

cess usually occurs on multiple orientations of the planes

family, with the lamellas grouped in clusters or colonies

aligned in the same orientation. It is the most remarkable

microstructure of the electrically consolidated compacts

(Fig. 10a), with larger lamellar grains at higher values of g.

In the case of low g, colonies uniformly distributed in the

inner of the compact appear, where the lamellar structure is

clearly developed. However, most of the compact consists

Fig. 8 Micrographs of the

different types of pores found in

ERS compacts: a large pores in

the compact perimeter, b almost

invisible small pores and

c isolated and planed large pores

Fig. 9 a Optical micrograph of a compact (porosity of 1.5%)

consolidated via the conventional PM route (etched with HF 0.5%)

with a microstructure predominantly consisting of equiaxed a grains

and some residual porosity typical of PM products. b SE-SEM

micrograph where a pore, a grain boundary, a and b phases, and Ti–

Fe needles are observed
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of grains where the b structure is retained together with

small lamellas of a phase (Fig. 10b).

Still, near the compacts limits, equiaxed a grains are

observed (Fig. 11). Two factors, probably acting together,

might be the cause of this microstructure: the lower tem-

perature reached, which does not permit the appearance of

the b phase and its transformation to secondary a, and the

absorption of oxygen and nitrogen from the air at the

reached temperature, or from the powder itself, which

stabilises a hard and brittle a phase known as a case. The

porosity in these areas is much higher, especially for low g,

with pores of similar size to the particle size (Fig. 11a).

This porosity appears in big, aligned, and planed pores for

high g (Fig. 11b).

In summary, Fig. 12 shows different micrographs from

regions at several distances from the centre of a diametrical

section of an ERS consolidated compact. The different

images show the variation of the lamellar microstructure,

which is finer farther from the centre (due to the lower

temperature and grain growth) and nearer to the die walls.

A high porosity can also be observed in the compact

borders.

The aforementioned microstructure very much affects

the mechanical properties in different zones of the com-

pact. For instance, the outer layer of low-g compacts, with

a high porosity and a microstructure consisting in brittle a
grains (hcp structure), would probably have to be removed

before use. Fortunately, to reduce the porosity and the

thickness of the outer layer, it is sufficient to consolidate

under high-g conditions.

Vickers hardness

It is expected that the compacts with a higher level of

densification show a greater hardness, but it is necessary to

clarify this idea because hardness is not uniformly dis-

tributed in the compact. The central zone normally has the

highest value of the hardness. This heterogeneity in the

hardness distribution and in the porosity is a consequence

of the heterogeneous temperature distribution during the

process, which is characteristic of the ERS technique. The

temperature reached in the central zone helps the diffusion

process, and, therefore, both the size and the number of

pores diminish (as corroborated by metallographic analy-

sis). Hardness measurements performed according to the

pattern shown in Fig. 3 reveal that the central value can be

up to 2.5 times the hardness measured in the lateral of the

compact. Nevertheless, increasing the g value (more

energetic experiences) causes the higher hardness point to

be located away from the compact centre, at symmetrical

points on the vertical. This effect can be due to an exces-

sive heating of the central zone, which causes hardness

stagnation as a consequence of the grain coarsening.

Table 5 shows the hardness distribution obtained in two

representative compacts prepared in experiences with dif-

ferent g values.

Fig. 10 Optical micrographs

of a the lamellar structure

appearing in ERS compacts

(in this case consolidated with

6.0 kA and 80 cycles, porosity

3.26%) and b the mixture of

colonies with lamellar structure

and a matrix where the lamellar

structure is not totally

developed (compact

consolidated with 4.0 kA and

50 cycles, porosity 15.79%)

Fig. 11 Peripheral zone of ERS

compacts with equiaxed a
grains in a a compact

consolidated with low g (4.0 kA

and 50 cycles, porosity 15.79%)

and b a compact consolidated

with high g (6.0 kA and

80 cycles, porosity 3.26%)
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To obtain more general conclusions, Fig. 13a plots the

mean hardness, HV5 versus g. The mean hardness is cal-

culated as the average of the hardness values measured in

the set of dots distributed on a diametrical section of the

cylindrical compact (Fig. 3). Figure 13b plots the mean

hardness versus the porosity. In both cases, there is a linear

dependence, although this is much clearer in the case of

HV5 versus H (the mean hardness is inversely proportional

to the porosity level of the compact).

Still, it is remarkable that the hardness attained via the

ERS process is, in general, lower than that achieved by the

conventional route (around 440 HV5). Only in the most

energetic experiments (higher values of g) are the hardness

mean values of the same order as those of the conventional

compacts, which is a logical result because the most ener-

getic ERS experiments obtain better joining amongst the

powder particles, which is translated as a hardness increase.

It is also remarkable in Fig. 13 that, for the more energetic

experiments, the hardness seems to start to decay, which

could be due, as aforementioned, to the progressive increase

in the grain size. However, due to the high data scattering, a

linear trend was established, ignoring this factor.

Indirect tensile test

The indirect tensile strength (rITS) is plotted versus g and

H in Fig. 14a, b, respectively. The behaviour shown in

both graphs indicates that rITS improves as g increases or

the porosity decreases (this is, as the relative density

increases). Both factors lead to a better joining between

powder particles, the most important feature to obtain good

tensile strengths in PM processed compacts (the respective

fitting relationships show that the scattering is quite high in

these cases).

The rITSvalues for electrically processed compacts are

lower than those achieved with the conventional process

(around 290 MPa). Only in high g experiments do the rITS

values of the electrical compacts approach that level. This

difference is a consequence of the extraordinarily short

duration of the ERS process. A later annealing of the

electrically sintered compact might improve the tensile

strength but might also cause a loss of hardness.

Fig. 12 Microstructure and

porosity distribution on a

diametrical section of a cp-Ti

compact consolidated via ERS

with 4.5 kA and 70 cycles

(porosity 10.17%)

Table 5 Hardness distribution, in the nine indentations indicated in

Fig. 3, on two ERS specimens

g = 1.09 kJ/g (3.5 kA and 40 cycles)

176 176 109

218 217 106

227 230 104

HV5 = 174 ± 54

g = 2.96 kJ/g (5.5 kA and 70 cycles)

399 389 212

434 428 316

373 390 380

HV5 = 369 ± 68

HV5 represents the mean value with its standard deviation
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A detail of the appearance of some of the ERS tested

specimens is shown in Fig. 15.

Conclusions

Samples of cp-Ti were obtained via an ERS consolidation

process at different current intensities (in the range

3.5–6.0 kA) and different dwell times (in the range

40–80 cycles). With this technique, it was possible to

achieve final porosities of about 3.3, versus 1.5% that can

be reached via the conventional route, but using pressures

almost 14 times lower than those used in the conventional

route (80 MPa vs. 1080 MPa) and much shorter consoli-

dation times. Lower porosities are achieved when the

intensity current and the dwell time are greatest, this is,

when the specific thermal energy (g) is at a maximum.

The microstructural study revealed that the porosity is

not uniformly distributed in the compacts consolidated via

the ERS process, contrary to the observations of compacts

consolidated via the conventional PM process of cold

pressing and furnace vacuum sintering. The most charac-

teristic porosity distribution in the ERS consolidated

compacts consists of a very dense nucleus and a more

porous periphery. The transition zone between both regions

is observed as a kind of aureole, which the metallographic

study revealed to be formed by abundant porosity. Another

important difference with respect to the conventional

technique is that the lamellar structure is always present in

the ERS consolidated compacts. The presence of this

microstructure, composed of thin laminas appearing in

coherent groups, is a consequence of the high cooling rate

of the ERS consolidated compacts.

However, the highest mean hardness was not achieved

in the more energetic experiments. In this case, a decrease

in the hardness of the compact core was observed due to

excessive heating, which leads to grain coarsening of the

bulk material. Thus, the hardness in the centre of the

compact is not representative of the whole compact; it is

necessary to consider the average hardness measured in a

set of distributed indentations.
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Fig. 13 Mean hardness (HV5) versus a specific thermal energy (g)

and b final porosity (H), as measured in compacts sintered by the ERS

technique
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Fig. 14 rITSversus a specific thermal energy (g) and b final porosity

(H) as measured in compacts sintered by the ERS technique
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The indirect tensile strength clearly shows a decreasing

trend as the porosity increases, which is logical because the

pores can be the beginning of crack formation. In addition,

lower porosities lead to a better joining between particles.
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