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Introduction

The success of spark plasma sintering (SPS) is usually related to the fact that this method can provide higher heating rates, shorter holding times, and properties that are at least as good as those measured on samples generated by hot pressing [START_REF] Munir | The effect of electric field and pressure on the synthesis and consolidation of materials: a review of the spark plasma sintering method[END_REF][START_REF] Ullbrand | Thermomechanical properties of copper-carbon nanofiber composites prepared by spark plasma sintering and hot pressing[END_REF][START_REF] Daffos | Spark plasma sintered carbon electrodes for electrical double layer capacitor applications[END_REF][START_REF] Jain | Achieving uniform microstructure and superior mechanical properties in ultrafine grained TiB 2 -TiSi 2 composites using innovative multistage spark plasma sintering[END_REF][START_REF] Mizuuchi | Processing of Al/SiC composites in continuous solid-liquid coexistent state by SPS and their thermal properties[END_REF][START_REF] Mizuuchi | Processing of diamond particle dispersed aluminium matrix composites in continuous solid-liquid co-existent state by SPS and their thermal properties[END_REF][START_REF] Mizuuchi | Thermal conductivity of diamond particle dispersed aluminium matrix composites fabricated in solid-liquid co-existent state by SPS[END_REF][START_REF] Tan | Fabrication of diamond/aluminium composites by vacuum hot pressing: process optimization and thermal properties[END_REF][START_REF] Chen | Thermal properties of aluminiumgraphite composites by powder metallurgy[END_REF]. This method is very promising, especially for ceramics, due to its ability to create nanoscale size grain [START_REF] Hungrı ´a | Spark plasma sintering as a useful technique to the nanostructuration of piezo-ferroelectric materials[END_REF][START_REF] Yar | Chemically produced nanostructured ODS-lanthanum oxide-tungsten composites sintered by spark plasma[END_REF] and to obtain original properties [START_REF] Jain | Achieving uniform microstructure and superior mechanical properties in ultrafine grained TiB 2 -TiSi 2 composites using innovative multistage spark plasma sintering[END_REF][START_REF] Dumont-Botto | Synthesis by Spark Plasma Sintering: a new way to obtain electrode materials for lithium ion batteries[END_REF][START_REF] Okinaka | Thermoelectric properties of Rare Earth-doped SrTiO3 using combination of Combustion Synthesis (CS) and Spark Plasma Sintering (SPS)[END_REF]. Via application to metal-matrix composites, several recent studies have shown that the SPS method allows many properties to be improved. Kurita et al. [START_REF] Kurita | Multi-walled carbon nanotube-aluminium matrix composites prepared by combination of hetero-agglomeration method, spark plasma sintering and hot extrusion[END_REF] produced multi-walled carbon nanotube-reinforced aluminum matrix composites with an ultimate tensile strength that was 4 times higher than that of pure aluminum (Al) with the conservation of remarkable fracture elongation of aluminum. Ullbrand et al. [START_REF] Ullbrand | Thermomechanical properties of copper-carbon nanofiber composites prepared by spark plasma sintering and hot pressing[END_REF] showed that, by means of SPS instead of hot pressing, a stronger adhesion can be obtained between matrix and reinforcement. Long et al. [START_REF] Long | Spark plasma sintering of mechanically alloyed in situ copper-niobium carbide composite[END_REF] produced composites with an electrical conductivity that is almost 4 times higher and micro hardness that is 3.5 times higher than those measured on samples generated using with a classic sintering method.

It is well known that an alumina (Al 2 O 3 ) layer, which can prevent the sintering of Al, usually covers Al particles. In order to remove this layer, magnesium may be added to the Al powder, but this addition may not be desirable if high purity is required [START_REF] Lumley | Surface oxide and the role of magnesium during the sintering of aluminium[END_REF]. Another study has shown that the SPS method is able to partially fracture the Al 2 O 3 layer, whereas classical hot pressing cannot [START_REF] Xie | Frequency effect on pulse electric current sintering process of pure aluminium powder[END_REF][START_REF] Omori | Sintering, reaction and crystal growth by the spark plasma system (SPS)[END_REF]. It can be underlined that in the case of the induction sintering method, the Al matrix has never been observed in direct contact with the carbon fiber because of a continuous layer of Al 2 O 3 at the interface. On the contrary, this Al 2 O 3 layer may be fractured if flash sintering is used. From those areas where Al 2 O 3 is fractured, a direct contact between the matrix and reinforcement is feasible. Moreover, those contact areas allow an inter-diffusion process between Al and carbon that can lead to the growth of aluminum carbide (Al 4 C 3 ). This difference leads to a local chemical link to the mechanical interface and then to a better transfer of mechanical properties in the case of flash sintering compared to the hot pressing process.

However, the fundamental mechanisms of the SPS method are still unclear and different mechanisms have been proposed, such as the formation of plasma, which leads to cleaning of the particle surfaces and their subsequent activation [START_REF] Omori | Sintering, reaction and crystal growth by the spark plasma system (SPS)[END_REF]; however, this has not yet been proven and is even contested by some authors [START_REF] Hulbert | The absence of plasma in ''spark plasma sintering[END_REF]. Alternative explanations to the plasma effect have been proposed, for example rapid Joule heating [START_REF] Anselmi-Tamburini | Fundamental investigations on the spark plasma sintering/synthesis process II. Modeling of current and temperature distributions[END_REF][START_REF] Khor | Effect of spark plasma sintering (SPS) on the microstructure and mechanical properties of randomly packed hollow sphere (RHS) cell wall[END_REF], local melting [START_REF] Kurita | Multi-walled carbon nanotube-aluminium matrix composites prepared by combination of hetero-agglomeration method, spark plasma sintering and hot extrusion[END_REF][START_REF] Ji | The mechanisms of microstructure formation in a nanostructured oxide dispersion strengthened FeAl alloy obtained by spark plasma sintering[END_REF][START_REF] Kwon | Combination of hot extrusion and spark plasma sintering for producing carbon nanotube reinforced aluminium matrix composites[END_REF][START_REF] Kwon | Carbon nanofiber reinforced aluminium matrix composite fabricated by combined process of spark plasma sintering and hot extrusion[END_REF], or particle deformation [START_REF] Eriksson | Fast densification and deformation of titanium powder[END_REF].

In this study, we present the processing of carbon fiberreinforced aluminum matrix (Al-CF) composites using SPS with various pulse conditions. We focused on the effect of pulse conditions of SPS on the microstructure of Al-CF composites and demonstrated the control of the quantity of Al 4 C 3 at the Al/CF interface during SPS using the carefully observed transmission electron microscopy (TEM) images for Al particle boundaries and Al/CF interfaces. Also, based on local Joule heating, the mechanism of local temperature increases in the SPS process was proposed.

Materials and methods

Materials

Al powder (F3731, Poudres Hermillon, 99.97 %) was prepared as a matrix powder. Auger electron spectroscopy (AES) revealed that Al particles were covered with a thin continuous Al 2 O 3 layer of less than 40 nm as shown in Fig. 1. As a reinforced fiber, carbon fibers (CN80C, Nippon Graphite Corporation) were prepared and chopped after annealing at 400 °C for 1 h in air to remove their polymer coating. Al powder and chopped carbon fibers were mixed for 5 min under argon gas to obtain the Al ? CF 30 vol.% composite powder.

SPS conditions

Columnar Al-CF 30 vol.% composites (/15 9 10 mm 3 ) were consolidated for 10 and 40 min under vacuum, under compressive stress below 50 MPa and at a temperature of 600 °C, by SPS (Dr. Sinter LAB (SPS-515), SPS Syntex Inc.). The temperature was monitored by a K-type thermocouple in direct contact with the thin carbon foil containing the powder. The pulse conditions correspond to the time during the electrical pulses (each pulse corresponding to 3 ms) which were applied to the sample (ON time) and the time when no current was sent (OFF time). The pulses used in this study were 24:1, 12:2; 6:4, 3:3, and 4:6; the first number corresponds to the time ON and the second to the time OFF. The 12:2 pulse is the pulse condition recommended by SPS Syntex Inc.

Characterizations

The relative densities of Al-CF 30 vol.% composites were measured by the Archimedes principle. For TEM observations, Al-CF 30 vol.% composites were mechanically polished to a thickness of less than 50 lm using SiC papers and thinned down by focused ion beam (FIB) apparatus (SMI2050, Seiko Instruments). The microstructures were observed by a high-resolution transmission electrons microscope (HR-TEM, Hitachi) equipped with selectedarea diffraction (SAD) patterns.

Results and discussion

Effect of pulse conditions

Figure 2 shows the evolution of voltage, current, and temperature before reaching the dwell temperature in SPS for each pulse condition. It was noted that the momentary current intensity was high and the numbers of high current intensities were increased when the ON:OFF ratio was decreasing (the pulses of SPS were shifted from 24:1 to 4:6). This is because a very high current is applied over a short time when the ON time is short, and it becomes zero to avoid any excess temperature increase after that. Indeed, the temperature was periodically changed between 595 and 605 °C during the holding time at dwell temperature (600 °C) in a ratio of 3:3 as a result of this current cycle. The consolidation at 4:6 was mandatorily stopped due to the melting of Al and its leakage from the space between the carbon punch and the mold. Then, the temperature monitored by the K-type thermocouple was 500 °C, which Fig. 1 Atomic percent of carbon, oxygen, and aluminum elements on Al particle as a function of etching depth but there were some voids at the tip ends of carbon fibers. It has been reported that Al can instantaneously transform to liquid phase in SPS [START_REF] Kurita | Multi-walled carbon nanotube-aluminium matrix composites prepared by combination of hetero-agglomeration method, spark plasma sintering and hot extrusion[END_REF][START_REF] Kwon | Combination of hot extrusion and spark plasma sintering for producing carbon nanotube reinforced aluminium matrix composites[END_REF][START_REF] Kwon | Carbon nanofiber reinforced aluminium matrix composite fabricated by combined process of spark plasma sintering and hot extrusion[END_REF] and that the SPS method is able to partially fracture the alumina layer; this is in contrast to classical hot pressing [START_REF] Xie | Frequency effect on pulse electric current sintering process of pure aluminium powder[END_REF][START_REF] Omori | Sintering, reaction and crystal growth by the spark plasma system (SPS)[END_REF]. Therefore, it can be inferred that this tight interface was achieved by the infiltration of Al liquid through the broken Al 2 O 3 layer.

Figure 5 shows the Al particle boundaries in Al-CF 30 vol.% composites fabricated by SPS during 40 min. Failures of the Al 2 O 3 layer were observed in each pulse condition [START_REF] Lalet | Thermal expansion coefficient and thermal fatigue of discontinuous carbon fiber-reinforced copper and aluminum matrix composites without interfacial chemical bond[END_REF]. However, the failures of the Al 2 O 3 layer were limited in 24:1 (see Fig. 5a), while the Al 2 O 3 layer was fractured throughout the layer in 12:2, 6:4, and 3:3 (see Fig. 5b-d). In addition, the observation of the filling of Al in the triple point of Al particle boundaries (see Fig. 5c) clearly shows that Al can infiltrate into slight spaces through the broken Al 2 O 3 layer. These TEM micrographs support the hypothesis mentioned above.

Figure 6 shows the Al/CF interface in Al-CF 30 vol.% composites fabricated by SPS during 40 min. The void was mainly observed at the Al/CF interface in the Al-CF 30 vol.% composite fabricated in 24:1. It seems that this void was achieved due to the limited diffusion of Al, which provided weak interfacial bonding. Moreover, no chemical compound was observed at a few-contacted Al/CF interfaces due to the quasi-continuous thin Al 2 O 3 layer. Therefore, this seems to correspond to a mechanical contact rather than a chemical bonding in the Al-CF 30 vol.% The average relative densities of Al-CF 30 vol.% composites were 98.1 and 99.0 % for sintering times of 10 and 40 min, respectively, regardless of the pulse conditions. This result shows that the final densities of Al-CF 30 vol.% composites are very high for this sintering temperature (600 °C), while there is only a slight difference between sintering times, and the densification level is not dependent on the pulse conditions.

Figure 3 shows the Al/CF interfacial microstructure in Al-CF 30 vol.% composites fabricated by SPS over 10 min. In the Al-CF 30 vol.% composite fabricated in the 24:1 pulse, there was a void between the Al matrix and the carbon fiber and Al did not make contact with the surface of the carbon fiber (see Fig. 3a). Further TEM observations revealed that Al particles were still covered with a thin continuous Al 2 O 3 layer on Al particles identified before SPS (see Fig. 1) and that this continuous Al 2 O 3 layer prohibited direct contact between the Al and carbon fiber, as shown in Fig. 4. Also, the SAD pattern revealed that the structure of Al 2 O 3 layer was amorphous. This Al/CF interfacial microstructure was close to that in the Al-CF composite fabricated by the hot press method. In 12:2, 6:4, and 3:3, the tight Al/CF interface in the Al-CF 30 vol.% composite fabricated by SPS during 10 min was observed, composite fabricated in 24:1. In 12:2, 6:4, and 3:3, the needle-like crystals were observed at the directly contacted Al/CF interface and the tip end of the carbon fiber. SAD patterns revealed that these crystals were Al 4 C 3 (see Fig. 6c,d). The formation of Al 4 C 3 crystals indicates that there was interfacial chemical bonding, which can be attributed to the interface reinforcement. However, the quantity of Al 4 C 3 in the Al-CF 30 vol.% composite fabricated by SPS during 40 min in 12:2 was smaller than that in 6:4 and 3:3, and Al 4 C 3 was mainly observed at the tip end of the carbon fiber (i.e., the more reactive area than the side wall of carbon fiber), as shown in Fig. 6b. Concerning 6:4 and 3:3, the observed microstructures were similar and Al 4 C 3 crystals were easily observed at the sidewall and the tip ends of carbon fiber. Furthermore, not only were needle-like Al 4 C 3 crystals observed (see Fig. 6d), but broad Al 4 C 3 crystals (see Fig. 6c) were also seen in 6:4 and 3:3. composite, it is possible to observe the crystallization of alumina near the fractured areas, as shown in Fig. 7. Since this crystallization has never been observed using hot pressing, it cannot be related to the average holding temperature. Therefore, local heating, specific to the SPS method, has to be considered. -In 4:6 (i.e., a higher maximum current intensity than other pulse conditions), Al melted and leaked from the space between the carbon punch and mold during processing when the temperature was around 500 °C (150 °C under the melting temperature of aluminum) while the temperature was monitored by the thermocouple in direct contact with the sample, as mentioned above. This indicates that the real temperature within the sample was locally higher than the melting point of aluminum (660 °C).

-Chen et al. and Cincotti et al. [START_REF] Chen | Fundamental investigations on the spark plasma sintering/ synthesis process I. Effect of dc pulsing on reactivity[END_REF][START_REF] Cincotti | Modeling of SPS apparatus: temperature, current and strain distribution with no powders[END_REF] have reported that decreasing the ON time and increasing the OFF time increase the maximum current intensity. In this The mechanism of the local temperature increase in SPS

Although it has been proven that the SPS method leads to improved properties, the fundamentals mechanisms are not well established since the historical hypothesis concerning a spark plasma phenomenon [START_REF] Omori | Sintering, reaction and crystal growth by the spark plasma system (SPS)[END_REF][START_REF] Anselmi-Tamburini | Fundamental investigations on the spark plasma sintering/synthesis process II. Modeling of current and temperature distributions[END_REF] has never been directly proven and has also been impugned [START_REF] Hulbert | The absence of plasma in ''spark plasma sintering[END_REF]. Now, the presence of large temperature gradients has been identified in many samples, which may also result in a large increase of the temperature in some places and the formation of a local liquid phase [START_REF] Kurita | Multi-walled carbon nanotube-aluminium matrix composites prepared by combination of hetero-agglomeration method, spark plasma sintering and hot extrusion[END_REF][START_REF] Anselmi-Tamburini | Fundamental investigations on the spark plasma sintering/synthesis process II. Modeling of current and temperature distributions[END_REF][START_REF] Khor | Effect of spark plasma sintering (SPS) on the microstructure and mechanical properties of randomly packed hollow sphere (RHS) cell wall[END_REF][START_REF] Ji | The mechanisms of microstructure formation in a nanostructured oxide dispersion strengthened FeAl alloy obtained by spark plasma sintering[END_REF][START_REF] Kwon | Combination of hot extrusion and spark plasma sintering for producing carbon nanotube reinforced aluminium matrix composites[END_REF][START_REF] Kwon | Carbon nanofiber reinforced aluminium matrix composite fabricated by combined process of spark plasma sintering and hot extrusion[END_REF].

Our experiments agree quite well with mechanisms associated with a local increase of temperature and the presence of a liquid phase. As evidence, we can put forward the following points:

-Alumina is initially amorphous at the surface of aluminum powder and remains amorphous when a hot pressing method is used. In our Al-CF 30 vol.% study, the momentary current intensity was higher and the number of high current intensities was increased in the following sequence 24:1, 12:2, 6:4, 3:3, and 4:6. Since Joule effects are directly related to intensity, it can be inferred that the local increase in temperature will be more present when pulses shift from 24:1 to 4:6, while there is no significant difference in microstructure among 12:2, 6:4, and 3:3. It is also reasonable to consider that the alumina layer can be broken because of internal stresses. If the Joule effect is strong enough, local melting of the aluminum occurs. Due to the presence of the liquid phase and the subsequent expansion, the stress on the alumina layer is increased and may result in its fracture [START_REF] Kurita | Multi-walled carbon nanotube-aluminium matrix composites prepared by combination of hetero-agglomeration method, spark plasma sintering and hot extrusion[END_REF]. This hypothesis corresponds well with the observed microstructures, where the fracture rate is increasing for 24:1, 12:2, 3:3, and 6:4, which are also the conditions where local increases in temperature are more commonly present. -Aluminum carbide is commonly observed in Al-CF 30 vol.% composites fabricated in 6:4 and 3:3 (Fig. 6c,d), whereas it is quasi-absent in the microstructures of the Al-CF 30 vol.% composites fabricated in 24:1 and 12:2 (Fig. 6a,b). The thermal energy needed for the growth of aluminum carbide can be caused by the strong local Joule effect occurring with 3:3 and 6:4. -The two different observed Al 4 C 3 microstructures displayed in Fig. 6c and d can be linked to those already observed and discussed by Yang et al. [START_REF] Yang | Interface microstructure and reaction in Gr/Al metal matrix composite[END_REF]. In their study, the samples were manufactured using a casting method and the aluminum carbide was grown as broad and separated crystals or as a continuous layer composed of slim crystals depending on the liquid phase temperature. Consequently, it can be inferred that a temperature close to 710 °C or below will enable needle-like crystals to be observed (Fig. 6d) and that a temperature around 750 °C or higher is reached in areas where broad crystals are observed (Fig. 6c).

crystals to be formed at the Al/CF interface. Furthermore, it was demonstrated that 6:4 and 3:3 provided larger quantities of Al 4 C 3 than 12:2. Based on local Joule heating, the mechanism of local temperature increases and association with the liquid phase of aluminum was proposed in the spark plasma sintering process.

Conclusions

Al-CF 30 vol.% composites were fabricated by SPS using various pulse conditions. It was revealed that the different pulse conditions resulted in the various microstructures seen in Al-CF 30 vol.% composites. Pulse conditions of 24:1 achieved a similar microstructure to that of composites fabricated by conventional hot pressing: a quasi-continuous oxide layer covering metallic grains prevents the diffusion process between matrix particles and also between the matrix and reinforcements. On the contrary, the shorter ON times and longer OFF times allowed the oxide layer to be fractured and Al 4 C 3
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 2 Fig. 2 The evolutions of current, voltage, and temperature before reaching dwell temperature in spark plasma sintering in a 24:1, b 12:2, c 6:4, d 3:3, and e 4:6 pulse conditions
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 34 Fig. 3 TEM micrographs of Al/Cf interfaces in Al-CF 30 vol.% composite fabricated during 10 min in a 24:1, b 12:2, c 6:4, d 3:3, and e 4:6 pulse conditions
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 5 Fig. 5 TEM micrographs of Al particle boundaries in Al-CF 30 vol.% composite fabricated during 40 min in a 24:1, b 12:2, c 6:4, d 3:3, and e 4:6 pulse conditions
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 6 Fig. 6 TEM micrographs of Al/CF interfaces in Al-CF 30 vol.% composite fabricated during 40 min in a 24:1, b 12:2, c 6:4, d 3:3, and e 4:6 pulse conditions
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