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a b s t r a c t Oxygen impurity in SiC nanopowders induces grain growth and porous structure by reacting with SiC upon sintering. As this impurity cannot be avoided in such high speciﬁc surface materials, it is interesting to study the parameters that inﬂuence its reaction with SiC. Free C is another impurity frequently encountered in carbide materials that inﬂuences sintering and mechanical properties. In this context, ␤-SiC nanopowders were synthesized with controlled composition by laser pyrolysis in order to tune free C and O contents after air exposure. In spite of the absence of sintering additives, high densiﬁcation (95.6%, grain size below 100 nm) and interesting mechanical properties were obtained (hardness 2150 Hv, toughness 3 MPa m1/2 ). The inﬂuence of SPS parameters on the progression of SiC/C/O reactions was successfully highlighted. The presence of free C, while presenting the advantage of limiting grain growth, tends to impede densiﬁcation and degrade mechanical properties. © 2015 Elsevier Ltd. All rights reserved.



1. Introduction Speciﬁc characteristics of SiC such as high hardness, peculiar oxidization and thermal shock resistance, remarkable thermal and chemical stabilities, high Young’s modulus, or weak thermal dilatation make this material a good candidate for numerous space and energy applications. Nevertheless, the poor sinterability of this material, caused by the strong covalent bonding between Si and C, limits its use. This obstacle can be overcome by using oxide additives for liquid phase sintering (Al2 O3 , Y2 O3 , or Yb2 O3 ), but the amorphous oxide phase located at the grain boundaries after sintering degrades SiC mechanical properties at high temperature [1,2] and also tends to swell under irradiation, which makes their use incompatible with nuclear application. Solid phase sintering can be achieved by using boron based additives, but this neutron absorbing element should also be avoided for nuclear application. Using SiC nanopowders could help overcoming these drawbacks, by suppressing or decreasing the need of sintering additives
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for the densiﬁcation thanks to the high surface reactivity of the nanoparticles, and by enhancing mechanical properties such as hardness, strength or superplasticity thanks to a nanoscaled microstructure [3,4]. Achieving high density without additives could also be facilitated thanks to innovative sintering technique like spark plasma sintering (SPS). This technique has indeed proven its efﬁciency in obtaining dense SiC faster and at lower temperature than conventional hot-press technique [5]. Such improvement could be resulting from a sliding and rotating densiﬁcation mechanism initiated by the softened surface of the particles when high current density is passing through the sample [6–8]. Indeed recent works using SPS have obtained high density nanostructured SiC samples [8–12] without sintering additives. The high speciﬁc surface encountered with nanoparticles, together with the increase of surface strain and defects, induce higher reactivity to oxygen. Oxygen content, bonded to Si as SiOx Cy or SiO2 , can indeed attain 3–4 wt% for nanoparticles [13,14] while microsized powders show usually lower oxygen amount (0.5–1.5 wt%) [8,13,15,16]. The presence of SiO2 was found to impede densiﬁcation because of its relatively low surface energy that degrades sintering driving force [17]. Moreover, by reacting with SiC at ∼1450 ◦ C (Eq. (1)), oxygen impurity leads to the
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formation of gaseous products like SiO(g) or Si(g) which promote sintering by vapor transport (non densifying mechanism) and thus induce excessive grain growth and pore formation [18]. SiO2 + SiC = Si (g) + CO (g) + SiO (g)



(1)



The presence of free carbon, whether it is aimed or not, can prevent the production of these deleterious gaseous species. This impurity, reacting at ∼1400 ◦ C with SiO2 to produce SiC and CO(g) (Eq. (2)), reduces the production of sintering active gas and competes with the SiC/O reaction [19,20]. SiO2 + 3C = SiC + 2CO (g)



(2)



Nevertheless, the drawback of free C is its potential negative inﬂuence on mechanical properties such as hardness and toughness [21]. By playing a key role on diffusion processes during sintering, free C located at grain boundaries is also expected to inﬂuence the ﬁnal grain size and density of the pellets [22]. In this context, this work proposes to study the effects of oxygen and free carbon impurities on the sintering behavior and on the mechanical properties of nanostructured SiC ceramics. For this purpose, SiC nanopowders were synthesized by laser pyrolysis, enabling the controlled addition of excess C in SiC. Mechanical characterizations (hardness and toughness) were carried out in order to analyze the inﬂuence of the microstructure and of the chemical composition on the mechanical properties. In a ﬁrst part, a peculiar attention was devoted to the study of the SPS parameters inﬂuence on the SiC/O reactions occurring for a standard SiC nanopowder. The second part, dealing with SiC nanopowder containing an excess of carbon, was focused on the effect of carbon impurity on microstructure and mechanical properties. 2. Materials and methods SiC nanopowders were synthesized by laser pyrolysis [23] with 550 W laser power and a process pressure kept constant at 740 Torr. The production rate was 38 g/h for both powders. The ﬁrst nanopowder (standard SiC), was synthesized with precursor ﬂows set at 400 sccm and 200 sccm for SiH4 and C2 H2 respectively, in order to obtain a powder without excess of Si or free C. This powder will be noted as S–SiC (for Standard SiC nanopowder). For the second part of this paper, the gaseous mixture of SiH4 and C2 H2 was tuned to 380 sccm and 240 sccm, respectively (for a mole ratio nCC2 H2 /nSiSiH4 at 1.25) in order to obtain a slight excess in carbon in SiC nanopowder. This latter powder will be referred as SiC–C. Speciﬁc surface of the starting nanopowders was determined with Micromeritics Automate 2300 apparatus after outgassing at 150 ◦ C for 1 h. Crystalline phase and crystallite size of powders were determined by X-ray diffraction (XRD, Siemens D 5000) using the Cu ˚ The instrumental resolution function K␣1 radiation ( = 1.5406 A). was obtained through a Le Bail whole powder pattern proﬁle reﬁnement using a standard compound (LaB6 ). The Bragg peak proﬁles (Thompson–Cox–Hastings function) were found to be both Gaussian and Lorentzian, and the full width at half maximum, noted , to have a dependence over the angle  given by:



 



 



2G = U tan2  + V tan  + W



 



 



L = X tan  + Y cos 



with U = 0.50E − 02, V = −0.68E − 02, W = 0.41E − 02, X = 0.14E − 01, and Y = 0.22E − 01. TEM observations with Phillips CM 12 were performed on the as-produced powders in order to estimate the particle average size. Chemical analyses were performed on powders in order to assess the effect of the ﬂow setting. Si content was measured by



ICP-AES at CNRS central analysis laboratory (Vernaison, France) with a relative uncertainty of 0.3 wt%. C content was measured with Horiba EMIA-320 V apparatus, while O content was measured with Horiba EMGA-820 apparatus. Relative uncertainty of these latter analyzers was 0.2 wt%. Chemical bonding in powder was identiﬁed by XPS (PHI 5000 Versaprobe apparatus) using the Al K␣ radiation and the carbon structure was determined by Raman spectroscopy using a Renishaw InVia. Spectra up to 3000 cm−1 with a 514 nm laser wavelength excitation. The powders were then submitted to dispersion by magnetic stirring for 200 h in distilled water with a ﬁnal solid content of 27 wt%. Dolapix A 88 (2-amino 2-methyl propanol—supplied by Zschimmer and Schwarz, Germany) was added as dispersant (3 wt% of the total amount of slurry). The pseudo cationic effect of this dispersant generates charges of same polarity on SiC particles surface which causes their repulsion. The efﬁciency of the dispersion step was veriﬁed by measurements of agglomerates sizes by means of Dynamic Light Scattering (DLS, Malvern Zetasizer 3000 HS). After dispersion, slurries were slip-casted in porous ceramic molds, dried and pressed at 300 MPa by Cold Isostatic Pressure (CIP—ACB, Nantes, France) with the aim of increasing the green density. Relative density values were calculated geometrically taking into account the chemical composition (for the calculation of the true density—TD) of the green bodies. For this purpose Si, C and O contents were measured with the same methods as applied for the powders. For calculation simpliﬁcation, all oxygen atoms were supposed to be bonded to Si in SiO2 form. However, this assumption is not perfectly correct, as different chemical environments can be observed for O (see later XPS measurements). The silicon content obtained after subtracting Si atoms bonded in SiO2 to the total amount of Si was associated with carbon in order to estimate the amount of SiC. The remaining C or Si atoms were considered as free C or Si excess species. Green bodies (2 g) were sintered by SPS (HPD 25/1 FCT System GmbH, Germany). A graphite die with an internal diameter of 20 mm and a wall thickness of 10 mm was used. Graphite layers (Papyex® ) were used as interface in order to avoid deterioration of the graphite die and punches. All the experiments were performed under vacuum (1 Pa). The following pulse sequence was chosen: 10 ms of pulsed current followed by 5 ms of current without pulse. The temperature was measured by means of an optical pyrometer focused on a hole into the die close to the sample (7 mm depth). Sintering cycle applied for SiC–C samples was similar to the one applied in a previous work [11]: a pressure of 16 MPa was kept constant until the temperature reached 1450 ◦ C. Then the pressure was ﬁxed at 73 MPa until the end of the dwell time and released thereafter during the natural cooling. The dwell time was 5 min for sintering temperature varying from 1700 to 2000 ◦ C. Heating rate was set to 185 ◦ C/min during the sintering cycle. For S–SiC, various parameters like pressure, temperature and holding time were deliberately changed and will be speciﬁed according to their optimization (Section 3.2). Bulk densities of sintered samples were measured using the Archimedes method following the C373-88(2006) ASTM standard. The relative density was calculated taking into account the chemical composition (estimated with the calculation method used for the green bodies) of sintered pellets. Evolution of crystalline structure, chemical bonds and carbon structure was observed with XRD, XPS and Raman analysis on the pellets. The microstructures of sintered samples were observed by SEM (Zeiss Ultra 55) on fracture surfaces. Mean values of grain sizes were calculated by the average linear intercept method in the horizontal and vertical directions on at least a hundred grains on SEM photographs. Image analysis software (ImageJ) was used for this purpose. HR-TEM observations of sintered samples were realized
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Table 1 Physico-chemical properties of the as-produced S–SiC and SiC–C powder. Powder



S–SiC



SiC–C



Average particle size (TEM)



17.5 nm (14–23 nm) 107 m2 /g ˇ 68.7% 27.8% 3.7% Si: 0.6 wt% SiOx Cy , SiO2 , free Si, free C



15.1 nm (12–21 nm) 121 m2 /g ˇ 66.3% 30.9% 2.7% C:3.5 wt% SiOx Cy , free C



SSA (BET) Crystal phase Si (wt%) C (wt%) O (wt%) Calculated Si excess or free C Impurities



Fig. 1. XRD pattern of the laser pyrolysis synthetized S–SiC and SiC–C nanopowders.



with a JEM 2100F 200KV (JEOL) apparatus in order to study the structure of grains and grains boundaries. Thin sections were prepared by FIB using a focused beam of gallium ions. Vickers hardness (HV) measurements were carried out on surfaces polished with diamond paste down to 3 m using a Vickers Hardness Tester FV-7 with an applied force of 30 N for a duration time of 15 s. The obtained values were the average over ﬁve measurements. Fracture toughness was estimated by indentation fracture (IF) using the Anstis equation [24] (Eq. (3)):



 E 1/2  P 



KIG = A



H



C 2/3



(3)



where A is a geometric constant factor equal to 0.016, H is the hardness, P is the load, C is the length of crack from the center of the indent print and E is the Young’s modulus. Porosity of samples was taken into account for the calculation of E (Eq. (4)) as proposed by Pabst et al. [25]: E = E0 Exp(−2P/(1−P))



(4)



where E0 is the elastic modulus of the pore free SiC (460 MPa [26]) and P the percentage of porosity. 3. Results and discussion 3.1. Starting powders, slurry and green body features 3.1.1. Nanopowders feature XRD patterns recorded for S–SiC and SiC–C are shown in Fig. 1. Phase identiﬁcation reveals that only the cubic phase ␤ (JCDD no. 74-2307) is present in those samples. Crystallite size was determined by Sherrer formula and was calculated at 4 and 6 nm for SiC–C and S–SiC, respectively. TEM observations reveal that grain size distribution of S–SiC (Fig. 2a) is ranging from 14 to 23 nm with an average size of 17.5 nm. When compared to the crystallite size obtained by XRD, the larger grain size evidences a polycrystalline or disordered structure of the grains. Stacking faults are commonly encountered in vapor phase synthesized SiC powders [27], and can be responsible for such discrepancy between grain and crystallite size measurements. Nevertheless, the presence of those defects is usually detected by XRD through the observation of a weak contribution close to 33.6◦ that can be related to hexagonal plans. Such feature is not seen here, giving evidence of the very low amount of such defects. The discrepancy between crystallite size and grain size can thus mainly be attributed to the polycrystalline structure of the grains. TEM pictures also show the typical chain-like agglomeration of the gas phase synthesized nanoparticles that generates large pores upon compaction.



Concerning the SiC–C powder, shown in Fig. 2(b), a thin layer is observed around the particles, likely formed by a carbon coating. The grain size distribution is ranging from 12 to 21 nm with an average size of 15.1 nm, once again larger than the XRD size. The discussion on grains and crystallites sizes lead for S–SiC sample is still valid here. Pure carbon particles are detected (Fig. 2c), and are recognizable thanks to their particular conﬁguration caused by a local organization of BSU (Basic Structural Units) [28]. No carbon layer or carbon particles were found by TEM observations in S–SiC powder. Chemical contents of Si, C and O for S–SiC and SiC–C are, respectively, at 68.7%, 27.8%, 3.7 wt% and 66.3%, 30.9%, 2.7 wt% (Table 1). Oxygen content in the two powders appears to be high but these values have to be commented in regard of the high speciﬁc surfaces (SSA) which were measured at 107 m2 /g for S–SiC and 121 m2 /g for SiC–C. Indeed oxygen content in SiC powders was found to be directly proportional to the speciﬁc surface, as observed by MerleMéjean et al. [14]. Thus, in order to fairly compare the oxidation state between our nanopowders and nano or micropowders found in literature, a coefﬁcient (named Eox ) (Eq. (5)) was used. Eox =



Owt%100 SSA



(5)



Eox values for SiC powders coming from different manufacturers were calculated to be between 4 and 13 [8,13–16,19,20,29]. The higher coefﬁcients could be caused by the presence of silicon excess which has high oxygen afﬁnity. Lower Eox coefﬁcients (1 to 2.5) were only found for powders showing an excess of carbon [3,30,31]. The Eox coefﬁcient of SiC–C nanopowder (2.2) is similar to the Eox values of those latter powders and suggests that oxygen content is low for such SSA. This low Eox coefﬁcient also allows suspecting the presence of free carbon and the absence of silicon excess in this powder. On the contrary, the higher value of the S–SiC Eox coefﬁcient, calculated at 3.5, may indicate the presence of traces of silicon excess. It should be noted that the carbon in excess in SiC–C does not artiﬁcially decrease oxygen content: indeed oxygen only increases from 2.7 to 2.85 wt% when no free carbon is taken into account. This value is still included in the error range of the Horiba apparatus. Following the calculation method describe in Section 2, the presence of Si excess in S–SiC is presumed with an amount of 0.6 wt% while free carbon is calculated to be as high as 3.5 wt% in SiC–C nanopowder. As indicated by the Raman spectrum of SiC–C powder (Fig. 3) the free carbon is amorphous. The set of two large bands located at 1355 cm−1 (D1 band) and 1590 cm−1 (G band) without a third band (2D at 2680 cm−1 ) is indeed typically encountered for amorphous structure of carbon [32]. The ID1 /IG intensity ratio, commonly used to characterize graphitization degree of carbon, is calculated at 1.15 and indicates the strong disorganized nature of C. Moreover the global shape of the feature observed between 1200 and 1800 cm−1 cannot be completely described by the unique contribution of D1 and G band. The signal level between these two bands indicates
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Fig. 2. TEM images of the as-produced (a) S–SiC nanopowder, (b) SiC–C nanopowder and of (c) turbostratic carbon particles observed in SiC–C nanopowder.



Fig. 3. Raman spectra of S–SiC and SiC–C nanopowders.



the presence of a less intense contribution located at 1480 cm−1 (D3 band) that reﬂects presence of Sp3 type structure with defects. Raman spectrum of S–SiC nanopowder shows also D1 and G bands, but their intensity is signiﬁcantly lower than SiC–C bands. Other Raman bands are less deﬁned and their interpretation is more difﬁcult. Nevertheless the large band located at 800–1000 cm−1 may correspond to the LO mode vibrations of 3C–SiC. The band at 780 cm−1 is attributed to a disordered 3C–SiC [33]. This slight contribution can possibly be ascribed to the disordered or even amorphous surface of the nanoparticles. Indeed, the morphology of the particles is roughly spherical and not facetted as could be expected for perfectly organized crystalline particles. A band located at 440 cm−1 reveals the presence of species with Si O bond. A band only seen for S–SiC at 520 cm−1 characterizes Si Si bond which is typically encountered for silicon excess particles. Finally, the features observed close to 2200 and 2400 cm−1 in SiC–C could not be reasonably ascribed. Their very narrow shape and low intensity make them more likely ascribed to measurement artefacts. The deconvolution and analysis of Si2p level of XPS spectra recorded for SiC–C and S–SiC samples are presented in Fig. 4. Si C bond of SiC is located at 100.2 eV for both spectra. While Si O C environment (between 101.5 and 102.4 eV depending on the number of O and C atoms in Si neighborhood [34,35]) is the only conﬁguration that can be observed for SiC–C sample, a second Si O conﬁguration related to SiO2 (103.3 eV) is encountered for S–SiC sample. This latter contribution is weak but conﬁrmed by RMS goodness-of-ﬁt value that appears better with Si O contribution than without (760 instead of 798). Si O C conﬁguration, observed for silicon oxycarbide (SiOx Cy with x + y = 2) is typical



for SiC nanoparticles disordered surface oxidization. Si O is more often expected for silicon surface oxidization. This is in good agreement with chemical analyses performed on S–SiC sample, showing a slight excess in Si. C1s spectra of both powders show a contribution corresponding to C C or C H bond (284 eV) associated to free carbon. However, the proportion of C C bond in SiC C is stronger than in S–SiC as already observed by Raman spectrometry. Finally a peak located at 285.8 eV in the SiC–C spectrum indicates the presence of C O bond from SiOx Cy or BSU which likely contain heteroatoms like hydrogen or oxygen (Fig. 5). Table 1 gathers the speciﬁc features of the two SiC nanopowders. To summarize, the set of precursor ﬂows ﬁxed during the synthesis by laser pyrolysis appears to be efﬁcient to produce two nanopowders with different impurity composition. The S–SiC nanopowder contains 3.7 wt% of oxygen encountered as SiOx Cy and SiO2 . Silicon excess and free carbon are also detected in very small amounts in this powder. The SiC–C nanopowder includes 3.5 wt% of free C which can be found as carbon particles or as a layer covering SiC particles. This latter layer could act as a protective coating against oxidization in ambient conditions. There is no silicon excess in this powder, and the oxygen detected as SiOx Cy is probably caused by the manipulation of nanopowders in air. 3.1.2. Slurry and green body features Fig. 6 shows DLS measurements before and after dispersion of the two nanopowders. Before dispersion, the two suspensions show broad monomodal distribution centered on 2 m, giving evidence of the agglomeration of the primary nanoparticles. The 2 m value by itself is not accurate because of the fractal shape
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Fig. 4. Si2p level of XPS spectra of S–SiC and SiC–C nanopowders.



Fig. 5. C1s level of XPS spectra of S–SiC and SiC–C nanopowders.



of the chain-like agglomerates that does not meet the spherical shape used in measurements analysis. Nevertheless this qualitative information is still relevant to investigate the efﬁciency of the dispersion process. After stirring, both number and volume modes exhibit a high peak centered on 36 nm, showing that effective de-agglomeration was achieved by magnetic stirring. This value is higher than the average particle sizes of S–SiC and SiC–C. The discrepancy is directly generated by the type of measurement



in DLS that gives the hydrodynamic diameter of the particles in suspension. This diameter is always larger than the particle one, because of the solvation layer and in our case because of the presence of a surfactant. The presence of free carbon in the SiC–C powder (average particle size around 27 nm by TEM) could also slightly contribute to the discrepancy. A second peak centered at 170 nm, only observed in volume mode, stresses the existence of larger agglomerates. However, as



Fig. 6. DLS size distribution of the as-produced nanopowder (dotted line) and the magnetic stirred nanopowders S–SiC and SiC–C (in number (solid line) and in volume (dashed line)).
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Fig. 7. Image of (a) the Ref-S–SiC pellet; beige ring is indicated by an arrow. (b) SEM observation of the beige peripheral structure and (c) SEM observation of the black center microstructure of Ref-S–SiC sample.



the distribution in volume is 1000 times more sensitive in the large size range, the population of the remaining agglomerates is in minority when compared to the isolated nanoparticles, as observed in number mode. In conclusion, DLS measurements showed that the obtained dispersion state in the slurries was satisfying before the casting step. After slip casting, the green bodies where pressed at 300 MPa and exhibit green density around 44–49% of TD. True green body density (3.15 g/cm3 for S–SiC and 3.12 g/cm3 for SiC–C) was estimated taking into account oxygen and free carbon content after dispersion. Indeed, the dispersion step performed in water induces an oxidization of the powders: total oxygen content of S–SiC and SiC–C was measured after dispersion at 4.85 and 3.5 wt%, respectively. The total amount of oxygen gain caused by water in SiC–C green body (0.8 wt%) was nearly the same as S–SiC (1.15 wt%), meaning the carbon shell is not fully efﬁcient to prevent oxidation during the dispersion in water. However, the chemical features of S–SiC and SiC–C are still preserved, with an excess of carbon for SiC–C and higher oxygen content in S–SiC.



3.2. Inﬂuence of SPS parameters on the occurrence of SiC/O reactions For this part, a ﬁrst S–SiC sample was sintered following the SPS parameters leading to the best mechanical features in a previous study [11]: the sintering temperature was ﬁxed at 1850 ◦ C for 5 min at a pressure of 73 MPa. The obtained reference sample was labelled Ref-S–SiC. Deleterious reaction between SiC and oxygen (Eq. (1)) is mainly pointed out by the appearance of a 3 mm peripheral beige ring, as observed in Fig. 7a). In this region a typical microstructure is observed with large grains and extended porosity. Such microstructure is caused by SiO and Si gas [19,20] that promote vapor phase sintering (non densifying mechanism) and lead to coarse grains (size estimated at 460 nm) with numerous large pores (Fig. 7b). Moreover low amount of remaining oxygen (0.8 wt%) is measured in this region, meaning that SiC/O reactions took place at the periphery of the sample. On the contrary the center of the sample shows a nanosized structure (grain size ∼100 nm—Fig. 7c) for a density of 94.6%TD and an oxygen amount of 4.7 wt% similar to the value measured in the green body (4.85 wt%). Thus the purpose of this ﬁrst study is to investigate the key parameters of SPS (temperature, mechanical pressure or dwell time) in order to understand and to try to impede SiC/O reaction, and to get a homogenous nanostructure in the whole sample. Inﬂuence of sintering parameters on the O/C reaction was principally



followed by the evolution of beige ring thickness and chemical composition. 3.2.1. Dwell time and temperature effects A sample was sintered using S–SiC powder with a dwell time of 10 min at 1850 ◦ C for a pressure set to 73 MPa. The ring thickness increases from 3 to 6 mm (Fig. 8b), when the dwell time is doubled. This result could be expected as extra time is given to the reaction to spread towards the center. In order to estimate the effect of the sintering temperature, S–SiC powder was then sintered following the reference cycle (5 min and 73 MPa) but with a temperature set at 2000 ◦ C, and was also compared to Ref-S–SiC sample. Evolution of the beige ring with the temperature can be observed by comparing Fig. 8(a) and (c). Temperature has an obvious effect on the reaction. For the higher sintering temperature, the ring is larger (4–5 mm), showing that the reaction has spread towards the centre of the sample. As the reaction thermodynamically begins as low as 1450 ◦ C (for standard conditions), temperature has no direct inﬂuence on the reaction occurrence, but plays a key role on species diffusion. It should be noted that the time spent at (or above) 1850 ◦ C when the holding temperature is set to 2000 ◦ C is longer (+1 min) when compared to the 1850 ◦ C holding time case as the heating rate is the same (185 ◦ C/min) for the both experiments. Thus the time also participates to the progression of the beige ring for the sample sintered at 2000 ◦ C. 3.2.2. Mechanical pressure effect Another sample was sintered following standard cycle but with a higher pressure (100 MPa instead of 73 MPa). As observed in Fig. 8(d) this sample shows a ﬁner beige ring (only 0.8 mm thickness) when compare to Ref-S–SiC. The oxygen content in this beige ring was measured at 0.8 wt%. According to this result a higher mechanical pressure reduces signiﬁcantly the propagation of SiC/O reaction with only a few amount of oxygen reacting near the periphery. As this sample sintered under higher pressure was showing macroscopically the best homogeneity, further investigations on the microstructural and mechanical features were carried out on the black area. SEM observations expose a dense (95.6%TD) structure with an average size of equiaxed grains around 92 nm (±35 nm) (Fig. 9). EDS analyses performed on the thin sections (Fig. 10a), associated to XPS measurements (Fig. 11), show that oxygen is mainly located at triple point grain boundary under SiOx Cy form (101.6 eV) and SiO2 (103 eV). Mechanical characterizations from Vickers indentation made in the center (black area) of the S–SiC sample sintered under 100 MPa show interesting properties with hardness at 2150 Hv and fracture
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Fig. 8. S–SiC samples sintered (a) following standard cycle, (b) with dwell time set at 10 min, (c) with sintering temperature set at 2000 ◦ C, (d) with mechanical pressure set at 100 MPa (beige ring is indicated by solid arrows).



Fig. 11. XPS analysis (Si2p level) of the black area of S–SiC sample sintered under 100 MPa. Fig. 9. SEM observations of the black area microstructure of S–SiC sample sintered under 100 MPa.



3.2.3. Discussion on sintering parameters effect Regarding thermodynamics, SiC/O reaction is ruled by its equilibrium constant Keq (Eq. (6)).



toughness at 3 MPa m1/2 . The comparison with the literature results [3,36,37] is not easy because the mechanical properties are very sensitive to the microstructure and to the composition of the SiC samples. Our results are similar to those obtained by Vassen et al. [3] on SiC sintered with boron and carbon additives and with a density near 95%TD. The effect of the porosity on the toughness calculated by the Anstis equation is relatively low because the porosity size is low (nanometric). Higher hardness could have been expected with nanometric grain sizes, but the Hall–Petch effect seems to be hidden by the residual porosity.



Keq =



PeqSi · PeqSiO PeqCO ˛SiC · ˛SiO2



(6)



where Peqn is the equilibrium gaseous partial pressure of the specie n, and ˛n is the thermodynamic activity of the specie n. Considering the equilibrium constant, the SiC/O reaction is governed by the partial pressures of the gaseous products (Si, SiO or CO) as the thermodynamic activity of solid (SiC and SiO2 in this case) compound is equal to 1. For a thermodynamic constant K superior to Keq the reaction between silicon carbide and oxygen is not favorable: the nearest



Fig. 10. Spectra of (a) EDS analyzes, localization are pointed out on (b) the HR-TEM observation of the black area of S–SiC sample sintered under 100 MPa.
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are the gaseous partial pressures of Si, SiO and CO species to their respective equilibrium partial pressure, the most is the reaction hindered. Higher applied pressure on the pellet reduces the open porosity and narrows the paths for gas release by compacting SiC structure. Thus gas partial pressure is increased and may be locally near the equilibrium partial pressure. Such effect of high mechanical pressure on the reaction hindering were also noticed by Vassen [36] and Shinoda [38] for SiC sintered by HIP (with degassing before 1450 ◦ C). The same conclusion was envisaged in a recent work where decarbonation of rhodochrosite and kutnahorite species sintered under high pressure by SPS was restrained [39]. These partial pressure features explain the evolution of the ring during our experiment. The ring formation begins at the border of the pellet, where the applied pressure is the lowest as it corresponds to the sliding zone between the die and the punch. This relatively “open” region at the border is the more likely to release efﬁciently gaseous products to the vacuum and to maintain their partial pressure below the equilibrium. It is also the ﬁrst place where the temperature reaches the reaction threshold during heating, as the green body behaves as a current isolating body in the SPS circuit, leading to Joule effect in the carbon die rather than in the sample [40]. Propagation of the reaction further to the center of the pellet is then explained by the opening of gas path due to the porous structure (Fig. 12) generated by vapor transport sintering mechanism. Kinetic effect on the propagation can thus simply be explained. The higher is the sintering time under vacuum the higher is the amount of gas escaping from the pellet, thus causing more porous structures and more paths. In addition to the artiﬁcial time effect, the increase of the sintering temperature can cause faster gas release. As a conclusion, a good set of parameters to avoid the reaction of SiC with oxygen would be: high pressure applied before reaching reaction temperature, low sintering temperature and short dwell time. While pressure increase is efﬁcient to achieve dense and nanosized structure [41], the decrease of temperature and holding time is noxious to get high ﬁnal density: a compromise between densiﬁcation and chemical stability has thus to be found. Further improvement on the sample homogeneity is restrained by the mechanical behavior of the graphite mold which cannot withstand more than 100 MPa for such temperatures. Higher pressures may be applied with SiC dies and punches. Nevertheless, suppliers of such dies do not recommend heating higher than 1450 ◦ C, maybe because of oxygen or oxide additives in the materials. The presence of this ring is never reported in the literature, and the deleterious effects of reactions with oxygen are poorly documented. In most of the studies SiC is sintered with additives. Thus an additional experiment was performed on the S–SiC powder. This latter was mixed with Al2 O3 and Y2 O3 (6 and 3 wt%, respectively) in order to ﬁnd out how the additives could inﬂuence the SiC/O reaction. Alumina ( ∼50 nm—Admatec) and yttria (30 nm) nanopowders were used and added in the slurry during the dispersion step. After a standard SPS cycle, only a partial slight beige trace is observed (Fig. 13a) and oxygen amount is not different between the center and the periphery (7.1 wt% for the both area, taking into account additives). XRD analysis (Fig. 13b) reveals the presence of an aluminosilicate phase that is not observed in the starting green body. Thus alumina seems to impede SiC/SiO2 reaction by stabilizing silica under aluminosilicate phase formed upon sintering cycle. B4 C or B/C sintering additives could also play a role in obtaining homogeneous samples by stabilizing oxygen under B2 O3 glass [42]. Moreover the liquid phase additives can also close efﬁciently open porosity, avoiding the degassing of reaction products and thus also limiting the reaction with oxygen. This result explains why most of the authors using additives do not observe the beige ring [3,31,36].



Table 2 Features of the sintered SiC–C for different temperatures. Sintering temperature (◦ C)



1700



1800



1850



1900



2000



Ring thickness (mm) Density in the center (%TD) Grain size in the center (nm)



No ring 73.2 20.3



1 83.6 32.7



2 88.9 49.1



2 91.4 58.6



3–4 93.5 71.0



Other small peaks appear on the diagram but could not be ascribed. They may be related to unreported phase of silicates including Y or Al elements. Pollution by ﬂuorine coming from magnetic stirring process cannot be excluded. 3.3. Effect of carbon impurity on densiﬁcation and mechanical behavior C–SiC green bodies were sintered following the reference cycle (185 ◦ C/min, 73 MPa, 5 min) with sintering temperature varying from 1700 ◦ C to 2000 ◦ C in order to observe the effects of carbon on the SiC/O reaction and on the densiﬁcation. The different macroscopic and microscopic features are exposed in Table 2. At ﬁrst sight the presence of 3.5 wt% free carbon and the lower oxygen content (3.5 instead of 4.85 wt% in S–SiC green bodies) seem to limit the occurrence of the SiC/O reaction, probably because of the competing the reaction between free C and O. For a same temperature, the ring thickness is indeed larger for S–SiC sample. However, free C/O reaction is not sufﬁciently efﬁcient to totally prevent the deleterious reaction between SiC and O. Nevertheless, this interesting effect of carbon on the sample homogeneity has to be balanced with the low achieved densities. For a same temperature, the density is far lower than those obtained with S–SiC (Table 2). Temperature has to rise up to 2000 ◦ C to get a sample density of 93.5%TD. The sintering “delay” is also observed on the grain growth: S–SiC grains after SPS at 1850 ◦ C and 2000 ◦ C are much larger (92.3 and 165.8 nm) than their counterparts in SiC–C (49.1 and 71.0 nm). The ‘temperature-delay’ generated by free C on grain growth and densiﬁcation was already observed in the literature [19,20]. This effect is supposed to be due to its speciﬁc localization in-between SiC grain during sintering, restraining volume densiﬁcation mechanisms. Microtructural observations of the SiC–C sample center sintered at 2000 ◦ C by SEM (Fig. 14a) and HR-TEM (Fig. 14b) show clearly the presence of carbon species between grains. EDS analyses (Fig. 15a) associated to XPS measurements (Fig. 15b) show that the areas gathering those microstructures contains SiOx Cy (285.7 eV) and free carbon (284 eV). Average oxygen content of the center (black area) was measured to be similar to the value in sintered S–SiC (4.8 wt%). Raman spectrum of SiC–C sintered at 2000 ◦ C (Fig. 16) displays typical bands of structured carbon, especially with apparition of the 2D band (at 2700 cm−1 ). However, the ID1 /IG intensity ratio is still high (around 0.75) and indicates the presence of numerous defaults in the structure. It appears that the amorphous free carbon in the starting powder is partially organized during sintering to form structures located between grains. Nevertheless, the amorphous free carbon is not the only source of those disorganized structures as may suggest the appearance of D, G and 2D bands in the Raman spectrum of S–SiC sample sintered at 1850 ◦ C though very few free C was detected in the starting powder. The decomposition of SiOx Cy and SiC under severe conditions of temperature and pressure, together with the possible presence of hot points due to current passing through the sample, could occur and lead to structured carbon after vaporization of Si or formation of SiO, as previously presumed in the recent work of Miranzo et al. [13] where the appearance of graphene in SiC matrix is reported.
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Fig. 12. Schematic representation of SiC/O reaction propagation mechanisms.



Fig. 13. (a) Image and (b) XRD pattern of S–SiC sintered with alumina and yttria (䊉 3C–SiC,  aluminosilicate).



Fig. 14. Observations of the center of the SiC–C sintered at 2000 ◦ C by (a) SEM and (b), (c) HR-TEM. Arrows localize the carbon structures.



Fig. 15. Spectra of (a) EDS analyzes (localization are pointed out on Fig. 14) and (b) C1s level XPS analysis.



3377



3378



B. Lanfant et al. / Journal of the European Ceramic Society 35 (2015) 3369–3379



Fig. 16. Raman spectra of S–SiC sintered at 1850 ◦ C and SiC–C sintered at 2000 ◦ C.



SiC–C showing the higher density (2000 ◦ C) was submitted to mechanical characterization. Hardness measured at 950 Hv was far lower than the one obtained for S–SiC sintered at 1850 ◦ C under 100 MPa (2150 Hv). Though density strongly affects hardness as expressed by Eq. (7) (Ryshkevitch type), the hardness corresponding to a density of 93.5%TD should be around 1730 Hv. H  = H c cExp(−BP)



(7)



where HvC is the Vickers hardness of the pore free SiC (2600 Hv), B a parameter depending on the temperature (6.3 at 20 ◦ C) and P the percentage of porosity [43]. Thus carbon, which is located in between the grains, drastically affects hardness far beyond a simple effect of porosity. Several authors [38,44,45] studied the importance and the strong effect of hetero-elements/additives elements like B/C, Al, Al2 O3 or SiO2 on mechanical properties but experiments with carbon only are rarely seen. Raczka et al. have observed a decrease of hardness for SiC samples with C excess between 1 and 6 wt% and explained it by the increase of the soft carbon phase in SiC sample. In our case (3.8 wt% of free carbon in the sintered samples SiC–C) the diminution of hardness may be due to the carbon lubricant properties. Indeed the speciﬁc localization at grain boundary increases slide movements between grains and lead to a drastic softening of the structure, promoting the deformation under the Vickers tip solicitation. Fracture toughness value for SiC–C sample sintered at 2000 ◦ C was also lower (2.4 MPa m1/2 ) than the values for nanostructured samples of SiC found in the literature (3–4 MPa m1/2 without C excess) [36,37]. Unlike our observations Raczka et al. note an increase of the fracture toughness with the increase of carbon content. This improvement was attributed to a more homogeneous shape of grains and to a change in fracture path from transgranular to intergranular. This latter fracture mode is known to reinforce toughness by absorbing more crack energy thanks to a deviation of fracture path imposed by the grain boundary pattern [46,47]. However, boron was present as sintering additive in samples of Raczka’s study and therefore the fracture mechanism may be different when compared to samples with only carbon. In our case fracture is intergranular for both samples (SiC–C sintered at 2000 ◦ C and S–SiC sintered under 100 MPa), so diminution of K1c cannot be attributed to a change of fracture mode. However, the carbon presence between grains modiﬁes the chemical nature of the grain boundaries and could lower the fracture energy required for crack propagation. It should be mentioned that toughness is also affected by density [43] thus carbon by itself may have a little less effect than observed. It is difﬁcult to specify the respective role of porosity and carbon on the toughness because the obtained micostructures are not exactly the same for the different porosity or carbon contents.



4. Summary In this paper the effects on microstructure and mechanical properties of oxygen and carbon, two impurities frequently found in SiC powders, were successfully investigated thanks to the absence of sintering additives. For that purpose two SiC nanopowders were synthesized by laser pyrolysis, the ﬁrst one showing high O content (S–SiC) and the second one showing higher free C content (SiC–C). A deleterious reaction was found to occur at 1450 ◦ C between SiC and oxygen, promoting grain growth and porosity in S–SiC samples. This reaction was favoured by the increase of sintering temperature and holding time, but could be limited by increasing the applied pressure and even be completely avoided by adding oxide sintering additives thanks to the formation of stable aluminosilicate phase. Hot isostatic pressing in sealed sheath could thus be efﬁcient in limiting this reaction. In spite of the absence of sintering additive usually used for SiC sintering, a ﬁnal densiﬁcation of 95.6%TD with mean grain size of 92.3 nm was achieved for S–SiC sample, showing interesting mechanical properties with hardness values of 2150 Hv and toughness at 3 MPa m1/2 . The positive effect of carbon on the limitation of SiC/O reaction was undermined by its deleterious effect on densiﬁcation: for SiC–C sample, high temperature (2000 ◦ C) was required to obtain ﬁne and homogenous nanostructured (80 nm) sample but with moderate density (93.5%TD). Because of carbon location between the grains, mechanical properties like hardness (950 Hv) and toughness (2.4 MPa m1/2 ) were found to be lower than samples without free carbon.
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