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A comparative study of TiN and TiC: Oxidation resistance and retention of xenon at high temperature and under degraded vacuum S. Gavarini,1,a! R. Bes,1 N. Millard-Pinard,1 S. Cardinal,2 C. Peaucelle,1 A. Perrat-Mabilon,1 V. Garnier,2 and C. Gaillard1
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sReceived 22 July 2010; accepted 1 November 2010; published online 6 January 2011d Dense TiN and TiC samples were prepared by hot pressing using micrometric powders. Xenon species ssimulating rare gas fission productsd were then implanted into the ceramics. The samples were annealed for 1 h at 1500 ° C under several degraded vacuums with PO2 varying from 10−6 to 2 3 10−4 mbars. The oxidation resistance of the samples and their retention properties with respect to preimplanted xenon species were analyzed using scanning electron microscopy, grazing incidence x-ray diffraction, Rutherford backscattering spectrometry, and nuclear backscattering spectrometry. Results indicate that TiC is resistant to oxidation and does not release xenon for PO2 # 6 3 10−6 mbars. When PO2 increases, geometric oxide crystallites appear at the surface depending on the orientation and size of TiC grains. These oxide phases are Ti2O3, Ti3O5, and TiO2. Apparition of oxide crystallites is associated with the beginning of xenon release. TiC surface is completely covered by the oxide phases at PO2 = 2 3 10−4 mbars up to a depth of 3 mm and the xenon is then completely released. For TiN samples, the results show a progressive apparition of oxide crystallites sTi3O5 mainlyd at the surface when PO2 increases. The presence of the oxide crystallites is also directly correlated with xenon release, the more oxide crystallites are growing the more xenon is released. TiN surface is completely covered by an oxide layer at PO2 = 2 3 10−4 mbars up to 1 mm. A correlation between the initial fine microstructure of TiN and the properties of the growing layer is suggested. © 2011 American Institute of Physics. fdoi:10.1063/1.3524267g I. INTRODUCTION



The generation IV gas-cooled fast reactor sGFRd sRefs. 1–4d concept is proposed to combine the advantages of high temperature reactors, with the sustainability of fast-spectrum reactors. sU,PudC and sU,PudN are being considered as suitable advanced fuels for GFR due to their high melting temperature and high actinide density.5–7 Nitride fuel presents interesting thermal properties and a relative ease of reprocessing compared to carbide.6,8–11 However a potential issue is the need for 15N enrichment sand N recyclingd to prevent 14 N activation in the GFR system.12–14 Several geometries for the fuel assembly have been proposed in which the fuel is surrounded by a first barrier presenting high capability for fission products confinement.15,16 The principal criteria for this first barrier salso called inert matrixd are: chemical compatibility with the fuel, oxidation, mechanical and irradiation resistance, thermal properties allowing high gas temperatures and a total retention of fission products sFPsd during the in-pile process. A few materials emerge that have the potential to meet GFR inert matrix requirements. These are ZrC, TiC, SiC, ZrN, TiN, and possibly AlN.13,17 Concerning the behavior of FPs in these ceramics, few data are available in the literature. As an example, the diffusion coefficient at 1800 ° C for caesium in ZrC was found to be more than two orders smaller than the one in SiC.18 In a previous study, the ad
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mobility of preimplanted xenon species was also shown to be very low in TiN up to a temperature of 1500 ° C and under secondary vacuum.19 A global tendency of this species to move toward the surface, and then to be released, was underlined. The mechanism responsible for this behavior still has to be drawn in full but several driving forces were proposed to explain xenon directed migration.19,20 The formation of gas bubbles at depth was also suggested as xenon solubility is known to be very low in most materials. Indeed, for TiN films, the critical concentration for xenon precipitation was estimated to be less than 0.5 at. % by Weber et al.21 More generally, the atomic mobility in MC or MN swhere M is a given metald is supposed to be correlated with the melting point of the considered material. Indeed, lower diffusion coefficients were reported for nitrogen scarbon for carbided, metal, and fission gas atoms in UN which melting point is higher than that of UC.22 Another important parameter guiding the choice of the inert matrix could be resistance to oxidation. Indeed, in case of severe accident, the oxidation of the core materials may affect the rate of FP release. This effect was demonstrated in the case of oxide fuel by many authors who observed an enhanced diffusivity of xenon with increasing stoichiometry.23,24 In a recent work, the surface of sintered TiN was shown to be heterogeneously altered during thermal treatment under secondary vacuum and a possible correlation between surface oxidation and xenon release was suggested.25
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TABLE I. List of impurities contained in TiC and TiN commercial powders provided by Starck®.



Impurities



TiN powder sStarck®—Grade Cad satomic fraction in % or atomic ppmd



TiC powder sStarck®—STD 120ad satomic fraction in % or atomic ppmd



Max 2.9% Max 0.5% ¯ 1100 ppm 220 ppm ¯ 115 ppm 100 ppm 80 ppm



Max 2.5% Cfree max 1.3% 0.7% 1400 ppm 170 ppm 140 ppm ¯ 100 ppm 80 ppm



O C N Fe Si Na Al S Ca a



Grade C: 0.8– 1.2 mm; STD 120: 1.0– 1.5 mm.



The aim of the present work is to compare the behavior of sintered samples of TiC and TiN in oxidizing conditions. After synthesis by hot pressing sHPd, samples were polished and implanted with 800 keV Xe2+ ions. Thermal treatments at 1500 ° C for 1 h were performed under several degraded vacuums. The evolution of surface morphology was correlated with the surface oxidation and xenon release. II. EXPERIMENTAL A. Sample preparation



Commercial powders of TiN and TiC were used sStarck®d with an initial grain size of 1 mm. The list of impurities, as indicated by the supplier, is displayed in Table I. Classically the major impurity contained in titanium nitride and carbide powders is oxygen smaximum 2.5– 2.9 at. %d. Carbon is also present in TiN smaximum 0.5 at. %d as well as nitrogen in TiC sabout 0.7 at. %d. Other minor impurities



are Fe sabout 1000 ppmd and Si sabout 200 ppmd principally, with also traces of S, Ca, Al, and Na sabout 100 ppmd. Pellets of diameter F = 37 mm and thickness e = 5 mm were sintered by HP with an uniaxial pressure of about 50 MPa and a progressive increase in the temperature up to 1800 ° C and 2000 ° C for TiN and TiC, respectively. The dwell temperature was maintained for 1 h. These thermal conditions were determined after several tests and correspond to the minimal temperature necessary to obtain dense monoliths. Secondary electrons micrographs of fractured surfaces are displayed in Fig. 1. As it can be seen, intergranular rupture is observed for TiN with intergranular porosity whereas transgranular rupture is mostly observed for TiC with intragranular porosity. The fraction of transgranular rupture is known to increase with grain size.26 The size distribution of the grains after sintering, determined from visual analysis of scanning electron microscopy sSEMd micrographs, is given in Fig. 2. The mean diameter of the grains was found to be 6.1 mm for TiN sstandard deviation, SD= 2.5 mmd and 19.9 mm for TiC sSD= 14.4 mmd. The higher average grain size measured in the case of TiC is mainly due to grain coarsening during sintering process at 2000 ° C, which also results in a large standard deviation. The densities of final materials, measured by hydrostatic weighing sArchimede’s principled, were found to be 5.31 g cm−3 and 4.83 g cm−3 for TiN and TiC, respectively. These values correspond to a densification ratio of about 98% in each case. After sintering, pellets were cut to obtain smaller samples of size about 153 153 2 mm3. These samples were then polished to the micron scale using diamond powders. Routine x-ray diffraction sXRDd measurements were performed on some samples in order to check that the expected phases were obtained, i.e., d-TiN and d-TiC.



FIG. 1. sad TiN and sbd TiC secondary electrons images of fractured surfaces.
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FIG. 2. sad TiN and sbd TiC grain size distributions resulting from visual analysis of SEM images.



B. Preimplantation healing treatment



FIG. 3. sad Experimental and simulated RBS spectra obtained for TiC implanted with 800 keV 129Xe++ ions at an ion fluence of 5 3 1015 cm−2 and healed at 1400 ° C for 3 h and sbd corresponding xenon depth profile deduced from SIMNRA® simulation sRef. 28d.



In a first step, the polished samples underwent a preimplantation thermal treatment in a resistance furnace at 1000 ° C for 10 h under a secondary vacuum of 5 3 10−6 mbars, in order to remove the surface stress induced by polishing. The choice of this temperature and heating duration was based on the stress measurements reported by Hultman27 for arc-evaporated TiCN coatings. Indeed, these authors have shown that most of the stress is released after a few hours at 900 ° C.



tion of xenon profiles. Both initial Xe profiles in TiN and TiC, after annealing at 1400 ° C for 3 h, are presented in Fig. 3sbd. Projected ranges sRpd and full widths at half maximum sFWHMd are displayed in Table II, together with the corresponding values predicted by SRIM2008 code.29 As it can be seen, there is a good agreement between SRIM calculation and experiments. Finally, the maximum xenon concentration was found to be about 0.38 at. % and 0.42 at. % for TiC and TiN, respectively, in our experimental conditions.



C. Ion implantation and Rutherford backscattering spectrometry „RBS… analysis



D. Postimplantation thermal treatments



129



++



After the preimplantation annealing, Xe ions were implanted into the materials at room temperature using the 400 kV accelerator of the Nuclear Physics Institute of Lyon sIPNLd. The implantation energy was chosen to be 800 keV smaximum energy with doubly charged particlesd, to obtain a projected range of about 160 nm. Targeted ion fluence was 5.06 0.23 1015 cm−2. Depth profiles after implantation were measured on the 4 MV van de Graaff accelerator of IPNL by RBS. For this analysis, the incident 4He+ ions energy, incident beam intensity and detection angle were, respectively, 2.5 MeV, 20 nA, and 172°. A typical RBS spectrum obtained on implanted TiC is presented in Fig. 3sad. Xenon concentration profiles were determined by simulating RBS spectra with SIMNRA® software.28 Densities measured previously by Archimede’s method were used to transform the x-axis in metric system. In the following, the slight modification of volume density due to oxygen incorporation in the surface was neglected up to PO2 = 2 3 10−5 mbars for the determina-



1. Healing of implantation defects



After xenon implantation, samples were annealed at 1400 ° C for 3 h under a vacuum of 5 3 10−6 mbars sPO2 < 10−6 mbarsd. These thermal conditions were chosen to heal most of the implantation defects. Indeed, Hollox et al.30,31 have shown that if a specimen of TiC0.97 is annealed at 1400 ° C for 15 min, dislocation loops disappeared to form TABLE II. Projected range sRpd and FWHM for 800 keV 129Xe++ ions implanted in TiN and TiC at an ion fluence of 5 3 1015 cm−2. Comparison between SRIM2008 code calculations sRef. 29d and experimental values deduced from RBS spectra. Projected range snmd Material TiN TiC



FWHM snmd



SRIM2008



Experimental



SRIM2008



Experimental



157 168



1606 8 1656 8



120 133



1286 15 1386 15
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FIG. 4. Cross sectional scheme of sample disposition during induction heating ssystem designed and developed specifically at the IPNL for these experimentsd.



the general dislocation network of the crystal. According to Hultman,27 such a relatively high annealing temperature may give conditions for bulk self-diffusion, generally activated at approximately half of the melting temperature of the material TiC in units of kelvin ssTTiN m / 2d = 1611 K and sTm / 2d = 1670 Kd. Nevertheless, it may be noted that some defects are probably not totally healed after annealing at 1400 ° C for 3 h, especially defects associated with xenon atoms such as vacancy clusters or some dislocations with pinned bubbles, for example.32 The choice of these thermal conditions was also guided by the fact that xenon migration was shown to be weakly activated at T , 1500 ° C in the case of TiN.19,20 2. Thermal treatments at high temperature and under several vacuums



The aim of this high temperature treatment is to study the xenon migration and sample oxidation. A powerful and efficient induction system was used sFig. 4d. The dwell temperature of 1500 ° C was reached in a few minutes and was maintained for 1 h stemperature monitored using a bichromatic pyrometerd. A degraded vacuum was applied throughout the duration of the high temperature treatment using a microescape valve. Four working pressures were chosen: 5 3 10−6 mbars snondegraded vacuum; PO2 < 10−6 mbarsd, 3 3 10−5 mbars sPO2 < 6 3 10−6 mbarsd, 10−4 mbars sPO2 < 2 3 10−5 mbarsd, and 10−3 mbars sPO2 < 2 3 10−4 mbarsd. Note that for the last pressure, the temperature measured by the bichromatic pyrometer during treatment was rather unstable because of the noticeable evolution of surface composition sstrong oxidationd. The uncertainty on the temperature was thus higher in this case s15006 50 ° Cd than for the other less degraded vacuums s15006 10 ° Cd.



FIG. 5. Typical NBS spectrum sexperimental and SIMNRA® simulationd obtained with the 16Osa , ad 16O resonance at 7.5 MeV sad on “as-implanted” TiC and sbd TiN.



sObulkd which corresponds to a depth of about 3 mm. The carbon step also appears on this spectrum and starts at an energy of about 1.8 MeV. In the case of TiN fFig. 5sbdg, the presence of sa , ad and sa , pd resonances on nitrogen between 1.0 and 2.6 MeV makes the spectrum more complicated. The sa , ad resonances located in the low energy part of the spectrum could not be fitted satisfactorily using cross sections at our disposal. Concerning the region of interest between 2.2 and 2.7 MeV scorresponding depth of about 1 mmd, the cross section corresponding to the interfering 14Nsa , p0d 17O reaction was taken into account to quantify Obulk.34–36 As a consequence, the limit of detection sLODd was estimated to 1.0 at. % and 0.3 at. % for TiN and TiC, respectively, in our experimental conditions. A carbon pollution was identified on TiN surface just after implantation fa few atomic percents on some tenths of nanometers, see Fig. 5sbdg, probably due to the polishing process with diamond powders. However, this pollution disappears after any annealing at high temperature. F. XRD



E. Nuclear backscattering spectrometry „NBS… analysis



Oxygen profiles were determined by NBS, using the resonant reaction 16Osa , ad 16O with 7.5 MeV incident a-particles.33 The depth resolution of this reaction is about 15 nm at the surface of the sample. Typical spectra obtained on TiC and TiN samples just after implantation are displayed in Fig. 5. In the case of TiC fFig. 5sadg, the surface is slightly oxidized which results in a narrow peak located at an energy of about 2.7 MeV sOsurfaced. The signal corresponding to the so-called “bulk oxygen” is visible between 1.8 and 2.7 MeV



The phase composition of the annealed samples was studied by grazing incidence XRD sGIXRDd. The XRD equipment was a u − u Bruker D8 Advance system using Cu Ka radiation sl = 0.1540 nmd and equipped with a Göbel mirror, which converts divergent radiation into a parallel beam with a high intensity radiation. The working voltage of the instrument was 40 kV and the current was 40 mA. The fixed grazing incidence geometry has the advantage of minimizing the bulk contribution. The incident angle was set to 0.5° scorresponding to the x-ray penetration depth of about 230 nm and 240 nm in TiN and TiC, respectively, these
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FIG. 6. sad SEM micrographs of the as-implanted TiN surface, sbd after annealing at 1500 ° C for 1 h under PO2 = 10−6 mbars ssimilar micrographs were obtained after healing at 1400 ° C for 3 h, not shownd, scd PO2 = 6 3 10−6 mbars, sdd PO2 = 2 3 10−5 mbars, and sed PO2 = 2 3 10−4 mbars.



depths have been calculated for a contribution of 90% to the diffracted intensityd. Data were collected at room temperature in a 2u range from 20° to 65° with a scan rate of 0.06° min−1. III. RESULTS A. Surface morphology



Samples were observed after each step of the experimental procedure by SEM, detecting the secondary electrons to determine the evolution of the surface morphology. Figures 6 and 7 show the evolution of the implanted surface during each thermal treatment for TiN and TiC, respectively. As it can be seen in Fig. 6, grain boundaries are revealed after thermal treatments and some differences are observed in grains altitude compared to the as-implanted morphology fFig. 6sadg. Some secondary phases have grown on TiN surface during postimplantation annealing. These phases are very scattered just after treatment at PO2 = 10−6 mbars fFig. 6sbdg and also after healing treatment at 1400 ° C for 3 h snot



shownd. Their number and size increase notably at PO2 = 6 3 10−6 mbars fFig. 6scdg, to give rise to coarse crystallites sa few micrometers in sized after annealing at PO2 = 2 3 10−5 mbars fFig. 6sddg. The surface becomes finally covered with a rough layer at PO2 = 2 3 10−4 mbars fFig. 6sedg. The surface of TiC is not significantly modified after healing at 1400 ° C for 3 h or after subsequent annealing at PO2 = 10−6 mbars fFig. 7sbdg and 6 3 10−6 mbars fFig. 7scdg, compared to the as-implanted morphology fFig. 7sadg. Crystallites become only visible after annealing under PO2 = 2 3 10−5 mbars fFig. 7sddg. In the last case, crystallites show a very well-defined orientation on large TiC grains. These are mostly located in the center of the grains, with crystallitefree regions near grain boundaries. At higher PO2 fFig. 7sedg, a layer is formed on the surface which appearance is less homogeneous than the one observed on TiN surface after the same treatment fFig. 6sedg. Indeed, its morphology is rough with top hill located near primary grains boundaries. Moreover, the film seems fragile and is removed in many places.
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FIG. 7. sad SEM micrographs of the as-implanted TiC surface, sbd after annealing at 1500 ° C for 1 h under PO2 = 10−6 mbars ssimilar micrographs were obtained after healing at 1400 ° C for 3 h, not shownd, scd PO2 = 6 3 10−6 mbars, sdd PO2 = 2 3 10−5 mbars, and sed PO2 = 2 3 10−4 mbars.



B. Oxygen depth profiles



Oxygen depth profiles deduced from NBS spectra are displayed in Fig. 8. Concerning TiC fFig. 8sadg, the bulk concentration was measured to be approximately 1 at. % sfor recall: less than 2.5– 2.9 at. % was guaranteed by the supplier of the powdersd. Just after implantation the oxidized layer extends on about 100 nm with a maximal concentration near 6 at. % at the surface. During healing at 1400 ° C for 3 h sPO2 < 10−6 mbarsd, the oxygen concentration at the surface decreases to about 1.5 at. % and a clear depletion takes place up to 900 nm. Note that the same oxygen depletion is observed after annealing at 1500 ° C under PO2 = 10−6 and 6 3 10−6 mbars. For higher pressures, the oxygen content increases notably in the first micrometer. A maximal oxygen concentration of about 62 at. % is finally reached at the surface after annealing at PO2 = 2 3 10−4 mbars and the depth concerned by oxidation approaches 3 mm. A different tendency is observed for TiN fFig. 8sbdg as oxygen concentration at the surface globally increases after



any annealing, even at low PO2. Indeed, the oxidized depth varies from a hundred of nanometers just after implantation surface sfOgmax < 2 at. %d to about 200 nm after healing at 1400 ° C for 3 h sPO2 < 10−6 mbarsd. The depth concerned by oxidation is not notably modified by subsequent thermal treatments at 1500 ° C under PO2 = 10−6 and 6 3 10−6 mbars, but the oxygen concentration at the surface increases to 5 – 6 at. % in each case. As for TiC, a massive oxidation is observed for higher pressures with a maximum concentration of about 62 at. % at the surface after annealing at 6 3 10−6 mbars. Nevertheless in this last case, the maximum depth concerned by oxidation is less important than for the carbide, and is about 800 nm sagainst 3 mm for TiCd. C. XRD



GIXRD was performed after each thermal treatment. The peak patterns are shown in Fig. 9. Titanium carbide fFig. 9sadg and nitride fFig. 9sbdg annealed for 1 h at 1500 ° C under PO2 # 6 3 10−6 mbars display the same diffraction pat-
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FIG. 8. sColor onlined sad Oxygen depth profile deduced from NBS spectra after each thermal treatment for TiC, and sbd for TiN suncertainty on oxygen concentration at each depth was estimated to 61 at. % for TiN and 60.3 at. % for TiCd.



tern than the initial material. The peaks observed after these treatments correspond to a well-crystallized fcc structure. Some variations are observed in the relative height of the GIXRD peaks, between 10−6 and 6 3 10−6 mbars, mostly for TiC. These variations could be due either to some texture near the surface or, more likely, to a purely statistical problem, itself coming from the relatively small number of grains examined using grazing incidence sdepth probed '230–240 nmd. A more extensive study implementing rotating samples is under progress to confirm this last assumption, and only the nature of the observed phases will be commented in the following. At higher oxygen partial pressures, GIXRD reveals the formation of a Ti3O5 on the surface of TiN fFig. 9sbdg. The intensity of these peaks increases from PO2 = 2 3 10−5 mbars to 2 3 10−4 mbars. On the other hand, a mixture of oxides grows on the TiC surface at PO2 $ 2 3 10−5 mbars fFig. 9sadg. Both Ti3O5 and Ti2O3 are identified at PO2 = 2 3 10−5 mbars and additional peaks corresponding to TiO2 also appear on the GIXRD pattern after annealing at PO2 = 2 3 10−4 mbars. D. Xenon depth profiles



The evolution of Xe profile during thermal treatments is presented in Fig. 10. The healing treatment at 1400 ° C for 3 h sPO2 < 10−6 mbarsd did not result in any significant modification of the profiles, except a very slight shift toward the surface which remains in the uncertainty range for both materials. This slight shift sand broadeningd could be partly due to the exfoliation sor erosiond of some primary grains during this first treatment at high temperature. It results in some



FIG. 9. sad GIXRD patterns obtained at low angle for TiC and sbd for TiN as a function of PO2.



differences in grains altitude, visible in Fig. 6sbd for example. The mobility of the implanted xenon at higher temperature is globally more important in the nitride fFig. 10sbdg than in the carbide fFig. 10sadg, whatever the oxygen pressure. Indeed, profiles are almost not modified in the case of TiC for PO2 # 6 3 10−6 mbars, whereas similar treatments lead to a noticeable shift sand also a broadeningd of xenon signal toward the surface in the case of TiN sDx < 20 nmd. This shift at low PO2 was already observed and discussed in a previous work. Its amplitude was shown to increase with temperature sand timed, and it can be associated with the intrinsic mobility of xenon atoms in the host matrix, regardless of the oxidation. Note that for both materials, small differences are observed between the spectra corresponding to the two lowest pressures si.e., 10−6 and 6 3 10−6 mbarsd. At higher oxygen pressure, the signal intensity decreases notably for both materials. The released fraction of Xe, which was negligible at lower PO2, was estimated to be about 20% for TiN and less than 5% for TiC, after annealing at PO2 = 2 3 10−5 mbars. Finally, at PO2 = 2 3 10−4 mbars, xenon is completely removed from the surface of both TiN and TiC. IV. DISCUSSION A. Oxidation behavior of TiN and TiC



SEM micrographs and NBS analysis show on one hand that TiC is resistant to oxidation at 1500 ° C under PO2 # 6
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FIG. 10. sColor onlined sad Xenon depth profiles deduced from RBS spectra after each thermal treatment for TiC, and sbd for TiN.



3 10−6 mbars because no crystallites are visible on the surface and the oxygen depth profiles remain unchanged compared to the untreated sample. On the other hand, TiN surface shows crystallites and NBS analysis indicates a noticeable oxidation of the first hundred nanometers. Nevertheless, under PO2 $ 2 3 10−5 mbars crystallites also appear on TiC surface. A correlation between the growth of crystallites on the surface and the oxygen partial pressure during annealing is established. According to GIXRD, these crystallites correspond to Ti3O5 mainly in the case of TiN, whereas a mixture of Ti2O3, Ti3O5, and even TiO2 was identified in the case of TiC. The number and size of the crystallites increase with PO2 to finally form a continuous oxide layer covering the entire surface after annealing at PO2 = 2 3 10−4 mbars for both materials. The fact that the crystallites orientation and their size vary from one grain to another in the case of TiC fFig. 7sddg suggests a strong influence of grain orientation on surface oxidation. Note that similar geometrical crystallites, depleted in xenon, were observed by Bes et al.25 on the surface of TiN samples with average grain size of about 38 mm. In the present study, TiN samples show an average grain size of about 6 mm and the crystallites are mostly located along grain boundaries. Electron backscattered diffraction experiments have confirmed a direct correlation between the TiN grain lattice orientation and the presence sor notd of oriented crystallites.37 The formation of titanium oxides on the surface of both titanium nitride and carbide under highly oxidizing conditions is consistent with results obtained elsewhere. Indeed, Askarova and Zhilyaev38 have shown that the primary oxidation product for TiC at T $ 1200 ° C and under partial at-
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mospheric oxygen pressures of 20 mbars is Ti2O3. This primary oxide is rapidly oxidized to Ti3O5 which becomes the main component of the multiphase oxide scale. In these conditions, TiO2 srutiled resulting from the oxidation of Ti3O5 at the oxide/air interface is also present in the oxidation products in small quantities. The same oxidation products were evidenced by Chuprina and Shalya39 in the case of TiN sintered specimens, after annealing in air at temperatures ranging from 600 to 900 ° C. According to these authors, the TiOxNy oxynitride is formed in a first oxidation step, which is thereafter oxidized to TiO, Ti2O3, Ti3O5, and even TiO2 sanatase or rutiled depending on the annealing duration and temperature. In our case, the intermediate oxidation state of the oxide growing on TiN surface si.e., Ti3O5d indicates that the experimental conditions are not sufficiently oxidizing to form TiO2 within 3 h of annealing. However, for TiC samples, treatments under high PO2 result in the formation of phases with higher oxidation states than for TiN samples. Chuprina and Shalya39 showed that the formation of a rutile layer on TiN surface during annealing in air s600 ° C , T , 800 ° Cd slows down the diffusion of oxygen in the scale. For our samples, a similar behavior is expected with the oxide layer formed on TiN and TiC surface at PO2 = 2 3 10−4 mbars. The protective character of this layer could depend on the present phases but also on the microstructure of the material. Indeed, the layer is visibly homogeneous in the case of TiN, this might be correlated with its fine grain size sx < 6 mmd, whereas for TiC sx < 20 mmd, the layer is heterogeneously distributed among the grains and the grain boundaries. If such a relationship is established, it could mean that small grains are preferable to get a homogeneous protective oxide layer and, thereafter, to limit the oxidation of both titanium nitride and carbide at high PO2. B. Correlation between oxidation and xenon release



On one hand, the evolution of xenon depth profile for TiN indicates a continuous increase in xenon release with increasing PO2. This fact is directly correlated with the SEM observation showing the increased presence of crystallites on TiN surface when PO2 increases. The shift in xenon profile at PO2 = 10−6 mbars is in good agreement with the results obtained in a previous work,19 and this transport can be seen as nearly independent of the oxidation fvery low areal density of crystallites in Fig. 6sbdg. On the other hand, xenon depth profiles for TiC remain unchanged with increasing PO2 up to 6 3 10−6 mbars. This suggests that the thermal migration of Xe in TiC under low PO2 s#6 3 10−6 mbarsd does not occur. At PO2 = 2 3 10−5 mbars, the depth profile shows a slight release of Xe, this measurement is directly correlated with the apparition of oxide crystallites on the surface of TiC. Nuclear microprobe experiments would be necessary to evaluate more precisely the amount of xenon contained in the oxide crystallites. However, these phases are likely to be globally xenon depleted as in the case of TiN.25 Under oxygen partial pressure of 2 3 10−4 mbars, the implanted Xe is completely removed form both nitride and carbide sconcentration lower than LODd. This observation is consistent with previous results obtained by Matzke on metallic materials.40 In Matzke
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study, a clear correlation was made between oxidation and rare gas release from Cu, Ni, and Ti. According to this author, sudden gas release is connected with any change in the metal structure. Concerning titanium carbide and nitride ceramics, their bonding system is complex; however their properties such as thermal and electrical conductivity suggest strong metallic characteristics.41 The incorporation of oxygen modifies the lattice parameter of the crystal. Consequently, this structural modification may induce the total release of Xe at PO2 $ 2 3 10−4 mbars, the depth concerned by oxidation becoming greater than the implanted depth sRp < 150 nmd. Finally, it should be noted that oxidation behavior of both nitride and carbide at high PO2 is probably little influenced by the presence of xenon as very similar evolutions of the surfaces were observed in parallel on some samples which were not implanted. V. CONCLUSION



This work attempted to obtain a clear and comprehensive interpretation on the thermal behavior of xenon implanted in sintered TiN and TiC s800 keV 129Xe++ ions with an ion fluence of 5 3 1015 cm−2d, taking into account complex phenomena such as heterogeneous oxidation and the progressive evolution of surface morphology. Isothermal treatments were performed at a temperature of 1500 ° C and under several oxygen partial pressures between 10−6 and 2 3 10−4 mbars. Oxygen and xenon profiles were determined by NBS and RBS analysis, respectively, and surface morphology was examined by SEM. Titanium carbide presents no visible reactivity to oxygen at 1500 ° C up to a PO2 = 6 3 10−6 mbars, whereas TiN shows the presence of oxide crystallites on its surface. At higher oxygen pressure sPO2 $ 2 3 10−5 mbarsd, the oxidation of both TiN and TiC is observed with the growth of oxide crystallites on the surface. The spatial distribution of these crystallites is strongly correlated with the initial microstructure of the material. At PO2 = 2 3 10−4 mbars, TiN and TiC surfaces are entirely covered with an oxide layer. This layer is mainly Ti3O5 in the case of TiN whereas it contains also small quantities of Ti2O3 and TiO2 in the case of TiC. The protective effect of this oxide layer could depend on its composition and also on the initial microstructure of the material. Xenon mobility was shown to be directly correlated with the presence of oxide crystallites on TiN and TiC surfaces, the more oxide crystallites cover the surface the more xenon is released. ACKNOWLEDGMENTS
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