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Positron annihilation lifetime spectroscopy (PALS) measurements were performed to study the influence of the sintering temperature, heating rate and dwell time on the porosity and on the defect concentration on series of spark plasma sintered alumina samples. Two long-lived components were found in the PALS spectra and were associated to pick-off annihilation of ortho-positronium localized in two types of pores. The same spectra were analysed in the frame of the threestate-trapping model and information for the intragranular and



at grain boundary defect concentration was extracted. At sintering temperatures below 1200 8C the regime of the high (600 8C/min) heating rate leaded to more efficient defect annealing compared to the regime of the low (8 8C/min) heating rate, while at higher temperatures this difference disappeared. The low heating rate at high temperatures leaded to more compact samples compared to these sintered at the high heating rate as a result of intergranular pore concentration decrease.
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1 Introduction The benefit of very fine-grained microstructures with submicrometer grain sizes and high density to obtain components with improved hardness, wear resistance, strength and optical performance is well known for alumina ceramics [1] but hardly achieved with conventional sintering or one-step hot pressing. Although high purity grade of a-alumina nanopowders and increased green state homogeneity provided by the shaping method [2] are some necessary but not sufficient requirements, the sintering step remains the most critical processing step to obtain high performance alumina ceramics, because it greatly affects the microstructural evolution and the related properties. Recent emerging consolidation technique called spark plasma sintering (SPS) or field assisted sintering technique (FAST) has attracted the interest of many researchers



because it offers the possibility to densify a wide range of various materials [3] including alumina ceramics [4, 5], while retaining the submicrometer structures at low sintering temperatures. In the SPS process, the powdered materials are loaded in a graphite die-punches system, then uniaxially pressed and directly heated by pulsed direct current passing through the graphite assembly. Besides these specific SPS features allowing high heating and cooling rates (up to 600 8C/min) and moderate applied pressures (99.99% a-Al2O3, Baı¨kowski Chemicals, France) was used in the experiments. The asreceived powder had average particle diameter d ¼ 170 nm, specific surface area of 14 m2/g and density of 1.385 g/cm3 as reported by the manufacturer. The raw powder was used directly, with no special treatment before SPS. An approximate powder amount of 2 g was loaded in the SPS graphite die. Several series of sintered samples were prepared to ensure reproducibility of both SPS process and PALS microstructural characterizations. The pressed powder was prepared at room temperature at pressure, given in detail in the next paragraph, as for the SPS samples. The SPS apparatus type HD P 25/1 (FCT Gmbh, Germany) was used in the present research. The as-received powder was loaded into a 20 mm-inner diameter graphite die, with a thermal insulating carbon felt to limit the heat radiation loss during the heating regime. The pulses patterns were maintained constant to 10:5:2, consisting of 2 pulses lasting 10 ms ON, followed by 5 ms OFF. The applied uniaxial pressure was constant to 80 MPa from the beginning of the heating step to the end of the dwell, then progressively released to 10 MPa during the cooling step to avoid sample breaking. For all sintered samples, a horizontal optical pyrometer focusing on a non-through hole in the graphite, closed at about 2 mm from the sample side, was used to control the heating rate until the desired sintering temperature was reached. In this study, two heating rate regimes without dwell time were chosen: 8 8C/min (low) and 600 8C/min (high) at various temperatures in the range from 900 to 1300 8C. An intermediate heating rate of 50 8C/min was arbitrary chosen for the isothermally treated samples at ß 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1 Relative sample porosity as a function of the sintering temperature for samples prepared without dwell time at high and low heating rate together with the data for raw powder and pressed powder. The error bars are within the symbol size.



930 8C. For a series of samples dwell duration up to 5 h were experimented. After the dwell step, all the samples were cooled to room temperature at a rate of 120 8C/min. All steps are performed in vacuum (0.7 mbar). Average relative porosities of the sintered samples were measured by Archimedes’ method with precision of 0.5% on the density values (Fig. 1) and density of 3.987 g/cm3 for perfect lattice a-alumina is used. The decrease in porosity with temperature illustrates that densification process during SPS seems to be thermally activated. 2.2 Positron lifetime spectrometer The positron lifetime spectrometer was a fast coincidence system with constant fraction discriminator windows opened to 30% as scaled to the upper discrimination level of the corresponding energy level of the start and stop gamma-rays. The spectra were recorded in 8192 channels of width of 12.4 ps. Source of 22NaCl with activity of 30 mCi, sealed between two Kapton foils of thickness of 7.5 mm, was used in sandwich geometry between two identical samples of thickness of 2 mm. The resolution of the spectrometer was well described by two equicentred Gaussians with FWHMs of 240 ps (94%) and 380 ps (6%) as tested on reference Si and In samples with single positron lifetimes of 219 and 192 ps, correspondingly. The specific source contribution was determined with the help of the spectra of Si and In. The source contribution to the spectra of the studied alumina samples was calculated as 10.5% (slightly varying due to different sample density) of 382 ps and taken into account [9]. The measurements were performed at room temperature in air. The lifetime spectra with counts of 5  105 were recorded every hour in order to inspect the time zero drift. Eventually for each sample at least 10 up to 20 spectra were summed resulting in a spectrum with statistics of 5–10  106 counts. www.pss-a.com
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2.3 PALS spectra analysis The analysis of the spectra, cut 10 ns left and 80 ns right from the time zero, was done with LT v.9.2 code [10]. The left cut was chosen for precise background determination. The first type of analysis with four (or three in absence of very long-lived component) components showed lifetimes within the ranges: t1 ¼ 0.13–0.20 ns, I1 ¼ 40–90%; t2 ¼ 0.3–0.4 ns, I2 ¼ 10–50%; t3 ¼ 1.4–4.7 ns, I3 ¼ 0.5–1% and t4 ¼ 65-88 ns, I4 < 5%. The component association for this type of analysis is as follows: t4 is due to pick-off annihilation of o-Ps localized into large intergranular pores formed due to triple grain junction, t3 could be an artefact due to slow termalization of o-Ps in the large pores [11] or is due to pick-off annihilation of o-Ps localized into small intragranular or intergranular pores, the last situated at the double grain junctions, t2 is the lifetime of the positrons trapped at defects on the grain boundaries, and t1 is an unresolved mixture of lifetimes of at least three different annihilation states: free positrons, positrons trapped at aluminium monovacancies and small contribution from p-Ps annihilation. Due to the complex character of the first component this type of analysis is used only to determine the two long-lived components. In general, when Ps is formed, PALS spectra carry information also of the pore size distribution. LT allows determination of the widths of the continuous component distributions predetermined as lognormal. Due to the low o-Ps intensities, and despite the high statistics in the collected spectra, the fitted widths were with high uncertainties and it was not possible to extract any useful information. That is why only discrete component analysis results are reported in the present study. It is worth mentioning that for polycrystalline materials, models are developed to explain diffusion-controlled trapping at grain boundaries and transition-limited trapping at intragranular point defects [12–14]. Unfortunately, these models are not yet put in proper software shape for users. The diffusion trapping model (DTM) included in the LT 9.0 program deals only with defects on the grain boundaries. A comparison study by the DTM and the three-state trapping model (3STM) on defect concentrations at grain boundaries in sintered alumina shows similar values obtained by the two approaches [15]. The authors have concluded that differences between the two models could be seen at special conditions and for grain diameter greater than 4 mm. That is why the present study is done by 3STM, which is incorporated in LT 9.2 code. The code gives a possibility for a direct search of the trapping rate coefficients. According to 3STM, see Ref. [6], P the positron lifetime ÿ spectrum is described by SðtÞ ¼ j¼1;v;GB lj Ij exp ÿlj t ; where l1 ¼ t ÿ1 lv ¼ tÿ1 lGB ¼ tÿ1 I1 ¼ 1 ÿ b þ kv þ kGB; v ; GB ; (Iv þ IGB); Iv ¼ kv/(l1 ÿ lv); IGB ¼ kGB/(l1 ÿ lGB). The fitting parameters are the free positron lifetime tb, the lifetimes at two types of defects tv and tGB, as well as the corresponding trapping rates at these defects kv and kGB. Thus for the second type of analysis of the same spectra the 3STM has been used. The attempts to apply the 3STM for a search of all fitting parameters tb, tv, tGB, kv and kGB failed due to bad convergence or too large uncertainty in the best fit www.pss-a.com
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parameters. In the final analysis we have fixed tb ¼ 140 ps [13, 16] and tv ¼ 165 ps [17], which values are in good agreement with the lifetime of the delocalized positrons in perfect crystal and of positrons trapped at aluminium monovacancies reported for single crystal a-alumina and synthetic sapphire [18, 19]. The calculations using the software package ‘Doppler’ [20] based on the local density approximation method [21], gave the following results for positron lifetime in a-alumina: for a perfect lattice 140.9 ps and for aluminium monovacancies 164.4 ps. For all of the samples the long-lived components were taken into account in the 3STM analysis by fixing their lifetimes and intensities to the values found in the preliminary analysis as an addition to the source correction. Both types of analysis gave variances of the fit within the range (1–1.1) with no observable structure on the residuals. 3 Results and discussion 3.1 Porosity As it is stated in Section 2.3 the unconstrained analysis of the PALS spectra indicated presence of o-Ps with pick-off annihilation lifetime of the order of few ns and for some of the samples additional very long-lived o-Ps with pick-off annihilation lifetime of the order of 70 ns. The size of the pores where Ps is confined is calculated, assuming spherical shape, from the o-Ps pick-off annihilation lifetime by the help of the extended Tao-Eldrup (ETE) model [8]. It is important to mention that this correlation between the o-Ps lifetime and the pore size is nonlinear and that the uncertainty increases for lifetimes approaching 142 ns (the o-Ps lifetime in vacuum). In order to have better visualization of the tendencies, for this series of samples in the cases where the intensity of the very longlived component was too low for detection of t4 with a reasonable accuracy t4 was fixed to 142 ns. In Fig. 2 the lifetime and intensity of the longest-lived component due to annihilation of o-Ps localized in large pores of nanometer sizes is depicted and the calculated pore sizes by ETE model are given as outside labels on the secondary y-axis. It should be noted that if the structure of the raw powder is considered as consisting of closely packed spherical oxide particles with diameter d ¼ 170 nm, from purely geometrical considerations the radius of the included pores is 0.23d/2 or 20 nm. The latter value is even underestimated due to the random packing and the shape irregularity of the grains. The porosity measured by mercury intrusion is ranging between 50 and 60% [21], i.e. simple cubic packing for which the radius of the inscribed pores correspond to 35 nm (0.41d/2) and the most frequent pore radius found was 30 nm. Consequently, there is a large discrepancy between the pore size, determined by mercury intrusion, of the raw powder and the one obtained by the ETE model (Fig. 2). The main reason for such discrepancy is a result of the measurement conditions (in air) and open sample porosity which leads to pores filled with air and consequent quench of the o-Ps pick off annihilation lifetime. Sudarshan et al. [22] have derived the following equation for pore radius, R in nm, as a function of the o-Ps pick-off lifetime, to-Ps in ns, for pores ß 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2 o-Ps lifetime, t4, (a) and the corresponding intensity, I4, (b) as a function of the sintering temperature for samples prepared without dwell time at high and low heating rate. The diamond and triangle symbols depict the data for the raw powder and the pressed powder. The sizes of the pores in (a) are calculated by the ETE model (outside labels) and by Eq. (1) (inside labels).



filled with air: .  ÿ1 R ¼ r þ k tÿ1 oÿPs ÿt v;oÿPs ÿlq ;



(1)



where r ¼ 0.68 nm, lq ¼ 0.00427 nsÿ1 and k ¼ 0.0164 nm/ns. For the raw powder the calculated R by Eq. (1) is 11.1 nm. However, even the last value is 2–3 times lower than the measured one by mercury intrusion. Here comes the fact that when pore size increases the contribution of the three gamma self-annihilation of o-Ps also increases. Thus, the different counting efficiency of two and three gammas annihilation may distort significantly not only the measured o-Ps intensity [17, 23] but also the long lifetimes in particular in case of narrow stop constant fraction discriminator window. The purpose of the discussion in the above two paragraphs was to underline that the data of the longest component should be interpreted cautiously and only to get information of the relative change in pore radius and concentration. ß 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



The data in Fig. 2a reveals that in the order raw powder, pressed powder, powder sintered at 900 8C, t4 decreases which means the size of the pores decreases. Further, for samples sintered at 1000 and 1050 8C the increase of t4 has dual possible explanation either pore sizes increase or/and the closed pore contribution increases. For sample sintered at 1100 8C t4 is higher than 88.4 ns, which value is the upper limit level for the o-Ps lifetime in large air filled pores [22]. The higher value can be explained by contribution of pores where o-Ps annihilates in vacuum (the upper limit level is 142 ns). Closed pores free of air can be formed during the sintering in vacuum. The last explanation is supported by the scanning electron microscopy images on these samples where few large residual closed pores trapped inside the grains or at grains junctions are observed [24]. Formation of Ps in the bulk of single crystal a-alumina is never observed. Consequently, in alumina powders formation of Ps occurs by surface electron capture. The positron diffusion length in alumina has been determined to 18 nm [19], so only the positrons which are thermalized close to the grain surface in proximity of a pore may form Ps. This means that the o-Ps intensity strongly depends on the internal specific surface. Consequently, the decrease in I4 in Fig. 2b indicates a decrease of the internal specific surface with increasing the sintering temperature, which could be a result of densification in agreement with the measured porosity by the Archimedes method (Fig. 1). The decrease of the internal specific surface is steep from 900 up to 1100 8C and at higher temperatures turns into a gradual decrease for the samples prepared at the low heating rate and saturates for the samples prepared at the high heating rate. The lifetime and the intensity of the third component are shown in Fig. 3. The intensity I3 is very low and remains almost unchanged. It does not show any correlation with I4 which could be understood if the major contribution to the third component comes from pores randomly distributed in the volume, i.e. not only at the grain surface. This implies that the third component originates mostly from o-Ps pick-off annihilation in small intragranular pores, i.e. closed pores. For pores with radii smaller than 1 nm (o-Ps lifetimes shorter than 20 ns) the effect of the air is not very strong [23]. That is why the ETE model is used to calculate the corresponding pore sizes given as secondary y-axis in Fig. 3a. Figure 3a shows a gradual decrease in the size of the small pore up to 1000 8C followed by saturation at higher temperatures. The o-Ps intensity data shown in Figs. 2b and 3b indicate residual both small and large pores even at 1300 8C, probably due to pore/boundary separation when the relative density is above 90%. Indeed, as sintering proceeds at high temperatures (>1100 8C), large interconnected pores are eliminated, and residual pores are present mostly at grain boundaries and grains junctions. Thus, pores move together with the grain boundaries as the grains grow, and it follows that pores at grain boundaries inhibit grain growth and influence further densification [25]. Hence, if the boundary migration velocity is higher than the pore migration velocity, pore and grain boundary will separate, and pores will be trapped inside the www.pss-a.com



Original Paper Phys. Status Solidi A 208, No. 4 (2011)



799



6



90



0.52



0.47



Raw Powder



4



0.42



3



0.36



2



0.28



70



50



5 3



(a) 1 800 RT



1



0.17 900



1000



1100



1200



o



(a)



7



τ 3 (ns)



Pressed Powder



ETE Pore radius (nm )



o-Ps lifetime, τ 3 (ns)



High Heating Rate 5



τ 4 (ns)



Low Heating Rate



0



1



1300



2



3



4



5



Dwell duration (h)



Sintering Temperature ( C) 6



2.0 High Heating Rate



1.6



Pressed Powder Raw Powder



1.4



I 4 (%)



1.8



5 4 3



1.2



2



(b)



2



1.0 0.8



I 3 (%)



o-Ps intensity, I 3 (%)



Low Heating Rate



0.6 0.4



(b)



0.2 0.0 800RT



1



0 0



900



1000



1100



1200



1300



Sintering Temperature ( oC) Figure 3 o-Ps lifetime, t3, (a) and the corresponding intensity, I3, (b) as a function of the sintering temperature for samples prepared without dwell time at high and low heating rate. The diamond and triangle symbols depict the data for the raw and the pressed powder. The sizes of the pores are calculated by the ETE model.



grain. This pore/boundary separation limits further densification since the intragranular trapped pores are difficult to eliminate and grain growth becomes predominant [25]. Further experiments on pores interconnection are planned to assess for such change in pore type and location, i.e. to check if there are defect clusters in the bulk of the grains in which Ps can be confined. According to the results shown in Figs. 2 and 3, there is clear influence of the different heating rate on the porosity. The large pores are smaller while the sizes of the small pores are bigger for the high heating rate than for the low one. At sintering temperatures >1100 8C the internal specific surface in slowly heated samples is larger compared to that of the fast heated ones. In Fig. 4 the results of o-Ps lifetimes and the corresponding intensities for samples prepared at fixed sintering temperature of 930 8C and at different dwell times are shown. Only the sample with the shortest dwell time www.pss-a.com
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Dwell duration (h) Figure 4 o-Ps lifetimes, t3 and t4, (a) and the corresponding intensities (b), I3 and I4, as a function of the dwell time for samples prepared at 50 8C/min heating rate and at fixed sintering temperature of 930 8C. The lines are drawn to guide the eye.



(2 min) deviates from the others and shows slightly larger small pores (Fig. 4a). The change in I4 (Fig. 4b) shows tendency of decrease with the dwell time, i.e. the internal specific surface decreases, which can be explained by densification or by grain growth with the dwell time typical for hot isostatic pressing [26]. The I4 values for the series of the samples sintered at fixed temperatures of 1150 and 1300 8C at the high and the low heating rate at different dwell times were too low (see for orientation Fig. 2b) in order to extract any tendency. The values (not shown graphically) for t3 and the corresponding intensity I3 on the same sample series showed a scatter within the experimental error which means that the dwell time in the chosen range does not influence the small pores. 3.2 Defect concentration It is necessary to mention that most probably the defects in the raw powder associated to the 165 ps lifetime are aluminium monovacancies, however, the further mechanical treatment applied on the ß 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Sintering Temperature ( C) Figure 5 Positron trapping rates kv and kGB (a) obtained by 3STM analysis and the sum of Iv and IGB together with tGB (b) as a function of the sintering temperature for the samples prepared without dwell time at the high and the low heating rate. The diamond and triangle symbols depict the data for the raw and the pressed powder.



raw powder may introduce not only point defects but dislocations as well. The lifetimes of positrons trapped at monovacancy and at dislocations are usually very close [6]. Brauer et al. have found a lifetime of 166  5 ps for positrons trapped at dislocations in alumina [27]. That is why these two defect types are irresolvable in PALS spectra deconvolution if coexist. The trapping rates kv and kGB obtained by the 3STM analysis are plotted in Fig. 5a as a function of the sintering temperature. The trapping rates are proportional to the defect concentration Ci, i.e. ki ¼ miCi (i ¼ v, GB, dislocations), where mi is the positron trapping coefficient at the corresponding defect type. Unfortunately, there is no available information for these coefficients in pure alumina. ß 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



If the nature of the defects is known, some conversions from trapping rates to defect concentration could be done if one accepts the trapping coefficients found for semiconductors, namely, 6  1014, 2.5  1015 and 6  1015 sÿ1, for neutral, singly negative and doubly negative defects at room temperature [28]. Additional experiment of PALS measurement as a function of the temperature may enlighten the nature of the defects. According to Puska et al. neutral defect trapping coefficients are temperature independent while for negatively charged defects the positron trapping coefficients increase with the decrease of the temperature [28]. The determination of the absolute trapping coefficients is reliable only in case if the positron trapping is not in saturation. The sum of the intensities, Iv þ IGB, of the two trapping states are shown in Fig. 5b. Obviously, the positrons in the pressed powder and in the samples sintered at temperatures below 1100 8C annihilate in regime of saturation trapping and this is reflected in the big error bars of kv and kGB (Fig. 5a). That is why the corresponding values should be considered as lower estimation. The data in Fig. 5a show clearly that the defect concentration in the raw powder is relatively low. The process of pressing is responsible for introducing a definite amount of defects both intragranular and on the grain boundaries. The sintering temperatures of 900 8C is not high enough to initiate defect annealing process. The sintering at 1000 8C is accompanied by defect annealing but only at the high heating rate. Further increase of the sintering temperature definitely leads to defect annealing and at 1250 and 1300 8C the defect concentration is lower than in the initial raw powder. At sintering temperatures below 1200 8C the regime of the high heating rate leads to more efficient defect annealing compared to the regime of the low heating rate, while at higher temperatures this difference disappears. The tGB values shown in Fig. 5b for the samples sintered at the low heating rate are in average slightly smaller than these ones for the samples sintered at the high heating rate, which indicates that the low heating rate regime leads to decrease in the size of the defect clusters at the grain boundaries. The effect of the dwell time on the defect concentration has been checked on few series of samples sintered at different temperatures and heat rate. The results for the positron trapping rates are summarized in Fig. 6. The results show that the chosen range of dwell time does not have strong influence on the defect concentration. The only exception is series of samples sintered at 1150 8C at low heating rate where a decrease in both kv and kGB is detected with the increase of the dwell time. The Fig. 6 results partly confirm the conclusion made in the last sentence of the previous paragraph. However, it is worth noting that intensive grain growth has occurred in fast heated samples at low temperatures contrary to the slow heated samples [24]. 4 Conclusions PALS measurements of SPS alumina have been performed. The analysis of the PALS spectra has allowed drawing conclusions on both porosity and defect www.pss-a.com
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introduces defects both intragranular and on the grain boundaries. The sintering at temperatures exceeding 1200 8C leads to efficient defect annealing. At sintering temperatures below 1200 8C the regime of the high heating rate leads to more efficient defect annealing compared to the regime of the low heating rate, while at higher temperatures this difference has disappeared.
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structure. The spectra showed two long lifetimes which we have associated with two types of pores: large intergranular and small in a combination of intragranular and intergranular. It has been found that with the increase of the sintering temperature the size of the large intergranular pores increases while their concentration decreases. This effect has been correlated to densification and grain growth processes. There are some indications of a change of the porosity type from open to closed with increasing the sintering temperature. The low heating rate at high temperatures has lead to more compact samples compared to these sintered at the high heating rate. The PALS spectra has been well-fitted with the 3STM model on the suggestion that the intragranular defects are aluminium monovacancy and/or dislocations and at the grain boundaries positron traps are small defect clusters. The data of the positron trapping rates kv and kGB have revealed that the process of compacting the powder under pressure www.pss-a.com
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