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 bstract
 ransparent polycrystalline alumina (PCA) is a promising replacement for sapphire. Its optical properties however are highly dependent on therain size and residual porosity which need to be controlled for real inline transmittances (RIT), that are high enough for possible applications.
 To achieve high RITs, doping as well as pressure assisted sintering is often used. In this study spark plasma sintering (SPS) and doping arenvestigated. A systematic experimental design is used to study the influence of Mg, Y and La single or co-doping (75–450 ppm) as well as thePS sintering pressure and temperature on the RIT and grain size of PCA.Using optimized sintering parameters, RITs of >50% were attained in the visible wavelength (640 nm) for 0.8 mm thick samples for almost all
 oping strategies. The best RIT of 57% was for triple-doped samples at a total dopant level of 450 ppm. These results are significantly better thanreviously published SPS studies and illustrate that SPS sintered alumina can attain high and reproducible optical transmittances under variousoping and sintering conditions.
 2009 Elsevier Ltd. All rights reserved.
 Keywords: Al2O3; Sintering; Optical properties; SPS
 1. Introduction
 Over recent years, attempts have been made to replace sap-phire by transparent polycrystalline alumina (PCA)1–6 for botheconomic and ecological reasons.
 The most important parameters controlling the degree oftransparency achievable for polycrystalline materials are thegrain size (e.g. light scattering by grains γG)1 and the poros-ity (e.g. light scattering by pores γP)7 as can be seen from themodel for the real inline transmittance (RIT) given by Eqs. (1)8
 and (2):
 RIT = I
 I0=(1 = RS)exp(−γtotD) (1)
 tot=γG + γP + · · ·=3π2r�n2
 λ20
 + 3VPQeff
 4rmexp(3.5δ2)+ · · · (2)
 ∗ Corresponding author.E-mail address: [email protected] (Z. Zhao).
 955-2219/$ – see front matter © 2009 Elsevier Ltd. All rights reserved.oi:10.1016/j.jeurceramsoc.2009.12.001
 with I0 and I the light beam intensities before and after travel-ling through a PCA sample with an apparent thickness D; RS thetotal normal surface reflectance (RS(Al2O3) = 0.14) and γ tot thetotal scattering (absorption) coefficient; γG and γP the scatteringcontributions from the grains and the pores, respectively; r the(average) grain radius; �n the (average) refractive index changebetween two adjacent grains (�nmax = no − ne = 0.008); λ0 thewavelength of the incident light in vacuum; Vp the specific porevolume; rm the radius of the mode of the pore size distribution;δ the standard deviation factor for a lognormal distribution andQeff an effective dimensionless scattering efficiency of the pores.The simulated contributions of grains and pores on the RIT areillustrated in Fig. 1 and described more in detail elsewhere.1,7
 This light scattering theory predicts the requirement of an aver-age grain size diameter below 250 nm and a density above99.995 vol.% for PCA to be competitive with sapphire in termsof RIT in the visible range (PCA > 80%; sapphire = 86%).
 Over the last decade, several groups have tried to produce
 high-RIT PCA samples with two different strategies, namelynatural sintering coupled with post-hot isostatic pressing (HIP)and spark plasma sintering (SPS). mailto:[email protected]
 dx.doi.org/10.1016/j.jeurceramsoc.2009.12.001
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 dopant ratio as well as the dopant elements (M = magnesium,
 ig. 1. Influence of grain size diameter, porosity (pore diameter 20 nm) andverage refractive index change according to the optical model (Eq. (1)) on theIT of PCA.
 For post- HIP treated samples, results for undoped,5 single-oped (Mg2+, Ti4+)1,3,9 and co-doped (Ca2+–Ti4+)10 PCA haveeen reported so far. This method gave fairly reproducible RITsetween different groups with values up to 65%. However onlyrell et al. reached RITs as high as 72%.5 From some of these
 tudies, it appeared that achieving “full” density without exten-ive grain growth can be favored by defect free green bodyrocessing.5,11 Defect free high density green body fabricationives a more homogeneous porosity distribution. This allowshe pores to close as late as possible during the sintering cycle,educes the sintering temperature5,11 and retards the occurrencef grain growth.12,13 As well as processing, the quality of thetarting powder also plays a key role. Due to the very limited sol-bility of ions in Al2O3 (in the ppm range), the grain boundaryomposition can be affected by segregated dopants or impuri-ies, the powder should thus be of very high purity. Selectiveoping can further enhance densification versus grain growthy promoting densification and reducing the grain boundaryobility.9,14,15
 For spark plasma sintered PCA samples, reported results2,16
 ave been less promising, with a maximum RIT of 35%λ = 640 nm, thickness 1 mm; calculated RIT of 40% for 0.8 mmhickness according to Eq. (3)).16 Reproducibility between dif-erent groups seems to be an issue and the achieved RITs are notn the range of those obtained with traditional sintering methods.owever, careful powder processing to avoid agglomeration or
 ontamination as well as improvements of the SPS sinteringarameters should help to show the benefits of SPS.17 Further-ore, in all the SPS studies reported to date the graphite dies
 ave been loaded directly with the alumina powder (i.e. no greenody).
 No systematic research has been reported concerning the fab-ication of doped polycrystalline alumina by SPS. In this studyhe effects of Mg, Y and La doping (single and combined) on the
 icrostructure and light transmittance (i.e. RIT) of spark plasmaintered PCA were systematically evaluated.
 Magnesium has been chosen due to its effects on grain bound-ry/surface diffusion14,18 and grain boundary mobility,14,18 theeported surface roughening19,20 and its liquid scavenger19,21
 eramic Society 30 (2010) 1335–1343
 effects. It is expected to enhance densification (e.g. by lower-ing the activation energy), avoid abnormal or anisotropic graingrowth as well as influence the atomic arrangement and thuspotentially the dopant cation solubility in the grain boundaryarea (e.g. oxygen vacancies).
 Yttria has mainly been reported to increase creep resistanceof alumina and to hinder grain growth during sintering.22,23 Ithas a very low solubility in alumina and thus strongly segregatesat grain boundaries24–26 where it hinders diffusion processes andcauses solute drag to occur. Its effects on the diffusion processesmight be linked to the recently reported pattern formation of Yatoms at specific grain boundaries.25
 The larger cation size of lanthanum compared to yttria butidentical valence leads us to expect La to have stronger effectsthan yttria. Although both inhibit densification and grain growth,La has been reported to be the better grain growth inhibitorwhereas Y is the better densification inhibitor15 (c.f. patternformation25).
 The solubility of the selected dopants is very limited in alu-mina. The solid solution limits above which segregation orsegregation plus precipitation occurs are commonly admittedto be in cationic ratios ([dopant]/[Al]) in the ppm range (forMg < 200 ppm27 and for Y and La even lower).
 Although the effects of these dopants have been extensivelyreported in the literature, their effect may be different due tochanges in kinetics when using SPS, where sintering of piecestakes several minutes rather than hours for natural sintering.The aim of this work is to provide a basic approach to achievereproducible high-RIT ceramics by SPS and to better evaluateits application for the production of transparent PCA.
 2. Materials and experimental method
 The powder used was a polyhedral near-spherical highpurity �-Al2O3 with a median particle size Dv50 of 510 nm,a total impurity concentration of less than 0.01 mass% (≤5 ppmfor Si, Na, Mg, Cu and Fe) and a specific surface SBETof 4.2 m2/g.
 Doping was carried out by dispersing 25 g of the pow-der in 60 mL 0.01 M HNO3 and adding the required dopantsolutions Mg(NO3)2·6H2O, Y(NO3)3·6H2O, La(NO3)3·6H2O(purity >99%, dissolved in 0.01 M HNO3) to achieve the desiredcationic dopant ratio. After the dopant addition, 0.01 M HNO3was added to reach a final volume of 80 mL. The suspension wasstirred for 5 min and then treated for 10 min in an ultrasonic bath.The suspension was then frozen in liquid nitrogen and freeze-dried during approximately 45 h (−50 ◦C @ 0.08–0.1 mbar,Alpha 1-4, Christ, Germany).
 All single, double and triple dopant combinations of the3 dopants Mg, Y and La were prepared for a total cationicdopant ratio of 225 ppm and 450 ppm resulting in 14 dif-ferent doped powders. These different powders are referredto as 225:M00, 450:MYL, etc. to indicate the total cationic
 Y = yttrium, L = lanthanum; all dopants were added in equalfractions of the total cationic ratio for double and triple doping).No calcination was performed before sintering. As a reference
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 Fig. 2. Simplified illustration of an SPS installation.
 aseline, the as-received and freeze-dried pure alumina powdersave also been investigated.
 For SPS sintering (Dr. Sinter 2050, Sumitomo Coal Miningo., Tokyo, Japan) 0.8 g of powder was loaded into a graphiteye (Ø 12 mm), the internal surface of which was covered withgraphite fiber sheet to avoid direct contact between the powderompact and the graphite die (Fig. 2). The sintering temperatureas measured by an optical pyrometer focused on a small cavity
 n the graphite die (distance between powder and cavity bottomas 5 mm). For maximum reproducibility, the sintering temper-
 ture and pressure were controlled by automatic controller units.For all 16 different powders (doped and undoped), the influ-
 nce of the sintering pressure and the sintering temperature werenvestigated according to an experimental matrix (Fig. 3). TheIT and grain size results were analyzed by statistical analysisf variance (factorial ANOVA)28: instead of conducting differ-nt series of independent experiments, they can be combined
 nto one matrix, allowing the effect of interacting parameters toe examined as well as giving the statistical significance of vari-tions of properties as a function of the different experimentalarameters. The effect of the parameters, doping, temperature, Fig. 3. Illustration of the studied experimental plan.
 (il
 fr1
 R
 w
 Fig. 4. Temperature and pressure cycles during SPS sintering.
 ressure and possible interactions between them on the mea-ured property (i.e. RIT or grain size) are determined within aonfidence interval of 95% (p ≤ 0.05) according to standard sta-istical analysis.28 The final sintering temperature was reachedn 8 min after a dwell for 3 min at 600 ◦C. The uniaxial pressureas raised to the final sintering pressure during the first 2 min of
 he dwell at 600 ◦C. The exact cycles for each series are summa-ized in Fig. 4. The pulse sequence for the SPS applied voltageor all the samples was 12:2 (i.e. 12 on/2 off).
 After sintering, the samples were polished down to a thick-ess of 1 mm to get parallel surfaces with a mirror-like qualitysing diamond pastes. The transmittance measurements wereade with a UV–VIS spectrometer (UV-VIS-NIR Lambda 900,erkinElmer, USA) in the wavelength range from 300 nm to000 nm. To assure that only the real-in line transmitted (RIT)ight was measured, two metallic shields each with a hole ofmm diameter were inserted in the light path (Fig. 5). By thisethod no light scattered by more than 1.2◦ will reach the detec-
 or. As this is the maximum angle (border to border), this methodan be assumed to be comparable to the laser RIT measurement<0.5◦) described by Krell et al.3 Note that without shields, thenline transmittance measurement would include more scatteredight and therefore the RIT would appear higher.
 The RIT values given in this paper are the values at 640 nmor 0.8 mm thick samples to compare with other published RITesults. These values have been calculated from the measuredmm thick samples according to Eq. (3)3:( )
 IT(t2) = (1 − RS) RIT(t1)
 1 − RS
 t2/t1
 (3)
 here RIT(ti) (i = 1, 2) is the RIT for a sample thickness ti.
 Fig. 5. Transmittance measurement setup.
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 ) sin
 and applying the least mean square method to evaluate the bestfit to our experimental results of RIT versus grain size, the �nwas determined to be 0.0053. The �n evaluation is further beinginvestigated by the electron backscatter diffraction (EBSD) tech-
 numtsas
 abepg
 Fv
 tered samples. (a) Pure (b) 225:M00, (c) 225:0Y0, and (d) 225:00L.
 ique, where knowledge of the grain orientations will allows to calculate an average �n. Archimedes density measure-ents could not reveal any significant density changes and all
 he samples are more than 99.95% dense. To evaluate the den-ities between the samples qualitatively, the experimental RITss a function of the grain sizes are plotted in Fig. 7, as well asome selected theoretical curves.
 All the samples, except the samples from the series sinteredt 1350 ◦C and 50 MPa (points circled Fig. 7), can be assumed toe equally dense >99.99% with reasonable accuracy, as all the
 xperimental points are close to the 0–0.01 vol.% optical modelredictions. This facilitates the discussion of the doping effectsiven in the following sections. Fig. 6. Microstructures after thermal etching at 1350 ◦C (@ 100 MPa
 SEM pictures (FEG JSM-7000, JEOL, Japan) for grain sizedetermination have been taken after thermal etching in air at1150 ◦C for 30 min (heating rate 10 ◦C/min). The average lineintercept method has been used, applying a correction factor of1.56.29
 3. Results and discussion
 3.1. General discussion
 First of all it is important to note that the grain shapesobtained with different doping strategies (Fig. 6(b)–(d)) couldall be treated as being isotropic and the grains can therefore beapproximated by spheres in the light scattering model. Due to theisotropic nature of the microstructure, the observed RIT changescan mainly be attributed to grain size and density changes result-ing from changes in doping and sintering parameters.
 As illustrated in Fig. 1, the RIT is very sensitive to the residualporosity, the grain size and the average refractive index change(�n) between adjacent grains. In general, increasing the grainsize reduces the RIT (samples become translucent) and increas-ing the porosity leads to opacification (samples become whiteor milky).
 To take into account the birefringence of alumina, Apetz andvan Bruggen proposed the �n change to be close to 0.005.1
 Assuming no residual porosity (e.g. excluding milky samples)
 ig. 7. RIT as a function of grain size diameter and model curves (Eq. (1)) witharying residual porosities (pore diameter 20 nm).
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 ig. 8. Real inline transmittance as a function of dopant elements (450 ppm), sars: 95% confidence interval of adjusted values based on analysis of variance (
 .2. Single doping
 Figs. 8 and 9 give the RIT and the grain size results, respec-ively, for pure and single 450 ppm-doped alumina samples as aunction of the sintering pressure and soak temperature. Fromhese figures, we observe that the introduction of dopants (MgO,
 2O3 and La2O3) increases the RIT and reduces the grain sizender all investigated sintering conditions.
 For pure alumina, the SEM image in Fig. 6(a) shows that inter-nd intragranular pores as well as grain growth are responsibleor the poor RIT values. This can be explained by both insuf-
 cient densification and pore grain boundary separation duringapid grain growth in the final stage of sintering, which occursue to the absence of an effective grain boundary movementnhibitor. ig. 9. Grain size diameter (bold numbers = measured values) as a function ofopant elements (450 ppm), sintering pressure and final sintering temperature.eating rate: ∼100 ◦C/min. Error bars: 95% confidence interval of adjustedalues based on analysis of variance (ANOVA).
 ring pressure and final sintering temperature. Heating rate: ∼100 ◦C/min. ErrorOVA).
 For all doping strategies an increase of the sintering temper-ature from 1350 ◦C to 1400 ◦C at both 50 MPa and 100 MPaleads to larger grains. The RIT however is observed to eitherimprove or deteriorate depending on the pressure. At 50 MPa,an increase of the sintering temperature enhanced the RIT valueswhereas at 100 MPa the RIT decreased. We can assume that den-sification is enhanced by the application of pressure, thereforehigher pressures are expected to reduce the sintering temperaturerequired for full densification. The improvement in the RIT at50 MPa on increasing the temperature is due to an enhanced den-sification, whereas at 100 MPa densification is complete earlierand increased grain growth reduces the RIT at 1400 ◦C. There-fore, it can be concluded that in this case a sintering pressure of100 MPa is sufficient to guarantee full densification at 1350 ◦C(c.f. sensitivity of RIT on porosity and grain size, Fig. 1).
 Comparing the single doping strategies between each otherin terms of RIT and grain sizes, it seems that Mg dopingreduces the sensitivity to the sintering parameters, in partic-ular on the temperature change at high pressure. As can beseen from Figs. 8 and 9, at 100 MPa the RIT of 450 ppm Mg-doped PCA drops slightly from 40.1% (grain size 0.88 �m)to 35.2% (1.09 �m) upon increasing the sintering temperaturefrom 1350 ◦C to 1400 ◦C. Whereas for 450 ppm Y- and La-doped PCA the RITs fall more severely from 54.8% (0.73 �m)to 40.5% (1.11 �m) and 48.8% (0.89 �m) to 32.6% (1.22 �m),respectively. Y and La therefore seem to have a similar effect,which however strongly depends on the sintering parameters,although Y seems slightly more effective than La in reducinggrain growth. The reduced sensitivity of the RIT (grain size) onthe sintering parameters of Mg-doped alumina may be explainedby enhanced grain boundary diffusion and the surface roughen-
 14,18,20
 ing effect.From Fig. 9 it is interesting to note that at any sintering temperature and whatever dopant element, an increase of thesintering pressure generally reduces grain growth. For pure alu-
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 Fig. 10. Real inline transmittance as a function of dopant elements, sinteringpressure and total doping level. Bold numbers are the measured grain size diam-ero
 mlst1itgsffsTd
 tpttipifaistftp
 3
 oss
 Fig. 11. Real inline transmittance as a function of dopant elements, total dopinglevel and sintering pressure. Bold numbers are the measured grain size diameterv1a
 tC(oTc24is
 (at both 225 ppm and 450 ppm, respectively, it appears that thedouble doping strategies improve the RIT, except for 225:0YLsintered at 1400 ◦C/50 MPa which is not fully dense. Further
 Fig. 12. Real inline transmittance as a function of dopant elements, total doping
 ter values by line intercept method. Sintering temperature: 1400 ◦C; heatingate: 100 ◦C/min. Error bars: 95% confidence interval of adjusted values basedn analysis of variance (ANOVA).
 ina, increased sintering pressure (from 50 MPa to 100 MPa)eads to significant grain growth, whereas for the Mg-dopedamples the pressure has almost no effect. For Y and La doping,he grain size is clearly reduced from 1.50 �m to 1.10 �m and.70 �m to 1.20 �m, respectively, at 1400 ◦C when pressure isncreased from 50 MPa to 100 MPa. Taking into considerationhe fact that higher applied pressures lead to an enhanced grainrowth above a critical temperature,30 the addition of dopantseems to increase this temperature. The enhanced grain growthor pure alumina under increased pressure has also been reportedor HIP sintered samples31 and is known to be dependent on theintering temperature, the density of the ceramic to be sintered.he critical values of these parameters can be influenced by theoping strategies31,32 as we have also observed here.
 Fig. 10 gives the RIT for single-doped alumina samples sin-ered at 1400 ◦C as a function of the doping level and the sinteringressure. It appears that for Mg and Y doping an increase ofhe doping level leads to an increase of the RIT from 31.8%o 35.5% and 13.4% to 27.1%, respectively, at 50 MPa. Thencrease of the doping level is less important at high sinteringressure (32.1–35.2% for Mg doping and 36.2–40.5% for Y dop-ng at 100 MPa). For La doping an increase of the doping levelrom 225 ppm to 450 ppm leads to a reduction in RIT which isccompanied by increased grain size. For example the decreasen RIT from 37.6% to 20.9% is explained by an increased grainize passing from 1.09 �m to 1.74 �m at 1400 ◦C and 50 MPa,he effect being less marked under higher pressure. The reasonsor this are currently being investigated. It can be seen againhat Mg doping reduces the sensitivity of RIT to both sinteringressure and doping level in the ranges studied.
 .3. Double and triple doping
 To avoid too much interference from porosity on the analysisf the effects of double and triple doping on the RIT, only theamples sintered at 1400 ◦C have been used for the comparativetudy.
 lv1a
 alues by line intercept method. Sintering temperature: 1400 ◦C. Heating rate:00 ◦C/min. Error bars: 95% confidence interval of adjusted values based onnalysis of variance (ANOVA).
 Firstly, the double doping effect is investigated by comparinghe samples containing the same absolute single dopant level.omparing 225:M00 with 450:MY0 and 450:M0L in Fig. 11
 i.e. 225 ppm Mg in each), it can be observed that the additionf Y or La improves the RIT regardless of the sintering pressure.his is supported by a slightly reduced grain size. Similarly, byomparison of 225:0Y0 and 225:00L with 450:0YL (Fig. 12),25:00L with 450:M0L (Figs. 11 and 12) and 225:0Y0 with50:MY0 (Figs. 11 and 12), it can be observed that double dop-ng always leads to some improvement in RIT with reduced orlightly reduced grain size.
 Comparing the three different double doping strategiesMY0, M0L, and 0YL) with the three single doping strategies
 evel and sintering pressure. Bold numbers are the measured grain size diameteralues by line intercept method. Sintering temperature: 1400 ◦C. Heating rate:00 ◦C/min. Error bars: 95% confidence interval of adjusted values based onnalysis of variance (ANOVA).
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 Table 1Best RIT results for each doping strategy (@ 100 MPa).
 Dopants 225 ppm 450 ppm
 RIT [%] Soak temp. [◦C] RIT [%] Soak temp. [◦C]
 M00 32.17 1400 52.27 1250a
 0Y0 55.19 1310a 54.71 135000L 52.56 1350a 50.10 1370a
 MY0 48.34 1350 54.76 1350M0L 51.31 1330a 54.63 13500YL 56.89 1350 49.37 1350M a
 R
 iaFactLs
 si1ec
 aiMtMmtbarts
 3
 dbts5tosbmM5
 bsrcdasTmt
 daifgimssaatibg
 ta
 Finally a series of experiments were carried out varyingthe heating rate, the moment of pressure application, the pulsesequence and an intermediate holding stage during the heating.
 YL 55.77 1330 56.95 1350
 IT for 0.8 mm @ 640 nm.a Samples from “optimized” series.
 t can be noted that Mg addition to Y or La increases the RITnd reduces the sensitivity on the doping level and pressure.inally, the negative effect observed for single La doping, wheren increase of the doping level leads to a decrease of the RIT,an be reversed by adding Mg or La. However it is not possibleo attribute this effect totally to Mg or Y addition as the absolutea amount is reduced by a factor of 2 for the double dopingtrategy as the total doping concentration remains constant.
 Considering the triple doping effect, regardless of using theingle species or total dopant cationic ratio, triple (MYL) dop-ng gives better RIT values than any double doping strategy at400 ◦C (Figs. 11 and 12). This indicates that the synergeticffect has been enhanced further in the triple doping strategyompared with the double doping strategies.
 Considering the general positive effects generated by Mgddition for the double, M0L and MY0, as well as triple dop-ng strategies, the following mechanism can be proposed. Since
 g is commonly admitted to create oxygen vacancies due tohe local electroneutrality condition, it might be argued that
 g addition increases the amount of favorable Y or La accom-odation sites (vacancy and atomic size combination effects),
 his is currently under investigation by atomistic modelingased on the single dopant study using the energy minimizationpproach.25 In fact, Mg is often reported to cause grain surfaceoughening, which might explain its liquid scavenger proper-ies by increasing the amount of favorable atom accommodationites.14,18–20
 .4. Sintering parameters optimization
 In order to get minimum grain growth but still ensure fullensification, both sintering temperature and pressure have toe optimized as shown in the previous sections. To illustratehe effect of this optimization, a series of doped samples wereintered at 100 MPa with the sintering temperature adjusted to0 ◦C above the densification peak observed on the densifica-ion curve for samples sintered at 1400 ◦C and 50 MPa. Theverall best RIT results obtained for each doping strategy areummarized in Table 1. By using the temperature and pressure
 est adapted for each dopant combination, all the doped alu-ina ceramics (regardless of single, double or triple doping ofg, Y and La) can be sintered with a RIT close to or above 0% with good reliability by using SPS. The best result is 50%
 FPb
 ramic Society 30 (2010) 1335–1343 1341
 etter than any other published results for SPS. Meanwhile, ithould be emphasized again that the similarities in terms of RITegardless of the doping strategies achieved from the optimizedonditions do not necessarily disagree with the doping effectsiscussed in the previous sections. In fact the sintering temper-ture and pressure play the predominant role under optimizedintering conditions, reducing the apparent effect of the dopants.he present simple optimization does not exclude further opti-ization which may show the intrinsic dopant effects and lead
 o further improvement in RITs.To compare the effectiveness of the dopant nature, the triple-
 oped (450:MYL) and three double-doped (225:MY0, 225:M0Lnd 225:0YL) results are compared in detail as they have sim-lar doping levels (112.5 ppm for double doping and 150 ppmor triple doping) for each dopant cation (Mg, Y, La). 450:MYLives a better RIT than 225:MY0 and 225:M0L but not signif-cantly better than 225:0YL. This indicates that Y and La are
 ore efficient grain growth inhibitors than Mg in this range ofintering temperatures and pressures. Detailed explanations ofuch synergistic doping effects cannot be given at this time, butre being investigated both experimentally and theoretically bytomistic simulation methods. It might be possible that spaces inhe grain boundary area can be filled more efficiently by combin-ng Y and La (e.g. different cation sizes), increasing the energyarrier (i.e. stress) to be overcome for atoms to move across therain boundary and contribute to grain growth.
 To show the effect of dopants on the optical appearance ofhe samples, two optimized samples pure Al2O3 and 450:MYLre shown in Fig. 13.
 ig. 13. (a) Undoped PCA sample (Ø 12 mm) with RIT of 7.8%; (b) 450:MYLCA sample with RIT of 57%; top: 1.5 cm above the sheet (through Plexiglas);ottom: placed directly on the sheet.
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 Table 2RIT results for different sintering parameters for 450 ppm Mg-doped aluminasamples sintered at 1300 ◦C and 100 MPa.
 Sintering parameter Value RIT [%]
 Heating rate [◦C/min] 100 53.6233 50.8350 48.9
 Holding temperature for 3 min [◦C] No 53.6900 53.51000 53.91100 52.7
 Moment of pressure application Whole cycle 53.6At sint. temp. 53.7
 Pulse sequence [on:off] 12:2 53.610:9 53.53:2 53.5
 G
 ERcsfpdotiw
 4
 �aptDwegeuts
 atpatnfta
 rey background: studied parameter has no influence.
 xcept for the heating rate, the increase of which reduces theIT, none of the other SPS sintering parameters had a signifi-ant influence on the RIT (Table 2). However the variation ofuch parameters might be of interest to solve other problems inuture. In fact crystalline defect creation due to high sinteringressures combined with low sintering temperature (e.g. plasticeformation, dislocation climbing) seems to influence the col-ration of the samples and needs to be further investigated. Notehat the results for the parameters in Table 2 that have no signif-cant influence, demonstrate the high reproducibility attainableith SPS for the production of transparent PCA.
 . Conclusions
 Spark plasma sintering (SPS) of doped (Mg, Y, La) submicron-alumina has been investigated. It has been shown that SPS isreliable and reproducible method for the production of trans-arent polycrystalline alumina (PCA) pieces with real inlineransmittances (RITs) >50% (λ = 640 nm, 0.8 mm thickness).espite the short sintering cycles of SPS (typically 15 min), itas found that doping is required to achieve good optical prop-
 rties of PCA. SPS of pure alumina cannot avoid extensive grainrowth and results in pore grain boundary separation, which isffectively, suppressed by the use of Mg, Y and La dopants. These of co-doping of each of the different pairs generally improveshe RIT by reducing the grain size compared with single dopingtrategies.
 Triple Mg, Y and La doping in equal proportions withtotal cationic ratio of 450 ppm gave the best real inline
 ransmittance (RIT) performance with 57%, 50% higher thanreviously published SPS studies. Such high RITs can only bechieved by SPS, if high sintering pressures and low sinteringemperatures are used. Furthermore high heating rates have aegative effect. The results in this study should open the way for
 urther investigation and improvement of transparent polycrys-alline alumina produced using rapid sintering techniques suchs SPS. eramic Society 30 (2010) 1335–1343
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