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Abstract 
The thermoluminescence (TL) after excitation by UV or X-rays radiation of alumina-zirconia 
powders is investigated. The composites present five of the characteristic peaks of zirconia at 
−170, −145, −90, 0 and 95 °C. After a thermal treatment of mixed oxides, a new peak is 
observed at −35 °C in TL. This peak reveals the presence of stabilized tetragonal zirconia in 
the material. Moreover by comparing this analysis with those realised by X-ray diffraction 
(XRD), it can by shown that the TL has one better limit of detection than the XRD. 
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I. Introduction 
The objective of this work is to show that the thermoluminescence (TL) allows the 
detection of the zirconia tetragonal phase in the alumina matrix with a higher 
sensitivity than the X-rays diffraction technique (XRD). In order to discuss if we have 
the right conditions to favour the presence of the tetragonal phase of zirconia in our 
composites, we need to call back some well-known results on the appearance of the 
tetragonal phase, and its behaviour in the alumina matrix. 
Zirconia (ZrO2) is monoclinic (m-ZrO2) below 1170 °C, tetragonal (t-ZrO2) up to 
2370 °C, and then cubic (c-ZrO2) at high temperature up to the melting point 
(2680 °C).[1] 
The tetragonal→monoclinic (t→m) phase transformation is martensitic [2] and has 
been widely studied because of its anisotropic behaviour and of the large volume 
increase (between 3 and 5%) which is involved [3]. 
This transformation can be used for the strengthening of Al2O3–ZrO2 composites 
(“transformation toughening”). This toughening can by due either to the 
transformation toughening or micro-cracking, depending on the size, amount and 
solute content of zirconia particles [4]. 
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The presence of zirconia particles, for an amount of ZrO2 equal to 5 vol.% at least,[5 
and 6] limits the abnormal grain growth of alumina during the sintering of the 
material. In Al2O3–ZrO2 composites, the tetragonal phase is stable at room 
temperature only if the zirconia grain size lies between two critical values (from about 
0.1 μm up to 0.5 μm), which depend on strains in the alumina matrix and on the 
amount of zirconia.[7] The fraction of tetragonal phase increases when the quantity of 
zirconia decreases (30% of tetragonal phase for 5 vol.% of ZrO2, but only 5% of tetragonal 
phase for 20 vol.% of ZrO2) [8 and 9]. 

II. Experimental procedure 
γ-Alumina used in this study is a commercial powder supplied by Baikowski Chimie, France, 
and synthesised by thermal decomposition of ammonium alum (NH4Al(SO4)2·12H2O), 
process used to produce highly pure alumina (>99.99% Al2O3). Then α-alumina is obtained by 
a thermal treatment of γ-alumina at 1400 °C under controlled atmosphere (oxygen). 
The zirconia is a commercial powder (supplied by Rhône-Alpes Chimie, France) and its purity 
is higher than 99%. XRD analysis shows that this zirconia powder exists in the form of 
monoclinic phase (baddeleyite). The mixtures of oxides, α-Al2O3 and ZrO2, were wet ground 
in an organic solvent (acetone), with continuous stirring. Various mixtures are used: 1, 5, 
10…wt.% of ZrO2. Five grams of each mixture were prepared. Then half part of these mixtures 
undergoes a thermal treatment under controlled atmosphere (oxygen), in order to reveal and 
study, by the techniques of X-ray diffraction and thermoluminescence, the effect of doping by 
zirconia on the alumina crystalline structure. This treatment is conducted by the procedure 
described in Figure 1. 
X-ray diffraction (XRD) experiments have been performed with a “Siemens D5000″ 
diffractometer using Cu-Kα radiation (λKα=0.15406 nm) in a θ/2θ configuration. A database 
on CD-ROM is used for searching and retrieving X-ray powder diffraction patterns. 
For semiconducting or insulating solid crystals, the valence and the conduction bands are 
separated by an energy gap (Figure 2). When the crystal is submitted to ionising radiation 
(UV, X-ray, γ…), an electron-hole pair is formed in the valence band. The electron is free to 
travel through the conduction band and to fall into an electron trap. While, the hole travels 
through the valence band and falls into a hole trap. 
After irradiation, the trapped charges may escape if the temperature of the crystal is raised 
and may recombine together on a centre, which de-excites by photon emission. If the heating 
rate of the sample is constant and if the emitted luminous intensity is measured using a 
photomultiplier tube (PMT) linked to a pico-ammeter, some peaks are observed. Their 
temperature position is characteristic of the trap nature and their intensity depends on 
concentrations of both the traps and the recombination centres. 
For the irradiation, we expose the samples one minute under a UV lamp (λ=253.7 nm), or 5 
min under a W-target (45 kV, 2 mA), at −190 °C, and then we keep the samples two minutes 
in the dark. The samples are then heated at 60 °C/mn in the case of UV exposure, and at 
30 °C/mn in the case of X-ray irradiation. The emission is then detected by a Hamamatsu 
R562 PMT with a spectral response between 160 and 850 nm. 

III. Experimental results 
The TL of monoclinic zirconia has already been studied.[10, 11 and 12] Six peaks were found 
at −170, −140, −85, −30, 10 and 110 °C, [12] (for a measurement at 30 °C/mn) and one of 
them (−30 °C) was attributed to the presence of tetragonal zirconia, which is present as 
foreign phase in the sample of monoclinic zirconia [12 and 13]. 
Each pure oxide was studied by TL after UV irradiation, before and after the thermal 
treatment (Figure 3). One can notice that the studied α-alumina presents no peak after UV 
irradiation. The monoclinic zirconia, which is used in this study, presents 6 TL peaks after UV 

http://www.sciencedirect.com.gate6.inist.fr/science?_ob=ArticleURL&_udi=B6TX0-46MK6J0-4&_user=4013381&_coverDate=04%2F30%2F2003&_alid=1470109978&_rdoc=1&_fmt=high&_orig=search&_origin=search&_zone=rslt_list_item&_cdi=5576&_st=13&_docanchor=&view=c&_ct=1&_acct=C000061186&_version=1&_urlVersion=0&_userid=4013381&md5=6af8db50d7198e7ff3d9d15e5d94f0e2&searchtype=a#bib5
http://www.sciencedirect.com.gate6.inist.fr/science?_ob=ArticleURL&_udi=B6TX0-46MK6J0-4&_user=4013381&_coverDate=04%2F30%2F2003&_alid=1470109978&_rdoc=1&_fmt=high&_orig=search&_origin=search&_zone=rslt_list_item&_cdi=5576&_st=13&_docanchor=&view=c&_ct=1&_acct=C000061186&_version=1&_urlVersion=0&_userid=4013381&md5=6af8db50d7198e7ff3d9d15e5d94f0e2&searchtype=a#bib6
http://www.sciencedirect.com.gate6.inist.fr/science?_ob=ArticleURL&_udi=B6TX0-46MK6J0-4&_user=4013381&_coverDate=04%2F30%2F2003&_alid=1470109978&_rdoc=1&_fmt=high&_orig=search&_origin=search&_zone=rslt_list_item&_cdi=5576&_st=13&_docanchor=&view=c&_ct=1&_acct=C000061186&_version=1&_urlVersion=0&_userid=4013381&md5=6af8db50d7198e7ff3d9d15e5d94f0e2&searchtype=a#bib7
http://www.sciencedirect.com.gate6.inist.fr/science?_ob=ArticleURL&_udi=B6TX0-46MK6J0-4&_user=4013381&_coverDate=04%2F30%2F2003&_alid=1470109978&_rdoc=1&_fmt=high&_orig=search&_origin=search&_zone=rslt_list_item&_cdi=5576&_st=13&_docanchor=&view=c&_ct=1&_acct=C000061186&_version=1&_urlVersion=0&_userid=4013381&md5=6af8db50d7198e7ff3d9d15e5d94f0e2&searchtype=a#bib8
http://www.sciencedirect.com.gate6.inist.fr/science?_ob=ArticleURL&_udi=B6TX0-46MK6J0-4&_user=4013381&_coverDate=04%2F30%2F2003&_alid=1470109978&_rdoc=1&_fmt=high&_orig=search&_origin=search&_zone=rslt_list_item&_cdi=5576&_st=13&_docanchor=&view=c&_ct=1&_acct=C000061186&_version=1&_urlVersion=0&_userid=4013381&md5=6af8db50d7198e7ff3d9d15e5d94f0e2&searchtype=a#bib9
http://www.sciencedirect.com.gate6.inist.fr/science?_ob=ArticleURL&_udi=B6TX0-46MK6J0-4&_user=4013381&_coverDate=04%2F30%2F2003&_alid=1470109978&_rdoc=1&_fmt=high&_orig=search&_origin=search&_zone=rslt_list_item&_cdi=5576&_st=13&_docanchor=&view=c&_ct=1&_acct=C000061186&_version=1&_urlVersion=0&_userid=4013381&md5=6af8db50d7198e7ff3d9d15e5d94f0e2&searchtype=a#bib10
http://www.sciencedirect.com.gate6.inist.fr/science?_ob=ArticleURL&_udi=B6TX0-46MK6J0-4&_user=4013381&_coverDate=04%2F30%2F2003&_alid=1470109978&_rdoc=1&_fmt=high&_orig=search&_origin=search&_zone=rslt_list_item&_cdi=5576&_st=13&_docanchor=&view=c&_ct=1&_acct=C000061186&_version=1&_urlVersion=0&_userid=4013381&md5=6af8db50d7198e7ff3d9d15e5d94f0e2&searchtype=a#bib11
http://www.sciencedirect.com.gate6.inist.fr/science?_ob=ArticleURL&_udi=B6TX0-46MK6J0-4&_user=4013381&_coverDate=04%2F30%2F2003&_alid=1470109978&_rdoc=1&_fmt=high&_orig=search&_origin=search&_zone=rslt_list_item&_cdi=5576&_st=13&_docanchor=&view=c&_ct=1&_acct=C000061186&_version=1&_urlVersion=0&_userid=4013381&md5=6af8db50d7198e7ff3d9d15e5d94f0e2&searchtype=a#bib12
http://www.sciencedirect.com.gate6.inist.fr/science?_ob=ArticleURL&_udi=B6TX0-46MK6J0-4&_user=4013381&_coverDate=04%2F30%2F2003&_alid=1470109978&_rdoc=1&_fmt=high&_orig=search&_origin=search&_zone=rslt_list_item&_cdi=5576&_st=13&_docanchor=&view=c&_ct=1&_acct=C000061186&_version=1&_urlVersion=0&_userid=4013381&md5=6af8db50d7198e7ff3d9d15e5d94f0e2&searchtype=a#bib12
http://www.sciencedirect.com.gate6.inist.fr/science?_ob=ArticleURL&_udi=B6TX0-46MK6J0-4&_user=4013381&_coverDate=04%2F30%2F2003&_alid=1470109978&_rdoc=1&_fmt=high&_orig=search&_origin=search&_zone=rslt_list_item&_cdi=5576&_st=13&_docanchor=&view=c&_ct=1&_acct=C000061186&_version=1&_urlVersion=0&_userid=4013381&md5=6af8db50d7198e7ff3d9d15e5d94f0e2&searchtype=a#bib12
http://www.sciencedirect.com.gate6.inist.fr/science?_ob=ArticleURL&_udi=B6TX0-46MK6J0-4&_user=4013381&_coverDate=04%2F30%2F2003&_alid=1470109978&_rdoc=1&_fmt=high&_orig=search&_origin=search&_zone=rslt_list_item&_cdi=5576&_st=13&_docanchor=&view=c&_ct=1&_acct=C000061186&_version=1&_urlVersion=0&_userid=4013381&md5=6af8db50d7198e7ff3d9d15e5d94f0e2&searchtype=a#bib13


Journal of the European Ceramic Society, 2003, 23(5), 667-73, doi:10.1016/S0955-
2219(02)00161-9 
 

3 

irradiation situated at −170, −145, −90, −35, 0 and 95 °C, but the peak at −35 °C disappears 
after the thermal treatment. 
In the case of alumina–zirconia mixtures (before thermal treatment), we observe the same 
peaks as for pure zirconia, except the one at −35 °C which does not appear. On the other 
hand, the peak at −35 °C appears on the TL glow curve (Figure 4) obtained, after thermal 
treatment at 1400 °C under oxygen, from the same mixtures. Above 1170 °C, the stable phase 
of zirconia is the tetragonal one. The presence of tetragonal zirconia in the powder is detected 
by XRD, for mixtures realised with an amount of zirconia higher or equal to 10 wt.% and 
treated at 1400 °C (Figure 5): XRD being not sensitive enough to detect tetragonal zirconia for 
lower amount of zirconia in the mixtures. 
In order to verify that the peak at −35 °C is due to the presence of the tetragonal phase, some 
experiments were done: 
Analyses achieved on mixtures by TL after X-ray irradiation, before and after the thermal 
treatment (Figure 6), lead to a glow curve presenting peaks of very weak intensity (150 times 
less intense than after UV irradiation). These peaks appear at the same temperatures than the 
peaks obtained under UV irradiation, and phenomena observed in that case (appearance of 
the −35 °C peak after the thermal treatment) are similar to those described first. After X-ray 
irradiation, peaks would have been very intense if they were due to the alumina, this material 
being more sensitive to the X-ray than to the UV irradiation (α-alumina obtained under 
oxidant atmosphere, is not thermoluminescent after UV irradiation). Thus, it can be 
concluded that all the observed peaks, particularly that at −35 °C, are due to the zirconia. 
We have also studied a commercial mixture (containing 10 vol.% of m-ZrO2), allowing the 
stabilisation of zirconia in tetragonal form after sintering. This mixture is prepared in the 
following manner: an alumina powder (>99.9 wt.% purity) is homogeneously mixed with a 
monoclinic zirconia (> 99.9 wt.% purity) in distilled water, with a conventional mixing-
milling technique. Subsequently, they are spray-dried. The final size of the grains in the 
mixture was measured between 0.33 and 0.40 μm. 
This mixture was characterised by TL and XRD, before and after the thermal treatment (with 
1400 °C under oxygen). Before the thermal treatment, we observe by TL (Figure 7) an intense 
peak at −145 °C, a peak towards −50 °C, and a peak at 0 °C which is probably the 
characteristic peak of monoclinic zirconia at 0 °C. After thermal treatment, the peaks at −50 
and 0 °C disappear, the one at −145 °C decreases and the peak at −35 °C appears. 
We observe by X-ray diffraction the presence of the monoclinic phase. But after the thermal 
treatment, almost all the monoclinic zirconia disappears and we observe a strong prevalence 
of the tetragonal zirconia (Figure 8). 
Complementary analyses were carried out on a mixture containing alumina with 5 wt.% of 
cubic zirconia, and on pure cubic zirconia, before and after the thermal treatment. The cubic 
zirconia presents no peak in TL after UV irradiation. The TL of the mixture does not present 
emission either. We can thus conclude that the peak at −35 °C was not due to the presence of 
cubic zirconia. 

IV. Discussion 
The thermal treatment of α-Al2O3–m-ZrO2 mixtures allows us to reveal the appearance of a 
peak at −35 °C by low temperature TL after UV irradiation. 
This peak is not due to the presence of alumina as it is shown by the TL glow curve obtained 
after X-rays irradiation. 
For the commercial mixture, the zirconia monoclinic phase disappearance, after the thermal 
treatment, coincides with the disappearance of the TL peak at 0 °C, and with the appearance 
of an intense peak at −35 °C. So this peak is not due to the presence of monoclinic zirconia. 
After complementary experiments carried out with a cubic zirconia, for which no light 
emission by TL is observed, it is reasonable to attribute the appearance of the TL peak at 
−35 °C to the presence of tetragonal zirconia stabilised by the alumina. 



Journal of the European Ceramic Society, 2003, 23(5), 667-73, doi:10.1016/S0955-
2219(02)00161-9 
 

4 

Furthermore the presence of the peak at −35 °C in the thermogramme of the pure monoclinic 
zirconia (Figure 2), can be explained by the presence of tetragonal zirconia in our commercial 
monoclinic zirconia. Indeed, thermal treatment led to grain growth in zirconia. The grain size 
becomes higher than the critical size under which the zirconia remains tetragonal at ambient 
temperature. The small amount of tetragonal zirconia is thus transformed into monoclinic 
zirconia. Then the disappearance of the peak at −35 °C in the thermogramme of the thermally 
treated powder is observed. 

V. Conclusion 
The presence of zirconia tetragonal phase stabilized by alumina can be detected in alumina—
zirconia composites by the thermoluminescence technique. 
Moreover, the detection limit of this technique is appreciably better than with the X-rays 
diffraction technique. Indeed, for an amount of zirconia lower than 10 wt.% in the composite, 
XRD does not allow to detect the presence of tetragonal zirconia, while the peak at −35 °C is 
still appearing for only 1 wt.% of zirconia by TL method. 
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FFiigguurree  11::..TThheerrmmaall  ccyyccllee  ffoorr  tthhee  ttrreeaattmmeenntt  ooff  tthhee  aa--AAll22OO33––ZZrrOO22  mmiixxttuurreess..  

 

FFiigguurree  22::  SScchheemmaattiicc  ddiiaaggrraamm  ooff  tthheerrmmoolluummiinneesscceennccee  mmeecchhaanniissmm..  

 

FFiigguurree  33::  TThheerrmmoolluummiinneesscceennccee  aafftteerr  UUVV  iirrrraaddiiaattiioonn  ooff  ppuurree  ooxxiiddeess  bbeeffoorree  aanndd  aafftteerr  tthhee  tthheerrmmaall  ttrreeaattmmeenntt  aatt  
11440000  __CC  uunnddeerr  ooxxyyggeenn..  
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FFiigguurree  44::  TThheerrmmoolluummiinneesscceennccee  aafftteerr  UUVV  iirrrraaddiiaattiioonn  ooff  mmiixxttuurreess  bbeeffoorree  aanndd  aafftteerr  tthhee  tthheerrmmaall  ttrreeaattmmeenntt  ((ffoorr  11,,  55  
aanndd  1100  wwtt..%%  ooff  ZZrrOO22))..  

 

FFiigguurree  55::  XX--rraayy  ddiiffffrraaccttiioonn  aatt  rroooomm  tteemmppeerraattuurree  ooff  mmiixxttuurreess  aafftteerr  tthhee  tthheerrmmaall  ttrreeaattmmeenntt  ffoorr  aammoouunnttss  ooff  55  aanndd  1100  
wwtt..%%  ooff  ZZrrOO22..  
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FFiigguurree  66::  TThheerrmmoolluummiinneesscceennccee  aafftteerr  XX--rraayy  iirrrraaddiiaattiioonn  ooff  tthhee  mmiixxttuurree  ccoonnttaaiinniinngg  55  wwtt..%%  ooff  ZZrrOO22,,  bbeeffoorree  aanndd  aafftteerr  
tthhee  tthheerrmmaall  ttrreeaattmmeenntt..  

 

FFiigguurree  77::  TThheerrmmoolluummiinneesscceennccee  aafftteerr  UUVV  iirrrraaddiiaattiioonn  ooff  aa  ccoommmmeerrcciiaall  mmiixxttuurree  ((aalllloowwiinngg  tthhee  ssttaabbiilliissaattiioonn  ooff  
zziirrccoonniiaa  iinn  tteettrraaggoonnaall  ffoorrmm  aafftteerr  ssiinntteerriinngg)),,  ccoonnttaaiinniinngg  1100  vvooll..%%  ooff  ZZrrOO22,,  bbeeffoorree  aanndd  aafftteerr  tthhee  tthheerrmmaall  ttrreeaattmmeenntt..  
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FFiigguurree  88::  XX--rraayy  ddiiffffrraaccttiioonn  ooff  tthhee  ccoommmmeerrcciiaall  mmiixxttuurree  ((1100  vvooll..%%  ooff  ZZrrOO22))  bbeeffoorree  aanndd  aafftteerr  tthhee  tthheerrmmaall  ttrreeaattmmeenntt..    
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