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INTRODUCTION

My Ph.D. work is in connection with research and development activities at the High 

Intensity Discharge (HID) Technology of GE Consumer & Industrial. It focuses on the widely 

used High Pressure Sodium lamp (HPS).  

The High Pressure Sodium lamps belong to the group of High Intensity Discharge lamps, 

nowadays it  is a very advanced lamp type because of its high efficacy.  HPS lamps have an 

advantage over the incandescent  lamps,  because they utilize a high ratio (up to 50%) of the 

consumed electrical energy. Its average lifetime is 28500 hours.

The HPS lamp is a special discharge lamp in which the light is emitted from a sodium 

containing gas discharge zone between the two tungsten electrodes. The gas-discharge tube is 

usually a polycrystalline alumina tube. The wall of the arc tube has to resist to the hot sodium 

vapors in the lamp, even at elevated temperatures (800-1200şC) during the operation. Sodium 

loss occurring during the operation is the most important processes, which influences the lifetime 

of the lamp. The sodium transport through the ceramic arc tube consists of several steps (solution 

in  the  ceramics,  chemical  reactions,  diffusion  through  the  ceramics,  leaving  the  bulk  phase, 

evaporation from the surface). In consequence of these processes, the composition of the ceramic 

arc tube may change or contamination could cover the inner surface of the glass outer bulb. The 

blackening on the surface of the glass bulb leads to the decrease of the lumen output. Due to the 

loss of the sodium the composition of the sodium amalgam dose changes, hence vapor pressures 

of sodium and mercury change in the discharge, resulting in burning voltage increase and the 

successive switch off of the lamp. The sodium loss contains different chemical reactions and 

physico-chemical processes, in which the most constituent of the lamp appears. According to the 

literature the main causes of the Na-loss are the solid-state reaction between sodium and the 

polycrystalline alumina and the sodium diffusion through the polycrystalline alumina wall. 

Seeking the literature only several diffusion coefficient data of Na measured in alumina 

are  available.  The  mechanism  of  the  Na  diffusion  in  polycrystalline  alumina  has  not  been 

investigated during lamp conditions (800-1200˚C) yet. It was supposed that the grain boundary 

diffusion plays an important role in the Na migration, because Na was identified along the grain 

boundaries in the wall of the discharge tube by the help of Scanning Electron Microscopy. 

The solid-state reaction between sodium and the polycrystalline alumina tube is not clarified in 



details. Thermodynamic calculations supposed the formation of sodium-aluminate and sodium-β-

aluminate. Reviewing the literature I did  not find any experimental results, which confirm the 

formation the above-mentioned compounds. 

Increase  of  the  lifetime  of  the  lamp and elimination  of  the  early  failures  require  the 

detailed  description  of  the  mentioned  processes.  The  scope  of  my  Ph.D.  work  was  the 

clarification of the material transport in the wall of the polycrystalline ceramic discharge tube of 

the mentioned lamps by the help of modern surface analytical and analytical methods and the 

available literature.

My experiments concern three areas. The discharge tube and the glass outer bulb of long-

aged HPS lamps were investigated by the help of X-ray photoelectron spectroscopy (XPS) and 

secondary ion mass  spectroscopy (SIMS) in  order  to  examine the chemical  reaction and the 

different transport processes in the wall of the discharge tube during the operation. 

In model experiments the mechanism of the sodium diffusion in polycrystalline and single 

crystal  alumina  was  investigated  separately  from  other  disturbing  effects.  A polycrystalline 

alumina ceramic arc tube was applied as a reactor chamber (p = 300 mbar T = 25˚C-on, mNa = 4,6 

mg, V = 4,8 cm3). The sodium diffusion profiles developed by the heat treatments were examined 

by XPS and SIMS. 

Based  on  the  literature  chemical  reaction  can  take  place  between  Na  and  the 

polycrystalline alumina under lamp conditions. Reviewing the literature we have not found that 

sodium aluminate or β-alumina could be experimental identified in ceramic discharge tube of 

HPS  lamps.  Formation  of  Na-β-alumina  (NaAl11O17),  a  well-known  Na+-cation conducting 

material, might  be  considered  to  provide  a  rapid  path  of  sodium  loss  through  even a 

polycrystalline alumina wall. For this reason I wanted to examine the solid-state reaction between 

Na and polycrystalline alumina under lamp conditions as well. The possible solid-state reactions 

were studied in Al2O3 powder at 800-1100˚C analogous to the diffusion model experiments. The 

phases  developed  by  the  heat  treatments  were  analyzed  by  X-ray  diffraction  (XRD).  The 

influence of the structure of the starting material powder on the conversion of the solid-state 

reaction was examined as well.

Beyond the determination of the exact mechanism of Na-loss my aim was to develop a 

quick measurements method for the testing of the sodium resistance of the alumina tube produced 

with different dopants. 



My Ph.D. work was executed in cooperation between Budapest University of Technology 

and Economics and General Electric Consumer & Industrial. 

EXPERIMENTAL METHODES

In my experiments different surface analytical techniques were applied to quantitative and 

qualitative analysis as well. These surface analytical methods enable to study the topmost few 

atomic layers of the material, hence very thin layers can be characterized, or they are suitable to 

measure elements in lower concentration.  The quantitative determination of the elements on the 

surface of the glass outer bulb and the alumina ceramic discharge tube of long-aged high pressure 

sodium lamp (HPS) were carried out by X-ray Photoelectron Spectroscopy (XPS) and Secondary 

Ion Mass Spectroscopy (SIMS), which techniques enable to study the topmost few atomic layers 

of the material, hence very thin layers can be characterized. The chemical state of the elements on 

the  surface  was  measured  by  XPS as  well.  The  sodium diffusion  profiles  in  polycrystalline 

alumina developed by the heat treatment were measured by X-ray Photoelectron Spectroscopy 

(XPS). Only the higher sensitivity SIMS technique could be applicable to measure both the lower 

sodium concentration in polycrystalline alumina after heat treatments at lower temperature, and 

the sodium concentration in single crystal alumina.  

The XPS and SIMS measurements were carried out at the Atomic Physics Department of 

the Budapest University of Technology and Economics.  

Besides the mentioned surface analytical methods, X-ray diffraction (XRD) was applied 

to study the solid-state reaction between sodium and the polycrystalline alumina and the effect of 

the crystal structure on the conversion of this chemical reaction. The XRD measurements were 

carried  out  in  the  Institute  for  Geochemical  Research  with  Philips  PW1710  automated 

diffractometer.



NEW SCIENTIFIC RESULTS, THESES

I.The composition and the layer structure of the deposit on the outer surface of the α-Al2O3 

discharge tube and the inner surface of the outer glass bulb on 2000 and 10000 hours long-

aged HPS lamps were analyzed by XPS and SIMS techniques. 

1.1. On the outer surface of the alumina discharge tube sodium was detected in every cases. The 

middle area of the arc tube, where the temperature is the highest (~ 1200şC) during the operation, 

was covered by a fatter layer (9 at %).  It suggests that the major part of the sodium-loss is the 

consequence of the material transport through the alumina wall. A sodium accumulation could be 

detected on the outer surface of the discharge tube. 

1.2. I established that besides sodium (Na-O-layer), Al could be detected on the inner surface of the 

glass  outer  bulb  as  well. Al  presents  on  the  glass  surface  in  elementary  form  not  only  as 

aluminim-oxide. The reason of this effect can be the dissociation / reduction or evaporation of 

alumina discharge tube during the operation.  



1.3. I established that the evaporation of the polycrystalline Al2O3 discharge tube and the Na-loss 

through the alumina wall resulted the following layer structure on the inner surface of the glass 

bulb: 

Na-O layer
Al-O, elementary Al layer

Glass bulb

The localization of Na-layer above the Al-O layer indicates that the decomposition, reduction / 

dissociation of the alumina tube starts in the early period of the lamp. 

II. Na-loss is a complex process. The mechanism of the diffusion process in the ceramic wall 

was investigated by model experiments during lamp conditions. A polycrystalline alumina 

ceramic arc tube was applied as a reactor chamber (p = 300 mbar T = 25˚C-on, mNa  = 4,6 

mg, V = 4,8 cm3).  The sodium diffusion profiles developed by the heat treatments were 

examined by XPS and SIMS. 

2.1. The  bulk  diffusion  coefficient  of  sodium  in  single  crystal  alumina  was  determined  in  the 

temperature  range  900-1200şC  (D900şC=1.6*10-17cm2/s,  D1000şC=2.1*10-17cm2/s,  D1100şC=3.5*10-

17cm2/s,  D1200şC=5.1*10-17cm2/s).  The  activation  energy  and  the  preexponential  factor  of  bulk 

diffusion were calculated as well (D0=5.1*10-15 cm2/s, Ea=56.5 kJ/mol).

2.2. The grain boundary diffusion coefficient of sodium in polycrystalline alumina was determined 

from type B kinetics at 700-1100şC (D700şC=8.6*10-16cm2/s, D800şC=4.1*10-15cm2/s, D900şC=2.6*10-

15cm2/s,  D1000şC=1.6*10-14cm2/s,  D1100şC=2.5*10-14cm2/s).  The  activation  energy  and  the 

preexponential  factor  of  bulk  diffusion  were  calculated  as  well  (D0=1.1*10-10cm2/s, 



Ea=97.5kJ/mol).

2.3. The grain boundary diffusion coefficient of sodium in polycrystalline alumina was determined 

from type C kinetics at 400-700şC (D400şC=2.9*10-15cm2/s, D600şC=2.6*10-15cm2/s, D700şC=1.9*10-

15cm2/s). The activation energy and the preexponential factor of bulk diffusion were calculated as 

well (D0=7.5*10-15 cm2/s, Ea=7.7 kJ/mol).

2.4. I determined that the grain boundary diffusion takes place with different activation energy below 

and above 700şC.

III. Chemical reaction can take place in the wall of the ceramic discharge tube. These solid-

state reactions could result different products depending on the temperature and the time of 

the heat treatment. The developed phases were analyzed by XRD. The heat treatments were 

carried out in the same way as in the case of the diffusion measurements. Al2O3 powders 

from different supplier were applied to the model experiments.

3.1. It  was  observed  that  chemical  reactions  can  not  take  place  between  sodium  and  the 

polycrystalline alumina at 800şC. Consequently, Na-O-Al compounds can not form in the 800˚C 

parts of the discharge tube in detectable amount. 

3.2. The  NaAlO2  with  orthorhombic  structure  was  detected  after  heat  treatment  at  900şC.  The 



identified  NaAlO2 with  orthorhombic  structure  can be the  stable  product  of  these  solid-state 

reactions between sodium and alumina at 900şC.

3.3. The  increase  of  the  sintering  time  at  1100şC resulted  another  Na-O-Al  compounds  such  as 

NaAl11O17 with  hexagonal  structure.  The  formation  of  NaAl11O17  proved  the  results  of  the 

thermodynamic calculation [Luthra, 1987]. Only formation of NaAlO2 could be detected in HPS 

lamps [De With, 1985; Vrugt, 1985]. 

3.4. I established that the loss of the sodium amount in the gas phase, the increase of the sintering 

time and the sintering temperature lead to the formation of NaAl11O17 phase, which is poorer in 

Na. It suggests that the NaAlO2 changes into another phase. Consequently, in the wall of the 

ceramic tube of long-aged lamps NaAlO2 exists only at the ends of the tube, where temperature is 

lower (800-900şC).  

3.5. I detected that the actual structure of the alumina affects the outcome of the reaction. On the one 

hand the more disordered structure increases the conversion of the reaction between Na and 

alumina,  on the other hand the different  structure of the starting material  results  in different 

reaction products. Using an alumina powder with more disordered structure as starting material 

the NaAl23O35 crystalline phase was identified as the final product of this solid state reaction. 

3.6. The highest conversion could be achieved by inserting a pre-sintering at lower temperature before 

the main sintering.  



3.7. According to the investigation of long-aged lamps, only traces of some Na-O-Al compound were 

found in undetectable amount. The formation of the Na-O-Al compounds is not significant in the 

wall of the ceramic discharge tube during the lifetime of the lamp.  

THE PRACTICAL APPLICATION AND THE IMPORTANCE OF THE RESULTS

The scope of my Ph.D. work was the clarification of the different chemical and physico-

chemical processes in the wall of the polycrystalline ceramic discharge tube of HPS lamps by the 

help  of  different  surface  analytical  and  analytical  methods.   According  to  the  literature  the 

mechanism of these processes is not clarified in details. Increase of the lifetime of the lamp and 

elimination of the early failures require the detailed description of the mentioned processes. 

According to the investigations of the glass outer bulb and the alumina discharge tube of long-

aged HPS lamps I established that the main cause of the Na loss is the material transport through 



the wall of the discharge tube.  My measurements suggested that the grain boundary diffusion 

coefficient  is  higher  approximately  with  two orders  of  magnitude  than the  volume diffusion 

coefficient. The grain boundary diffusion takes place with different activation energy below and 

above 700şC. The investigation of the solid-state reaction between sodium and polycrystalline 

alumina proved that formation of some Na-O-Al compounds exists in the operation temperature 

range  of  HPS lamps. Three  different  Na-O-Al  phases  (NaAlO2,  NaAl11O17,  NaAl23O35)  were 

detected depending on the temperature, the duration of the heat treatment and the crystal structure 

of the starting material. The amount of the formed compounds was in minor ratio compared to the 

unchanged alumina. A solid-state reaction starts in certain domains of the ceramic discharge tube 

(i.e.  along the  grain boundaries),  this  causes  the  change in  the Arrhenius  slope  of  the grain 

boundary diffusion. It can only slightly help the diffusion process in a less degree. 

Beyond the  determination  of  the  volume and  grain  boundary  diffusion  coefficient  of 

sodium, the development of the diffusion measurements has a practical and industrial importance 

as well. It can provide an opportunity for a quick qualification method in the testing of sodium 

resistance of the alumina ceramic tube produced with different dopants.
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