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Abstract 
      

   In this research the effect of  Nd2O3 doping on densification  rate for the  

initial and intermediate  stages of sintering were studied .The experimental 

results for α – cristobilite powder are modeled using date analysis ( L2- 

Regression ) technique in study the effect of  Nd2O3 doping using  three 

particles size (6.12, 8.92, 13.6 ) µm, with undoped  initial powder and with 

Nd2O3 doping . The mathematical simulation shows slight impact for 

doping  in initial stages of sintering  on densification rates for three initial 

particles sizes , so that the minutes additive Nd2O3 affect the grain 

boundaries movement when a grain growth-limiting the speed of the grain 

growth of intermediate stage of sinter process ,those seen on the 

densification rates of  intermediate stage where the doping enhances the 

densification rates date for three initial particles sizes due to that , the 

dopants acts against the grain boundaries movement causing discourage 

closing of porosity and encourage escaping of voids enhances the 

densification rates .  

Key Words  grain size, sintering, densification rate, mathematical 

simulation  
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 في تلبيد السيليكا باستعمال 3O2Ndتأثير التطعيم بمادة 
  regression  -2Lتقنية 

 

 حنان كاظم حسون 
 جامعة بغداد -كلية التربية ) أبن الهيثم (  -قسم الفيزياء

 

 الخلاصة  
معدلات التكاثف في المر حلة الابتدائية على  3O2Ndالنيديميوم تم دراسة تأثير التطعيم بأوكسيد   

(  كرسةتولايتت -سةلياا  للاةاوالوسطية من عملية التلبيد ،حيث نمذجت النتائج التجريبيةة لمسةقوا ال
 μmفةي دراسةة تةأثير التطعةيم باسةتعمال ثيثةة لحجةام حبيبيةة     Regression )باستعمال تقنيةة  

(، وقد بينت نتةائج   3O2Nd( ، ولقالتين  عدم التطعيم والتطعيم بمادة  12..،   21.6،  21.6 
لةة الابتدائيةةة  مةن عمليةة التلبيةد علةةى المقاكةاة القسةابية التةأثير الطايةف لقبيبةةات التطعةيم فةي المرح

تةةرثر علةةى   3O2Ndمعةةدلات التكةةاثف لمحجةةام القبيبيةةة الثيثةةة ،حيةةث لد دقةةائف المةةادة الم ةةافة 
حركةةة القةةدود القبيبيةةة عنةةد حةةدوح النمةةو القبيبةةي فتقةةد مةةن سةةرعة النمةةو القبيبةةي المرافةةف للمرحلةةة 

ت التكةةاثف فةةي المرحلةةة الوسةةطية حيةةث لد الوسةةطية مةةن عمليةةة التلبيةةد ولاةةذا مةةا تيحةة  علةةى معةةدلا
تعرقةة    3O2Ndترفة  معةدلات التكةاثف لمحجةام القبيبيةة الثيثةة والسةب  لاةو لد  حبيبةات التطعةيم

حركةةةة القةةةدود القبيبيةةةة مسةةةببة تةةةألير عمليةةةة  لةةةف المسةةةامات مةةةوفرة بةةةذل  فر ةةةة لف ةةة  ل ةةةرو  
 الاجوات وحصول التكاثف . 

  

 يبي ، التلبيد ، معدل التكاثف ،التمثي  القسابي القجم القب الكلمات المفتاحية
 

introduction 

Sintering is an important step in the fabrication process of ceramic 

bodies, which can significantly affect the microstructure and properties of 

material [1]. Synthesis of nanocrystalline materials powders has paid much 

attention due to their promising properties. The sintering of nanocrystalline 

materials is an important step in the fabrication process that significantly 

affects their final microstructure and properties [2-4]. Sintering of silica 

(SiO2) is usually understood as the sintering of vitreous silica . The 

tetragonal form of silica ( α – cristobilite ,theoretical density = 2.334 g.cm-3 

) ,the α – β transformation takes place with a relatively low volumetric 

expansion of 3.7 % , the cristobilite is chosen for sintering experiments 

because it is promising high density of crystalline  silica ceramics [5 ].    
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    The intension of this study is to study the densification rate of doped 

silica ( α – cristobilite) using L2-  regression modeling technique utilizing 

Nd2O3  additives .  

 

Theoretical part  
   The sintering behavior and microstructural evolution of a powder 

compact is influenced strongly by initial properties, such as the relative 

density, the particle and pore size distribution, and the powder packing. 

While the influence of the former parameters on the 

microstructural evolution has been investigated in some detail, the impact 

of the initial packing of the powder has been mostly overlooked [6] . . 

 Sintering has long been recognized as a very complicated process, 

involving the evolution of microstructure through the action of several 

different transport mechanisms [ 7]. The sintering phenomena progress 

with the reduction of the total surface area of the powder particles 

,therefore, the total surface energy is reduced , the reduction of the excess 

surface energy of a compact is the driving force for sintering .One or 

combination of three-process achieves the reduction of the surface area [5 ]  

1-Replacement of the gas/solid interfaces by lower energy solid /solid 

interfaces (densification) 

2-Conversion of many small particles into fewer large ones (grain growth ). 

3- Reduction of the amount of grain boundary area by grain growth .  

   In the initial stage of sintering, the inter particle contact area of the 

powder compact increases and the grain boundaries are formed on the 

expense of surface area ,therefore, 

surface area decrease then the free surfaces energy decrease . The 

intermediate stage begins at the start of the grain growth and shrinkage of 

the volume of the pore network. The densification continues with pore 

shrinkage and reaches a stage where pore phase transforms into individual 

closed pores assigning the final stage of sintering [8-9]. 

 As described by Brook [10,11] ,the reduction of the grain growth rate in 

intermediate stage may naturally enhance the densification rate , the grain  

growth inhibition due to impedance to the grain boundary motion by 

dopant particles .  

The shrinkage is a result of mass transport process ,these processes have 

two steps [9] . 

     Step (1)   is the movement of material along the particle- particle 

contacts (the grain boundary) to the neck regions . 

    Step (2 )   the movement is from the neck to free surface regions .   

    In this study, utilized  the experimental data for the controlling 

movement in  step (1)for initial and  intermediate stages [5 ]. 
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  The densification equation is conveniently expressed in terms of the 

fractional porosity P 
 

P = 1 – ρ ………………………………………………….(1) 
 

Where ρ is the fractional density between density of the sintered compact 

and theortical  density of the material .  

The densification ,is represented by the rate of change of porosity as 

follows [9] : 

 

 

 

Where C1 is constant at constant temperature , N is the number of inter 

connected pores per unit volume which is inversely proportional to the 

grain size ,and t is the sintering time . 

 Utilizing  integrated formula 
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For the initial stage of sintering  N remains essentially constant , equation 

(2) can be integrated by using integrated formula above to give : 
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and time at which the compact reaches  porosity is the  0t and 0Where P   

and represents 4 Ning  includ constant is a  1K the test  temperature and

coefficient of densification equation for the initial stage 

   In the intermediate stag , the grain growth is accompanied by the 

reduction of the number of pores per unit volume N [9], that  the reducing 

of the number of pores follows a cubic law of time dependence as : 
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Substituting t for N  in equation (2) and integrate gives :  

    

   Where K2  is aconstant represents coefficient of densification equation for 

the intermediate stage.The numerical values (0.3 and –0.43 )in equation 

(4)and (6) are based on adihedral angle of 140o and unfired fractional 

porosity of 0.54 (  fractional green density 0.46 ),other values for these 

parameters will not change the shape of the function but only change the 

numerical values in the  equation with shifting the position of the  function 

, therefore; it is more convenient for calculation purposes to rewrite 

equation (4) and (6) as follows:  

 

  )7.().........()(tanh)(tanh 01

2/1

0

12/11 ttKbpabpa  
 

 

Equation (7) for initial stage of sintering 

 

Equation (8) for intermediate stag of sintering ,a and b are constants 

depending on the dihedral angle and the green density . 

 

Regression modeling technique 
 

study can be  regression which used in this  _2The equation of   L 

express as follow [12] 
   

b ………………………………………..…(9) TA 1-A)TX=( A  

 

is the transpose of matrix A , b is random T where  A is the matrix , A

abservation and X the fixed part of equation but unknown 

it is more convenient for calculation purposes to rewrite equation (7) as 

follows: 

 

………………………..(10)1t + h1= K 1X 

 

the for  parameter densification equation represents  constant ais  1h Where
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)11....(..........)(tanh 01
2

1

0

1

1 tKbpah  
          

 equation where  regression  _2Led in modeling utiliz Equation (10) can be

,by using  equation coefficient and  parameter in modeling are 1h and  1K

value of a and b where equal  (0.3) and (-0.43)  respectively , we can find 

 ased on the experimental resultsb 1X  then can be find value of  θvalue of  

[5] obtained for the density and time values . 

 For intermediate stag, it is more convenient for calculation purposes to 

rewrite equation (8) as follows: 
 

 12.........................................................................222 h 
 

Where T is equals to 

)13......(......................................................................3
1

 tT 
 

the represents  densification equation parameter for  constant ais  2hAnd 

intermediate stage and equals to 

)14...(..........tanh 3
1

02
2

1

0

1

2

 




  tbpah 

   

 From equation (12) we can find value of K2 ,h2 where equation (12) is 

asuitable form of  L2_  regression equation and K2 ,h2 are the coefficient 

and  parameter in modeling equation, by using value of a and b we can find 

value of  X2 based on  the experimental results [5] obtained for the density 

and time values . 

       By using  L2-  regression modeling  technique as described in  [13] we 

can find density  calculate value .  

    The doping material (Neodymium oxide Nd2O3 ) was achieved by 

adding ( 0.0125g ) of the dopant to the appropriate amount of  α – 

cristobilite giving a total of  5g  sample ,this gives 0.25% doped powders 

.sintering processes were perform with heating rate of 10°C/min and 

cooling rate of 15°C/min ,the compacts of green densities 29.2% was 

sintered at 1500 °C for different sintering times [5]  

Results and discussion 
 

   Figures (1), (2) and (3) are show the densification curves of undoped and 

Nd2O3 doping for  α – cristobilite compacts for three particles size (6.12, 

8.92, 13.6 ) µm  respectively , in fig (1) when grain size (6.12 µm) we can 

see in the  

 initial stage the densification rates are almost the same for undoped and 

doping sample where the density value  reached to (61.7 % gm.cm-3) for 

Nd2O3 doping sample , and the undoped sample have approximates  the 

same value where  reached to (61.7 % gm.cm-3) for sintering time 10 min 

,this is show the additive Nd2O3 have  slight impact on the densification 
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rate in the initial stage  of sintering because of, in the initial stage  the grain 

boundaries are formed on the expense of surface area and  the additive 

particle have effect on grain boundaries movement when grain growth 

happening accordingly effect on grain growth speed and that was  

association to the intermediate stage  as described by [10,11] ,  we can 

recognize the same thing in fig (2) and (3) for initial stag there are  no 

significant change in density value for undoped and doping samples were 

the density value was  reached to (62.2  % gm.cm-3) and to (63.9  % gm.cm-

3) for doping samples when grain size 8.92 µm and 13.6 µm respectively 

,the last value were approximates the same value  for undoped sample 

because of the same resin above . 

    In table (1) we can see no effect have done in the coefficient of 

densification K1 for the initial stage of sintering when additive Nd2O3 

because of the same resin above where the additive particle have effect on 

grain boundaries movement when grain growth happening accordingly 

effect on grain growth speed and that can recognize on the intermediate 

stage , for doping sample on the intermediate stage the densification rate 

enhance with increase grain size , we can see in fig (1) when grain size 

(6.12 µm) the density value  reached to (76.4 % gm.cm-3) and reached to 

(76.5 %  ,78.32 %) gm.cm-3  when grain size (8.92 ,13.6) µm respectively 

for sintering time 30 min ,the value for additive Nd2O3 are more than 

density value for undoped simple because of additive Nd2O3 acts against 

the grain boundaries movement discourage closing of porosity and 

encourage escaping of voids and densification .         

   In table (1) we can see the effect of doping on the coefficient of 

densification  

K2 for the intermediate stage of sintering where the value of  porosity drop 

with decrease the grain size ,the value of K2 reached to (0.274 ,0.543 ,0.592 

) when 

 grain size (6.12 ,8.92 ,13.6 ) µm respectively , when grain size was small 

we can see small porosity and big speed of densification . 

   Table (2) show the parameter value associate to the densification 

equation on initial and   intermediate stage for undoped and Nd2O3 doping 

sample . 

 

Conclusion 
 

1. Demonstrate the possibility of mathematical simulation in initial and 

intermediate stage of sintering where the calculated results using 

L2_Regression technique agrees with experimental results . 

2. In the initial stage the additive Nd2O3 have no effect on densification 

rates for three particles size (6.12, 8.92, 13.6 ) µm due to the Nd2O3 
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particle have effect on grain boundaries movement associate the 

intermediate stage .  

3. The Nd2O3 doping enhances the densification rates in the intermediate 

stage due to , the additive particles acts against the grain boundaries 

movement discourage closing of porosity and encourage escaping of 

voids and densification for three particles size (6.12, 8.92, 13.6 ) µm . 
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 3O2Nd Table (1) densification rate coefficient for undoped and

doping on initial and   intermediate stage . 

 

 

 

 

 

 

 

 

 

 

  

0.037 0.0311 0.027 Initial stage  K1 ( undoped ) 

0.516 0.481 0.2401 Intermediate  stage  K2 ( undoped ) 

0.037 0.0311 0.027 Initial stage  K1  (Nd2O3 doping ) 

0.651 0.562 0.280 Intermediate  stage  K2  (Nd2O3 doping ) 

 
 

Table (2) densification rate parameter for undoped and Nd2O3 doping 

on initial and   intermediate stage . 

                                                                        

 

 

 

 

 

 

 

 

  

0.0004 0.0010 0.0011 Initial stage  h1 ( undoped ) 

1.336 1.281 0.485 Intermediate  stage  h2 ( undoped ) 

0.0004 0.0010 0.0011 Initial stage  h1  (Nd2O3 doping ) 

1.743 1.518 0.587 Intermediate  stage  h2  (Nd2O3 doping ) 

 

densification rate coefficient 

13.6  

μm 

8.92 

mμ 

6.12 μm 

densification rate parameter 

13.6  

μm 

8.92 

mμ 

6.12 μm 

Grain size 

Grain size 
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fig (1) density date as a function of time on grain size (6.12 μm ) for 

undoped and Nd2O3 doping on initial and   intermediate stage . 
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fig (2) density date as a function of time on grain size (8.92 μm ) for 

undoped and Nd2O3 doping on initial and   intermediate stage . 
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fig (3) density date as a function of time on grain size (13.6 μm ) for 

undoped and Nd2O3 doping on initial and   intermediate stage . 

 

 

 

 

 

 

 

 

 

 

 


