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Abstract： 

In this work, the sintering kinetics of Nd: YAG transparent ceramics under the vacuum 
environment was studied by the high-temperature solid phase method. The effects of different 
sintering temperatures and TEOS content on the densification process of Nd: YAG ceramics 
were studied. Meanwhile, the crystal structure of Nd: YAG transparent ceramics doped with 
different contents of TEOS was studied by X-ray diffractometer (XRD) and differential 
thermal analysis (DTA). The micrographs of ceramics samples were analyzed by scanning 
electron microscope (SEM). The green sample is heated to 1450～1650°C for 0～2 h at a 
heating rate of 20°C/min in a vacuum environment (PT ≤ 10-6 Pa), and the shrinkage of 
ceramic samples was analyzed in the vacuum atmosphere by the Johnson sintering model. 
The sintering activation energy of Nd: YAG transparent ceramics doped with different 
contents of TEOS was obtained. The results indicated that the addition of TEOS promoted the 
densification of ceramic samples. The grain size and relative density of ceramic samples 
increased, and the sintering activation energy decreased with the increase of TEOS content. 
Keyword：Nd: YAG transparent ceramics；vacuum sintering；Johnson sintering model；
sintering kinetics. 

1. Introduction 

Nd: YAG transparent ceramics are widely used in the field of laser materials due to their 
excellent optical performance. Compared to the Nd: YAG single crystal, Nd: YAG transparent 
ceramics has the advantages of shorter production cycles, higher ion doping concentration, 
and no size and shape restriction. Therefore, YAG transparent ceramics is the best substitute 
for YAG single crystal in the field of laser materials [1-5]. Nd: YAG transparent ceramics are 
polycrystalline materials, whose microstructure includes grains, grain boundaries, the second 
phase, pores, and so on. Due to the existence of macroscopic defects, the light transmittance 
of the ceramic material is reduced [6, 7]. Compared with the co-precipitation synthesis 
process of YAG powder, solid state reaction (SSR) sintering is relatively simple [8]. Nd2O3, 
Al2O3, and Y2O3 powders are mixed in a stoichiometric ratio, and a phase formation process 
occurred during the sintering process. Therefore, the preparation of high-quality Nd: YAG 
transparent ceramics through solid-state reaction has been widely recognized by the scientific 
community. 
    At present, the sintering mechanism of Nd: YAG transparent ceramics was reported less, 
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especially in the experiment. Scientists generally agree that the main driving force of the 
sintering of transparent ceramics is the decrease in surface energy due to a reduction in the 
surface area [9, 10]. The common diffusion types of transparent ceramics are surface diffusion, 
volume diffusion, and grain boundary diffusion. the sintering process of transparent ceramics 
is not only affected by the sintering atmosphere, but also by the sintering temperature and 
sintering aids. Different sintering conditions may be involved different mechanisms during 
the sintering of Nd: YAG transparent ceramics. Huang et al. studied the apparent activation 
energy of YAG sintered under the ArH5 atmosphere for densification under the holding and 
sintering conditions to be 855 kJ/mol, and the apparent activation energy for grain growth to 
be 1053 kJ/mol [11]. Although researchers have studied the sintering activation energy of Nd: 
YAG transparent ceramics, there are few studies on the sintering activation energy obtained 
under vacuum conditions. The measured sintering curve of transparent ceramics in an air 
environment cannot accurately reflect the sintering process under vacuum conditions. 
Meanwhile, the kinetics of liquid phase sintering depends on the quality and quantity of the 
liquid phase, which is closely related to the wetting characteristics of the liquid-solid phase 
and the dissolution-precipitation process [12, 13]. Therefore, the control of the sintering aid 
content is very important to analyze the sintering kinetics of Nd: YAG transparent ceramics. 
    In this paper, the densification process of Nd: YAG transparent ceramics with different 
contents of TEOS will be discussed in detail. The sintering kinetics of Nd: YAG transparent 
ceramics in a vacuum environment were investigated by the Johnson sintering model, and the 
sintering activation energy was calculated.  

2. Experimental 
High purity Y2O3 (≥99.999%, Alfa Aesar Company, USA), α-Al2O3 (≥99.99%, Alfa 

Aesar Company, USA), Nd2O3 (≥99.99%, Alfa Aesar Company, USA) powders were 
weighted with chemical compositions of Nd0.03Y2.97Al5O12. The raw materials were poured 
into a high-purity Al2O3 ball mill tank with ethanol, and using 0, 0.5, 1.0, 3.0 wt% TEOS 
(Tetraethyl orthosilicate, ˃99.99%) as the sintering aid. In a solvent-free system, the 
probability of the reaction between TEOS and H2O is very low because the two liquid phases 
are separated. In the C2H5OH system, the probability of the reaction between TEOS and 
C2H5OH is very high because the miscibility and hydrolysis rate grows in two liquid phases. 
Si(HO)x(OC2H5)4-x is an unstable sol structure, which decomposes into SiO2 at high 
temperature [14, 15]. The standard hydrolysis reaction is given as shown in Eq. (1):  

Si(OC2H5)4 +xH2O→Si(HO)x(OC2H5)4-x+xC2H5OH    (1) 
All slurries were uniformly mixed with a high-purity ZrO2 grinding ball and air-dried at 

60°C for 2 h followed by sieving through a 200-mesh screen, after that, the mixture of the 
powders was calcined at 800°C for 4 h to eliminate organic residue. Green bodies with 19 mm 
in diameter and 2 mm in thickness were prepared from the powder mixtures under a uniaxial 
dry pressure of 10 MPa and a cold isostatic pressure of 300 MPa. The obtained green bodies 
were named as S0, S0.5, S1.0, and S3.0, respectively. After sintering the green bodies at 
1450°C~1650°C for 1~2 h under vacuum (1.0×10−6 Pa), the obtained ceramics samples were 
annealed in air at 1450°C for 10 h and mirror polished on both surfaces.  

The DTA curves of milled powder were measured by an SDT2960 thermal analyzer at a 
temperature ranging from 200°C to 1500°C with a heating rate of 10 °C/min. X-ray 



diffractometer (Rigaku 2500 PC, Japan) Cu-Kα1target radiation (λ=1.054nm), the operating 
voltage is 40kV, the current is 30mA, the test angle (2θ) is 20~80°. The density of the Nd: 
YAG ceramics was investigated by the Archimedes drainage method. The SEM images and 
EDS spectra of samples were obtained by scanning electron microscope (SEM, JEOL, 
JSM-7610F) operated at 10 kV.  

3. Results and discussion 

3.1 Densification mechanism for silica-doped Nd: YAG ceramic samples 

Fig.1 shows the grain arrangement process of ceramic samples from the initial stage to 
the final sintering stage. As the increase of temperature and the extension of time, the solid 
particles are interconnected, the crystal grains grow, and the pores and grain boundaries 
gradually decrease during the sintering process. When the contact area between particles 
increases, the total volume of the green bodies shrinks and the density increased. The number 
of pores of ceramic decreases ultimately in the final stage of sintering [16]. The common 
sintering assistant is TEOS, which decomposes into SiO2 at high temperatures. To further 
study the densification process of TEOS on the Nd: YAG, different contents of TEOS were 
added to discuss its densification and sintering kinetics in detail.  

 

Fig. 1. The grain arrangement process of ceramic samples. 
Fig. 2 shows the DTA analysis of Nd: YAG ceramic powder. As the temperature 

gradually increases, Al2O3 and Y2O3 gradually begin to react. An obvious exothermic peak at 
about 1350 °C was caused by the crystal form of the powder gradually changed from YAM to 
YAP, and then gradually changes from YAP to YAG [17]. Compared with the DTA curves 
without sintering aid, the exothermic peak intensity of the doped TEOS sample gradually 
reduced. Maybe the doping of TEOS affects the phase transition of the ceramic powders. The 
results will be further confirmed by the XRD pattern. 
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Fig. 2. DTA analysis of Nd: YAG ceramic powder.   



In order to verify the results of DTA analysis, ceramic samples sintered at 1650°C for 2h 
were used for the XRD test, as shown in Fig. 3. All samples show a cubic crystal structure 
virtually identical to the YAG crystal phase (PDF#33-0040, space group Ia3d). When the 
content of the TEOS was 3.0 wt%, a small amount of YAP crystal phase appears in the 
diffraction peak. After TEOS thermal decomposition, SiO2 was reacted with a small number 
of Y2O3 to form the Y2Si2O7 crystal phase. Hence, the lattice structure of YAG tends to be 
incomplete and the crystal phase of YAP appeared.  

 

Fig. 3. XRD pattern of Nd: YAG ceramic sample sintered at 1650°C for 2 h. 
Fig. 4 shows the SEM images of Nd: YAG ceramic samples sintered at 1500-1600°C for 

2 h. When the ceramic samples were sintered at 1500°C for 2 h, the pores on the ceramic 
surface gradually decrease, the crystal grains grow gradually, and the density of the ceramic 
sample further increases with the increase of the sintering aid content. The average particle 
size of the S3.0 sample sintered at 1500°C reached 1.2 µm. The result indicated that the 
increase of TEOS content facilitates the densification process of Nd: YAG ceramic at the 
same sintering temperature. However, the abnormal grain growth results from excess TEOS. 
Although the densification process of transparent ceramics was accelerated, there will be the 
formation of secondary phases. This SEM result is consistent with the XRD pattern. 

 

      



     

    

Fig. 4. SEM images of Nd: YAG ceramic samples sintered at 1500-1600°C for 2 h 

Combined with the SEM images of the ceramic samples, the influence of sintering 
temperature on the average grain size and relative density were investigated, as shown in Fig. 
5. As the TEOS content increased from 0.5 to 3.0 wt%, the average grain size and relative 
density of ceramic samples increased. Besides, the grain size and relative density increased as 
the sintering temperature increased. When the sintering temperature is higher than 1600°C, 
the growth rate of crystal grains rapidly increased. Therefore, the results indicated the doping 
of TEOS accelerated the growth of ceramic grains.  
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Fig. 5. Influence of sintering temperature on the average grain size and relative density. 

3.2 Sintering kinetics of Nd: YAG ceramic samples. 

3.2.1 Johnson sintering model analysis 

In general, the kinetics of densification for ceramics was investigated by the thermal 
expansion curve. However, the measurement curve cannot truly reflect the change of the 
shrinkage rate of the green bodies measured in a vacuum sintering environment. To accurately 
measure the shrinkage rate of the sample with sintering temperature and time, the prepared 
green bodies were raised to 1450-1650°C at a heating rate of 20°C /min under a vacuum 
environment (PT ≤ 10-6 Pa) for 0-2 h, and then cooled with the furnace. Accurately measure 
the size of the Nd: YAG ceramic samples with a vernier caliper. 

In this paper, the calculation method of the Johnson sintering model [18, 19] is adopted. 



Assuming that grain growth is negligible during the initial stage, the shrinkage equations are a 
reasonable assumption. To determine the dominant diffusion mechanism controlling the 
densification, the relationship between sample shrinkage and temperature can be expressed by 
the following formulas (2) and (3): Grain boundary diffusion:           𝛥𝐿𝐿0𝑇= (2.14𝛾𝛺𝐷0𝐵𝑅𝑐𝑘𝑟4𝑄𝑇2 )1/3 exp (− 𝑄3𝑅𝑇)             (2)                  Volume diffusion:           𝛥𝐿𝐿0𝑇= (5.34𝛾𝛺𝐷0𝑣𝑅𝑐𝑘𝑟3𝑄𝑇2 )1/2 exp (− 𝑄2𝑅𝑇)           (3) 

Where ΔL=L0-L is the change in sample length during the sintering process, L0 is the 
initial length of the sample, T is the absolute temperature, γ is the surface energy, k is the 
Boltzmann constant, r is the particle size, Ω is the void volume, R is the gas constant, c is the 
heating rate, Q is the sintering activation energy, D0B is the grain boundary diffusion 
coefficient, and D0V is the volume diffusion coefficient. 

The influence of temperature on exp(-nQ/RT) in Eq. (2)-(3) is far greater than other 
factors in the equations. If the entire sintering process does not consider the specific diffusion 
matrix, the slope (-nQ/R) of the relationship between ln[(ΔL/L0T)] and 1/T can be used to 
calculate the apparent activation energy nQ. Among them, n=1/3 is grain boundary diffusion, 
and n=1/2 is volume diffusion. Therefore, this paper uses the Johnson model to study 
sintering activation energy. 

Furthermore, the relationship between the green body sintering shrinkage ΔL/L0 and the 
sintering time t can be expressed as formulas (4):              𝛥𝐿𝐿0= (𝐾𝛾𝑉𝐷𝑘𝑟𝑃𝑇 ) m𝑡𝑚                                                                            (4)

Taking the logarithm of both sides of formula (4) shows that ln(ΔL/L0) has a linear 
relationship with lnt, and the value of m can be determined from the slope of the curve to 
determine the mass transfer mechanism of sintering. In general, when the m is close to 3.01, 
the grain boundary diffusion is mainly the sintering mechanism. When the m is close to 0.4, 
the volume diffusion is mainly the sintering mechanism. 

3.2.2 Calculation of sintering activation energy of Nd: YAG ceramics samples. 
The linear shrinkage rate ln(ΔL/L0) showed a good linear relationship with the sintering 

time lnt at logarithmic coordinates, as shown in Fig. 6. The curve of the green bodies doped 
with 0~3.0 wt% TEOS is linearly fitted, and the linear slopes are 3.02064, 0.21211, 0.2461, 
and 0.2580, respectively, and these values are close to 3.01. Therefore, the results indicated 
that the mass transfer of ceramic samples doped with different concentrations of TEOS is 
mainly carried out through the grain boundary diffusion.  

Fig. 7 shows the ln(ΔL/L0T) and 1/T sintering kinetic curves of the Nd: YAG ceramic 
sample under the vacuum ambient. The results of ln(ΔL/L0)～lnt, which indicated that the 
mass transfer of ceramic samples under vacuum ambient is mainly carried out through grain 



boundary diffusion, so n=1/3. Combine the relationship between shrinkage rate and 
temperature in formula (2), the sintering activation energy Q of different Nd: YAG transparent 
ceramic samples are calculated. The sintering activation energy of the ceramic samples is 
549.75, 416.03, 354.19, and 322.68 kJ·mol-1. 
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Fig. 6. The relationship curve between ln(ΔL/L0) and lnt of different ceramic samples.  

The sintering mechanism of samples without TEOS is mainly grain boundary diffusion. 
The addition of TEOS is beneficial to promote the sintering of Nd: YAG transparent ceramics. 
TEOS is thermally decomposed into SiO2, and part of Si4+ replaces the Al3+ in the Nd: YAG 
lattice increases the cation vacancy concentration, and the diffusion coefficient of the 
substance in the solid-phase sintering process is proportional to the related defect 
concentration [20]. Therefore, the diffusion of Nd3+, Y3+, and Al3+ ions is accelerated, thereby 
promoting the densification process of Nd: YAG transparent ceramics. The sintering 
activation energy of the whole system has been greatly reduced after the addition of TEOS. 
Among them, the sintering activation energy of the sintering system with 0.5 wt% TEOS 
decreased the most. The decrease of sintering activation energy fully shows that the addition 
of TEOS promoted the sintering of the Nd: YAG transparent ceramics. 
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Fig. 7. The ln(ΔL/L0T)～1/T sintering kinetic curve of Nd: YAG ceramic samples. 
The analysis of the vacuum sintering process was summarized as: In the initial stage of 

sintering, surface diffusion dominates, and the partial formation of necks between particles is 
accompanied by the appearance of grain boundaries. With the rapid increase of temperature, 
the sintering activation energy of the material is significantly reduced, and surface diffusion is 
replaced by volume diffusion and grain boundary diffusion. In the later stage of sintering, the 
densification process is gradually controlled by the grain boundary diffusion. The particles 
realize material transport under the action of the grain boundary diffusion, and the pores are 
rapidly transported along the grain boundary to the surface to achieve densification. Due to 
the fast heating rate, the grain boundary is in a non-equilibrium state with high grain 
boundary energy, the material migration rate is fast, and the crystal grains and pores are easily 
transported and discharged along the grain boundary in a vacuum state, which promotes 
diffusion and achieves rapid densification. 

4. Conclusion 

In this work, the densification process and sintering kinetics of Nd: YAG ceramic 
samples doped with 0~3.0 wt% TEOS was investigated by the vacuum sintering method. 
When the amount of TEOS increased from 0wt% to 3wt%, the densification rate of ceramic 
samples increased significantly. A small amount of YAP crystal phase of the S3.0 sample was 
found by XRD pattern. At the same time, the sintering kinetics of ceramic products is 
analyzed by the Johnson model. The sintering activation energy of the ceramic samples 
decreased from 549.75 kJ·mol-1 to 322.68 kJ·mol-1 as the increase of the sintering aid content. 



The addition of TEOS is beneficial to reduce the sintering activation energy. To avoid the 
appearance of the second phase and impurities, the doping amount of TEOS should be strictly 
controlled between 0.5 and 1.0 wt%. 
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Figures

Figure 1

The grain arrangement process of ceramic samples.

Figure 2

DTA analysis of Nd: YAG ceramic powder.



Figure 3

XRD pattern of Nd: YAG ceramic sample sintered at 1650°C for 2 h.



Figure 4

SEM images of Nd: YAG ceramic samples sintered at 1500-1600°C for 2 h



Figure 5

In�uence of sintering temperature on the average grain size and relative density.



Figure 6

The relationship curve between ln(ΔL/L0) and lnt of different ceramic samples.



Figure 7

The ln(ΔL/L0T)1/T sintering kinetic curve of Nd: YAG ceramic samples.


