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Abstract: This paper presented the microstructure, mechanical properties and oxidation behavior of silicon nitride obtained by both conven-
tional sintering and sintering followed by hot isostatic pressing (HIP). Silicon nitride with additives such as 5 wt.% Al2O3 and 5 wt.% Ln2O3 
(Ln= La, La concentrate, Gd or La+Gd) were studied. The results revealed that Gd2O3 additions increased the formation of elongated grains of 
�-Si3N4, the fracture toughness and oxidation resistance. La2O3 additions led to higher densification and hardness values, while addition of 
La2O3 concentrate promoted the formation of materials with intermediate properties, compared to the other studied compositions. Hot isostatic 
pressing increased the hardness but decreased the fracture toughness of the material, mainly because it allowed residual pores to close and also 
reduced the average aspect ratio of �-Si3N4 grains. 
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Silicon nitride (Si3N4) ceramics have been extensively in-
vestigated owing to their potential use as structural material 
in a wide temperature range. This is mainly due to their 
chemical stability, superior wear resistance, high hardness 
and strength. Since 1955, researches have shown that silicon 
nitride has good thermal and chemical stability in metal 
baths. This enabled its development for use as thermocou-
ples coating and crucible for melting metals. Nevertheless, 
interest in this material continued to grow, mainly for use in 
gas turbine components to improve fuel burn efficiency, 
lower gases emissions and reduced levels of particulates[1]. 
Other features of silicon nitride such as low density, low in-
ertia and high wear resistance allowed its use in conventional 
internal combustion and adiabatic diesel engines[2]. 

Because it is a covalent ceramic and has a high vapor 
pressure at high temperatures, it is very difficult to densify 
silicon nitride by solid state diffusion mechanisms, requiring 
additives that promote liquid phase sintering[3]. The sintering 
additives react with the silica layer on the Si3N4 powder sur-
face, forming a liquid phase in which the �-Si3N4 dissolves 
and re-precipitates as �-Si3N4. It is extremely important to 
understand the role of sintering aids on the microstructure of 
the material because the liquid phase remains at the grain 
boundaries as an amorphous or secondary crystalline phase 
after cooling and this has a marked influence on the final 
properties of the material[4–6].  

Hence, the type and amount of sintering additives deter-
mine the temperature for onset of densification, the rate at 
which sintering occurs, the morphology of �-Si3N4 grains 
and the characteristics of the phase at the grain boundary. 

Among the various additives that have been used, rare-earth 
oxides are prominent since they control some steps of the 
sintering process and features of the final microstructure, e.g. 
��� phase transformation rates and aspect ratio of �-Si3N4 

grains[4]. As a consequence, properties such as fracture 
toughness, hardness and wear as well as oxidation resistance 
tend to improve with the addition of rare-earth oxides to 
silicon nitride ceramics.  

A number of studies about the influence of rare-earth ox-
ides as sintering aids of silicon nitride were performed in 
80�s, 90�s and 00�s. Among these, Sanders et al.[7] investi-
gated the effect of adding SiO2 together with Y2O3, CeO2, 
La2O3 or Sm2O3 on the microstructure and mechanical prop-
erties of silicon nitride. They found that additions of Y2O3 
promoted the formation of more elongated grains of �-Si3N4, 
and increased bend strength from room temperature up to 
1000 ºC. Hot pressed silicon nitride disilicate ceramics with 
oxides of Y, Yb, Ho, Dy, Er, Sm, Ce, Lu, La, Pr, and Gd 
were studied by Choi et al.[8].  These authors associated the 
cation radius of the oxide additives with high temperature 
properties and noted that both the flexural strength at 1200 ºC 
and oxidation resistance at 1400 ºC increased with decrease 
in cation radius. In 2002, Hong et al.[9] also fabricated silicon 
nitride disilicate ceramics (RE2Si2O7; RE=Nd, Sm, Y, Yb) 
by hot pressing followed by annealing at 1450 ºC for 4 h. 
Their results demonstrated that the rare-earth oxides affect 
the densification process and the shrinkage temperature. 
They also reported increased high temperature strength of 
ceramics which contained Yb2Si2O7 and Y2Si2O7. 

This paper presented and discussed the microstructure, 
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mechanical properties and oxidation behavior of silicon ni-
tride ceramics containing additions of alumina together with 
La2O3, Gd2O3, a mixture of La2O3 and Gd2O3, as well as 
La2O3 concentrate. These ceramics were prepared by con-
ventional sintering and sintering followed hot isostatic 
pressing (HIP). Considering the applications of structural 
materials at temperatures as high as 1400 ºC, the oxidation 
behavior of the ceramics was evaluated at this temperature at 
various time intervals up to 64 h of exposure.  

1  Materials and methods 

The starting materials were powders of Si3N4 (M11, 
Hermann; with 92.7 wt.% %-Si3N4 and 1.14 wt.% oxygen), 
Gd2O3 (CDTN; purity > 99.9 %), La2O3 (Sigma; purity> 
99.9%), La2O3 concentrate (IPEN; 75.6 wt.% La) and %- 
Al2O3 (16 SG Alcoa; purity>99.9%). The chemical compo-
sition of the La2O3 concentrate, as determined by X-ray 
fluorescence analysis is shown in Table 1. 

To obtain the samples, mixtures with different composi-
tions as shown in Table 2 were ground in an atrittor mill 
using isopropanol as liquid vehicle. The ground and ho-
mogenized powder mixtures were dried at 90 ºC, uniaxi-
ally compacted at 50 MPa and cold isostatically pressed at 
200 MPa.  

Dilatometry measurements were carried out with a dila-
tometer (Netzsch DIL 402 E/7) to determine the densifica-
tion behavior and to select the optimum thermal cycle prior 
to sintering in a carbon resistance furnace. In the dilatometer, 
the samples were heated to 1750 ºC at 20 ºC/min and held 
for 60 min in a nitrogen atmosphere. 

Conventional sintering of the samples was carried out in a 
carbon resistance furnace (Nukem GMBH 645) in nitrogen 
atmosphere under conditions similar to those used in the di-
latometer studies, i.e., 1750 ºC for 60 min. A powder bed of 
silicon nitride was prepared to avoid evaporation of the ox-
ide and decomposition of the silicon nitride.  
Sinter-HIP process was also used in the samples and was 
characterized by hot isostatically pressing (HIP) at 1700 ºC 
for 30 min after the conventional sintering. The sinter-HIPed 
samples were designated as SN-GH, SN-LH, SN-LCH and 
SN-LGH. 

The bulk density of the samples was measured using the 

Table 1 Rare-earth cation content in the La2O3 concentrate 
powder (wt.%) 

Elements Pr Nd Ce Gd Tb 

Contents 17.27 3.22 1.92 1.36 0.47 

Table 2 Composition of the different silicon nitride ceramics  

Designation Composition 

SN-G Si3N4+5.0 wt.% Al2O3+5.0 wt.% Gd2O3 

SN-L Si3N4+5.0 wt.% Al2O3+5.0 wt.% La2O3 

SN-LC Si3N4+5.0 wt.% Al2O3+5.0 wt.% La2O3 Concentrate (LC) 

SN-LG Si3N4+5.0 wt.% Al2O3+2.5 wt.% La2O3+2.5 wt.% Gd2O3 

 

Archimedes displacement method and the theoretical den-
sity was calculated according to the mixtures rule. X-ray 
powder diffraction analysis (X-ray powder diffractometer 
with Cu-K% radiation, Siemens D5000) and examination by 
scanning electron microscopy (SEM, Jeol-JXA 6400) were 
performed in the samples to identify the crystalline phases 
and to observe the shape and grain size as well as its distri-
bution. The average aspect ratio of the grains was deter-
mined from the SEM micrographs using an imaging ana-
lyzer (Leco-2001). 

The hardness and indentation fracture toughness (KIC) at 
room temperature were determined using a Vickers diamond 
indenter and a 50 N load (Durometer, Amsler Otto Wol-
pert-Werke GMBH). The fracture toughness was determined 
by the Anstis[10] method assuming a value of 300 GPa[11] for 
Young’s modulus. 

The oxidation measurements were carried out using 2 mm× 
5 mm×4 mm wide sinter-HIPed specimens that were wet 
polished with SiC abrasive paper up to 600 grit and ultra-
sonically cleaned with acetone. The oxidation tests were car-
ried out at 1400 ºC for 64 h in a tube furnace (Bloomfield) 
and the weight gain measured after 1, 2, 4, 8, 16, 32 and 64 h 
of exposure, with an analytical balance with an accuracy of  
±0.001 mg. 

The oxidized layer on the specimens were examined by 
scanning electron microscopy (SEM, Jeol-JXA 6400) to de-
termine the morphology of the phases that were present and 
the crystalline phases were identified using X-ray powder 
diffraction analysis (X-ray powder diffractometer with 
Cu-K% radiation, Siemens D5000).  

2  Results and discussion 

2.1  Densification behavior and microstructure de-
velopment  

Plots obtained by dilatometer and registered during inves-
tigations are shown in Fig. 1 and these reveal the changes in 
dimension of the different samples. The starting point for 
shrinkage is characterized by liquid formation and the tem-
perature at which this happens is shown in Table 3. This 
leads to particle rearrangement, which is the first stage of the 
liquid sintering process. 

The data shown in Fig. 1 and Table 3 indicate that shrink-
age of the samples started at temperatures as low as 1200 ºC. 
Additionally, the data reveal that densification of samples 
containing La2O3 and Al2O3 initiated at temperatures lower 
than that of the samples containing Gd2O3 and Al2O3. The 
SN-LG sample had lower shrinkage onset temperature com-
pared to the SN-G sample, but higher than that of the SN-L 
sample. The shrinkage onset temperature of the sample con-
taining La2O3 concentrate (SN-LC) was higher than that of 
the samples containing only pure La2O3 and Al2O3 (SN-L). 

The cation radius of the oxide additives may have con-
tributed to variation in the shrinkage onset temperature. 
Rare-earth cations with large radius (La3+ with ri=117.2 pm) 



Cecilia C. Guedes-Silva et al., Effect of rare-earth oxides on properties of silicon nitride obtained by normal sintering… 1179

 

 
Fig. 1 Densification curves of silicon nitride samples with different 

compositions 

Table 3 Liquid formation temperature of the silicon nitride 
samples determined from the densification curves 

Composition SN-G SN-L SN-LC SN-LG 
T/ºC 1200 1100 1150 1180 
 
seemed to reduce the liquid formation temperature, while 
cations with smaller radius like Gd3+ (ri=108.8 pm) in SN-G 
and SN-LG, Pr3+ (ri=113 pm), Ce3+ (ri=115 pm) and Tb3+ 
(ri=106 pm) in SN-LC (see Table 1) increased this tempera-
ture.  

Table 4 shows that silicon nitride samples with high den-
sities can be obtained by the conventional sintering process, 
i.e., without application of pressure. On the basis of this table, 
it can be noted that addition of Gd2O3 in SN-G and SN-LG 
lowered the final density compared to addition of only La2O3 
(SN-L samples). The same behavior was noted when La2O3 
concentrate was used (SN-LC samples) as the additive in the 
place of pure La2O3, suggesting that higher La2O3 contents 
led to increase in the final density, for the sintering condi-
tions used in this investigation. 

Sintering followed by HIP gave samples with densities 
higher than 98% TD (theoretical density). However, a lower 
final density value of only 95% TD was obtained for the 

Table 4 Microstructure features and mechanical properties of 
silicon nitride samples obtained by conventional sin-
tering and sintering followed by hot isostatic pressing 
(sinter-HIP) 

Compositions �/(%TD) Aspect ratio of  

�-Si3N4 grains 

Hv/ 

GPa 

KIC/ 

(MP·m1/2) 

Samples obtained by conventional sintering 

SN-G 93 2.9&0.8  11.7&0.5 5.1&0.7 

SN-L 97 2.4&0.7 13.7&0.5 4.6&0.6 

SN-LC 97 2.8&0.6 13.8&0.6 5.0&0.7 

SN-LG 95 3.0&0.8 13.1&0.2 4.8&0.6 

Sinter-HIPed samples 

SN-GH 95 1.9&0.6 13.0&0.3 4.4&0.5 

SN-LH 98 2.1&0.8 14.6&0.4 3.9&0.3 

SN-LCH 99 1.9&0.6 15.1&0.4 4.2&0.5 

SN-LGH 98 1.7&0.5 15.6&0.3 4.1&0.4 

SN-GH sample (Table 4), indicating that there were residual 
closed pores even after HIP.  

Based on the X-ray powder diffraction spectra (XRPD) 
shown in Figs. 2 and 3, it can be observed that complete �� 
�-Si3N4 transformation (JCPDS pattern No. 01-033-1160) 
was achieved in the conventional sintering process. �-Si3N4 
remained as an exclusive crystalline phase in the materials, 
except in SN-G sample, whose XRPD spectra (Fig. 2) sug-
gests that gadolinium oxide (Gd2O3, hexagonal, JCPDS card 
No. 00-043-1014) and quartz low (SiO2, hexagonal, JCPDS 
card No. 01-070-2538) are present at its grain boundaries. 
Nonetheless, it can be speculated that these phases may have 
dissolved in the residual intergranular phase when the sam-
ple was submitted by HIP treatment (Fig. 3).  

Fig. 4 shows the microstructures of etched surfaces of the 
samples sintered at 1750 ºC for 1 h. These micrographs re-
veal the homogeneous microstructure characterized by 
elongated �-Si3N4 grains (as indicated in Fig. 2) with similar 
aspect ratios (Table 4). After HIP, the average aspect ratios 
of �-Si3N4 grains decreased (Table 4 and microstructures in 
Fig. 5), and this was more pronounced in samples with initial 
high aspect ratio grains. 

In contrast, no significant differences were observed 
among the microstructures of sinter-HIPed samples (Fig. 5), 
which is also in agreement with the aspect ratio results 

 
Fig. 2 X-ray diffraction (XRD) spectra of conventionally sintered 

silicon nitride samples (b is �-Si3N4, g is Gd2O3 and s is 
quartz low) 

 
Fig. 3 X-ray diffraction (XRD) spectra of silicon nitride samples 

that were sintered and hot isostatically pressed (b is �-Si3N4) 
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shown in Table 4.  

2.2  Mechanical properties 

The Vickers hardness (HV) and fracture toughness (KIC) of 
the samples are given in Table 4 along with their densities.  
It is apparent that the hardness is directly related to ceramic 
processing and to porosity of the samples. The increase in 

density of the samples confirms elimination of the closed 
pores in most of the sinter-HIPed samples, with maximum 
increase of 2.5 GPa for the SN-LGH sample compared to the 
SN-LG sample. 

Except SN-GH, the hardness of the samples were affected 
mainly by the low initial density and the addition of La2O3 
concentrate. Samples with Gd2O3 were harder than those 

 
Fig. 4 Scanning electron micrographs of conventionally sintered sample surfaces that were polished and then etched with NaOH (These mi-

crographs reveal elongated grains of �-Si3N4) 
(a) SN-G; (b) SN-L; (c) SN-LC; (d) SN-LG 

 
Fig. 5 Scanning electron micrographs of polished sinter-HIPed samples surfaces etched with NaOH 

(a) SN-GH; (b) SN-LH; (c) SN-LCH; (d) SN-LGH   
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with pure La2O3. These results can be attributed to the inter-
granular phase that tends to be more resistant and more vis-
cous in the presence of small rare-earth cations[12]. 

Further analysis of data in Table 4, indicates that samples 
obtained by conventional sintering attained KIc values within 
the expected range and over 4 MPa·m1/2. Meanwhile, varia-
tion in fracture toughness values can be linked to the proper-
ties of the secondary phase of specific samples. The SN-LC, 
SN-LG and SN-G samples obtained by conventional sinter-
ing had higher fracture toughness than those containing only 
La2O3 and Al2O3 (SN-L sample) as additives. This behavior 
can be attributed to microstructure changes, characterized by 
more elongated grains, which gives rise to phenomena such 
as crack deflection, crack bridging and grain pullout.  

Further, a decrease in fracture toughness of the sinter- 
HIPed samples was noted because of rounding of grains 
promoted by heat treatment at temperature above that of liq-
uid formation[13]. This can be observed by comparing the 
microstructures shown in Fig. 5 with those in Fig. 4. 

2.3  Oxidation behavior 

Fig. 6 shows variation of specific mass gain as a function 
of time of silicon nitride samples at 1400 ºC. The oxidation 
behavior indicates that it obeys a parabolic rate law (Eq. (1)), 
suggesting that the oxidation kinetics are controlled by dif-
fusion. The formula in Eq. (1) has been used in many studies 
describing oxidation kinetics of silicon nitride ceramics[14,15]. 
(�m/A)2=kt                                     (1) 
Where 'm is the mass gain, A is area, k is the rate constant 
and t is the exposure time. The rate constants of the different 
samples, as determined from the curves in Fig. 6, are shown 
in Table 5 and those with lower rate constants exhibited 
higher oxidation resistance. The rate constants in the 

 
Fig. 6 Plots of mass gain versus exposure time of the different sam-

ples at 1400 ºC in air 

Table 5 Rate constants and mass gain of sinter-HIPed samples 
exposed to air for 64 h at 1400 ºC  

Samples k/(10–4 g/(cm2·h1/2)) �m/A/(mg/cm2) 

SN-GH 1.01 0.69 

SN-LH 2.82 2.24 

SN-LCH 2.40 1.97 

SN-LGH 1.58 1.27 

range 1.01×10–4 to 2.82×10–4 g/(cm2·h1/2) are similar to those 
reported by Pomeroy and Hampshire[16], for silicon nitride 
ceramics with additions of magnesia and neodymia, but ex-
posed to 1300 ºC for 26 h. These results demonstrate the 
good oxidation behavior of the samples that were studied, as 
the temperature (1400 ºC) was higher and the exposure time 
(64 h) was longer than those used by the above mentioned 
authors. 

It can be observed from Fig. 6, Tables 4 and 5 that even 
with density lower than that of other samples, the SN-GH 
sample had the lowest mass gain (0.69 mg/cm2) and rate 
constant (1.01×10–4 g/(cm2·h1/2)). This was followed by SN- 
LGH, SN-LCH and SN-LH with progressively increasing 
mass gains. This indicates that with addition of Gd2O3 along 
with Al2O3, the silicon nitride ceramic had higher oxidation 
resistance compared to those with La2O3 and Al2O3. More-
over, the mass gain results (Table 5) are consistent with the 
values obtained by Pan[17] and by Echeberria and Castro[18]. 
The former reported 0.8 mg/cm2 for silicon nitride ceramics 
doped with 21 vol.% Y2O3/SiO2 and exposed to air for 64 h 
at 1400 ºC and the latter reported 2.23 mg/cm2 for samples 
with additions of CeO2 and Al2O3 and exposure to 1400 ºC 
for only 20 h. 

The differences in oxidation behavior could be attributed 
to formation of phases during the sintering step and subse-
quent cooling. Since the initial microstructures, i.e., crystal-
line phases, grain size and shape of the samples are similar 
(Table 4 and Figs. 3 and 5), the highest oxidation resistance 
of the Gd2O3 containing sample can be linked to the viscos-
ity of silicate glasses. Viscous silicate glasses as the secon-
dary phase are considered to inhibit oxygen migration[19]. 
Additionally, Gd3+ cations are more stable than La3+ in the 
intergranular phase reducing its migration from the grain 
boundaries to the surface. This indicates that addition of any 
other rare-earth cation, alone or with La3+ (as with SN-LCH 
and SN-GH), will result in material with higher oxidation re-
sistance. 

XRPD spectra shown in Fig. 7 indicate that besides �- 
Si3N4, �-cristobalite and rare-earth disilicates are present on 
the surfaces of oxidized specimens. Further, the diffraction  

 
Fig. 7 X-ray diffraction (XRD) spectra of oxidized silicon nitride 

surfaces after 64 h of exposure at 1400 ºC (b is �-Si3N4, c is 
cristobalite, d is Gd2Si2O7, e is La2Si2O7 and * is Ln2Si2O5) 
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patterns are dominated by a broad band that covers 2� angle 
range between 15º and 30º, characteristic of amorphous sil-
ica. A layer of silica glass must have formed on sample sur-
faces during the oxidation tests due to oxygen diffusion, but 
partial crystallization as �-cristobalite probably occured dur-
ing the cooling stage. 
  Lanthanum disilicate (La2Si2O7, monoclinic, JCPDS card 
01-081-0461) and gadolinium disilicate (Gd2Si2O7, triclinic, 
JCPDS card 01-074-3570) were found on SN-LH, SN-LCH 
and SN-GH surfaces, respectively, as a result of rare-earth 
cation migration from the intergranular phase of silicon ni-
tride to the surface. Besides cristobalite, the oxidation of 
SN-LGH sample also led to formation of other crystalline 
phases with the same structure as that of Nd2Si2O7 (ortho-
rhombic, JCPDS card 00-38-1456), but identification of its 
exact composition from the current XRPD database was not 
possible. As reported earlier[20], Eu3+, Sm3+, Nd3+ and La3+ 
ions formed isostructural disilicates (JCPDS card 01-38- 
1456), which lead us to establish that this compound was a 
La2Si2O7 polymorph, designated by asterisks and Ln2Si2O7 
as a generic formula (Fig. 7). This assumption was based on 
the initial composition of SN-LGH sample which contained 
only Gd3+ and La3+ as the rare-earth ions.  

Examination of the XRPD spectra reveals clearly that 
crystallization of La2Si2O7 was favoured compared to 
Gd2Si2O7, even when both lanthanum and gadolinium oxides 
were added together. This can be attributed to the higher rate 
of diffusion of La3+ compared to Gd3+, through the inter-
granular phase and justifies the lower oxidation resistance of 
the samples containing higher amounts of La2O3, as shown 
in Fig. 6 and Table 5.  

Fig. 8 shows that the oxide layers consisted of crystals and 
this depended on the composition of the sample. While there 
were elongated crystals on the SN-GH sample, the oxidized 
surface of SN-LH contained a large amount of crystals with 
small aspect ratio. On SN-LCH sample, the crystals were 
smaller but with morphology quite similar to those found on 
the SN-GH sample, considering even the formation of dis-
ilicate with different crystalline structures and previously 
identified by XRPD. 

Further, cracks were found on the oxidized surfaces (see 
arrows in Fig. 8) caused by the difference in thermal expan-
sion coefficient between the substrate and the oxide layer as 
well as the volume change due to transformation of the 
glassy phase to a crystalline phase during the cooling proc-
ess. 

3  Conclusions 

The results have shown that small amounts of Gd2O3 
and/or La2O3 along with Al2O3 were sufficient to produce 
dense ceramics with elongated �-Si3N4 grains. However, 
samples prepared by conventional sintering required higher 
amounts of La2O3 for it to have higher density and hardness, 
but it had lower fracture toughness. These additions also re-
sulted in the microstructure being composed of �-Si3N4 
grains with the smallest aspect ratio. An opposite behavior 
was observed in samples containing higher amounts of 
Gd2O3 that led to formation of materials with lower density 
and hardness, but with higher fracture toughness. 

The use of La2O3 concentrate as a sintering aid gave sam-
ples with density as high as that of the sample containing 

 
Fig. 8 Scanning electron micrographs of silicon nitride surfaces oxidized for 64 h at 1400 ºC 

(a) SN-GH; (b) SN-LH; (c) SN-LCH; (d) SN-LGH 
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pure La2O3, hardness identical to that of the latter, but with 
microstructure and fracture toughness similar to the samples 
with Gd2O3 additions. 

After the HIP process, reduction in number of closed 
pores resulted in hardness increase. The hardness variation 
among the sinter-HIPed samples was similar to that observed 
in samples obtained by conventional sintering, taking into 
consideration the type and amount of additives. However, 
there was a marked reduction in the average aspect ratio of 
�-Si3N4 grains, depending on the microstructure before HIP. 
This reduction was significant in samples with an initial mi-
crostructure characterized by grains with high aspect ratio.  

The highest oxidation resistance was observed in samples 
containing Gd2O3 (SN-GH and SN-LGH) followed by sam-
ples with La2O3 concentrate (SN-LCH) and then, pure La2O3 
(SN-LH). This finding was attributed to the small size of 
Gd3+ cation that could form a viscous amorphous silicate 
phase in the sinter-HIP ceramics.  Furthermore, the small 
Gd3+ cation probably reduced the mobility of the added 
cations, the former being more stable within the intergranu-
lar phase of the ceramic, and thus contributing to the in-
creased oxidation resistance.  

Finally, the morphology of the crystals formed on the oxi-
dized layer depends also on the initial composition of the 
ceramic, although no significant differences were noted in 
the phases present after the oxidation process. 
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