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Claudinei dos Santos
FAENQUIL-DEMAR, Po6lo Urbo-Industrial, Gleba Al-6, s/n, Lorena-SP, cep. 12600-000
claudinei@ppgem.faenquil.br

Kurt Strecker
FAENQUIL-DEMAR, Poélo Urbo-Industrial, Gleba Al-6, s/n, Lorena-SP, cep. 12600-000
strecker@demar.faenquil.br

Francisco Piorino Neto
CTA-IAE/AMR, Pca. Marechal do Ar Eduardo Gomes, 50, S. J. Campos - SP, cep. 12228-904
fpiorino@iae.cta.br

Olivério Moreira de Macedo Silva
CTA-IAE/AMR, Pca. Marechal do Ar Eduardo Gomes, 50, S. J. Campos - SP, cep. 12228-904
silvaoliva@bol.com.br

Dalcy Roberto dos Santos
CTA-IAE/AMR, Pca. Marechal do Ar Eduardo Gomes, 50, S. J. Campos - SP, cep. 12228-904
dalcy@iae.cta.br

Cosme Roberto Moreira da Silva
CTA-IAE/AMR, CTA-IAE-AMR, Pca. Marechal do Ar Eduardo Gomes, 50, S. J. Campos - SP, cep. 12228-904
cosme@directnet.com.br

Abstract.  Silicon nitride ceramics (SisN,) is a ceramic widely used in structural applications due to its physical and
mechanical properties, such as high wear, hardness and creep resistance. These materials possess a great application
field in engines and turbines components. In this work, a natural yttrium and rare earth oxide solid solution, CRE,Os,
produced at FAENQUIL-DEMAR, at a cost of only 20% of pure commercial Y,O3, was used as sintering additive of
hot-pressed SisN, ceramics. The objective of this work was to investigate the compressive creep behavior of these
ceramics. Compressive creep tests were carried out in air, between 1250 and 1300°C, for 60 hours, under stresses of
200 to 300 MPa. The stress exponent under all conditions was determined to be about unity. The apparent-activation-
energy obtained, was on around 500 kJmol™, corresponding to the heat of solution of the SizN, in the glassy phase.
Both the stress exponent n and the apparent activation energy, Q, are within the range of values obtained in other
studies of the compressive creep of Y,03-Al,05-doped-SisN, ceramics. These results indicated that grain-boundary
sliding controlled by viscous flow can be ruled out in the present study. The creep behavior indicates that the additive
can substitute pure Y,0; in the fabrication of SizN, ceramic materials, resulting in equivalent properties at room and
high temperatures.
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1. Introduction

Silicon nitride (SisN,) is a ceramic widely used for structural applications due to its physical and mechanical
properties, such as high wear, hardness and creep resistance (Bellosi, 1999, Komeya, 1988, Riley, 2000). The liquid
phase sintering of SisN, is governed by a solution-precipitation (a—3-SisN, transformation) mechanism, that occurs in
temperatures between 1400 and 1800 °C and is related, among other factors, to the initial a—Si;N, phase content of the
starting powder, amount of additives used and sintering parameters such as temperature, time and atmosphere (German,
1985, Riley, 2000, Lai, 1993, Komeya, 1988). The microstructural control is the preponderant factor for successful
structural applications. In special the grain morphology of B-SisN, grains is partially responsible for the high creep
resistance of these materials (Cannon, 1983, Whiederhorn, 1999, Shibuya, 1998).

Due to their characteristcs previously mentioned, the technological applications of silicon nitride ceramics (SisN,)
are numerous, and in this context, it is of primary interest the study and understanding of the mechanical properties of
these materials at high temperatures. It has been also demonstrated that the secondary glassy phases wich appear during
the sintering have a strong influence in the creep behavior.

Hot-pressed silicon nitride is generally fabricated using the oxide additives to enhance the densification. However,
the remaining glassy phase softens at high temperature and gives a deleterious effect on the high temperature strength.
The creep deformation of materials containing intergranular glassy phase is generally through to occur in combination
of viscous flow, solution-precipitation and cavitation mechanisms (Evans, 1993, Silva, 1989, Silva, 1997). Creep
deformation of SizN,4 could not be directly attributed to any single factor of content and composition of additive, grain
size , etc, since the grain size is also dependent on the composition and amount of sintering additives. Thus, the creep
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behavior of silicon nitride ceramics must consider many factors, such as the amount and composition of glassy phase,
the size and distributions of the matrix silicon nitride grains, the partial recrystallization of grain boundary glassy phase
and the oxidation (Yoon, 1997, Barsoum, 1997).

Previous works have shown that the rare earth oxide mixture, CRE,Qs, consisting mainly of Y,0; (44%), Yb,0;
(17%), Er,O3 (14%) and Dy,0; (10%) produced at DEMAR-FAENQUIL (Ribeiro, 1997), is an effective and cheap
substitute for pure Y,0; as sintering additive for SisN, ceramics, presenting an obtaining cost 80% lower that Y,0,
(Ribeiro, 1997), a similar sinterability (Strecker, 2000, Ribeiro, 1998, Ribeiro—2, 1997) and similar mechanical
properties at room temperature (Santos, 2003, Strecker, 2000, Ribeiro, 1997, Ribeiro, 1998, Ribeiro-2, 1997).

The objective of the present work has been to characterize the creep behavior of the hot-pressed SisN, ceramic
produced with Al,O; and CRE,O; as sintering additives, demonstrating the potential of this sintering additive in the
high performance ceramics production.

2. Experimental Procedure

The powder batches prepared consisted of a mixture of 95 vol.% of commercial o-SizN4 (E10, UBE Industries—
Japan, containing also 5wt.% [-SizN4), and 5 vol.% of additives, Al,0; (CR6, Baikalox-Germany) and CRE,Os
(FAENQUIL-Brazil), at a molar ratio of 0.6:0.4, respectively, in order to form Y;Als0,, as intergranular phase after
sintering. The powders were mixed by ball milling during 2 h using ethanol as milling media. After mixing, the powder
batches were dried first in a rotary evaporator and subsequently in an oven at 120 °C during 12 h. The powder mixtures
were then compacted isostatically under a pressure of 300 MPa and sintered by uniaxial hot-pressing under 20 MPa
pressure in 0.1 MPa N, atmosphere at 1750 °C for 30 minutes, with a heating rate of 15 °C/minute. From the as received
materials, parallelepipedical samples of aproximate dimensions 6 x 3 x 3 mm?® were cutted and gruonded for tests.

The samples were characterized by relative density using the immersion method. Phase analysis was done by X-ray
diffraction (XRD), in both samples before and after creep tests comparing the diffraction patterns with the JCPDS files.
XRD was conducted on a plane parallel and perpendicular to the hot pressing direction in a bulk specimen. In the XRD,
the ratio of B-phase (101)/(210) peak area was used as an indication of preferred orientation degree of elongated grains
(Lee, 1992, Yoon, 1997).

For microstructural analysis, the samples were grinded, polished and chemically etched by a 1:1 mixture of NaOH
and KOH at 500 °C for 4 minutos. The grains size distributions and aspect ratios were measured using the method
proposed by Woétting et al (W6étting, 1986); around 1200 grains were analyzed per sample and the aspect ratio was
determined as the average of the 10% of largest grains found in the sample. A software was used for image analysis, in
order to obtain the average width, length and aspect ratio of the grains.

The hardness was determined by Vicker’s indentations for 30 s under an applied load of 2 kg. For statistical reasons,
20 indentations have been made per sample. The fracture toughness has been determined by the measurement of the
crack length created by the Vicker’s indentations. The calculation of the fracture toughness was done by the relationship
proposed by Evans et al. (Evans, 1976), valid for Palmgqvist type cracks.

Compressive creep tests were carried in air, at temperatures ranging between 1250 and 1300°C and under nominal
stresses of 200, 250 and 300 MPa. The details of the experimental device can be found elsewhere (Santos-2, 2003).
Strain x time curves were obtained and the results are analysed in terms of the creep equation as shown in Eg. (1):

& = Ad"exp(-Q/RT) (@))
Where ¢ is the true steady-state strain rate, A is a constant, o is the applied stress, T the absolute temperature (in
Kelvin) and R the gas constant, n and Q are, respectively, the stress exponent and the apparent activation energy for
creep. The results were performed: (1) at constant temperature and different stress, in order to evaluated the stress
exponent n; (2) at constant load and different temperatures, to evaluate the apparent activation energy Q. All tests were
finished after 60 hours, without evidence of macroscopic failure.
3. Results and Discussion

3.1. Specimens Characterization

In Tab. (1) the relative density and crystalline phases, as well as the results of the quantitative SisN4 phase analysis,
hardness and fracture toughness are listed.

Table 1. Sintering results of the 3-SisN4 specimens before creep tests.

Sintering Conditions Relative Crystalline [B/B+a] Hardness (HV)- Fracture Toughness
density (%) phases (%) GPa K,c — MPa.m™*?
Hot-pressing, 1750 °C/0.5h 98.6 £0.2 B-SisNy 100 16.4+0.3 59+0.2

20 MPa




The relative densities of the specimens after hot-pressing presented values higher than 98% for this composition,
demostrating that dense ceramics were obtained. Phase analysis by X-ray diffraction (XRD) revealed only the presence
of B-SisN, indicating that the a— to B—SisN,4 transformation has been completed and, furthermore, that the additives
formed an amorphous intergranular phase.

The specimens investigated yielded ceramic materials of high hardness, more than 16 GPa. This result is directly
related to factors such as grain size, grain morphology, B—SisN, content, reduced additive content, low porosity, among
others (Peillon, 2002, Mukhopadhyay, 1999, Perera, 2000, Herrmann, 2001). The fracture toughness values are near to
6 MPa.m"2 This results of fracture toughness can be attributed to several factors such as the high relative density, the
complete a to 3-Si3N, transformation, but mainly due to microstructural aspects. The reduction of porosity influenced
the fracture toughness due to the reduction of the amount and size of defects.

3.1.1. Microstructure

During liquid-phase sintering of SizN, ceramics, a—SisN, particles dissolve in the liquid phase and precipitate in the
form of elongated, hexagonal 3-SisN, grains. The morphology (aspect ratio) depends to a large degree on the additives
used and their quantity and sintering conditions. The results of the microstructural analysis of the hot-pressed samples
are resumed in Tab. (2); listing the average grain sizes, the planar grain density (defined as number of grains per area),
and the aspect ratio of the —Si3N, grains. Figure 1 shows the SEM micrographs of the sintered specimens.

Table 2. Microstructural characteristics of hot-pressed specimens.

Sintering Conditions Average grain Planar grains density Aspect Ratio
size (um) [N° grain/ pm?]
Hot-pressing, 1750 °C — 25+0.8 1.28 65+1.1
0.5h 20 MPa

10000x

Figure 1. Microstructure of the hot-pressed creep specimens.

The wettable liquid phase, in association with the isothermal holding time and sintering pressure used, influenced in
obtaining of dense ceramics with elongated 3—SisN, grains (2.5um) with high aspect ratio (higher 6), in an complete
o—[3 transformation and a rigid and intergranular phase resistant to crack propagation (Peillon, 2002, Mukhopadhyay,
1999, Perera, 2000). The high fracture toughness of the sintered samples with longer isothermal sinter times is
explained by the microstruture consisting of elongated grains with high aspect ratio, which act as crack propagation
barriers, increasing the energy consumed during crack growth.

It is well known that the anisotropic growth of B— SisN, grains is related to the different growth velocities of the
basal plane and the lateral planes of the hexagonal B— SisN, prism, due to the different specific surface energies of each
plane (Bjorklund, 1997, Perera, 2000, Herrmann, 2001). During hot-pressing, this effect of preferential grain growth is
further enhanced by the applied pressure (Coble, 1970, Pyzik, 1993, Yoon, 1997, Lee, 1992), resulting in grains of
even higher aspect ratios, as shown in Tab. (2). It can be observed that the aspect ratio of the f—Si;N, was 6.5. This
result is explained by the higher grain growth velocity of the 3—SisN, grains along their c-axis, when compared to the a
and b axis, consistent with the work of Lee et al (Lee, 1992).



The alignment of the 3—-SisN, grains during hot-pressing is known to be the result of pressure gradients in planes
parallel and perpendicular to the hot-pressing axis. Therefore, the grains grow preferably perpendicular to the hot-
pressing direction. This information is very important for the subsequent creep behavior discussion.

3.2. Creep Behavior

Previous works show that in Si;N, ceramics, creep occurs by viscous flow, with grain-boundary sliding, solution
precipitation and/or cavitation mechanisms (Yoon, 1996, Yoon-2, 1997, Crampon, 1997, Wiederhorn, 1999, Arellano-
Lopéz, 2002, Silva, 1989). Despite of the form of the creep test, by tensile or compresive stress, the different
mechanisms act. For much of the range of applied stress, creep occurs faster in tension than compression tests, and
cavitation in compression is much less than in tension (Wiederhorn, 1999).

Compressive creep curves at 1250°C (1523 K), 1275°C (1548 K) and 1300°C (1623 K) under stresses of 200 ~300
MPa are shown in Fig. (2). The curves exhibits the secondary creep after around 15 h depends on applied stress. No
tertiary stage was detected in this tests after 60 hours.
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Figure 2. Creep curves of the hot-pressed silicon nitride specimens:a) at 1250°C; b) at 1275° C; c) at 1300°C (200
~300MPa).

3.2.1. Specimens aspects

Figure 3 shows the specimens before and after creep tests. At the end of tests, the specimens showed an aspect of
barreling. It is indicative that in central regions of the samples, the specimens were submitted to tensile stress in the
perpendiculad plane to the load application axis during the creep tests. Besides, a reduction in the heigth is verified in
the crept specimens. An uniform oxidized surface also was observed.

8 e T =
Figure 3. External surface morphology of specens: (Ift) — before creep tests; and (right) a specimen crept under a
stress of 300 MPa at 1300 °C (1573 K) characterized by a mixed tension and compression region.



3.2.2. Creep Mechanism
a) Stress Exponent (n)-

The dependency of the applied stress on the creep rate is summarized in Fig. (4). This Figure is a log-log plot of the
compressive creep rates of Si;N, ceramics as a function of applied stress.
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Figure 4. Stress dependencies of creep rate for hot-pressed CRE,Os/Al,0s-doped- SizN,4 ceramic, under 1250°C
(1523K), 1275°C (1548 K) and 1300°C (1573 K).

The value of the stress exponent, n, is determined to be 0.8~0.9 under a stress range of 200 to 300 MPa,
independently of the temperature (1250 °C to 1300 °C). Lange et al (Lange, 1980) reported that Si;N, material with
small amount of the glassy phase showed a stress exponent, n, to be unity corresponding to the diffusional creep. As a
result of the degradation of mechanical properties at high temperatures in majoritary SisN, ceramics, substantial
investigations have been directed at the analysis of the creep behavior, in terms of diffusional mechanisms related to
grain-boundary sliding along the glassy phase and cavitation (Yoon, 1996, Yoon-2, 1997, Crampon, 1997, Wiederhorn,
1999, Arellano-Lopéz, 2002, Silva, 1989). In the presence of a residual glassy phase, grain boundary sliding can be
diffusionally accomodated either by viscous flow of the glassy phase or by the dissolution-diffusion-precipitation of
material, and a stress exponent of n = 1 is found for pour Newtonian flow. Grain-boundary sliding controlled by viscous
flow can be ruled out in the present study because it is revelead that the stress exponent of all conditions is determined
to be about unity. Thus, the creep deformation is due to the diffiusional mechanisms.

b) Apparent activation energy (Q):

From previous studies on the creep deformation of Y,0s/Al,05-doped SisN,, in the domain where accommodated
grain-boundary sliding exerts the major control of the creep rate, the solution-diffusion-precipitation on mechanism
must be controlled by the diffusion of matter through the glass rather then by the transfer of atoms across the
glass/crystal interface (Crampon, 1997, Yoon, 1997). In that case the activation energy for the mixed-control
mechanism occuring during compressive creep failure remains consistent with that of the solution-diffusion-
precipitation. The apparent activation energy for creep deformation determined from the creep rate under 200 to 300
MPa is obtained to be aruond 500 kdmol™, as shown in Fig. (5). This value corresponds to the heat of solution of the
SisN, in glassy phase, wich was measured from the densification experiments (Crampon, 1997)Yoon, 1997).

The present experimental activation energy value is similar to others values of Q reported in the creep of Y,0s-
Al,Oz-doped-SisN, materials (Crampon, 1997, Silva, 1989, Silva, 1997, Yoon, 1997, Shibuya, 1998), for a grain-
boundary sliding mechanism accomodated by a solution-diffusion-precipitation process, with the viscosity of the glassy
phase as the rate-controlling step.
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Figure 5. Temperature dependencies of creep rate for SizN, ceramics under 200, 250 and 300 MPa stresses.



c) XRD observations:

A technique comonly used to determine the anisotropy in planes parallel and perpendicular to the uniaxial hot-
pressing direction by X-ray diffraction is based on the ratio of the peak areas between the (101) and (210) planes of the
[3=SisNy grains ( Lee, 1992, Yoon, 1997).The texture development with grain orientation has been reported in previous
studies (Yoon, 1997), wich contain two mechanisms for preferred grain orientation, including physical grain rotation
and preferential grain growth due to the stress gradient. Considering rotation during the creep tests was the probable
mechanism of texture development. Fig. (6) shows the change in the ratio of B-SisN4 (101/(210) peak area on a bulk
specimen before and after creep tests, respectively.
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Figure 6. XRD patterns of specimens: a) before creep tests, in the perpendicular (normal) plane to the hot-pressing axis
(N) and parallel plane to the hot-pressing axis (P); b) after creep tests at 1300°C and 300 MPa, in the (N) and (P) planes.

It can be observed, through XRD patterns, that the parralel plane (P plane) of the samples, before the creep tests,
shows a great variation on 3-SizN4 (101/(210) peak area when compared to N plane. The peaks intensity are 1.39 for
the P plane, and 0.42 to the N plane. These values indicate an alignment of the resultant grains that comes from the hot-
pressing process. After the creep tests at 1300°C and under a pressure stress of 300 MPa, can be seen from XRD
patterns, that the relation B-SisN4 (101/(210) in the P plane increase from 1.39 to 1.7, indicating that there was a new
and continuos global reorientation of the grains in the specimen, confirming the rotation of the grains during the creep
test. This indicate the physical grain rotation for texture development is a preferential mechanism and is due to the
viscous flow, where the viscous flow can redistribute the grain boundary glassy phase and thus then enables the
adjacent grains SisN, to be rearranged.



4. Conclusion

In this work, a natural yttrium and rare earth oxide solid solution, CRE,Os, produced at FAENQUIL-DEMAR, was
used as sintering additive of the hot-pressed SisN, ceramics. The use of the mixed yttrium and rare earth oxide solid
solution, CRE,05, as sintering aid was efficient for the obtaining of dense, hard and toughned ceramics.

The creep behavior indicated that grain-boundary sliding controlled by viscous flow can be ruled out in the present
study because it is revelead that the stress exponent of all conditions is determined to be about unity. The apparent
activation energy is obtained to be aruond 500 kJmol™ and this value corresponds to the heat of solution of the SisN, in
glassy phase. Both, the stress exponent, n, and apparent activation energy value, Q, are within the range of values
obtained in other studies of the compressive creep of Y,03-Al,05-doped-SizN4 ceramics. The creep behavior indicate
that this additive can substitute pure Y,O; in the fabrication of ceramic materials, resulting in equivalent properties.

From the results presented in this work, we conclude that the use of the mixed rare earth oxide solid solution,
CRE,0;, is a viable alternative, low cost sinter additive, enabling the obtention of creep resistant SizN, ceramics by hot-
pressing sintering
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