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1.0 INTRODUCTION
Hot Isostatically Pressed (HIP) silicon nitrides have the best high a

temperature fatigue life among silicon nitrides densified by atmospheric
sintering, gas pressure sintering (GPS) and HIPing. While the high
temperature properties are exceptional, the HIP materials have toughnesses
that are not comparable to some GPS silicon nitrides. HIP silicon nitride
toughness is independent of crack length. The toughness of HIP silicon
nitrides ranges from 5.0 to 6.5 MPam 11 2 , Developing a HIP silicon nitride
with R-curve behavior offering improved resistance to machining damage
and foreign impact damage would be very beneficial. The objective of this
two year program was the development of a HIP silicon nitride with a
toughness of 10 MPa-m 11 2 . The HIP silicon nitride should have 4w/o vttria
or the equivalent of another rare earth.

Silicon nitrides exhibiting R-curve appear to have common
characteristics. There is a small fraction of grains that have a thickness
greater than 1 micron with a high aspect ratio Several studies have
correlated toughness to the frequency of these coarse grains. 1 2 ý A recent
review shows that the toughening contribution associated with large
diameter elongated grains is proportional to the grain (hameter. I l)epending
on the final grain size distribution, these materials can exhibit high
toughness with high strength or high toughness with moderate strength
Typically, these high toughness silicon nitrides are densified with tIPS
Several factors during GPS densification enable the formation of the high 5 0
aspect ratio grains. The rate of grain growth in diffusion controlled
mechanisms is shown by:

-dr/dt = D (dc/x)
where D, dc, and x are, respectively, the diffusion coefficient of materials at
grain boundaries, the difference in the solubility between growing and
dissolving grains, and the mean separation of two grains. The (IPS silicon
nitrides complete phase transformation at the intermediate stages of
sintering, during which time [3 silicon nitride growth and pore elimination
occur together. The nucleation of large fl grains is observed at this stage
The high aspect ratio that develops from ct powders dunng sintenng suggests
that abnormal grain growth occurs when dc is greater than a critical value
The factors that affect dc are size difference, morphology and phase. These
are dependent on temperature. Usually, a portion of the GPS cycle is at
temperatures greater than 1850 0 C. These conditions favor secondary grain
growth of the large [3 nuclei. Abnormal grain growth was observed at high
temperatures greater than 1900°C. 2 A

In contrast, HIP silicon nitrides have fine grained microstuctures
resulting in a crack length independent toughness. A recent paper by
Sordlett 5 showed the rapid densification of HIP silicon nitride at
temperatures of 1825'C. The silicon nitride reaches densities greater than

0
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90% in 15 minutes. Little grain growth has occurred, and much of the
microstructure development takes place in a final densification stage. The u
opportunity for the formation of large beta nuclei is not available with the 0
current HIP process. In addition, the temperatures may not be sufficient for
secondary grain growth.

During the first year of this contract, a number of approaches were
screened. The approaches evaluated included seeding, rare earth type, liquid
composition, sintering time and sintering temperature. The different 0
techniques all attempted to encourage the formation of beta nuclei or to
induce secondary grain growth. The objective was to develop a
microstructure that included grains greater than 1 micron in thickness with
modest aspect ratios. HIP silicon nitride with R-curve approaching the
contract goals was demonstrated.

2.0 EXPERIMENTAL PROCEDURE

2.1 INSITU SEEDING

Two seeding approaches were evaluated. In the first, regions with
dissimilar melting points were created. The regions that formed the earliest
liquid provided opportunity for preferred growth of the silicon nitride grains.
The second approach introduced P-Si 3 N4 seeds into the high cc Si 3 N 4 powder.
The processing was significantly different for the two techniques.

Regions with dissimilar melting points were created by changing the *
rare earth additive composition within the green body. The melting point
was lowered by introducing agglomerates composed of a rare earth binary
eutectic within a matrix that had a single rare earth as the densification
additive. The agglomerates were formed by spray drying the powders.
Before spray drying, the powders were milled for 15 hours in water at 50%
solids. The milling media was urethane or nylon coated steel balls. A 3%
carbowax plus 0.5% PVA binder was mixed into the slip. The slip was then
spray dried. Two types of agglomerate compositions were formed. One type
was the eutectic mixture of erbia disilicate-yttria disilicate. The second was
a mixture of silicon nitride and the erbia disilicate-yttria disilicate eutectic. 0
The total rare earth content in the second type was 0.0177 moles. The spray
dried agglomerates composed of rare earths and silica were air fired between
700 0 C and 1300'C. The agglomerates were air fired between 5000 C and
9000 C if the composition included silicon nitride. Calcining the screened
agglomerates prevented their breakdown during the subsequent forming 0
process. Two size classifications were prepared by screening the air fired
agglomerates. The spray dry agglomerates were screened to size fractions of
-100/+200 and -325 mesh. The agglomerates were dispersed in a powder with
the composition of 94w/o silicon nitride-4w/o yttria-2w/o silica. The tile
were prepared by slip casting. The agglomerate size fraction and weight •
percent added is shown in Table 1. The tile were then heat treated at 17000 C

for 30 minutes or 1700'C for 90 minutes to allow beta silicon nitride grain
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Table 1. A ,glomerate types added to silicon nitride with 4% vttria. 0
Batch ID T ve Size wt %

DS100 Er-Y disilicate eutectic 100/200 5 S
SN325 Si 3N4 with Er-Y disilicate eutectic 325 5
SN100 Si 3N4 with Er-Y disilicate eutectic 100/200 30
DS325 Er-Y disilicate eutectic 325 30

growth in the agglomerates. This temperature is above the erbia-yttria

disilicate eutectic, but below the yttria disilicate melting point. After the
heat treatment, the tile were HIPed to full density.

The other seeding approach used P3-Si 3 N 4 particles as seeds. The [P-

Si 3 N 4 seeds were fabricated by heating silicon nitride powder with 2% of the
rare earth to 18400 C under 300 psi of nitrogen for 4 hours. The seeds were

then milled for 24 hours and dried. The milled seeds were added to standard
compositions. These were milled for 15 hours in water and spray dried. Tile
were pressed and isopressed at 30 ksi. The tile were air fired at 6000 C for 2

hours to remove the binder. The tile were then ready for densification
treatments.

2.2 COMPOSITION
The effect of the rare earth to silica ratio on the mechanical properties

were studied. The rare earth to silica molar ratio was varied in the range of
0.3 to 0.1. The rare earth was either yttria or the combination of ytterbia - S

samaria. In addition, the effect of binary rare earths on the toughness and
microstructure were studied. These rare earth systems are shown in Table 2.
The rare earth content is 0.0177 moles per 100 grams of powder, which is
equivalent to 4w/o yttria.

The silicon nitride, rare earths and silica were milled for 15 hours at
60% solids in water. The milling media was polyurethane or nylon coated
steel balls. The mixes were screened through a 20 micron filter. then spray
dried. Three inch square tile were prepared from these batches by CIPing at
30 ksi. The tile were air fired to remove the binder prior to HIPing.

Table 2. Rare earth additive compositions.w/o)
Er203 La203 Sm203 Yb203 Nd203 Y203 S( )2

Er50YS 3.441 1.97 2.1.1
Er59YS 4.0 1.64 2 13

La4OYbS 2.31 4.19 2.13
La35YS 2.02 2.6 2.13
Nd50YbS 3.49 2.98 2.13

Nd50Y 2.00 2.98
SMINbS 3.09 3.49 2.13
SmYb 3.09 3,19

Er5OSmS 3.44 3.08 2.13
ErSm 3.44 ,I08 5
NdYb 3.49 2.98
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2.3 MECHANICAL TESTING
All strength testing was done on a 4-point quarter-point fixture with

an outer span of 40 mm. Toughness was determined by the indentation
fracture method. The flexure bar size was 3 mm x 4 mm x 50 mm, or 3 mm x
4mm x 25mm. Fracture toughness was determined by the indentation- 0
strength technique. The indent load was 10 kg. Unless specifically noted in
the document all toughness results are from the above test technique. The
presence of R-curve behavior was determined by the dependence of strength
on indent load. The indent load range was 2.5 to 50 kilograms.

Compressive creep specimens were 6.7 mm x 25.4 mm cylinders. The 0
cylinders were loaded between SiC rods. Four silicon nitride flags were
cantilevered on the cylinders. The distance between these flags was
measured by a non-contact laser extensometer system. 2.4 Microstructure
Analysis

2.4 MICROSTRUCTURtL AUNALYSIS 0
The microstructural analysis was done by polishing and then etching

the samples in molten KOH. Micrographs were taken at 2.5 KX, 5KX and 10
KX. Grain thickness was measured by drawing four to six lines across the
micrographs. The shortest dimension of any hexagonal or rectangular * *
shaped grains intercepted by the lines was measured. The aspect ratio was
estimated from 2.5X micrographs. Four lines were drawn across the
micrographs. The thickness and length were recorded for each rectangular
grain touching a line. This resulted in an estimate of the apparent aspect
ratio distribution.

3.0 RESULTS AND DISCUSSION

3.1 INSITU SEEDING
3.1.1 Agglomerates - Neither agglomerate type increased the grain

aspect ratio, and the presence of the agglomerates reduced the fracture 0
toughness of HIPed silicon nitride. The fracture toughness data is

Table 3. Toughness summary for HIP silicon nitride with
agglomerate type seeds.

Batch ID 1700'C 90 min 1700'C 30 mm
I Mean st. dev. Mean st. dev. 9

DSI00 5.40 MPa=m2  0.1.1
SN325 3.96 0.13 3.93 MPa-m 1/2  0.12
SN1OO 4.11 0.11
DS325 4.12 0.09

summarized in Table 3. A similar yttria composition without the inclusion of
seeds had a typical fracture toughness range of 5.5 to 6.5 MPa-m1 /2 .
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The agglomerates' effect on grain development may not have been 0
detected by toughness measurement. The coarse agglomerates introduced X
into the casting slip may segregate during forming. An inhomogeneous
distribution of the agglomerates could affect the measured toughness. This
did not appear to be an issue, based on the uniform glass pocket distribution
observed in the polished sections. The microstructures around the
agglomerates were examined for evidence of enhanced grain growth. The
presence of coarser grains would suggest that modified processing to change
the grain distribution may improve the measured toughness.

Figure 1 is an
etched micrograph from
batch SN100. SN10O was
the mixture of silicon 0
nitride and rare earth plus
silica. The liquid content
of the agglomerate was
equal to the surrounding
matrix. The etched 0
microstructure shows 5 to
10 micron wide areas of
high glass content.
Normally. the
intergranular glass Is 0 0
distributed uniformly.

Figure 1. Microstructure after seeding with Si 3 N 1-Er-Y The silicon nitride grain
disilicate agglomerates. Highly elongated grains were
not observed. size distribution was

uniform throughout the
sample. Evidence of elongated grain growth was not observed with 0
agglomerates composed of
erbia-ytt ria-silicon nitride.

The disilicate seeds
left glass pocket:, behind
aifter HIPing. These pockets 0
were visible in polished
sections. Figure 2 shows the
microstructure around the
glass pocket for DS325. This
silicon nitride had 30 w/o of 0

the agglomerates added.
The total rare earth content
was significantly higher
than the 0.0177 moles per
100) gins of powder. The
high frequency of Figure 2. Finer silicon nitride grains were foundgrowing into the dislh(:it( iglrmiratis ut iml ,
agglomerates was added to 1)D:i25.

5
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determine if any effect on grain growth could be observed. Examination of
the microstructures showed that refinement of the grains was observed in the
regions of the agglomerates. Exaggerated grain growth was not observed,
and the presence of the glass pockets would degrade the mechanical
performance of the material.

An additional batch was prepared in which 4 w/o of a rare earth
agglomerate was added to silicon nitride powder. The agglomerate was the
only sintering additive used. The agglomerates were -325 mesh, and the
agglomerate composition was Nd 2 0 3 -2SiO9. This modification was
attempted because the earlier trials had additive in both the agglomerate
and the matrix. In this trial, the Nd 9 0 3 -2SiO2 represents all the
densification additive. The driving force to distribute the liquid and
eliminate the porosity should be stronger than in the previous trials. The
material was fully dense after HIPing. Agglomerate remnants were observed
on the polished cross section. These glass pockets did have some silicon
nitride growing into the pocket, but the glass regions would result in poor
mechanical properties. The toughness of this material was only 3.99
MPam 11/2.

The original concept was that grain growth would occur at the
localized regions of Liquid. The Liquid regions would be formed by re-ions
which were composed of densification additives that would melt at lower
temperatures than would the surrounding matrix. In the rare earth systems.
the maximum temperature difference was only 100CC The eutectic liquid * *
formed at temperatures of 1650 0 C to 1700 0 C. Since the compositions were to
have only the equivalent of 4 w/o yttna, the amount of liquid was small.
Under these conditions, silicon nitride solubility would be small, and
diffusion would be slow. Little grain growth would be expected at the 1700('
pre-HIP sinter step. Time was not provided during the subsequent lI111 cvole o
at temperatures below 1800'C. Below 1800'C, densification rates are very
slow. Slow densification increase reaction problems with the glass
incapsulant. Therefore, a temperature was reached where liquid would he
present throughout the compact. No time is provided for gran growth in
local regions of a compact. In addition, particle rearrangement occurs rapidly S
under 30 ksi and closed porosity is reached rapidly.) Since the liquid
(:omposition of the agglomerates is basically the intergranular comnposition.
there is no driving force for elimination of the liquid-filled pores. In liqu(ld
phase HIP alumina. 100 to 150 micron voids were shown to fill with i(quid
during HIP, but were not eliminated. 6 The behavior of the agglomerates in S

the HIP silicon nitride was very similar. The incorporation of agglomerates
reduced toughness, and di( not enhance grain elongation.

:3.1.2.•3 Si.N Seeds - Sintered silicon nitride with a fairly high

amount of sinternng additive reportedly increaseid toughness with the 5

;adlition of ft seeds.7 The seeds were prepared by blending a-Si3N,1j powder

6
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with 2% yttria. The powder blend was then heated to 1750'C for 4 hours,
converting the powder to P3-Si 3 N 4 whiskers. The P3-Si 3 N4 was then milled.
The milled powders were then used as seeds in a silicon nitride composition. 0

The densification of this material was rapid, and at temperatures similar to
the HIPed silicon nitride. A similar approach may increase the elongation of
HIPed silicon nitride.

The O3-Si 3 N4 seeds produced in this work had an average particle size
of less than 1 micron. These were added to silicon nitride with sufficient 0
yttria to bring the total to 4% yttria. Batches with 5, 10 and 20 weight
percent of beta seeds were prepared. In addition, compositions with other
rare earths were prepared. The compositions with P seeds are listed in Table
4.

Table 4 Compositions prepared with O-Si3 N4 seeds.

Batch w/o Seeds Additive
BS5 5 4w/o yttria
BSIO 10 4w/o vttria
BS20 20 4w/o vttria
SmYbBS5 5 2.94 w/o Sm2'03, 3.32 w/o Yh 2 0 3
YbBS5 5 1 74 w/o Yb 2o 3
SmBS5 5 1.5 w/o Sm203

The yttria compositions with 6 51
beta seeds had a toughness 6 N 0
independent of crack length. The 5 5
fracture toughness was lower than M
the standard monolithic material 2
at all beta seed levels. Figure 3 0 4 51
shows the dependence of fracture , S

toughness on the beta seed 4 0

content. The toughness decreases 35
with increasing P content, up to 3 0
approximately 10 w/o seeds. The t5 ,0 Percent:

toughness appears to reach a
minimum of 3.0 MPa.m 1/2. This is Figure : Fracture toughness decrea•es with Jý
similar to silicon nitride toughness seed content.
with low amounts of additives. These microstructures have low aspect ratios.
Figure 4 and Figure 5 show the reduced aspect ratio of the microstructure as
the seed content increases from 5 to 20 w/o.

7
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3.2 COMPOSITION 0
The initial composition work began in parallel with the agglomerate

seeding task. The use of agglomerates to encourage grain growth might be
affected by the liquid composition within the agglomerate. Diffusion and/or
solubility may be enhanced
by controlling the liquid
composition. Changes in
these parameters could
change the final grain

distribution. Specifically,the compositional task 7M -1

started by examining the • {
role of the rare earth to silica
ratio on the final properties. am
The optimum composition
would have been
incorporated into seed W0,0 __1o _______'___ Q_ _ __ 0__ '35
preparation. The effect of 010 1 203

the rare earth to silica ratio
was investigated for two Figure 6. Strength dependence on silica content for

samaria-ytterbia. Room Temperature strength
densification systems. Yttria decreases with increasing sihca content The error *
was used as one densification bars are a 95 % confidence interval.

additive. An equimolar
mixture of ytterbia and samaria was the second additive system. The rare
earth to silica ratio was varied from 0.1 to 0.35. Room temperature strength
as a function of rare earth content is plotted in Figure 6. Strength decreases 0
with increasing silica content.
A similar trend is observed 56

with fracture toughness in 0
Figure 7. The mixed rare 64

earth had higher fracture 62 - 0

toughness than yttria alone. T T

The effect of rare earth C -

on grain morphology and 58

fracture toughness was 56

expanded. The compositions 5 6

are summarized in Table 2. 54 - -3T*-Y
Some densification additives 52 LA Y

included additional silica. The Q__0 _ _ __ _00 _ __ _ _ 00_ 0_
silica on the nitride surfaces 0 015 Q0 Q• o 0Z
plus the added silica, was t
sufficient to make the rare Figure 7. Fracture toughness decreases with

increasing silica content. The error bars are a 95%earth to silica molar ratio confidence interval.

9 0
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earth to silica molar ratio equal to the rare earth disilicate. Data for all the
systems are not available because numerous tile were not dense due to
encapsulation failure. Additional tile were not HIPed, because the binary
rare earths may offer 10 to 30% improvements in toughness, but would not
achieve the program goals alone.

The fracture toughnesses are compared in Figure 8. The compositions
with a asterisk are the average of two HIP runs. The compositions plotted in
Figure 8 were prepared with added silica. The binary rare earth systems 5
have slightly higher toughnesses than do silicon nitride HIPed with yttna
and silica. Other single rare earth oxides were not prepared.

SMYb

Y203

Er5OYS*

t La35YS-

Er59YS

Nd50Y*

La40YbS* 0

Nd5OYbS

5.00 5.20 5.40 5.60 5.80 6.00 6.20 6.4

Fracture Toughness 0
Figure• 1 mInarv rare earth systems yiel increase(d toughness compare(d to ytLrio

9• 1kThe microstructures
A were characterized and

g77. correlated to the fracture
A ji toughness. The gran

84 thickness was measured
from IOKX micrographs.

51) Figure 9 is a lognormal
plot of the grain thickness

17 1 distributions. The linear

A ¥fs relationship of the data is
23 0o Lat evidence that the

__ lognormal distribution is a
01 I good description of the

Thdes (nvais)
Figure! 9 Log'normal plot. of grain th wkness
dist ribution for four I liP composition,-s 10

0 0 S S S S 4
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distribution. The similarity of the slopes indicates that the grain thickness E
distribution width is similar. The binary rare earth systems yielded a a
smaller grain size than the yttria. The starting particle size was equivalent,
and would not account for differences in the final grain size. Some
explanation is found by looking at the phases present after HIPing. The a-
Si 3 N 4 content for the mixed rare earths is shown in Table 5. The yttria
composition had 11% a-Si3 N4 after HIPing. Less transformation will result
in the finer grain size. In Figure 9, the coarse end of all distributions is very
similar. The binary rare earths have a finer tail caused by the fine 0 and (t
grains that have not yet reprecipitated on the larger P grains, although it is
not clear by what mechanism the transformation rate is reduced in the
presence of the binary rare earth systems. The rare earths forming the
mixture did not seem to affect the grain size after the standard HIP cycle.
The extent of the (x to P transformation was also similar.

Table 5. Diffraction analvsis of binary rare earths after standard HIP cycle.
oxy alpha beta phase rel int

Nd50YbS 3.72% 30.84% 65.44% Nd2Si20 7 3.3
alpha

La40YbS 2.24% 33.23% 64.53%
Nd50Y 2.50% 27.29% 7021%
Er59YS 2.13% 30 38% 67.48% Y9S20 7  2.3 2 3
La35YS 204% 35.02% 62.94%
Er50YS 2.20% 26.74% 71.06% Y2Si20 7  2.5

The grain thickness of the HIP silicon nitrides with binary rare earths are
very similar and finer than the yttria composition, but all the materials are
relatively fine grained with a very small percentage of grains greater than
one micron. Current theories on toughening in silicon nitride indicate that
crack bridging is a factor primarily with grain thicknesses of over 1 micron.
Since these HIP materials are very fine grained, the increased toughnesses
are probably due to crack deflection mechanisms. Toughness changes should 0
depend on differences in the aspect ratio or frequency of elongated grains in
the mixed rare earth systems. The estimated aspect ratios are plotted as a
function of grain thickness for two binary rare earth systems in Figure 10.
The aspect ratio appears to reach an asymptotic value of 4 as the diameter
increases. The same value was suggested by Mitomo1 as the equilibrium [1 0
aspect ratio. The highest aspect ratios are found for grains less than 0.6
microns. As the thickness increases, the maximum aspect ratio decreases.
This trend was observed for all the HIPed compositions. Comparison of the
aspect ratio between materials was not considered, because of the
uncertainty of measuring the aspect ratio from a 2-D image and the small 0
sample size for each material. The toughening mechanism for small
diameter, high aspect ratio grains is expected to be crack deflection. In crack
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Figure 10. Dependence of aspect ratio on grain thickness.

deflection models 8 toughness is dependent on the frequency of the high
aspect ratio grains.

The dependence of aspect frequency on toughness was evaluated. A
linear density of grains with an aspect greater than four was determined for 0
each sample. The linear density is defined as the number of grains with an
aspect greater than 4, divided by the total line length traversed across the
micrographs. Figure 11 shows an increasing toughness with a higher linear
density for the different rare earth systems. Silicon nitride with two rare
earths had a higher frequency of high aspect grains than yttria. The 0 *
toughness range of 6.0 to
6.5 MPa-m 1/2 is very good 120 C

for a HIP silicon nitride, -000o .
but a crack deflection
mechanism in HIP silicon 0 . "

woo .nitride may not be able to
provide toughness . . .

approaching or exceeding 2000

8 MPa-m 11 2 . Toughness
exceeding 8 MPa-m 1/2  

55 56 57 58 59 6 .

would probably require Ir.rnii..V21

increased contribution Figure 11. Toughness increases with the frequency of high
from crack bridging aspect grains.
mechanisms. This should
lead to R-curve behavior in the HIP silicon nitride. Experimental thermal •
treatments that might favor the development of high aspect ratio grains with
thicknesses of one micron or greater were then conducted.

3.3 THERMAL TREATMENTS 0

12 0

000 0 0 0 0 0 0 0
• • • •• • •
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Typically, the high toughness silicon nitrides have large, high aspect 0
ratio grains. The development of these grains is due to secondary grain U
growth from large P3 nuclei at high temperatures. The pre-HIP sinter 0
conditions did not form large beta grains because of the low temperatures
and short times. The insitu seeding with agglomerates failed to increase the
silicon nitride aspect ratio. Also, the HIP temperature may be too low for
secondary grain growth if large beta nuclei were present. Thermal
treatments examined two factors with the HIP silicon nitride that may S
encourage the development of elongated grains: first, increased temperature
that would increase diffusion rates and may allow larger grains already
present in the matrix to grow, consuming smaller grains: second, the use of
high temperatures in a pre-HIP sinter cycle that would form large beta
crystals. Then, during a standard HIP cycle, the large beta grains would
grow rapidly. at the expense of smaller grains surrounding them.

The compositions subjected to a post-HIP heat treatment are listed in
Table 6. These tile had already been HIPed to full density. Since the tile
were dense, the post-HIP treatment was done without glass encapsulation
The tile were covered with silicon nitride powder. These trials would S
determine the extent of grain coarsening and the potential effects on
toughness during high temperature HIPing. Figure 12 and Figure 13 show
the microstructural coarsening that occurred during the post-HIP treatmen
at 2150'C for Nd5OYS.

Tablu 6. Summary of compositions heat treated at one of three post-HIP conditions S 0
('onditions NdYb YbBS ErSmn Er5OSmS Er59YS Er5OYS Nd5OYS Sm N,15OY5 Y I
2150'C". 30 ksi. I I I I
120 minutes
2000(C 30 ksi. It /
120 minutes
1810('. 15ksi 1 1 ( I /
I hours

Figure 12. Microstructure of Nd5OYS after standard
HI P.
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Figure 15 Lognormal distribution of grain Figure 16. Growth rate is affected by grain
thickness after 2 hours at 2150'C. boundary composition.

A third trial was done at 1840 0 C for an extended time of three hours with

composition ErSm. Because the temperature was relatively low, significant
grain coarsening and R-curve behavior were not expected. The plot of load
versus strength is shown in Figure 17. The slope of -0.26 is less than -1/3,
indicating crack length dependent toughness. Nd50YbS, one of the binary
rare earths HIP at 1840 for 60 minutes, is included in Figure 17 for * *
comparasion. Nd50YbS does not exhibit crack length dependent toughness.
Toughness as a function of crack lenght for ErSm was estimated using the
method described by Krause. 9 Improved techniques are available, 6 but these
were beyond the scope of the present work. The crack dependent toughness

Z8 12 .

241

23 0_

I V-

6

10o2' 1 '16 1 i022'24262'830 000&02' 00004' 0000 00008
Crack Length (meters)

Figure 1. Toughness as a f0uncton of crack

Figure 17. Strength as a function of indent load, length for ErSm.
for ErSm is shown in Figure 18. The maximum toughness approaches 11

MPa~mI/2 at crack lengths of 600 microns to 800 microns. The grain
distribution of ErSm after a total of 4 hours at 18400 C is compared to
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La40YbS and Y4SA densified at
18400 C for 60 minutes in Figure 97.7.

19. The ErSm grain distribution L9 9 0

is wider, based on the reduced 84.
slope of the grain distribution in
Figure 19 The ErSm has a 50
significant population of grains
with a thickness of I micron or '= S1r I

greater, which would favor - 1. o LMU!

toughening by grain bridging Y2.

mechanisms. The apparent aspect 23 0 o

ratio is compared to La40YbS in 0 A

Figure 20. A significant number 0 o .
of grains with a thickness of 1 Thckness ([L)
micron or greater developed Figure 19 The grain distribution of ErSm after an
modest aspect ratios in ErSm. extended tune at 18,10°(' is broader than the other two
Fine grains with high aspect ratios materials HIPed at 1840'(C for fiO minutes
were also observed. The
microstructural changes observed support the presence of R-curve behavior
in ErSm.

A second cycle was run at
18400 C for five hours with 14.

compositions SmBS, NdYb, YbBS
and ErSm. Including the original 12. 0 Oti 0 oEiS
HIP densification cycle, the total 010. 0 0 L,4bS

tune at 1840 0 C was 6 hours. 8 00

Based on the dependence of 8. o0

strength on indent load, both rare 6 8p o o

earth mixtures exhibited R-curve 0 002oo o0
behavior. Only the samaria 4. 0 0 0 F0

composition with 03 seeds 0010

exhibited R-curve. Figure 21 2

shows the dependence of strength 0.0 0.5 10 1 5 2.0 25

on indent load. The dependence Thickness (tt)

of toughness on crack length for Figure 20 [he ErSm has a hio~h frequency (iziodost
NdYb and ErSm after postHIP aspect ratio grains greater than I micron and finei
HIP is shown in Figure 22. The grains with high aspect ratio 0
maximum toughness is slightly
lower than observed with the 3 hour soak in Figure 18. The reduced
dependence of toughness on crack length is expected to be due to continuing
grain coarsening and loss of the fine high aspect ratio grains. Microstructure
analysis of these materials was not completed.
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"Figure 22. Dependence of toughness on crack length.

An alternative method to physically adding seeds to the powder is beta
nuclei formation during thermal treatments. Two attempts were made at 0
pre-HIP sintering tile at 20000 C for 30 minutes. Characterization of the

materials after the pre-HIP sinter cycle was not completed. Density after
sintering was less than 85%. Additionally, pre-HIP sinter conditions were
not evaluated. The tile were then HIPed at 1840 0 C for 60 minutes. The first

trial successfully densified the tile, but the second trial did not. Loss of 0
encapsulation is the expected cause. The presintered tile are probably more
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difficult to densify as they §c -27 o 9Tvb"--0 ��a St0ffs
take longer to reach closed 4 - ' BSM a

porosity, and the chance of -a 0_9n

encapsulation failure is
higher. The materials that
did densify were tested for R-
curve. Two compositions
contained beta seeds, and .
three did not. The *M -03

composition with 10 w/o
seeds did not exhibit R-
curve. Four of the
compositions did exhibit R-
curve behavior, as shown in Martte(l

Figure 23. During the pre- Figure 23. The compositions with no seeds or 5% s'eeds
HIP sinter cycle, appreciable showed evidence of R-curve

transformation is expected
along with grain coarsening. The average grain size after the pre-HIP sinter 9
and HIP is expected to be larger than a silicon nitride that was HIPed only.
The average aspect ratio is probably lower than the HIPed materials. The
pre-HIP sinter step at 2000'C probably coarsened the microstructure
sufficiently to eliminate the fine high aspect beta grains observed after
densification in the HIP. The microstructure was not characterized to 0
determine whether these changes could be observed.

3.4 HIGH TEMPERATURE BEHANIOR
A secondary objective of the program was to maintain the high

temperature properties of the silicon nitride with increased toughness. The
creep behavior would be influenced by the glass composition and grain size.
The high temperature strength and creep behavior of yttria densified silicon
nitride and samaria-ytterbia densified silicon nitride were compared.

The high temperature strengths of the samaria-ytterbia densified
silicon nitrides exhibited a minimum at a rare earth to silica ratio of 0.17. as 0
seen in Figure 24. The strengths were low as compared to NT154 which
averages 80 to 90 ksi at 1370 0 C. The mixed rare earths did not show any
evidence that crystallization of the intergranular phase had occurred during
HIP. In NT154, some fraction of the intergranular phase crystallizes during
the HIP cycle. The difference in the extent of crystallization may account for
the lower strength of the samaria-ytterbia densified silicon nitride. The
yttria-silica compositions, while stronger than the samaria-ytterbia, had
strengths lower than NT154. The high temperature strength for the vttria-
silica series is shown in Figure 25. The compositions prepared in this work
have a lower surface area. NT154 has an additional process step that
improves high temperature properties. This step was not followed in this
program.
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Figure 24 The high temperature strength has

an apparent minimum at a rare earth to stlica

ratio of 0 17 The error bars are a 95% Figure 25 High Temperature strength frur -ttria
confidence interval compositions

The difference in intergranular crystallization should be expected to
affect the relative creep behavior of the mixed rare earth densified silicon
nitnde. Compressive creep tests were conducted at 13700 C. All samples
exhibited primary creep, followed by a secondary or steady state creep
regime. Figure 26 is an example of a strain-time plot. The plot shows the
strain with time between each adjacent flag; 1 to 2, 2 to 3 and 3 to 4. The
overall strain, shown between Flags 1 to 4, would be expected to fall at a
value intermediate to the other three measurements All tests were
suspended between 100 to 200 hours. The steady state creep rates for the
samaria-ytterbia and the yttria series are compared in Figure 27. The steady
state creep rates were very similar until the highest silica content. The
samaria-ytterbia at the highest silica content has a creep rate much higher
the samaria-ytterbia with lower silica, or any of the yttria-sflica densified
silicon nitride. Additional testing must be done to confirm these trends, but
the important conclusion is that the creep rate is not drastically increased by
the alternate rare earths.
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Figure 27. Compressive creep rates at 1370°C and 200
M Pa.

Many studies have shown the formation of cavities during the tensile
creep of HIP silicon nitride. Cavities formed during tensile creep tests were
readily visible in the SEM. Figure 28 shows the formation of similar cavities
in the silicon nitride with yttria at 13700 C and 200 MPa.
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