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ABSTRACT 

Composite powders were hot-pressed to determine the phase 

relations within the Si N4-Si02-Y2O3 pseudo-ternary system.    Four quater- 

nary compounds,  viz.,  Si^O^,  YSiO^, Y^Si^^ and Y/"   ^ were 

identified.    Studies of polyphase and single-phase materials within this 

system showed that these  four compounds were unstable under oxidizing 

conditions.    Materials within the Si^-Si^O-Y^i^., compatibility 

triangle precluded the unstable compounds,  and these materials were found 

to be extremely resistant to oxidation. 



1.     INTRODUCTION 

The use of Y_0^ as a hot-pressing aid to densify Si N    powder 

mini 

(1) 

has been discussed by a number of investigators.  » » » J Preliminary 

property measurements at temperatures > 1300 C reported by Gazza 

indicated that Si.N densified with Y 0 had significantly improved high 

temperature mechanical properties relative to Si_N. densified with the 

more conventional hot-pressing aid, MgO.  The initial results of the present 

workers were in agreement with the general conclusions of Gazza until it 

was found that some of the Si.N -Y_0_ type materials were unstable at 
3 4 2 3  r 

intermediate temperatures (^1000eC) despite their apparent stability at 

1400oC. 

Preliminary experiments designed to investigate this unusual 

phenomenon suggested that at least one of the secondary phases in these 

materials, viz., Si Y_0_N , was unstable in oxidizing environments. Further 

experiments were designed to fabricate Si,Y_0_N. as a single phase material 

to examine its oxidation behavior.  In addition, the phase relations in 

the Si,N .-SiO_-Y_0_ system were examined to determine whether a tie line 
3 4   2 2 3 

existed which would preclude the presence of the unstable phases in the 

hot-pressed materials. 

As discussed below, four Si-Y-O-N compounds were found to readily 

oxidize.  However, materials fabricated within the Si_N .-Y_Si_0_-Si.N_0 
3 4  2  2 7  2 2 

compatibility triangle precluded these unstable compounds and they 

exhibited the best oxidation resistance of any of the hot-pressed Si N. 

materials examined to date. 
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2.1 Powders, Preparation and Fabrication 

The cation impurities of the Si N * SiO.,** and Y^O *** powders 

used in this study are shown in Table 1. The ^i-rN powder contained 

^90% ot-Si-N., ^10o6 ß-Si_N., 1%  free Si and 0.7 wt0Ä oxygen as determined 
3 4 3 4 

with the inert gas fusion, thermoconductivity method. Only those portions 

of the phase diagram were examined that did not require YN as a starting 

constituent. 

The selected powder compositions were prepared for fabrication 

by milling in a polyethylene bottle with KC media and methanol. Weight 

measurements of the milling media and the container, both before and atter 

milling, showed that the WC and plastic contamination in the 

milled powders were in the range of 1.5-3 wt"» and 0.7-1.5 wt0», respectively. 

['repressed discs of the ccriposite powders were hot-pressed in a 

5 cm I.D. graphite dic-susceptor lined with grafoi1  at a pressure of 

28 MN/nr, and temperatures between 1600oC and 1780oC as measured with an 

optical pyrometer.  The max-mum temperature was maintained for two hours 

before the power to the furnace was shut off. Dcnsi fi cation was monitored 

with a sliding-resistance indicator. A nitrogen atmosphere was maintained 

within the furnace chamber.  In a few cases, the liquidus temperature of 

a particular composition was exceeded. Such compositions were hot-pressed 

again at a lower temperature. 

After sandblasting the density of each hot-pressed disc was 

determined by water immersion, a specimen of each hot-pressed composition 

was ground to a fine powder (-200 mesh) to determine the crystalline 

phases by x-ray diffraction. 

Westinghouse Research Laboratories, Pittsburgh, Pennsylvania 15235. 
** 
Fisher Scientific Company, New Jersey 07410. 

*** 
Research Chemicals, Phoenix, Arizona 85031. 

+Union Carbide, Carbon Products Division, New York 10017. 



2.2    Oxidation Experiments 

The stability of each hot-pressed composition in air at  1000oC 

was investigated by placing diamond-cut rectangular specimens,   supported 

on two knife-edged triangular prisms of hot-pressed NC  132 Si^i *    inside 

an open-ended muffle tube of a resistance heated furnace.    Weight changes 

of the specimens were periodically measured.    Some compositions were 

exposed over 1000 hrs; others had to be removed after a short period 

due to severe cracking and/or crumbling.     Specific  compositions were also 

examined in a similar manner at   13750C.     Phases present before and after 

oxidation were determined by x-ray diffraction. 

The oxidation behavior of Si_Y-0_N^ was  investigated with 

continuous  thermogravimetry using an automatic Cahn electrobaiance 

between  1000oC and 1320oC in pure oxygen,  air,   and argon.     The experimental 

procedure and details of specimen dimensions are described elsewhere. 

The concentration of V,  Si  and 0 across the oxide scale on Si,Y^0,N. were 
3 2 3 4 

determined using an electron microprobe. The morphology of the oxide 

scale was examined with a scanning electron microscope. 

3.  RESULTS AND OBSERVATIONS 

3.1 Phase Relations 

Hot-pressed compositions containing > 90 mole %  Si N contained 

some (0 to 12%) open porosity, as determined by water absorption. Other 

compositions did not contain porosity. All compositions exhibited a weight 

loss of 3 to 10% after fabrication. Compositions exhibiting weight losses 

>_ 10% were fabricated again at a lower temperature. Some of the weight 

loss was caused by a reaction with the graphite liner resulting in a 

friable SiC product which was removed by sandblasting.  Jther suspected 

causes for weight loss are the loss of the plastic contaminant, the loss of 

absorbed water, and the loss of Si N and SiO due to decomposition and 

Norton Co., Worcester, Massachusetts 01606. 



volatilization as SiO vapor,   respectively.    The  final  compositions of the 

hot-pressed discs were not  determined,  but   the possibility  of small 

compositional   changes during  fabrication sho'.ld not  alter the Reneral 

conclusions of this uork. 

Densification measurements were insufficient to indicate 

solidus temperatures. No attempt was r; ade to define the liquidus 

temperatures  in the present   study. 

The  coiH)ositions  examined  are  shown   in  Fig.   1   as  solid  circles 

along with  the resulting phase relations.     Tungsten carbide was  also 

detected in every hot-pressed composition.     Phase areas without   solid 

circles were not  investigat?d. 

Identification  of Y,Si,0    was  made with  reference  to   Ito and 

Johnston        and Batelieva,  et   al.C)     The  five polymcrphic structures of 
Y2Si207 madc  init'al   identification  of this  compound difficult.     The > 

structure of y Si^O    was onlv  observed  in  the  Si   N  -V  „Si   0    N  -Y Si U 
<■    *•   - 34    10    7234    2    27 

compatibility  triangle,  whereas only the   low  tenperatu. «j, o-structure was 

observed in the Si^-Si^O-Y^i^ compatibility triangle.    Oxidation 

studies,   described  below,   lead  to  other structures  of Y,Si.,0_  depending 

on  the oxidation  temperature.     The  compound  Y.SiO.   was   identified with 

ASTM card 21-1458.     It  should be pointed  out   that   the  diffraction patterns 

reported by Toropov  and Hondar.      '  who  determined  the  Y^O.-SiO,  phase 

diagram,  bear no  resemblance  to patterns   reported  by others. 

The x-ray diffraction patterns   for Si.Y^O.N J*"'4,9^     J-^hase(■',"l' 
(A   Q*\ 5  *.   3  4 

and l!-phase     '       have been reported by others.     Tsuge et   al.,(4-   Uills^9^ 

and the present  workers  are  in  agreement  with  the  existence  of Si   V 0 N 
3 2  5  4' 

The J-phase was  interpreted as  Y.Si.O \     (2Y_0_'Si,N   )   by  Tsuee et  al   I-1 

4     .i  b   4 _   .i       3  4       ' '       *' 
and as Y^i^cy^   (JY^j-Si^)  by both Rae.  et  aU4)   and Wills.'91  Recent 

work by MorgrnHO)   has  suggested that  the J-phase  is  ^   Si^O-N 

CZY.O.'Si.N^O),  which  is  consistent  with  the observations  of the present 

workers.    Rae et  al. have suggested that   the H-phase is  Y.Si 0 ,N 

^0Y203*9Si02'Si3N4l'    However«   the present workers  find that the repeated 

fabrication of this  composition  results   in two phases,* viz.,  H-phase and 

*llamon et al. , Cll)  who have synthesized many apatite-like,  Ln^Si^OpN 
Ln  =  Sm,  La,  Nd,   Sm,   Gd)   compounds were also  unable  to  synthesize YrSi-O^N, 



Y2Si0i, and as shown  in fi&'   1.  the present workers  represent  the H-phase 

with the cu...^sition of Y10Si70,,N4   (SY.O-'iSiO-.Si.N.). 

Small   differences were  observed between  the diffraction    patterns 

of the above three compounds reported by others and those observed by the 

present workers shown  in Table 2.     Th^se differences may be a result of 

either unidentified solid-solution  in these three compositional  areas 

or the solid-solution with the  impurities present   in the  initial powders. 

It  is believed that   the Si  N    powder used by  the present  workers  was 

purer  than  those used by others.* 

For polyphase materials within  this  system,  no  change  in the 
Si3N4 ^if^action pattern was  observed.     This   indicated  that  Y  is  not 

soluble  in  the Si  N.  structures   in  contrast   to that  observed for Al11"^ 

andBe(l4\ 

Table  III   shows  the observed x-ray  diffraction  data  for the 

k-phase,   which has  not  been  reported by others.     Repeated  fabrication 

indicates a composition of VSiü^N   (Y 0 «Si-N-Oj.     Good agreement was 

obtained when  these  data were  indexedHS)  on  the  basis  of a monoclinic 

unit  cell with  lattice parameters  a =  9.208 A,   b  -   13.157 A,   c  =  8.6"5 A 
0 

and ö  =  97.471  A.     The  measured density of 4.276  g/cm    for  this   compound 

is   in  good agreement  with  the  calculated density  of 4.158  g/cm*   (16 YSiO,N 

molecules/unit   cell)  when  the  WC  contamination  is  considered. 

3.2    Oxidation 

3.2.1  Polyphase Materials in the Si ^-V^Si ^fL-Y 0 Phase Area 

All dense polyphase materials within the Si.N -Y Si 0 Y 0 
.» 4 _  2 7 2 3 

phas.« area exhibited relatively large weight gains in air environments at 

lOOCTr.  Compositions closer to the four quaternary phases (Si Y.,0 N 
3 .. 3 4 

K, H and J) exhibited greater weight gains than those closer to other 

members of this phase area as illustrated in Fig. 2 for the compositions 
■» 

Others fail to report impurity contents and they apparently fail 
to include the high SiO-, content of commercial Si,N, powders (un to 
12 mole %1(12)        - 3 4 '        » 



a, b, c and d (see Fiß. 1), wlüch were oxidized in air for 20 hrs at 

lOOO'C. As shown, weight gain increases with increasing Si Y^O N content 

The development of large cracks, and in many cases, the complete 

disintegration of the previously dense, rectangular specimen into a 

friable mass as illustrated in Fig. 3 (composition d, 20 hrs, 1000oC), 

was concurrent with the observed weight gains. 

X-ray diffraction analysis revealed that the four quaternary 

phases originally present in the polyphase materials disappeared after 

extended periods of oxidation at 10üt)oC and that SiCL (crystobilite), 

a yttrium silicate and ß-Si_N. were the phases present in the oxidized 

materials. As shown below, the different quaternary phases oxidized to 

different yttrium silicate--.  In addition, the trace amounts of WC also 

disappeared during oxidation. 

Several polyphase materials in the Si,N,-YSiO-N-Si.V 0,N . 
3  4 2 3 2   3 4 

compatibility  triangle were oxidized  in  air at   13750C  for periods  up  to 

300 hrs.     Much  smaller weight  gains were  recorded at   13750C than at 

1000oC,   e.g.,   the weight  of composition d   (see  Fig.   11   only   increased 
2 

by 0.3? mg/cm    after  114 hrs  and exhibited no cracking,   etc.  at   13750C, 

as  compared  to much   larger weight   gain  and  its  degradation at  1000oC 

illustrated  in  Fig.   2  and  Fig.   3,   respectively.     X-ray analysis  of the 

glassy    appearing oxide surface  layer formed on this composition after 

exposure at   1375*C  for  100 hrs  revealed only  Y^Si^O, and SiO., . 

Specimens  of composition  d   (see  Fig.   1)   pro-oxidized at   1375CC 

for  100 hrs  and  then placed  in  a  furnace  at   l()()0o(: exhibited M/10 the 

total  weight  gain exhibited by  specimens  exposed  for similar periods 

without   the pre-oxidation  treatment.     Eventually  this  and similar pre- 

oxidized pol>phase materials did exhibit  cracking similar to the  same 

materials without  the pre-oxidation  treatment.     These  results  strongly 

suggest  that  the surface oxide  layer formed at   13"50C retarded the  further 

oxidation at both  13750C and  lOOO'C. 



3.2.2 Polyphase Materials in the Si^N,-Si^N^O-Y^Si^O^ Conroatibility 
Triangle ■ir~4 l~l      l~l~1  

The weight changes of the dense materials within this compatibility 

triangle exposed to air at 1000oC were negligible and within the error of 

measurement (+ 0.0005 gm), e.g., composition e (see Fig, 1) exposed to air 

at 1000oC for 1000 hrs exhibited a weight gain of only 0.01%, 

Weight gained by these materials at 13750C was also small, e.g., 

composition e exposed for a period of 303 hrs exhibited a weight gain 

of only 0.21 mg/cm . An x-ray diffraction analysis of the oxide layer 

formed on this specimen revealed that SiO was the only crystalline phase 

formed by oxidation at this temperature. 

3.2.3 Single Phase Materials 

3.2.3.1 Si-Y-07N. 3 2 3 4 

This is the only material that was  studied using an automatic 

electrobalance.    Specimens of Si YON    exposed to one atmosphere of 

flowing  (.4 1/min), purified argon P^.G at  1000oC did not change weight 

for exposure periods up to 72 hrs.     Large weight  gains were recorded in 

both purified    oxygen and air environments   (flow rate = 0.4  1/min)   at 

1000oC,   1200oC and 1300oC as shown in Fig.   4.     It is clear from these data 

that the weight gains exhibited by Si YON    in oxidizing ewvirouments 

increased linearly with time at all  temperatures. 

One Si Y20 N    specimen was oxidized in oxygen at  1320oC until 

its weight became constant.    The total weight gain was found to be 

consistent with the complete conversion of Si YON    to Y ,.i 0    and SiO 
O     •-     O     "-r i~ Z,     l £ 

according to the reaction 

Si3Y203N4 +  302 + Y2Si207 + Si0:- +  2N2   " ^ 

X-ray diffraction analysis showed that the y-structure of Y Si 0 formed 

at lOOCC, whereas the y-structure formed at 1320oC, consistent with the 

structure-temperature observations of Ito and Johnston1 J . 



The thick scale formed on Si YON    after exposure to air at 

1000oC is  illustrated in Fig.  5.    The SEM micrograph in this figure shows 

the presence of many small  cracks in the oxide  scale.     Electron microprobe 

traces for Y,  Si  and 0 across the Si YON    substrate-scale interface 

showed that the scale had an increased 0 content relative to the substrate. 

3.2.3.2    Other Quaternary Phases 

The other quaternary phases  also readily oxidized and became 

friable masses when exposed to air at 1000oC for periods <_ 50 hrs.    The 

observed products of oxidation at  1000oC suggest the  following reactions: 

2YSi02N   (K-phase)  +  1.5 02 + Y2Si907  ♦ N2 (2) 

Y10Si7O23N4   fH-Phas<0  +  302 ^ 5Y2Si05  +  2Si02  +  2N2 (3) 

Y4Si207N2   (J-phase)  + 1.502 ->■ 2Y2Si05 + N2 (4) 

4.     DISCUSSION 

: 

4.1    Oxidation ————— 
■ 

It is clear from the data presented that the  four quaternary 

compounds readily oxidize when exposed to an oxidizing environment at 

high temperatures.    Moreover,  unlike Si N  ,  which exhibits parabolic 
S 4 

oxidation kinetics.  Si YON    (and more than  likely,   the other three 

quaternary compounds)  exhibits  linear oxidation kinetics.    The     linear 

oxidation kinetics indicates the formation of a non-protective, porous 

oxide scale over Si YON  .    The porous nature of the oxide and the presence 

of large numbers of cracks in it are evident  in the scanning electron 

micrograph in Fig.   5. 

In the case of metals,  one of the several possible reasons 

that porous scales  are formed on oxidation is  that the molar volume of 

^ 



the oxide is smaller than that of the metal  itself,^16 '   so that  the 

oxide does not cover the entire surface of the metal.     It appears that 

in the oxidation of the  four quaternary compounds  in the Si N -SiO -Y 0 

system,  the volume of the oxide formed is   less than the volume of the 

Si-Y-O-N compound itself which causes the  formation of non-protective 

porous oxide on the surface.     For example,   in the oxidation of Si Y 0 N 
3 2  3  4' 

most  likely the initial  oxidation product  is Y n   -SiO,,,  which then 

combines with Si02 to form Y^^SiO,.    The densities of Si YON    and 
Y203*Si02 are rePorted as 4.28(2)  and 4.49(17)   g cm"3,   respectively, 

indicating the molar volune of the Y 0   -SiO    oxide to be smaller than 

that of   the Si^O.^. in addition to these volume differences,   the 

fact that a mixture of two oxides are formed by oxidation  according to 

reactions   (1)  and  (3)   could also result   in  the formation  of porous oxide 

scales due to differences  in theii  nucleation  and growth morphologies.'■^ 

The most unusual  oxidation phenomenon observed here was the 

relative stability of certain polyphase materials at   1375CC,  out their 

degradation at  100GJC.    This phenomenon  can be explained by suggesting 

that the compact protective SiO,, surface  laver formed over Si N    in such 
* 3 4 

materials at high temperatures   (e.g.,   13750C)   retarded or eliminated the 

oxidation of the unstable phases.    At   lower temperatures   (e.g.,   1000oC), 

it has been  found that Si^ does not exhibit much oxidation,('5-1  so that 

the SiO,, surface layer would be insufficient  to completely cover the 

unstable phase.     Thus,  at  lower temperatures,  the unstable phases  could 

oxidize,   causing internal  stresses to build up,   resulting  in eventual 

cracking and disintegration of the specimen.     This  reasoning also explains 

the relatively greater oxidation-resistance of the pre-oxidized specimens 

at the  lower temperatures. 

The excellent oxidation resistance of materials  fabricated 

within the Si^-Si^O-Y^^O., compatibility triangle  can be explained 

by examining the phase equilibria between SiO-   (the oxidation    product of 

either Si^ or Si^O)   and Y^^O.,.    As  shown  in  Fig.   1  and in the 

10 



SiO--Y,0 pnase diagram reported by Toropov and Bondar,   both Si02 and 

Y Si 0 can exist in equilibrium with one another. Until the eutectic 

temperature (1660oC) between these two phases is reached, no reaction 01 

interdiffusion between these two phases should take place. Thus, at 

temperatures below 1660oC, materials within this compatibility triangle 

exhibit oxidation kinetics intrinsic to either Si,^ or Si^O, and, 

therefore, extremely good resistance to oxidation. 

4.2 Densification 

Although eutectic and liquidus temperatures were not determined 

in this study, it is reasonable to suggest that a liquid phase is responsible 

for densification within this and other sinilar systems. When a given 

composition is hot-pressed from a mixture of Si^, Si02 and Y^, a liquid 

will first form at the lowest eutectic temperature within this system. 

As reaction proceeds, the volume fraction of the liquid will eventually 

be governed by the solidus and the liquidus temperatures of the compatibility 

triangle containing the chosen composition. Thus, future densification 

studies should include the determination of eutectic and liquidus tempera- 

tures . 

4.3 Summary 

Dense materials  fabricated within the si3N
4-si2N20"Y2Si207 

compatibility triangle are extremely stable in oxygen environments 

relative to other silicon-nitrogen ceramics.    Preliminary property measure- 

ments indicate that some compositions within this compatibility triangle 

will    be useful, high temperature structural materials.    Other materials 

in the S?  N -SiCL-Y^O, system were found to be prone to accelerated 
3 4 2     2   3 ■    ■ r r 

oxidation in high temperature environments due to the instability of four 

quaternary compounds. 

11 
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FIGURE CAPTIONS 

Figure 1 - Experimental phase relations in the Si NI -Si0o-Y 0 system determined 

from specimens hot-pressed at temperatures between 1600° and 

1750oC. Closed circles represent compositions examined. 

Figure 2 - Weight gain duo to oxidation at 1000oC for 20 lirs vs mole 

fraction of Si Y,,(),N  in two phase Si N bodies.  (see Fig. 1 

for compositions of a, b, c and d). 

Figure 3 - An extreme example of the type oT degradation that occurs for a 

polyphase body containing one of the four unsUible phases oxidized 

at 100üoC. Specific example is composition d (see Fig. 1), 

oxidized for 20 hrs in air (original size: 0.3 x 0.6 3 cm). 

Figure 4 - Weight change data for Si Y^0 N oxidized at different temperatures 

in different atmospheres. 

Figure 5 - a) Cross section (approx. size 0.3 v O.ö cm) rf a Si^.O N 
3 2 3 4 

specimen oxidized in air fur 144 hrs at 1000or showing thick 

oxide scale; b) SHM micrograph of oxide scale showing extensive 

cracking. 
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TABLE  1 

CATION  IMPURITIES   (wt  %)  DETERMINED  BY 
SPECTROGRAPHICAL ANALYSIS 

^^^«v^Powder 
Cation**^^ Si3N4 sio2 Y203 

Al 0.052 0.03 < 0.005 

Ag < 0.001 <0.001 -- 

B <0.01 < 0.003 -- 

Ca 0.011 <0.005 < 0.005 

Co 0.002 < 0.003 -- 

Cr 0.02 <0.003 -- 

Fe >0.10 0.012 <0.001 

Mg 0.003 0.001 < 0.005 

Mn 0.024 < 0.001 < 0.005 
Mo 0.002 <0.001 -- 

Ni 0.014 < 0.001 -- 

Pb <0.01 < 0.01 -- 

Si >   10 >   10 < 0.001 

Ti 0.012 0.008 < 0.005 
V 0.016 <0.001 — 

Zn 0.011 <0.01 -- 

Zr 0.004 0.003 _ _ 
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TABLE  2 

OBSERVED X-RAY  DIFFRACTION DATA FOR 
THE  y-Si-O-N COMPOIINFK 

Si3Y 203N4 YSJ lO^N YioSi 7023N4 Y4Si 
207N2 

d(A) I/Ifl d(A) I/IQ d(A) '/'n d(A) I/In 

5.37 yo 5.38 5 7.30 15 
4.91 15 

4.57 40 
4.69 5 

4.57 15 

4.30 5 
4.05 25 

4.35 10 

3.63 25 3.60 
3.52 

5 
100 

3.85 10 

3.39 15 
3.29 25 

3.39 

3.13 

20 

40 
3.22 20 

3.00 35 
3.07 
2.99 

20 
5 

3.07 45 3.07 100 

2.87 ID 
2.93 
2.87 

15 
30 

2.80 100 2.80 
2.78 

85 
65 

2.80 100 
2.84 50 

2.68 5 2.70 5 
2.74 
2.70 

55 
40 

2.60 10 2.61 
2.53 

5 
15 

2.46 15 2.45 5 
2.51 15 

2.40 25 2.40 5 
2.35 5 
2.33 5 

2.28 23 
2.23 5 2.25 10 

2.27 10 

2.16 5 
2.21 5 

2.11 5 

1.99 25 2■03 60 2-03 15 2-05 10 25 2.00 30 1.99 is 

17 

^..Vi-L..;-.-     ■■^■^.■.^.- ^ .  



TABLL 3 

OBSERVED AND CALCULATED DIFFRACTION DATA FOR YSiO N 

0 Relative 

■ »       t    - ■ •\         •»-•AVy^i^ 

(A) hkl Intensity 

5 

^obs 

0.0345 

Qcal 
5.38 111 0.0346 
4.57 2on 40 0.0479 0.0480 
4.30 002 5 0.0541 0.0541 
3.60 022 5 0.0772 0.0772 
3.52 131 100 0.08Ü7 0.0808 
3.29 040 25 0.0924 0.0924 
3.07 031(041) 20 0.1061 0.1060(0.1059) 
2.99 222(222) 5 0.1118 0.1119(0.1119) 
2.87 003(141) 10 0.1214 0.1216(0.1213) 
2.80 013 85 0.1276 0.1275 
2.78 113 65 0.1294 0.1295 
2.70 311 5 0.1372 0.1373 
2.45 123(151) 5 0.1666 0.1667(0.1666) 
2.40 033(151) 5 0.1736 0.1736(0.1732) 
2.28 401(250) 25 0.1924 0.1924(0.1924) 
2.03 422 6U 0.2427 0.2427 
1.92 * 30 _ _ 

1.90 * 20   .. 

1.86 * 15 

b =  13.157 A, c =  8.675 A, 

-- 

MonocUnic ,  a = 9.208 A, ß »  97.471  A 

hkl were not determined 
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Si02 

Y2Si207 

Y4Si3012 

Si3 N4 

Y2 Si 05 

YlO Si? 023N4(H-phase» 

w \ 
YSi02N(K-pliase) 

Y4Si207N2(J-phase) 

v 

abed $13 Y2O3N4       (unknown Compound) 
*203 

FIG.   1   -- Lxperimcntal  phase  rflations   in  r\\ ■ ^i ^.i-^i^z'"12^7> s.vst01" 
iletermined  from specimens hot-pressed at  temperatures 
hetween  IhOO0  and  l750oC.    Closed circles  represent 
compositions  examined. 
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0.1 0.3 0.4 0.5 
Mole Fraction of Si3 Y2O3N4 in Si3 N4 

FIG.   2  --  lv'cij;hl   i-ani due  to oxidation  ;it   liiiM)0(:  for jo hrs  vs 
molo   fraction  of 'i.Oj0.^.!   in  two phase ^iyVj  I'odics, 
fscc l-i:;.   1   for compositions of a,   h,  c and d). 

2') 

.    .^^   ,, ,   ._—^jfc-^—., 



r 

FIG.   3  --  An  extreme  example of the  type  of degradation that  occurs 
for a prlyphase body containing one of the  four unstable 
phases  oxidized at   1000oC,     Specific  example  is  composition 
d   (see  Tig.   1),   oxidized   for 20 hrs   in  air  (original   size: 
0.3 x  0.6  3 cm). 
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Curve 684703-A 

0 20 20 60 80 
Oxidation Time, hr 

120 

FIG. 4 -- Weight change data for Si3Y203N4 oxidized at different 
temperatures in different atmospheres. 
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FIG. 5 -- a) Cross section (approx. size 0.3 x 0.6 cm) of a Si3Y203N4 
specimen oxidized in air for 144 hrs at 1000oC showing thick 
oxide scale; b) SEM micrograph of oxide scale showing 
extensive cracking. 
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ABSTRACT 

The microstructural development of silicon nitride, hot-pressed 

from a high a-phase powder with MgO additions, was observed with the aid 

of the SEM. The extent of the concurrent processes of densification, 

ot+3 phase transformation and development of mechanical properties was 

determined as a function of time, temperature and MgO content. Full 

densification occurred prior to the completion of the ci->-ß phase trans- 

formation. Maximum strength was virtually independent of hot-pressing 

time and temperature, once full density was achieved. A model which 

assumes that pre-existing ß-grains are the nucleating ^rain growth sites 

for the transformed ß-Si N suggests that the aspect ratio (R) of the 

fiberous grains is independent of the original particle size and depends 

only on the initial a/ß ratio, R = 1 + a/ß. 

1.  INTRODUCTION 

Silicon nitride powder is hot-pressed to near theoretical 

density by incorporating small alloying additions prior to hot-pressing. 

The most commonly used hot-pressing aid is MgO.  The MgO and the SiO 

surface layer on each Si N particle are believed to react at high 
(11 

temperatures to form a liquid   which causes the SiJM powder to 

consolidate by a solution-reprecipitation mechanism.(2,3) 

Silicon nitride exists as two distinct crystallographic phases, 

viz., a and ß. Although the relation between these two phases is still 

in question, a previous investigation '  has shout» that stronger and 

tougher material can be fabricated with predominantly a-phase powder. 

This is probably due to the fiberous gra n structure of the material 

hot-pressed from a-Si N powder in contrast with the equiaxcd grain 
r4 si 

morphology resulting from a ß phase powder.  ' 

Overwhelming evidence(^"^J indicates the proposed hypothesis that 
oxygen stabilizesH^) a-Si N. is incorrect. 

A  - i 
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The present work was primarily undertaken to determine the 

conditions controlling the development of the fiberous grain morphology 

of Si^ hot-pressed with a-phase powder and to concurrently observe the 

development of mechanical properties. 

2.  EXPERIMENTAL 

2.1 Powder Preparation and Fabrication 

Two blended batches of relatively pure, high a-phase Si,N 

powder (approximately 90% a,   10%  3) produced at the Westinghouse Research 

Laboratory with only 160 ppm Ca, no detectable alkaline elements and 

1.6 wt % oxygen* (6.7 mole %  S^) was used for this study.** Table 1 

lists the impurities as determined by spectrographic analysis. 

Powder batches of ^ 100 g were prepared for fabrication by 

adding 5 wt %  (15 mole %) of a high purity MgO*** and milling for 16 hours 

in plastic bottles using WC media and t-butanol. After drying and 

breaking up agglomerates, 5 cm diameter by 1 cm thick discs were 

hot-pressed at 28 MN/m2 in a Grafoil**** lined graphite die in a N2 

atmosphere at temperatures between 1600oC and 1800oC for periods between 

30 seconds to 4 hours. A heating rate of ^ 350C/min was maintained between 

2SCC  and 1600oC. Density was determined by the Archimedes technique. 

2.2 Microstructural Observations 

A fracture surface from each disc was etched in concentrated 

(48%) HF for 48 hours, to dissolve the silicate grain boundary phase 

* Determined by an inert gas fusion, thermoconductivity method. 

** High purity powder was used to minimize the degradation of high 
temperature mechanical properties as reported elsewhere.(5) 

*** < 20 ppm total cation impurity as determined by spectrographic 
analysis. United Mineral and Chemical Corp., NY, NY. 

'*** Trade Mark, Union Carbide Corporation. 
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exposing the morphology of the Si^ grains.* At least three areas of 

each specimen were observed in a SEM  by randomly zooming into each area 

to a magnification of 50()0X. When a fiberous microstructure was encountered, 

only qualitative observations could be made due to the uncertainty of 

the aspect ratio of each grain. 

The phase content of each material was determined by X-ray 

diffraction analysis. 

2-3 Strength and Fracture Toughness 

Three, 4-pt flexural strength determinations were made at 250C 

and 1400oC in air for materials with densities > 95°6 of theoretical. 

The bar specimens were cut. ground and tested as described previously.(5) 

The critical stress intensity factor. Kc. was determined using 

double-beam-cantilever specimens cut from 2 cm thick billets hot-pressed 

under conditions to achieve both full density and different a/ß ratios. 

Tlie normal of the crack plane in these specimens was parallel to the 

hot-pressing direction.  Specimen preparation, dimensions and testing 

are the same as described previously.^ 

3.  RESULTS 

3-l    Densification and o^-ß Transformation 

The percent theoretical  density and ß-Si^ content  are 

presented in Fig.   1 as a function of time and temperature for Si N 

hot-pressed with 5 w/o MgO.     Densification was a more rapid proce^ than 

the a+ß transformation,  i.e.,  at  all  temperatures,   densification was 
* 
It  is impossible to fully expose randomly oriented  fiberous and/or 

^^ Meh8raiK r^h0l0feS hy sectionin«. Polishing and etching due 
to the high probability of intercepting the fiber axis and/or the plate 
axis at random with the sectioning plane.    That  is.   relatively fL' 
fibers and/or plates will  lie in  the sectioning plane. 
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complete before the phase transformation. This result was also obtained 

by Weston and Carruthers. The phase transformation was also shown to 

be more sensitive to temperature changes than the densification process. 

Figure 2 illustrates that, at a given temperature, both the 

densification and transformation rates decrease with smaller additions 

of MgO.  But, again, densification is the more rapid process. 

3.2 Development of Grain Structure 

Figure 3 is a representative micrograph of a material (54% dense, 

15% 3-phase) hot-pressed at 1600oC for 30 seconds, illustrating that 

the majority of the a-Si N. particles are equiaxed in shape with sizes 

ranging from ^5 pm to < 0.1 \m.    This observation strongly suggests that 

the milled powder had a similar morphology and size distribution. 

Microstructural observations of materials hot-pressed for 

periods between 0.5 to 120 minutes at 1700oC, 1750oC and 1800oC showed 

that a fiberous morphology developed from equiaxed grains. Qualitative 

observations* , illustrated with representative micrographs in Figs. 4 

and 5, indicated that the fiberous grain content was proportional to the 

ß-phase content and not to the density, suggesting that the development 

of the fiberous grain morphology was simultaneüus with the a to ß 

transformation. Materials with a ß-phase content of 100% contained few, 

if any, equiaxed grains; the microstructure of such materials consisted 

of densely packed small and large 'diameter' fibers.  No significant 

difference in grain size or morphology could be observed between the fully 

transformed materials hot-pressed at different temperatures and times. 

* An analysis with a Micromeritics Particle Size Analyzer indicates 
an average particle size of 2 um, with sizes ranging from 10 pm to 
< 0.5 urn. WhiteCl--) has used a SEM technique to analyze the morphology 
of similar milled Sij^ powders, showing that the aspect ratio of the 
particles is ^ 1. 

** Due to the random orientations of the fiber-like (transformed) 3-Si3N4 
grains, it was impossible to unambiguously determine their length, 
aspect ratio and volume content.  It was difficult to differentiate 
fiberous and equiaxed grains for ß contents <_ 40%. 
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3.3 Strength and Fracture Toughness 

The flexural strength at 250C and 1400oC of all materials 

with a density >_ 95%* of theoretical is shown in Fig. 6 as a function 

of the transformed 3-phase content. Each point, represented by a 

symbol indicating a hot-pressing temperature between 1650oC and 1800oC, 

is an average value for one material. Circled points represent materials 

with densities between 95% and 97% of theoretical. 

The room temperature strengths exhibited significantly more 

scatter, both within a single material (not shown in Fig. 6) and between 

the different materials, than exhibited by strengths at 1400oC. This 

difference in strength variation is due to the sub-critical crack growth 

that occurs in hot-pressed Si N at elevated temperatures, which reduces 

the large dependency of strength on the initial distribution of crack 

sizes/13''  If only the materials hot-pressed between 1700oC and 1800oC with 

a-phase powder to densities > 98% are considered, strengths at both 

temperatures appear to be independent of hot-pressing temperature, period 

and ß-phase content.  If the somewhat lower density materials (between 

95% and 98% of theoretical) and material hot-pressed at l650oC are 

included, some strength reduction appears at 0-phase contents < 50%. 

The critical stress intensity factor for four fully dense 

materials, including a material fabricated for a previous investigation 

with a high ß-phase powder (^ 90% ß, ^10% a), is shown in Fig. 7 as a function 

of the ß-phase content. Although the average values increase by 20% from 

4.65 MN/m3^2 to 5.50 MN/m3'2) for ß-phase contents of 40% to 100%, 

respectively, the large scatter in data for the 40% ß-phase material 

precludes a strong relation between fracture toughness and ß-phase content. 

Plotting strengths of materials with densities< 95%, which were generally 
materials with ß-Si3N4 contents < 40%, could be erroneous due to the 
effect of porosity on the elastic modulus and thus strength. 

A-  5 
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4.  DISCUSSION 

4.1 Development of Microstructure 

A principal result of this investigation is that the growth of 

the fiberous 8-Si N. grains is shown to be related to the ct-ß phase 

transformation. The model that is most consistent with this relation 

and other observations is the solution of the a-Si,NJ grains in the 
3 4 

liquid present at the hot-pressing temperature and the subsequent 

precipitation of ß-Si N..* Since the liquid is present both during and 

after densification as indicated by densification studies ■ ; and other 

microstructural observations,  ' ^ the solution of a-Si^N, and 
:> 4 

precipitation of ß-Si N. would occur both during and after densification. 

Full densification only requires a portion of the initial powder (30-40%) 

to dissolve and precipitate, therefore, much of the a+ß transformation 

should take place after densification is complete. 

The preferred precipitation sites would be pre-existing ß-Si N 

grains, which would cause their preferred, fiberous growth and their 

eventual consumption of the ot-Si N grains at the conclusion of the of+0 

transformation. Once the principal thermodynamic driving force, i.e., 

the cr>-ß transformation**, for grain growth is no longer present, the 

grain structure becomes relatively stable as indicated by the similar 

microstructure of 100%  ß-phase materials hot-pressed with a-phase powder 

for different temperatures and time periods. 

The above model indicates that the number of fiberous ß-grains 

(or nucleating sites) in a fully transformed material will correspond to 

the number of ß-Si,N particles in the initial powder. If it is assumed 

that the grain growth perpendicular to the fiber axis is negligible, two 

important consequences of the model can be hypothesized.  First, the 

The solution-precipitation of ß-Si^N^ is also expected; but it is 
implied here that the solution of a-SijN^ and precipitation of ß-Si3N4 

^is the preferential reaction. 
It is assumed that the a and ß structures are, respectively, low and 
high temperature polymorphs of Si,N.. 
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aspect ratio (R) of the fiberous ß-SißN^ grains will be proportional 

to the a/ß ratio as given by 

■*? 

This equation is obtained by letting the diameter of the ß-Si N grain 

tt remain constant and its length parallel to the c axis (fiber axis) 

increase in proportion to the consumed ct-Si-N   This relation predicts 

that the aspect ratio for powders used in the present investigation should 

be 7-10, and an aspect ratio of % 1 for materials hot-pressed with a high 

ß-phase powders. Second, the distribution of fiber diameters will be 

related to the distribution of ß-SijN^ particle sizes in the initial 

powder. These ideas may be important in controlling the microstructure 

of hot-pressed Si_Ni. 

4.2 Development of Strength and Iracture Toughness 

A previous investigation1 '  showed that material fabricated 

with high ot-Si-jN^ powder is twice as strong and has twice the fracture 

toughness as material fabricated with ß-Si^N, powder. This difference 

in fracture toughness and strength was attributed to the fiberous grain 

structure of material fabricated with a-Si,N powder relative to the 

equiaxed grain structure produced from ß-Si^N. powder. 

The current investigation has neither substantiated nor 

disproved this hypothesis. Coe, et al.,  ^ have reported a much stronger 

dependence of strength on the ß phase content.  For the data reported 

here some decrease in strength and fracture toughness with decreasing 

ß content could be interpreted, but the scatter in data precludes any 

strong relation.  Further work is therefore required to test the original 

hypothesis. 
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TABLE 1 

Spectrographic Analyses of Westinghouse Sij^ Starting Powder (wt %) 

Al 0.08 

Ag < Ü.001 

B 0.001 

Ca 0.016 

Cr 0.01 

Fe > O.i 

Mg 0.001 

Mn 0.05 

Mo < 0.003 

Ni < 0.01 

Pb < 0.01 

Sb < 0.01 

Sn < 0.01 

Ti 0.01 

V 0.005 

Zn < 0.01 

10 



FIGURE CAPTIONS 

FIG.   1  --  Densification  and a->3  t raus fo mat ion  as  a  function of 

hot-pressing temperature and time for Si^N,  densified with 

5 w/o MgO. 

FIG.   2 -- Densification and o->-ß transformation vs  time for Si-N,. hot-oressed 
3 4 r 

at  1750oC with either 2 w/o or 5 w/o MgO. 

FIG.   3 -- Micrograph of etche*.   >acture surface of Si3!^   (+ 5 w/o MgO) 

hot-pressed at  1600oC for 30 seconds   (54
9

ö dense,   15% ß content). 

FIG.   4 -- Micrographs  of etched  fracture  surfaces  of Si-N,   (+  5 w/o MgO) 

hot-pressed at  ]70ÜoC for different periods   (% density and % 

ß  content are shown on micrographs). 

FIG.  5 -- Micrographs of etched fracture surfaces of Si-N.   f+ 5 w/o MgO) 

hot-pressed at   1750oc; for different   periods   ("o donsity and % 

ß  content  are  shown on micrographs). 

FIG.   6 --  Flexural  strength vs  ß  content   for Si3N.   (+  5 w/o MgO)  with 

densities _>  95%  of theoretical.     Hot-pressing temperatures: 

x =  I650oC)  A =   1700oC,  • =  1750oC, ■ =   18ün0C;   circled points: 

density between  95-97%  theoretical. 

FIG.   7 --  Critical  stress  intensity  factor vs  ß  content   for hot-pressed 

Si^N    -  see Fig.   6 for symbols. 
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FIG.   3 -- Micrograph of etched fracture surface of Si  N 

(+ 5 w/o MgO)  hot-pressed at   1600oC for 30 seconds 

(54% dense,   15% ß  content). 
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5 fMES = 83.5^ 25% & 

J20 niriUlES   P = 99.3  65% ß 

FJG.  4 -- Micrographs of etched fracture surfaces of Si7N 

(+ 5 w/o MgO)  hot-pressed at   1700oC for different 

periods   (% d.nsity  and % 3  content  are  shown on 

micrographs). 
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5 MINUTES     P = 89.7%  35% 3 

60 MINUTES    - = 99.0Z 90% 3 

FIG.   5  -- Micrographs of etched  fracture  surfaces of Si  N 

C+  5 w/o M^OJ   hot-pressed at  1750oC for different 

periods   {% density and %  3 content  are shown on 

micrographs ). 
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^1  «I III 

SINTliRING OF SiC  WITH   BORON  COMPOUNDS 

by 

F. F. Lange and T, K, Gupta 

Westinghouae Research Laboratories 
Pittsburgh, Pennsylvania 15235 

Prochazka's discovery1 that submicron SiC powder could be 

sintered with the aid of B compounds lead to the experiments and 

observations reported by the present workers. 

Cylindrical specimens (0.27 cm dia by 1.0 cm) were cold-pressed 

from powder mixtures containing B-SiC* and different amounts of either 

B + 1 w/o C or G4C.  Sintering experiments were performed in a tungsten 

element furnace containing 40-80 lorr of Ar. with the specimens supported 

on a graphite pedestal. The furnace temperature was recorded with a 

Pt-Re thermocouple placed close to the specimen.  Furnace temperatures 

were in agreement with specimen temperatures which were measured through 

a vertical view port with an optical pyrometer. Weight and dimension 

measurements were used to determine density both before and after 

sintering.  Representative specimens were sectioned for examination with 

light and electron optical tools. 

All specimens lost weight at temperatures • 1900o(; as 

illustrated in Fig, la for the case of S-SiC ♦ 1 w/o B + 1 w/o C specimens 
* 
PPG Industries, Pittsburgh, Pa.; surface area: 16 mVg, impurities 
reported elsewhere.(2) 
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sintered for 30 min. The surface of each specimen sintered above 1900oC 

was coated with a layer of carbon which could be removed by buffing. The 

thickness of the carbon layer appeared to increase with increasing 

temperature and/or sintering period.  The decomposition of SiC at high 

temperatures is a well-known phenomenon^ and it could account for the 

observed weight losses. 

The densities of the various specimens sintered between 1800oC 

and 2050oC for 3Ü min are shown in Fig. lb.  No significant difference 

was observed for powder compositions containing either 1 w/o B * 1 w/o C 

or 3 w/o B + 1 w/o C, both resulting in substantial densification. 

Experiments with additions of either 1 w/o B + 1 w/o C or 2 w/o B C at 

2020oC for periods between 10 to 60 min resulted in similar densities 

(+2°6) showing that densification at this temperature is very rapid.  As 

shown in Fig. lb, larger additions of B did not promote densificat ion. 

The geometrically determined densities reported in Fig. lb 

include the C surface coating.  Water immersion density determinations 

after the C coating was removed resulted in slightly higher (2-5°t.) 

densities. 

The grain structure of dense specimens sintered ;r; <   2000o(' 

consisted of larger, thin plate-like grains O100 urn dia., '3 urn thick) 

within an equia.xial, small (< 2 um) grain size matrix. At temperatures 

> 2000oC, a large proposition of the dense specimens contained only 

large (>100 um), thick plate-like grains.  Previous investigations have 

shown that the small, equia.xial grains are cubic SiC, whereas the 
4 

plate-like grains are hexagonal. 

A dispersion of metallic-appearing second phase particles was 
♦ it 

observed in all the dense specimens.   Clear resolution of these second 

At 1980oC, the equilibrium Si vapor pressure over SiC is 10  Torr." 
** 
Specimen sintered with ^ 6 w/o B were too friable for sectioning and 
observation. 

8- 2 



phase particles  could only be obtained for specimens which underwent 

extensive grain growth.    As shown in Fig.   2,  the second phase appeared 

to have been a  liquid at  the sintering  temperature.     Area and  line  scans 

for Si,   C and B with an electron microprobe showed that these metallic- 

appearing second phase areas were enriched with  B and depleted of Si 

relative  to the surrounding SiC matrix.    Some of these second phase areas 

were depleted of C.  while others exhibited no changes.    Prochazka and 

Scanlan    have also observed a uniform dispersion of B-rich inclusions 

using neutron activation, autoradiography techniques.    C-rich inclusions 

which did not correspond to the metallic-appearing particles were also 

observed. 

The microstructural observations strongly suggest  that  a  B-rich 

liquid was present  during densifiration.    The extensive Si-B-C phase 

equilibrium work of Kieffer and coworkers    shows   that onl)   the SiC-SH -Si 
0 

compatibility triangle contains liquidus temperatures <2100oC; the 

lowest eutectic temperatures in this compatibility triangle is 1380oC 

^20 mole/o Si, ^8Ü mole/o B).  These authors also found that Si am' 

B^C powder compositions react to form SiC with traces of SiB ohst     > 
6 

microscopic examination. 

Contrary to the hypothesis reported by Procr.azka,   the 

observations presented here suggest that cither reaction sintering or 

liquid-phase sintering is responsible for the densification of SiC + B 

compound compositions.  Free Si, which is necessary for the occurrence 

of these phenomena, is available at high temperatures due to the 

decomposition of SiC.  The observed phenomena, e.g., weight loss at 

temperatures corresponding to densificat ion, too much B, which would 

cause a shift away from the lower eutectic compositions and the morphology- 

composition observations of the second phase, arc consistent with a 

reaction or liquid-phase sintering phenomena.  This work suggest  that 

a further understanding of the relations between phase equilibria, 

reaction kinetics and atmospheric conditions might be useful for under- 

standing the sintering phenomenon of SiC and other covalently bonded ceramics 
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2020or fnr An !      \ /0    4C sPeclnie" sintered at 2020 C for 60 minutes showing the bright, metallic- 
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