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Oxidation weight gain and strength degradation 
of Sia N, with various additives 
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S. W. F R E I M A N *  
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Oxidation behaviour and strength degradation, due to long-term high temperature 
exposure in air, of SiaN 4 with MgO, Zr02 or Y203, as densification aids have been 
studied. It was found that the weight change and strength degradation in the specimens 
depend largely on the kind of densification aid. Strength degradation, which generally 
occurred and was greatest at higher additive levels, was related to the generation of pits 
in the specimen surface. Possible mechanisms for pit formation are discussed. 

1. Introduction 
Si3N 4 is a leading candidate material for increasing 
operating temperatures and hence improve the 
efficiency of  systems involving heat, e.g. turbine 
engines. Dense forms of  Si3N4 from hot-pressing, 
sintering or chemical vapour deposition (CVD), 
are of  particular interest for some of  the most 
demanding cases, e.g. high stress and temperature 
applications. The latter places particular emphasis 
on oxidation and its effects on the performance o f  
dense SiaN 4 bodies which commonly have an oxide 
additive which is used for densification. While 
oxidation effects have been reported by a number 
of  investigators on their own materials [1 ,2]  and a 
few other bodies [ 2 - 6 ]  for comparison, no system- 
atic study of  the type and amount of  additve has 
been reported. This paper reports such a systematic 
study of  the weight, surface chemical and room- 
temperature strength changes due to oxidation. A 
companion paper reports internal compositional 
changes due to oxidation [7]. 

2. Experimental procedures 
A variety o f  laboratory and cormnercial hot  
pressedt and some chemical vapour deposited 
(CVD) Si3N 4 bodies [8] were studied (Table I). 

The processing of  some bodies was varied as dis- 
cussed later to study the relationship between 
oxidation and strength changes. Rectangular cross- 
section bars about 2.5 mm x 7.5 m m x  4 0 m m  were 
diamond sawn such that the largest faces were 

parallel to the original hot-pressing or CVD surfaces. 
These bars were then diamond ground along their 
length on all faces using a 180-grit, metal bonded 
wheel with a typical feed rate of  7 6 0 m m m i n - '  
and 0 .025mm depth of  cut. Edges of  the bars 
were then rounded on a 15/~m diamond disc. 

Oxidation studies were carried out in an alu- 
mina tube furnace at 1430 ~ C for 100h;  i.e. to 
observe effects of  substantial oxidation. (The tube 
itself had previously been aged for several hundred 
hours at 1430 ~ C.) Bars were set on edge on two 
Si3N4 supports near the bar ends in a NC-132 Si3N4 
boat in the tube. The ends of  the tube were left 
open and the specimens were brought to 1430 ~ C 
in about 3 h; furnace cooling after shut-down typi- 
cally reached room tempeature of  about 22 ~ C in 
times o f  the order o f  7 h. 

After oxidation, weight changes of  each of  the 
specimens were measured and the oxidized surfaces 
were examined. Then 3-point flexure strengths 
were obtained with a 12.7 mm span and cross-head 

*Present address: National Bureau of Standards, Washington DC 20234, USA. 
~Because of this variety, it was impossible to know or analyse for impurities. However, the focus is on trends with 
additives, generally at levels beyond those of any impurities. Further, most of the work is based on a few common 
sources. 
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TAB L E I Hot pressed SiaN 4 materials 

Additive Wt % Vol % Source 

MgO 0.24 
0.48 | 
0.96 
1.92 | 
2.89 ] 

0.96 

0.96 t 
4.81 / 

1.19' 
2.40 
4.88 
7.45 

10.10 

3.49' 
7.09 

10.81 

5.63 

9.31 

ZrO 2 

Y~O~ 

0.25 
0.5 

1 
2 
3 

1 

1 
5 

2 
4 
8 

12 
16 

5 
10 
15 

8 

13 

Naval Research 
Laboratory* 

Norton NC132 

Ceradyne, Ceralloy 147 

Naval Research 
Laboratory* 

Ceradyne, Ceralloy 147 

Norton NCX34 

Norton NC136 

*Hot-pressed using AME 8S Si3N 4 powder. 

travel rate of  1 .27mmmin -1 under room con- 
ditions, i.e. 22 ~ C and 50% relative humidity. The 
oxidized surfaces were ground off some oxidized 
bars to test any effects of oxidation on the room- 
temperature strength of the bulk material. After 
strength tests, fracture surfaces were examined in a 
scanning electron microscope (SEM) to determine 
the origins of failure. An energy dispersive X-ray 
analyser (EDAX) in the SEM was used to examine 
fracture surfaces and qualitatively evaluate changes 

in concentration of additives as a function of  
depth below the oxidized surfaces. 

3. Results and discussion 
In general, strength of unoxidized, i.e. as-180- 
grit ground, bars were about 800MPa, whether 
they were made with MgO, Y203 or ZrO2 as 
additives. There was no significant dependence 
on the amount of  additive present. However, the 
strength of  all compositions could be raised con- 
siderably by using t'mer surface t'mishing, e.g. 
with 600-grit ground, strengths of 1000MPa 
have been reported [9]. Fractographic examin- 
ations [9-11]  showed that fracture origins of bars 
in the lower portion of the above strength range 
were predominately from flaws introduced by 
grinding. On the other hand, fracture origins of 
bars in the upper portion of this strength range 
were from either machining flaws or processing 
related flaws. 

Overall, the most significant effect of oxidation 
on strength was the large 30 to 60% reduction 
from the unoxidized strengths for almost all com- 
positions (Figs 1 to 3). One important exception 
was essentially no loss of  strength in the body with 
8 wt% Y20 3. Within this range of 30 to 60% of the 
oxidized strengths, two trends seem worthy of 
note. First, for MgO additions, commercial bodies 
with about 1% MgO retained one o f  the higher 
fractions of unoxidized strength but most other 
compositions with MgO suffered some of the 
greatest reductions in strength. Second, all compo- 
sitions showed lower oxidized strengths at higher 
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Figure 1 Strength and weight 
gain of MgO added Si3N 4 as a 
function of concentration of 
MgO. Note the monotonous 
increase of weight gain. 
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Figure 2 Strength and weight 
gain of ZrO~ added Si3N 4 as a 
function of concentration of 
ZrO~. The weight gain 
remained essentially constant 
over the range of concen- 
tration investigated. 

additive contents than at most  lower additive 
contents.  

The behaviour of  CVD Si3N4 was in marked 
contrast to this. Although strengths were low 
(170MPa),  due to the large ( ~ 2 0 / ~ m )  grain 
size, oxidation did not decrease strengths. In 
fact, strengths after oxidation increased, e.g. by 
about 10%. 

Fractographic examination of  oxidized speci- 
mens after strength testing showed that the 
sources o f  failure were typically oxidation pits in 
the surface o f  all bars with oxide additions, but 

not CVD Si3N 4. This corroborates previous find- 
ings [12] for bodies made with MgO, and shows 
that pit formation is also the basic mechanism of  
strength degradation in Si3N 4 hot  pressed with 
ZrO2 or Y203 additions (Fig. 4). Strengths gener- 
ally correlated with pit size. Thus, for MgO 
materials, pits as large as about 1 mm have been 
observed. 

Removal of  the oxide layer and the oxidation 
pits by grinding resulted in the same strengths as 
in unoxidized specimens. Thus oxidation did not 
change the room-temperature strength or fracture 
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Figure 3 Strength and weight 
gain of Y~O3-added Si3N 4 as a 
function of concentration of 
Y~O 3. The weight gain is 
about constant over the entire 
range of concentration stu died. 
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Figure 4 Strength degradation in hot-pressed Si3N 4 due entirely to the formation of oxidation pits upon prolonged 
exposure at high temperature in air: (a) NC132, and (b) Ceralloy 147. Note the difference in the sizes of pits. 

toughness of the bulk material, even though there 
are bulk compositional changes [7]. 

I t  has been suggested [ 13] that pit formation in 
NC132 is related to W impurities introduced by 
milling Si3N 4 powders with WC mills and media, 
or the latter alone. In this study, different batches 
of Si3N 4 specimens with 3wt% MgO additions 
were milled in plastic containers with WC, ZrO2 or 
Al203 media. Upon oxidation, bars from these 
three bodies showed no difference in average 
flexural strength, weight gain or size and distri- 
bution of oxidation pits. Thus, mechanisms other 
than reactions with W impurities must be sought 
for the mechanism of the formation of strength 
degrading pits. Also, since pits formed in bodies 
with ZrO2 or Y203 additions, the mechanisms 
cannot be tied to one particular additive. 

On the other hand, since no pits formed in 
CVD Si3N 4 bodies, pit formation may be 
dependent on the additives. Consideration of 
additive vaporization suggests correlations with the 
rate of pit formation; i.e. slower in ZrO2 and 
Y203 against MgO containing bodies. At 1430 ~ C, 
MgO already has an appreciable (~ 1.5 x 10 -6 atm) 
vapour pressure. (Resultant depletion of MgO 
from the oxidizing surface should enhance dif- 
fusion of Mg from the interior toward the outside 
surface, creating a Mg gradient in the specimen. 
Such a Mg gradient was observed by EDAX, corro- 
borating the suggested MgO vaporization.) 
Although the vapour pressure of  ZrO2 is not avail- 
able for these temperatures, the fact that the tem- 
perature of appreciable volatility for ZrO2 
(< 2300 ~ C) is much higher than MgO (~  1600 ~ C) 
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indicates that ZrOz would have much less vapour 
pressure than MgO at 1430 ~ C. A similar argument 
is expected to be tree for Y203 since Wygant and 
Kingery [14] have indicated higher stability for 
Y203 than either ZrO2 or MgO. Thus, the rate of 
pit growth and strength degradation appear to 
vary directly with vaporization of the additive. 
Clearly, much or all of  the additives do not retain 
their identity but react to form various com- 
pounds. However, many of thesecompounds may 
vaporize incongruently and thus there may be a 
correlation between their vaporization and that of 
a major constituent such as MgO. 

The weight change per unit surface area due to 
the oxidation is shown as a function of the amount 
of additives in Figs 1, 2 and 3, respectively, for 
MgO, ZrO2 and Y203 additives. Note that while 
the weight gain of  bodies with ZrO2 or Y203 
additions was relatively low (~ 1 mg cm -2 or less) 
and essentially independent of  the amount of 
additive, the weight gain of bodies made with MgO 
additions increased with the amount of  MgO used. 
In contrast to this, for CVD Si3N4, the weight gain 
is significantly lower (~  0.15 mg cm -2). 

Oxidation removed all traces of the original 
grinding marks, but left different surface mor- 
phologies and oxide layer thicknesses depending 
on the additive. For MgO materials (Fig. 5a), 
there was always a white porous coating. The 
porosity of the oxidized layer, i.e. a significant 
amount of homogeneous porosity, with many of 
the pores being fine, is consistent with the corre- 
lation with the high vapour pressure of MgO at 
these temperatures, as discussed above. The thick- 



Figure 5 Surface appearance of oxi- 
dized SigN 4 with various additives: (a) 
MgO, (b) Zr02, and (c) Y203. 
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ness of this layer showed a similar increase with 
MgO content as the weight gain data showed, On 
the other hand, thin glassy-like coatings were 
observed in materials with ZrO 2 and Y203 
additions (see Fig. 5b and c). Under the SEM, 
distinctly different surface features were seen 
for each kind of  material. While bodies with MgO 
additives were covered with nodules, those with 
ZrO additives have needle-like structures embedded 

in the glassy coating and platelets were seen in the 
coating of  Y203-added bodies. Cracks were also 
observed in the glassy layers near the interface 
with the bulk material. Presumably these cracks 
formed after oxidat ion,  during cooling to room 
temperature and have not been observed to 
extend into the bulk bodies. Hence, they do not  
contr ibute to the degradation of  the strength of  

materials. 

4. Summary 
The oxidation and resultant strength behaviour of  
Si3N4 bodies hot-pressed with various additives 
showed definite dependences on the additives. 
White porous layers were formed on bodies with 
MgO additions, with both  the weight gain and the 
thickness of  the layers increasing with MgO addi- 
tive level. On the other hand, the continuous glassy 
layers formed on ZrO2 or Y203 additive materials 
seemed to remain constant  regardless o f  the 
amount  of  additive. CVD SiaN4 showed the least 
weight gain. 

Strength degradation was often 30 to 60% and 
generally was greatest for higher levels of  oxide 
additions. However, important  exceptions were 
commercial compositions containing about t wt% 
MgO and 8wt% Y2Oa, the latter showing very 
limited strength degradation. Strength degradation 
that occurred was due to the formation of  
oxidation pits. The sizes of  pits were largest in 
most MgO additive bodies and hence they suffered 
the most severe strength loss. On the other hand, 
CVD Si3N4 actually increased in strength upon 
oxidation. Resurfacing of the oxidized materials 
results in the same strength as before oxidation 

showing no bulk changes in strength due to  
oxidation.  

While the formation of  oxidation pits is not 
completely understood,  the presence of  W impuri- 
ties is not  a general cause, but  a trend for larger pit  
formation with increasing oxide vapour pressure; 
i.e. in order Y203, ZrO2 and MgO was indicated. 
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