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SUMMARY

The objective of this program wes mainly +to improve the toughness of
silicon nitride and silicon carbide materials through compositional and
processing controls. The purpose was to enhance the prospect of these
meterials being successfully used as turbine stator vanes and blades in
advanced turbine engines.

Primary emphasis was given toward improv1ng the mechanlcal 1mpact
resistance at a range of ‘temperatures. o :

The influence of material microstructure and proeess vafiables on
bend strength and stress rupture life were also stualed

Material development was conducted w1th the goal of retalnlng demon~
. strated thermal shock stability of the primary phase materials.

Special higher purity grades of silicon nitride powder were employed
with significant reductions in cation impurities. Comparisons were estab-
 lished with samples prepared of stendard controlled phase grade silicon
nitride. A special higher purity fine particle grade of SiC was employed,
but at the mld—poinu of .the program, further supply became unavailable,

Im*act strength tests demonstrated the effectiveness of the higher
purity powder sources in reducing the scatier of measurements, although
the target result of 0.7 joules (6 in-lbs) .for a 0.135 cm (. 25“) x
0.135 em (.25") cross~sect10n was realized in only isolated tests.

nghEr purlty chemlstry of source materlals was also found to improve
short time ‘bend strengths as well as bend stress rupbure properties of
silicon nitride. Wo particular difficulties were encountered in den51fy1ng
these powders with the particular additives employed.

' Stablllzed zirconia addltlons in pertlcuiar ﬁere cbserved to diamatic-
ally enhance low and high temperature bend strengths and stress rupture
propertles for all grades of 813Nh powder.

8ic samples showed relatlvely poor 1mpact re51stance although the
maxime in stress rupture behavior was exhibited by this materlal.



" TNTRODUCTION

The objective of this program wes primarily concerned with improving
the thoughness of refrachory ceramics in terms of impaet resistance. _
Emphasis was placed on silicon nltrlde although silicon carbide was also
studied.

The approach was to raise the impach strength of fabricated ﬁamples
through control of chemistry and physical microstructure. Such control was
sought through improved powder characteristies, additive compositicn, and
processing parameters., The improvements were bo be made in such a way that
no seérious decomposition, change in structure, loss of thermal shock r6515t-
ance 1oss of creep strength, or of other propertles would ceeur.

 PABRICATION

Slllcon Nitrlde

) PowdEr - Advanced Materlals Englneering Ltd. was placed under sub-
contract to produce high & SioN); powder with the goals of (1) a reduction
of caleium impurity by a factor of ten, compared to thelr standard conbroll-

- ed phase grade; (2) total caleium, sodium and potessium concentration of '
0.0k percent or less; (3) freedom from discreet particulate second phases
excluding silicon oxynitride and iron silicides; (L) reduction in iron and
‘iron silicide concentratlon, and (5) alternate crystallite and agglomerate _
morphology.

Two major lots of powder were prEPared from two silieon powder sources

- and each major lot represented one nitridization firing. Within each major

- 1ot were three (3) sublots. Each sublobt was considered a batch and repre-
sented some powder or powder processing variable. Seven kilograms (15
pounds) of each bateh (lot) was received and comparisons were made with e
~lot of standard controlled phase grade.. There were no significant
:morphologlcal differences observed between the powder lots. Each was
composed of highly agglomerated particles. :

. - The salilent chemical and physical properties are listed below in .
Tables 1 and 2. The initial elements listed (¥e, Ca, Mg, Al, Ti, Mn, Na,
and K} are the results of a quantitative analysis for the. most eritical
elements. Three lobs were surveyed on a gemi-quantitative basis for other
possible impurities.. Overall, significant progress was mede in improving .
the level of impurltmes over the standard controlled phase grade. Lobs
AME 9-1, 9-k, 9-5, and 9-6 met the total Co + Na + K impurity content level
dbgectlve of less than 0.0L wt. % and the czaleium impurity concentration
“was reduced by factars from over: 5 for lot 9-4 to over 31 for lot 9-5.-
Lot 9-2 ceme close to meeting these objectives and lot 93 met the total
Ca objective, bubt had high concentrations of Na and K. The iron concentra-
tions of lobts 9-b4, 9-5, and 9-6 were also disappointingly high and were '
“the result of commlnutlon processing on the -part of the supplier. The

0, i analyses were reasonably con51stent with the exceptlon of lots 9-3 and
9-

. .Figure 1 provides a manufacturing flow shéet for Lot 1 produced from
Si powder Source A. Lot 2 was produced in a similar fashion except that



Teble 1. SPECTROCHEMICAL ANATYSIS OF SizN), POWDER LOTS

_ o : Improved Lobs .
ME-8  AME 9-1 9-2 93 g9h 95 9-6

Wh. % Fe  0.170  0.035 0.0685 0.065 0,15  0.330 0.210
¢a 0.250 0.030  0.040 0.030 0.048 0.008 0.025
Mg 0.015 0.005 . = . 0.002  0.006 0.005 -
Al 0.500  0.060 0.120 0.300 0.064 0,100 0,080
Ti  0.010 0.030 . £0.020 £0.020 £0.0LO
Mn  0.008  0.002 | 0.004  0.0L0 0.003.
“.Ne 0.0026 0.0012 - 0.0011 0.0210 £0.005 20.005 £0.006
K 0.0054 0.0025 0.003%4 0.0580 4 0.029 £0.005 40.00L0
(Ca+a+k) ~ 0.2580 . 0.0337 -.  0.044S5 0.1090  0.082 0.018 0.032
0 1.9¢  1.65 1.63 2.38 1.71 L.k 1.3k
e 0.26% - 0.25 0.2k 0.22 0.2 0.8 0.18" %
'Moistui*é | 0.0L  0.02 0.85 0.9 0.03 0.03/

*Analysea performed by M.I.T '
#%Analyses on lots 1-6 pertucmed at NASA/Lewis Research Center by'lnert

ges fusion technique for oxygen and by inductlon heatlng-chrcmatographlc
: finishing technique for carbon.

‘Teble 2, X-RAY ANATYSIS OF Sigl POWDER LOTS

Phese ot  MME-8  AME 9l 92 93  9h 95 96

oLSigM, 8 . T7To o Tr 83 o1 88 87
B siqm, 15 23 23 11 9 12 13
-“_Siaﬁao“'--n.,,trace . trace’ .. trace ‘nome . npne?;Wk;ﬁrﬁce"ncﬁe

Fe Silicides noné == none ‘none’ . none none none - none
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~ 81 powder source B was employed. The high Na and X concentrations (Lot 9-3)
resutted from the wet bell milling operation employing ceramiec media which
was disconbinued. '

Consolidation and Characterization -~ Samples were consolidated by
standard hot pressing techniques. The conditions and vesults are reported
in Table 3. The billet size was approximately 7.6 cm (3") dia. by 2.54 em
(1") thick.

The initisl fabricabtion runs involved use of mainly AME Controlied
Phase Grade (AME 8) Si.N, powder in a series of experiments employing
dengification additives other then MgC. These additives were originally
gelected to improve the elevated temperature properties of SiW by
achieving a more refractory grain boundary phase without loss of impact
strength. Judging by the high relabive density achieved in run no. 1923,
the (a0 additive was effective as a densification aid. This was expected
since the Cad - S10, system is in many ways analogous to the MgO - SiO,
system. MgQ is an additive conventionally used in the densification of
silicon nitride aBd it is believed to combine with the 5iOp associated with
the SigMN), powder.” Further, since AME Supergrade 3isN), powder already has
at least 0.2 wt. % Ca0, it was thought the addition Of (a0 might not be as
serious & detriment to high temperature properties as the addition of MgO.
This thought was based on the fact that the eutectic for the Cal- gO-SiOe
system is 1336°%C (2437°F), while the eutectic for Ca0-810, is 1h36°C
(2617°F), and Mg0-Si0s is 15L3°%C (2809°F).  The microstructure of this
billet (1923) is showm in Figure 2. ILittle porosity is evident; however,
the unidentified high reflectivity phase appears to be in greater evidence
than previous pressingsa conducted with % wt. % Mg0O additive, This may be
more & result of the particular powder lot employed than the additive,
however. : . :

Run 1935 also employed AME Supergrade SigN) powder which is approxi-
metely 65% § SisN) end 35% oC SiglNy. This billet with 1 wt. % MgQ additive
densified readily, reaching essen%ially 100% of theoretical density in the
standard pressing ecycle. The structure of this billet is shown in Figure 3.
Regions up to 90 pm of an unidentified second phase are apparent. The
phase is preferentially aligned normal to the pressing direction. The
* large pores are thought to be regions which were occupied by the high
reflectivity phaese prior to removal during the polishing. This conclusion
was reached upon observing portions of the phase sonded to the wall of one
such cavibty. FesSi phase found in billets fabricated from AME 8 Si-N
(85% o4 81Ny ) powder is more in the order of 5-15 ym in diameter. Pased
on second phase particle size, the use of Supergrade Si3Nh powder was '
discontinued in favor of AME-~8 for the "control" powder:

5iglN) billet 1949 was a second attempt to achieve a more refractory
grain boundary phase. The additive was "Zybtrite" which is .05
perticle size 6.5 mole percent ¥Yo0, stabilized ZrOp. Greater than 99% of
theoretical densiby was achieved démonstrating the effectiveness of this
- compound &s a densification aid. The microstructure of billet 1949 is
shown in Figure b, and demonstrates a high density and the presence of
additional phases. These pheses in eppearance are similar to those observed
for the stendard MgO additives, at the 1 and 4 wt. % levels., X-ray
" analyses did not reveal the presence of a phase resulting from the zirconia

5



Run .
No.' Meteriasl
1923 Supergrede
AME 8i-N,~
| _ 3
‘1935 Supergrade
AME Si.N
3°h
1949 AME-8
(Controlled
Phase Grade)
1963 AME 9-1 |
1966 AME 9-2 -
1967 AME 9-3
1954 AME-8
1955  AME-8
1958 AME 9-1
1969 AME 9-2
1970 AME 9-3
1972 AME-8
1992  AME-8
'-Eorged

Time

 Table 3. SILICON NITRIDE BILLET FABRICATION CONDITTONS AND RESULTS

~Aveo CVD 8iC
. Pilaments

' Temp. Teﬁp. Pressure Pressure Density Fhases Grain Size
Additive % - OF . _mn/m? psi min.  gm/ee by XRD (pm)
b w/o Ca0 1750 3182 27.5 1000 120 3.17 .1.1
‘1wfoMg0 1750 3182 27.5 hooo 120 3.21 1.0
y wfo ¥p03 1750 3182 27.5 14000 120 3.22 0.9
-Steb. Zrop
~kw/oMg0 1750 3182 27.5 4000 120 3.18 Tron 0.8
' _ : Silicide
Y wfoMgO 1750 3182  27.5 4000 120 3.19 now 0-3
‘hw/oMg0 1750 3182 27.5 1000 120 3,17 "o 0.9
_' 0 w/o Y5053 1750 3182 27.5 4000 120 3.23 0.9
b wfo 81503 1750 3182 o7.5 4000 120 3.1k 1.0
1wfoMg0 1750 3i82 27.5 %000 120 3.1h
~lw/oMgo 1800 3272 2T.5 4000 120 3.12 0.8
"~ 1w/oMgO 1800 3272 27.5 14000 60 3.15
L w/o Mg0 1750 3182 27.5 L0o00 120 3.15 1.0
oy w/oMgO + 1750 3182 27.5 1000 120 '3.18



Run
No.

‘Material

2@86‘

2088
2089

IQTL;

199

1999

020

1025 °

10k9

1050

'jff_ios3
B 1055
. 1056

) Forged _

AE 92

o 9k

BME 95
WE 95

‘De-agglomerated '

_-Plgssey33igmu"

PlEssey -si31\1 L

. rovged :

AME-8 Sleu

AME-8 513Nu

: Forged

AME 942‘i B

AME ok

BE-B

' l{- w/o Zr_().2

L 'W‘/ o Mg0
L wjo Mgd
b wfo MgO
b w/o MgD

© hwfougo

' .L w/o MgO
"'1+ w/o MgO

| Additive

Temp.

Oq

- Temp.

O

Table' 3 (cont.).

Pressure

MN/m=

. Pressure
- _psi

Time

min.

Density
gm/cc

" Phages

by XRD

Grain Size
()

1+ w/ o Zr0
03 S'ta;

I w/o Mg0

: 1+ w/o MgO '

_ 1 w/o Mgo |

L w/o Mgo +

- Aveo CVD 8iC

Tilaments

1750

| 1750
1750

1800

1750

1750
1750
1750
L1750
1750
1750
1750
‘1750

1550

3182

: 3182

3182

3182

3182

_3182
3182
‘318é
13182

3182
3182

2802

bk

b1k _'

Bk

275

| .27;5

27.5

.-: %7-5

272

s

o5
27.5

271.5.
or.5

6000

6000

6000
4000

%000 .

1}0_'003

00O

4000

k000

4000 -

1000

h000 ‘
4000
. hooo-

120

120

120

190

190

190

120

120

120

120
120
120

120

120

3.23

3.21
3.19
3.18

Sample dis-
torted with

irregular

density

- distribution

3-17

319
3,20
3.34
3,18
317
3.1k

2.95

er3sl
. Si O

272

FE3Si
SiEONE

~ Bip0N,

Si 20N2

- BipON,

' Fe3S:‘L _

g

v Oxynitride

¢

0.9
1.0
0.9

0.8

0.9

0.8



® Rm

- Material -

108
o 1059

1060 -

1061

lb62 
1063

106# -
1070f
1971“}

Too11ee

1123

© AME 9ol

mE 9-b

AME48; 

- AME 9k
- AME 9=k
AE 9-5

AﬂE&ﬂ“.

RVE 9-6
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% w/o MgO
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- Temp.
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Préssure
MN/mQ_

Table 3 (concl'd)

Pressure :

psi

Time -
min.

Density

gm/ce

Phases . Grain Size
by XD __(pm)

1750
750 -

iTSD

1750

1'1750
11T5Q o
~ 3182 _ 

1750

150
31750
11750 3 

1750

3180
,-3182
3182
1;3182 |
T
3182

- 3182
3182

3182

BTS¢
S eT.5

- 27.5
27.5
27.5

21.5

27.5 -

ens

efs
27.5

2T

kooo
HODO
4000

kooo

ko000
o000
Looo
hooo
4000
4000

4000

120

120

120
120
120

120

19D

120
120

120

- 120

3.18
5.37

3.37
3.16

3.17
3.19
3.36 -

3.20
3.18
3,17

3.16

810N,

Zr '
Oxynitrige 0.9 -

1 1

510N,

Zr. :
Oxynitride,
FEBSi

0.8

91005 - - 1.0
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additive. Only when the Zybtrite additive conbtent reached 15 wb. %, as in
billets 1025, 1059, 1060, and 1064, did X-vay analyels reveal the appearance
of what has bheen ‘sen'ta'blvely :Ldentafn_ed as a zirconiuvm oxynitride phase.

Y503 was added to S1.N) for the preparation of billet 195k. This
additive was demonstrated by Gazzad as an effective densification aid, and
one that can result in good high tempersture mechanical properties. ’.T.'he
standard hot pressing cycle yielded a high density billet, and its miero-
struebure is shown in Figure 5. The non-uniform. por051ty'may haye resulted
from & non-uniform distribubion of additive. Obtherwise the structure is

‘very similar to that of billet 1949 which cortained the h-wt % Zr02 g
addltlve

SizN) billet 1955 employed Lo, % AL 205 as the den51fleat10n aid.
There Werg several reasons for dimplementing %hls addltlve--(l) the Alg03~
510, eutectic is 1595% (2903 F),Whlch is about 50° higher than the Mg0-8i0,
eutectic, and (2) the A150, could react in situ forming the § ' (sialon)
phase which could be vexry refractory compared with the grain boundary phase

- in present materials. Structures wherein A1 substitutes for Si and O

substitubes Tor W in the Si N structure are designated sialon compositions.
One possible negative asp&c% of an Al-0, additive was that the AlrOo~Cal-
810, eutectle is only 11.70% (21389F) eompared with 1336°¢ (24379F) for
Mg0-Ca0-8i0,; thus, it does seem possible to end up with a less refractory
grain boundary phase. Billet 1955, with a 3.14 gm/cc density, was prepared
for evaluation and its microstructure is given in Figure 6. Here, ‘the

b owe, %.Al O addition resulted in a more uniform porosity than for billet
1954 (4 wh. ? Y203) and less high’ reflect1v1ty phase.

In the case of the Mg0 additions, both 1 and b wb. % vere initially
investigated, [The one percent addition was chosen because prior stress .
‘rupture testing™ demonstrated little advantage in lower MgO concentrations.

- Also noteworthy was the fact thet e raxlve dsa; a was available in the
earlier work involving Sl3Nh with 1! g . Tour . Mg0 was also

considered since earlier work also demonstrated that 1mproved densities ..
could be achieved in some powder Lots with higher MgO concentrations.
.Further, comparatlve mechanical propertles dats also exist for thls composi~
tion. :

_ Blllets 1963, 1966 and 1967 Were each composed of one of the spea1al '
grades of AME Si N powder and b wt.. % Mg0 additive. Mierostructures of -
each of these blilEtE are shown in Figures 7, 8, and 9. Analysis of these
structures reveals limited porosiby. with' scattered patehes of a high index. .
of refraction second phase materlal Whlch has been 1dent1f1ed as - iron
silicide (Fe 8iY. - : o :

The yelatively hizh Na and K. content in lot '9-3 precluded an exten51ve_
‘evaluation of this lob and in its place a cursory examination was performed
on a Plessey Grade of high purlty 8i N (overall purity was comparasble to
the AME special grades), as exempllfle& by billets 2089 and 2088. Micro-
< gtrucburés  of these billets are given in Figures 10-and 11. The Plessey. -
sample vith the 1% Mg0 additive (Blllet 2089, Figure 10) reveals a dense
" microstruchure with some apparent grain pull-out and seabtered high index
of refraction second phase materigl identified as Fegsi, as well as a
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Figure 10. Microstructure of Billet 2089 Plessey Grade
Si3N, + 1 w/o Mgo.




quantity of lower index (gray appearing) phase material suspected of being
SigN,0. Figure 11 (Billet 2088) shows a Plessey grade sample with % wt. 9
ZrQ, additive and shows & higher concentration of the gray phase. An

AME 9-2 grade materisl with 4 wbt. % Zr0p additive, as exemplified by the
microstructure of Billet 2086 in Figure 12, reveals more of the gray phase
as well as the FeqBSi phase.

. The material used in the preparation of this billet was sir classified
to remove agglomerated particulates larger than 10 pm. It was thought that
this treatment would provide a more uniform material and reduce the scatter
of test results. This, in fact, was cbserved as is described below in a
1at8r section. .

Examples of the microstructureg obtainEd when 15 k. % zyttrlte
additions vere mede are given in Figures 13 and 1k, PFigure 13 shows the
- polished section structure for billet 1059, composed of AME-8 source
material and Figure 14 shows the structure for billet 1060, composed of
AME 9-k. - The miecrophotograph for the 1059 billet shows considerably more
of the Fe,S1 pliase than that Tfor the 1060 billet as might be expected on
the basis of original iron content. More detailed microstructure examina-
tion of these compositions is required to positively characterize the phase
structure and chemiptry of other apparent phases; however, iron silicide
and oxynitride phases appeéar evident by polished section inspeétion.

Billets 1974, 1996, and 1999 were prepared by press forging pre-compach-
ed cylindricel specimens in a graphite die whose internal dismeter wvas

.. approximaetely l-inch larger then the compact diameter. The application of

pressure and temperature to the specimens allowed densifieation to cccur-
with leteral flow of material as in upset forging of mebtals. With
appropriate rates of pressure application, generally inbtact specimens were
produced. Porous. peripheral regions of the forged specimens gave the
‘appeerance of possessing more of the silicon oxynitrlde phase which may be
gpecific for the process conditions selecte&.

. An sttempht was also made to incorporate Aveo chemically. vapor

deposited SiC filements (.002 ym (.005 in.) dia.) into a mabrix of hot
pressed silicon nitride as in billet 1992. It was thought that the
introduction of such high stTEngth refractory filamenis could enhance the
impact resistance of the Si N matrix through a crack interruption process.
Examination of the fabrlcatéd composite did reveal filament-matrix inter-
sction with some obvious filement degradation and the system received only
winor emphesis in evaluation.

Silicon Carbide

. Powder - PittsburghrPlate Gléss Co. high purity fine particulate
(A1 ) E;silicbnf carbide was. obbained for this investigation. = Character--.
istics of the 5iC powder are_given below in Tables h and 5. L

Table L, Cafbon and Oxygen Contents for PPG Powder "_

' T : T % Free .  , - % Total
Lot No. % Op - Carbon R Carbon
we-p e o T 308

- 16
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Figure 1ll. Mjcrostructure of Billet 2088 Plessey Grade
8izN), + 4 w/o Zr0s.

Fe_Si

5901-2 500X

Figure 12. Microstructure of Billet 2086, AME 9-2 SizN),
+ 4 w/o Zro,.
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Oxynitride

500X

Figure 13. Microstructure of Billet 1059 Composed of AME-8
with 15 w/o Zyttrite.

FeSSi

Oxynitride i

500X

Figure 1L, Microstructure of Billet 1060 Composed of AME 9-L4
with 15 w/o Zyttrite.
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Table 5. Spectromehemical Tmpurity Anslyses of 8iC Lots

(Cone. in ppm)

ElementZLot 8ic 2

Ag 500
Al 100
B o 1C00
Ba - , S ‘ £100:
Ca 4100
Cr 4100
Cu . 200
Fe : : 1000
X 471000
Mg 100
Mn , . -100
Na ' 41000
Ni 4 100
Sr Z1000

T - A - 1000
X~ray enelysis revealed essentially pure 8 SiC powder with no other
detecteble phases. The PPG 8iC powder was screened through 325 mesh %o
eliminate any large asgglomerates or foreign particles.

Consolidaetion and Characterization

The fabrication conditions and results for the PPG—powder are given
in Table 6. Again, the billet sizes were 7.6 cm (3") éia. x 2.54 em (1")
Thick. s

The Pirst billet (1945) was consolidated gnder a thermal cycle some-
what lower than employed in & previous program™ for a 27.5 M /m (4000 psi)
pressing pressure. The objective was to find the minimum conditions required
to achieve high density and alsc provide a billet suitable for stress rupbure
testing. The billet was 9% deasse; however, the microstructure as shown in
Figure 15 exhibits marked secondary grain growth. This problem was also
encountered on the previous program®. Tt was thought thet correcting this
“through adjustment of the thermal cyele would be difficult and that increased
carbon additions for retarding grain grcwth should be attempted. For
Billet 1965, the amount of C was Increased from 1% to 3 wt. %. The
_increased C concentration was thought to be sufflcient to pin grein boundaries
and prevent ebnormel growth. Further, SiC pressing 1968 was run with a 2%

. BN addition, also for the purpose of avoiding abnormal needlelike graln .
growbh. The mn temperature for 1968 was reduced by 100°¢ (180°%F).

both cases, densitiés of 3.12 g/cc were achieved, but were still coupled
with & significant amount of abnormal grain growth as shown in the micro-
photographs in Figures 16 and 17. This is thought to be triggered by the

£ tocltransformation in SiC. It is also possible that undetected oL
phase SiC in the starbting powder may act as nucleabion sites for exaggerated
o{—slc crystallite grcwth at the hot preas temperature employea '

Further effort at densifying 810 with the absence of gbnormal growth

5
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Silicon Carbide Billet Fabrication Conditions and Results

Table 6.

Run Temp. Temp.
No. Material  Additive oc O
1945 PPG SiC 13 w/o Al,03 2100 3812

15 w/o C
1965 PPG SiC 1% w/o A1,04

3w/ocC 2140 3884
1968 PPG SiC 2% BN 2040 3704
2080 PPG SiC 1% % C 1930 3506

13% A1,0,

Pressure  Press Time Density Phases

psi MN /m! min. gn/cc by XRD
4000 2T.5 60 3.17 5icC
Looo 27.5 15 3.12 sic
4000 27.5 60 3.10 Sic
8000 55 30 3.10 sic

Grain Size

10 x 100

S 'x: 20

8 x 30



5835-4 100X

Figure 15. Microstructure of Billet 1945 Processed at 27.5 MN/m2
(4000 psi), PPG SiC + 13 w/o Alx03 and 13 w/o C.
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5849-8
Figure 17.

Microstructure of Billet 1965 Processed aq 2T5 MN/m2
(4000 psi), PPG SiC + 1 w/o Alp03 and 3 w/o C

PR Sraladlesl ST ¥ 0icn s D25 W/Q

‘ o } b N° \

100X

Microstructure of Billet 1968 Processed at 27.5 MN/m®
(4000 psi), PPG SiC + 2 w/o BN.



proceeded along the lines of higher pressure hobt pressing at reduced temper-
atures. The result was Billet 2080 prepared at a temperature two hundred
degrees F lower then Billet 1968, but at a pressure of 55 MY /m® (8000 psi).
This specimen exhibited reasonable densificetion at 3.10 gm/cc'and showed
no needle~shaped grains in the mierostructure, Tigure 18 shows the micro-
strucbure of this billet after ebtehing to reveal the grain geometry. The

" structure shows some second vhase segregation (believed to be aluminum
oxycarbide) along with some porosity. Most importent, no sbnormal grain
growth was observed -rith the grain size estimated to be abowt-s)ﬂn. This
sbructure received most of the properties evaluation devi:ribed in subsequent
sections of the report, SR - T

MATERTATS EVALUATTON
@eneral - |

Tt is well recognized that SiC and Si.N) and composites hased on
these matrices have sufficient thermal shock resistance and thermal-chemical
stability for serious consideration in the turbine application. However,
the mechanical shock resistance is lower than presently used nickel-bage
superalloy systems; e.g., BL900 has an impact strength of 12.2, 7.5, and
1.4 Joules (108, 66, snd 12 in-lbs.) at 1093°C (2000°F), 1149°C (2100°F),
and 1260°¢ (2300°F), respectively?, whereas the highest impact strength
measured (same conditions) for a BiC or S5igl), base maﬁgrial was 1.1 Joules
(9.5 in-lbs.) for SisN), with a LiAISi O sur%ace layer’., It is recognized
that the impact strehgth measurements include the complex interaction of
a number of fundamentel material properties as well as dynamic effects of
specimen-fixture interaetion. Consequently, the impact strength weasure-
ment 4id not permit ss detailed an interpretive analysis as might be
desired, but it served as a very real measure of progress. toward the goal
of sufficient mechanical shock resistance for the turbine application.
It is difficult to say precisely whet value of impact strength is required
Por this application. A short range goal of 0.7 Joules (6 in-lbs.) was

established for this progrem. - . -

After sufficient impact testing and bend testing were accomplished
to establish a promising material system, stress rupture testing was begun
to determine if the material system had sufficient long term strengbh
behavior to be of interest and learn if there was a correlation between
this behavior, impact strength, and microstructure. Lo

. Mechanical SHock Resistance -

A Bell Telephone Ieboratories type impset tester was modified to
provide impeet strength date at temperatures from room to 1316°¢ (2400 F)E.
“There is no.standard test describéd for ceramic materials et elevated temper-
 atures by ASTM. However, the modified instrument does conform to the =
requirements of specification D256 - Standard Method of Test for Tmpact

. Repisbance of Plastics end Electrical Insulabing Materials. The previous .

effortd provided ccmparison date of two superalloys; a nickel-base material -
B1900, and a cobalt-base material - X40. The impact tester was modified
to include some of the requirements of ASTM E23-66 - Standard Methods for

. Notched Bar Impact Testing of Metallic Materisls. Specimens 0.635 om x -

0.635cm (0.25 in x 0.25 in) in cross-section, 5.50 cm (2.165 in) long with

23



2L

5875-k

Figure 18.

(b) 500X

Microstructure of Billet 2080 Processed at 55 MN/m®
(8000 psi), PPG SiC + 15 w/o Alx03 and 13 w/o C.



& 4,00 em (1.57Thk inch) gage length in a Charpy test mode were used. A1l
the ceramic materials were unnotched and tgsﬁea using a 2.7 Joule {2-foot
pound) hammey while in the previous effort”’ a 21.7 Joule (16 foot-pound) .
hemmer was used for the superalloys. Specimens were inserted into the hot
' furnace and sosked for 15 mlnutes prior to tesbing.

.- Impact strength measurements are reporbed in Tables 7, 8, and 9, and
plotted in Figures 19, 20, 2L, and 22. 1In general, three smallEr size bars
were tested at each of four temperatures, while larger cross-sectlon bhars
1. 02 em z 1.02 em (4" x L") were tested ax each of three temperatures.

Overall “the Employment of the BPEGlal purlty graﬂes of 3111con nltrlde

did not 1mpr0ve on the maxima in impact strengths observed in the effort of
prior year82:5:6. However, the date do appear more consistent throughout a
temperature range as shown in Figure 19. In the case of the higher purity
silicon nitride, the results of testing of the larger cross-section bars

do show some signlflcant enhancement of impact resistance over bars made

of standard controlled phase grade material as shown in Figure 20. This,
- %oo, is consistent over a temperature range. Of the additives employed, -

the ZrO, addition appears most effectlve and 1s con51stent over a range of
compositions. :

: Stereoscoplc examlnatlon hag revealed in a number of 1nstances, that
failure initiabion appears to occur from.the site of inclusions. The data
for Billet 2086 show the value of powder classmflcaﬁlon in prov1d1ng '
consmstent behav1or vlth mlnimal data sprea&.

~In very few instances was a value ofuo T Joules (6 1n-lbs) achieved
for the smeller sized test bars. These turned out to be in the case of
- hot forged samples. Each of three forged billets of AME controlled phase
grade materisl (1972 1905, and 1999) showed at least one sample with an
~exceptional impact value, e.g., ,526 joules, .795 joules, and .T37 joules,
respectively. Developed texture is believed o account for these results, B
“however, there is consmderable 1nconsmstency. : =

, The 1zm1ted data for silicon. carblde are nob partlcularly ncteworthy,
and appeaxr to reféect “the lower fracture surface energy 1nherent 1n 81licon_
carbide maﬁerlals S . _ . . _

Tigure 21 prov1d65 a8 graphical summary of small bar impact deta -
obtained for SiC samples produced and evaluated over a several year period.
Samples from Billet 2020, produced in an earlier program, exhibited signifi-
cently better test results than samples from any of the other billets.

The high density (3.23 g/ce) obbained without exaggerated grain growth by
hot pressing at 1950°C and very high pressure (10 Kei) probably are the

- pignificant reasons for ‘these results.  The obther billets fall: short either

in terms of densmty or exaggerated grain growth or both.

_ Flgure 22 plots data for both 1arge and small size 1mpact bars of
two 8iC compositions with different additives and processed differently.

The data reveal an apperént advantage of th. N additive and resulbing

duplex structure even though the densities for the two billets are compar-
able
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Table 9. Impact Strength Results for SiC

Small Bars, 0.635 em x 0.635 em (0.25" x 0.25") Cross Section

Impact Strength, in-lbs. (Joules)

Billet  Material  Additive R.T. 1100 (2012°F) 1200°¢ (2192°F) 1325°% (2415°F)
1968 PPG SiC = 2% BN 234 (2.072) .213 '(1:.88) .27 (2.42)
.256 (2.270) -189 (1.67) .238 (2.11;
.198 (1.75) 250 " (2.21) i35 (190
2080 PPG SiC woc 123 (1.09) .212  (1.87) 2105- - (0:93) L H166 0 (1.0T)
: 15 w/o .121 (1.07) 239 (2T .199 (1.76) .238  (2.11)
A1503 172 (1.52) 174 (1.54) 17k (1.54) 198 (1.75)

Large Bars, 1.02 em x 1.02 em (0.4" x 0.4") Cross Section

1968 PPG SiC 2% BN .525 (4.65) 645 (5.71) ST13 i (6431)
.139 (12.30) A7k (b.21) .588 (5.20)
.234 (2.07) .690 (6.10) .803 (7.11)
.256 (2.27)
2080 PPG SiC 1% wfo ¢ . .284 (2.51) k25 (3.76) o8 (k.11)
1% w/o 432 (3.82) ek (Lk.11) .566 (5.01)
A1,0,
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Transverse Bend gtrength

Short time 4 point bend tests were performed in air on specimens
4L.45 em x 0.51 em x 0.25 em (1 3/%" x .2" x ,100") with an outer knife edge
span of 3.81 cm {1.50") end an inner knife edge spen of 1.27 cm (0.50") to
insure elastic bend conditions. HA constant load rate was set to provide a
nominel strain rate ¢ about 10~ sec-l,

Tests were run on most of the fabricated billets to determine the
effectiveness of additives and purity. The results are documented in
Table 10 and reveal the influence of higher purity, particularly at the
highest test temperature. For a group of billets with b wt. % Mg0 edditive,
Figure 23, the billet 1020, which is characteristic of & "standard controlled
phase" grade sample, shows values about half as high at the highest test
temperature as those Por billets L1049 (9-L sublot), 1055 (9-5 sublot), and
1070 (9-6 sublot), and somewhat less than half as high as those for billets
1963 (9-1) and 1966 (9-2). The high Na and X content in lot 9-3 no doubt
accounts for the low strengths observed at the highest test temperature
for billet 1967. The billet 1923 (AME Supergrade Si.N) powder) with the
Ca additive showed the lowest values at 1325°C (EhlBaF%. The ¥p03, AlQOS,
and ZrQ, additives showed rather promising results as additives t0 standard
controlled phase grade material in tests at room temperature and 1325°C
(2415°) es shown in Figure 24, In particular, the ZrO, additive sapvlcs
exhibited good low as well as high temperature strengths., The effectiveness
of low concentration ZrO, additives to silicon nitride wes also reported
recently by other investigators?. As for the 4 wt. % addition, & .5 wb. %
ZrQp addition was found to be even more effective in standard controlled
phase grade powder as shown in Figure 25 and even higher strengths were
obtained with the specially prepared lots 9-2 and 9-4, also showm in
Figure 25. :

The improvements in high temperature strength can be understocd on
the basis of the development of & refractory second phase in the boundary
regions of the structure. The improvement at room temperature is nov so
clearly understood, however. Microstructural exemination suggests a
diminution in the appearance of relatively large Bs-ilicon nitride grains,
which could conbribute to a reduction of potential failure onsebt sites.

Stress Rupture

Testing was conducted in air under & four point bending mode using
SiC for knife edge fixtures. The specimens were 4.45 em x 0.51 em X 0.25 cm
(1 3/4% x 0.100 x 0,200 inches) with an outer span of 3.8 cm (1.500 inches)
end an inner spen of 1.27 em (0.500 inch), A pre-determined load was applied
smoothly in & few seconds with & cam accuator on the load bearing lever arm.
A cut-off switch-elock circuit connected to the lever arm was ubilized to
detect and record failure,

All of the results were analyzed using the elastic beam formula;

=3 Pa
bh2

o

3h'f'"



Table 10. Transverse Bend Strengbn Resulbs

Bend Strength, MV/m® (Kpsi)

Billet Eaﬁerialf,: . Adaitive Room ‘Temp. 1100% (2010%)  2200% (2192°F) 1325°¢ (2415°%)
1923 - AME Supergrade L w/o Ca0 k7.6 (62.2) N | . 107.9 - (15.7)
o sigNy | 380.9  (55.%) . - 1341 (19-5;
T E o o 358.9 (52.2) - : 112.8 (16.h
19k AMB-8 Comtrolled 4 v/o Zro, ~  k9h.3  (71.9) - ) 267.1  (38.9)
- . Phase Grade : - 998 (72.7) ; 237.2  (34%.5)
_ : SigNy, S k2o (62.5) _ _ 2u8.2  (36.1)
195k .  AME-8 . h.w/cfﬁéo3  579.6  (8h.3) 215.9  (31.4)
A _ - 3 k2.3 (68.7) 23kl (34.1)
oo . _ o S hh2.8  (6h.h) 209.0  {30.k)
1955 AE-8 . bwloalOg © 517.0  (75.2) ‘23l b (34.1)
S ‘ o - 468.9  (68.1) 198.0 (28.8)
, o | ‘ ko7.6  (62.2) - R 200.8 (29.2)
1963 - AME 9-1 L w/o Mg0  1489.5 (7L.2)  468.9  (68.2) 317.6 . (46.2)  225.5 (32.8) -
o R T u35.9  (63.4) 6.0  (60.5) 304.6  (bk.3)  e3k.bh (3h.1)
| - 488.1  (71.0) b55.1 (66.2)  297.0 (43.2) 2882 (36.1)
1966  ME 92 = - hifoMg0  512.9 (Th.6)  U53.8 (66.0)  331.k (4B.2) 328.6 (L7.8)
o o Coen . ©393.3 - (57.2) - 486.8  (70.8) - 278.h  (ko.5) 215.2 (31.3)
: i | - 34,1 (50.2)  WB6.1 (70.7)  316.9 (k6.1) = 239.3  (3h.8)
1967  AME 9-3 b ow/o M0 C118.7  (60.9) ¥7.3 (60.7) 214.5  (*1.2) . 14bk.k  (2L1.0)
R I . T © b36.6  (63.5) - u22.8  (61.5) 236.5  (34.4) 165.0 . (2k.0) .
o | _ | , - 368.5  (53.6) - 45,3 (60.4) 193.,2  (28.1) 170.5 '(eh 8)
1020  ME-§ C hwfoue0. M16.6  (60.6) 360.3  (52.4) 303.2  (Mnl)  140.9 (20.5)
Sl e . © .o hpo.dl (58.2) 0 382.3 (55.6) 266.1  (38.7) 193.9 (28.2)
N _ N 373.3  (5k.3) . 34kk (50.1) 248.2 (36.1) 154.0  {22.k)
1049 ,*  :EME 9-h = 4 w/o MO 383.6 (55.8)  A77.8  (69.5)  L461.3 0 (67.1)  365.%  (53.1)
e T e 8.7 (60.9) . 4m9.2  (69.7) bss.1  (66.2) | 358.2 (52.1)
427.0  (62.1) h55.1- (66.2) h33.8 = (63.1) 347.2  (50.5)
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Table 10 concl'd
_ Bend Strength, My/m? (Kpsi)

Billet -.Mﬁ&eria17 7 i{Aﬂditivé SR _3odm Temp. 1100% (2010°%F)  1200% (2108%) 1325% (2415%)
1055 AME 95 - hy/oMgd  550.7 (B0.1)  489.5 (Ti.2)  365.1 (53.1) 327.6 (h9.1)
o ‘ - “5h2,5  (78.9) 435.9  (63.k)  356.1 (5L.8)  332.1 (48.3)
| _ _ | - 482.6 (70.2). h15.3  (60.4) - 33L.k - (48.2) 303.2  (Lh.1)
06k AME-8 - 15w/ozr0,  633.9 (92.2) 516.3 (75.1) - Mb.6 (60.3)  352.7 (51.3)
o COREREERE - 612.6  (80.1)  Ls5.1  (66.2)  37A.T - (54.5 310.8 (L5.2)
Lo g - - S6h.5 (82.1)  k2B.3 (62.3) - 353.B (5L.B)  303.2 (Mh1)
1060 AﬁE g-L - , jifls.w/onrog - 676.5 - (98.4) . 585.8  (85.2) 533.2 (76;1) k27,0 (62.1)
i - S L - 650.% (9h.6) 550.0 - (80.0) - 481.3° (70.0) 399.4  (58.1)
_ : . 520.1 - (90.2)  509.5 (Tk.1) kor.6 (62.2)  387.8 (56.4)
S 1070 AR 96 C bw/oMg0 M3 (6h5) 5095 (Th1)  517.0 (75.2)  M3.9  (60.2)
R - S - L : o boB.k o (59.4) 0 b6T.5 0 (6B.0) - h9o.2 - (TL.3). - 396.0 (57.6)
| | Lo 3195 (55-2) 1.2 (66.5) - k6B.2  (68.1)  365.1 (53.1)
1025 B 92 15w/ozro,  675.1° (98.2)  60T.8 (88.)  550.7 (B0.1) k55l  (66.2)
‘ R ST S 661.4 - (96.2) 564,5 © (82.1) 517.0. (75.2)  h406.3  (59.1)
(93.4). (78.1) 502.6 - (73.1) 9.k (61.0)

S <7 537.0
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Figure 24.

w
@ Room Temperature and 2415°F Bend Strength Comparison for 4 w/o Additions of Various Additives to AME CPG
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where ¢ = transverse rupture strength in psi,
P = lcad in pounds required to fracture,
b = specimen width in inches, and -
h = specimen thickness in inches,

For a dead load test where plagtic deformation occurs, an indication of ~
the deviation from this formula can be obtained from the approx1mate equation
for the stee&y-state etreas'
2+m
where m is the strain rate sensitivity exponent., TFor metals, m is typically
0.2 to.0.3 80 the stress will drop from its initial value to-a value near -
that given by the above eguation, For ceramics, m is typleally between 0.5

and 1.0 so that there is often only a small difference between the actual
steady-etate stress and the calculated elastic stress.

The stress rupture resulte are tabulated in Tables 11 and 12 for
gilicon nitride and silicon carbide samples, respectively. The results for-
. 8ilicon nitride demonstrate significant improvements in stress rupture life -

at 1100°C(2010°F), 12000 (2192°F) and 1325° (2415°F)- for samples comtain- -
ing higher purity silicon nitride in comparison to the controlled phase
grade material. Other investigators have reported similar findings on a
comparative basistO, What is quite significant is the effect the: ZrO
additive has on-both the lower and higher purity starting material and
follows the results of the bend tests reported in an.earlier section. The
development of ‘& high temperature steble vhase, i.e., a zirconium oxynitride,
tentatively identified by X-ray analysis, probably accounts for the stabil-.
ity under locad. The beneficial effects of the ZrQp ‘additive and higher
purity starting meterial are illustrated in Figure 26 where the EhlSOF

data for billets 1020, 1025, 1064, and 1966 are plotted; short time bend
test data for slmllarly sized test bars is included. . The similarities in
data slopes indicate similar failure mechanisme; however, the strain was
markedly less for the higher purity siliecon nitride samples, e.g.,£0.5
 percent compared to » 1 percent, A comparison of stress rupture behav1or
between billets 1020 AMB-8 plus 4% MeD and 1122 forged AME-8 plus 4% MgO.
is interesting and reveals the positive. effects developed texture may have.
The forged samples had a life of 5 to 10 times the unforged meterials - &b
ehlsoF and 15,000 psi

, The graln morphology and texture appear equmvalent in the mlcro~
gtructures and no conelusions could he drawn concerning the concentration
or digtribution of grain boundary phase. The test samples exhibited
fracture surfaces characteristic of slow crack growth, but no marked
. dlfferences in thls behavmor could be found.

- Other additives et the L wt, p level to controlled phaae grade powder
‘were found to be inferior to ihe. Zr0y additive in 132500 (ahlsqF) stress
rupture tests as shcwn in Flgure 27,

Although there is no hard EV1dence to 1dent1fy the operatlve creep
mechanism, it ig assumed “hat ecreep is controlled by grain boundary Slldlng
and its accommodation which likely involves diffusion through the boundary
vhase. A maJor eontributlng cause of this behavmom would appear to lie:

#o-'
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140.3 - no break

- 112.8 - no break
- Immedizbe failure

Immediate failure

0.01

110 - no break
102 - no break

0.02
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with improved acccmmodation brought about by bounderies containing silicate
phase~~the higher purity raw material demonstrating significant superiority
in this respect. However, the ZrOp additive to AME-8 grade improves the
properties dramatically, to the point where they are about "equivalent" to
the samgles of higher purity Sigl), with standard Mg0O additive,

Teble 12 and Figure 28 document the stress rupture results for silicon
carbide and reveal dramaticelly the stress sensitivity {low slopes) by the
immediate onset of failure when it occurs., There is little evidence for
sgloy crack growth in this meteriel. Overall, the stress rupture properties
are superior bto the maxima cbserved for the best Si3Nh samples.

Thérmal Shock

A thermal cyeling test was performed on selected samples of silicon
carbide and sioicor nitride. g particular test has been deseribed in
the report of an earlier program The samples, wedge-shaped, 5 cm (2")
in length, were heatad by a mlxture of air and gas ‘to an cquioibrium temper-
ature of 1325°C (2415 F), held for an hour and cooled to room temperature
in 2-3 minutes by a cold sir blast directed at the thin edge of the wedge-
shaped samples. After every 20 cycles, the specimens were removed from the
test rig and examined for integrity. A total of 100 cyeles comprised the
test and both Si V), semples employed survived the test. These included a
sample of 9-2 su%lot with & w/o Mg0 (1966) and a sample of controlled phase
grade with & w/o Mg0 (1020). Two SiC samples were tested along with the

~ 8iN),. These included s PPG SiC (billet 2080) as well as a coarse grained

CaPborundum grade material similar to samples prepared in the earlier programé.
The latter survived the cycle; however, the sample containing the PPG S5iC
failed between the 23rd and 38th cycle. These results are consistent with
the findings of prior years efforts wherein SioN) samples have never falled
in this particular test; however, a number of glC samples have been obgerver
to fail in mid-cycle. The higher coefficient of expansion, modulus of
elastieity, and rapid crack growth extensions for 5iC are factors of signifi.
cance here,

CONCLUSIONS
The major findings of this program are listed below.
1. 8ilicon nitride impact strengths showed general improvement

over previous results in terms of consistency if not in maximum
velues. The target of 0.7 joules (6 in-1bs. ) (for 0.635 em x

0.635 em (.25" x .25") cross-section bars} was reached only in
isolated instences and then only in samples taken from forged
hillets.

2. S8ilicon carbide continued to show significantly lower impact
strengths than silicon nitride, although the extent of the test-
ing performed was limited.

3. The elevated short time bend strength of SigN) is improved
significantly by improvements in impurity content, which apparently
restricts grain boundary sliding. This result is also consistent
with bend stress rupture testing. Zirconia additives in the form
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of a finely divided Y50, stabilized material were found to have

very significant effectE in raising both the short term low
temperature bend strengths as well as the high temperature strengths.
In addition, the best stress rupture behavior was observed with
samples cantalnlng 7ZrQ, additions. This was consistent with low

and higher purity grades of AME powders. Press forging was

cbserved to have a positive effeet on stress rupture life,

The development of SiC samples, with PPG starting powders, with
igotropic fine grains reguired hot pressing at temperatures below

2000°C and at pressures of 8000 psi. At higher temperatures the

rapid Eﬁwmctransitlon may have heen responsible for large plate- |
like grain formation. ‘

. ”Bendvstresé rupture tests performed with SiC samples revealed

excellent stress rupture characteristics - maxima greater than
the best Si Ny, samples. However, failure is rapidly catastrophic

-and slow créck growth is not observed for the samples prepared.

A limited number of samnles tested continues. to reinforce the

findings of earlier efforts that SiC is more prone to thermal
stress failure than 8iaN) in a particular air cyeling environ-
ment and for a parﬁlcugar wedge shaped geometry.
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