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SECTION I
SUMMARY

The objective of this program is to develop formulations for ceramic bodies
which can be fabricated to complex shapes by conventional sintering techniques
and which exhibit properties suitable for highly stressed applications in a gas
turbine. The class of materials being investigated is B' SiAION, whach is under-
stood to denote materials in which the major phase is a solid solution based-on
the B S1_N, structure having a range of compositions 5i —xAl Oxﬁh—x' As a pure
phase B' SiAlON cannot be sintered to full density., but bodies formulated such
that some liquid forms at the sintering temperature can be prepared which are
fully dense. This can be accomplished with formulations within the system Si W, -
8102 - Al O0_ - AIN, or by the addition of foreign oxides to B' formulations which
react wltﬁ é' constituents to produce liquid. In either case, a grain boundary
phase or phases is retained in the sintered body, znd the nature of the grain
boundary assemblage has a controlling influence on the properties of the body.

Over the course of this program to date a variety of sintering aids were
investigated inciuding AlFPQ,, GaPOh, Zr02, Zrc, Cr203, Tioe, HiC ., YQO s La20 .
Er203, Nd203 and GdSmO.. Uniformly dense bodies were obtained only with Zr0,, Y203
(and mixtures of these?, and rare earth oxide additions. Bodies prepared with Y,0
additions exhibited room temperature flexural strangths on the order of 550 MPa
(80,000 ps1). In the absence of other more deleterious types of flaws, room tempera-
ture strength of these bodies was controlled by the presence of metallic inclusions.
At 1370°C B! containing Y50, exhibited strengths up to 450 nPa (65,000 psi) and a
creep rate of 6 x 1077 hr-1"at a stress level of 69 nPa (10,000 psi). Samples con-
taining ZrO2 exhibited totally inadequate mechanical properties at 137000.

The oxidation behavior could be correlated with minimum liquidus temperatures
in the systems containing the oxidation products. All systems containing Y20 ’
La 0., or rare earth oxides in time developed oxide films that were liquid at
1h8030 and afforded little protection. For compositions where the minumum
ternary eutectic temperature in the systems cortaining the oxidation products
was above the test temperature, (i.e., in the 8i0_ - A2,0_, and Si0_ - Zr0, -

A1 _0_ systems) thin protective crystalline scales deve%oged and the static
oxidation rates were low.

No compositions have been developed as yet which combine both good oxida~
tion behavior and good high temperature mechanical properties, and this remains
the praimary goal of this program. Criteria are suggested that define in general
ways the types of systems that must be explored, and approaches are outlined
that may correct shortcomings in present formulations.
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SECTICN IT
INTRODUCTICN

The gas turbine is considered a serious candidate for an alternative engine
for automotive and marine use as well as for power generation., BEfficient use of
fuel can be achieved by high turbine operating temperatures and light rotating
parts, These considerations, plus the necessity of using nonstrategic and poten-
tially inexpensive materials, have led to serious consideration of the use of
ceramic components. Stringent property requirements have limited the ceramic
candidates Tor rotating parts to Si Nh and SiC based materials. While holt pressed
Si_N, would appear to offer the mos% attractive properties at the present time,
the great expense of machining parts from this material is prohibitive, and
alternative materials are sought that can be formed to near net shape by conventional
sintering process,

The object of the current program is to develop a formulation or formula-—
tions for ceramic bodies which can be fabricated to complex shapes by conventional
sintering techniques and which exhibit properties which make them suitable for
highly stressed applicaticns in a gas turbine.

One class of materials which offers the potential of meeting this objective -
is B” SiA10N., The term SiAlON first referred to the product of high temperature
reaction between Al _O_ and SiBNh’ desceribed independently by Jack and Wilson (Ref. 1}
and by Oyama and Kamigaito {Ref. 2). A number of workers have subsequently investi-
gated SiAlONs, and properties reported for the material have excited considerable
interest. Desirable properties reported include low coefficient of thermal
expansion (Refs. 3, 4, 5), good thermal shock resistance (Ref. 3), good high
temperature modulus of rupture (Ref. 3}, good high temperature creep resistance
(Refs., 3, 5) and good oxidation resistance (Refs. 3, 5, 6). It has further been
reported that, unlike Si N, which requires hot pressing in order to achieve high
density, SiAlON can be fabricated in dense shapes by conventional sintering tech-
nigues (Refs. 1, 3). The major phase resulting from the reaction of Al 0. and
Si N, is a solid solution based on an expanded B 5i_N, structure and la e%ed B!
(R&fs. 1, 6). However, many workers who have reactéd mixtures of AlEO and Si3Nh
report the presence of other phases besides the B' phase (Refs. 1, U g, T, 8,
9, 10). Morgan (Ref. 11} predicted that in fact B' compositions had stoichio-
metries given by the formula SiB—XAlxoxF L and that the equilibrium products
of the reaction of Si Nh and Al O3 were muftiphase. He further predicted that
single phase B! SiAlOﬁs having %he above stoichiometry would not sinter. Recent
reports of phase equilibrium studies in the system Si N, - 8i0 A1 O — AIN
(Refs. 12, 13, 14, 15, 16} have confirmed that B’ SiA%Oﬁs have2the a%oée

stoichiometries and that these materials do not sinter {Ref. 15).

ORIGINAL PAGE IS
OF POOR QUALITY
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The above phase diagram studies showed that the reason Si N, - Al _0_ nixtures
sinter to full density iz the presence of a 1liquid phase existing in equilibrium
with the B' phase at temperatures above about 1700°C, Layden (Ref. 17) attempted
to use this liquid region to effect a transient liquid phase (TLP) sintering of
single phase B' bodies. A second approach to sintering and hot pressing of Si3Nh
and B' SiAION bodies - and one most widely employed - is the use of foreign
additions, generally refractory oxides, which react with other constituents to
form a 1liquid phase at the firing temperature. (Refs. 18, 19, 20, 21, 22, 23, 2k,
25). This is also the approach taken in the work reported here.

The use of additives to effect a liquid phase sintering almost invariably
introduces phases other than the major B' phase, and these have an overriding
effect on the properties of the ceramic bodies, particularly at elevated tempera-
ture and under oxidizing conditions.

Since the work on these nitrogen and oxynitride ceramics is all guite recent,
limited phase equilibria data on important systems - and virtually no property data
on new oxynitride phases other than R' - have yet been published. Therefore, the
approach to developing sinterable nitrogen ceramics having properties adequate to
stand up to severe conditions of a gas turbine must be an emperical one. Many
systems must be screened in terms of sinterability, microstructures, and properties.
This is an interim report of work in progress. The goal has not yet been achieved,
but criteria are suggested that define in general ways the types of systems that
must be explored, and approaches are outlined that may correct shortcomings in
present formulations.
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1. Compositions Studied

Nominal B! 8i. Al O N

. . =X
investigation are fIste& %ﬁ

Bt E.
0 o0

1 0.30
2 0.55
3 0.9
by 1.07
5 1.25
6 1.60
T 1.78

COMPOSITIONS OF B? Si3_

SECTION III

EXPERTMENTAT. PROCEDURES

A,

compositrons studied over the courses of this

Tﬁble 1 and are plotted on the phase diagram, Fig. L.
Actual compositions will vary somewhat from the nominal compositions because of
different formulation and processing technigues to be described, and codes will be
introduced at the appropriate places in this report to identify the particular
processing treatments that samples received.
w1ll be discussed in Section IV. Where sintering aids were added to basic B!
compositions, the overall composition will generally be desecribed in terms of the
B' composition plus the weight percent of added sintering aid.

TABLE 1

Sample Preparation

AL O N

X XX Ly

SOLID SOLUTICNS INVESTIGATED

Si

Lo

38.

35

30

27.

25

20.

17.

.86
58
.00
.00
50
.00
00

50

Atom Percent

4.28
7-86
12.86
15.36
17.86
22.86

25.43

4.28
7.86
12.86
15.36
17.86

02.86

25.43

Deviations from nominal stoichiomeiry

57.1k4
52.86
49,28
Lk .29
41.78
39.29
34,28

31.71
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2. Raw Materials

Materials used for compounding the basic B' compositions for samples with numbers
below 750 are AME high purity Si Nh 90% o phase -300 mesh powder., Atlantic Equipment
99,9% -325 mesh A1N and Al O_. éamples numbered 750 through 918 were Kawecki
Berylco high purity 85% o phase -325 mesh Si_N, powder, shipment 1, and samples with
numbers above 918 used Kawecki Berylco Si_N, “shipment 2. Spectro-chemical analyses
for impurities in these various starting powders are given in Table 2, as are neubtron
activation analyses for oxygen in the Si_N, powders. Compounds added to basic B'
compositions to promote sintering are 1iSted in Table 3., Chemical analyses were not
performed on these compounds,

3. Usual Powder Preparation Techniques

Over the course of the prozram various vowder processing techniques were
employed. These arose mainly from the necesszty to improve sample homogeneity and
were derived from studies of milling and drying of prefired and unfired powders. Some
of these studies were carried out under another program and are described elsewhere
(Ref. 17). The powder processing techniques are best described i1n terms of unit
operations listed helow.

a. Formulation of Babtch Compositions

i. BStage 1 formulation

In initial sintering studies, the primary constituents were assumed to have
compesitions indicated by thelr conventional chemical formulae, and material
antroduced into the batches as a result of wear of grinding media and mill jars
was ignored.

ii. 8Sitage 2 formulation

As work progressed, extended ball milling was used to reduce particle size
and promote homogeneity. Ball milling experiments indicated that substantlai amounts
of material worn from mill jars and medis were introduced into the batches and 1t
was necessary to take this into account in formulating compositions. Logs were kept
of the media weight so that material introduced from this source could be predicted.
The oxygen content of the "Si N, " powder determined by neutron activation analysis,
was taken into account in formulating the batches. A work sheet exemplifying
stage 2 formulation is shown in Appendix 1.

b, Ball Milling
In the first stage of the progrem bateh constituents and comminuted prefired
materials were milled in Roalox jars with methanol and Burundum grinding media.

Later, either high slumina or reaction sintered Si3Nh grinding media were used with



TABLE 2

IHMPURITY , WEIGHT PERCENT

Reagent Al 8i Ca cL Co
AME 215 > 10 < .02 < .02 < .05
Si3Nh KBI shpt 1 05 >10 < .02 < .02 < .05
KBI shpt 2~ .05 >10 < .02 < .02 < .05

ALN > 10 .20 < .02 .05 .10
41,0, >10 < .01 < ,01 < .02 <.01

*Determined by fast neutron activation analyses.

ALITVAD 4004 0
SI ¥HVd TVNIDIHO

<

.30

07

.01

.01

01 <.

<

.01 <

.05 <

<

01 <

.02

.02

.01

1.2

0,8

Te-HgTeTo-LLY
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AlPOh
GaPOh

Y O
Z_0
T
2rC
Cel

GdSm0
Er,.0. 7

273

La

-

203

d,0

3

Ty

Sm203

Cr203

T:LO2

HfO0,

TABLE 3

COMPOUNDS ADDED TO BASIC RB' SOLID SOLUTIONS

Rocky Mountain Research 99.99% Purity

Gallard Schlesinger 99.9% purity

Molycorp oxalates (calcined)

Apache Chemicals Inc. 99.9% purity

American Potash oxalate (calcined)

Fisher Certified reagent

Wah Chang Spectrographic grade
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methanol in 16 oz. wide mouthed polyethylene bottles. Standardized charges of
batch materiels, media, and methanol were used., Rolling speed was set for the
different media by adjusting by ear for maximum uniform grinding action. The motor
control setting so estsblished was used in all subsequent runs using the given medisa,
c. Drying of Ball Mill Charges
Mill charges were originally dried by pouring into shallow aluminum foil trays
and placing these above a laboratory furnace to evaporate the methancl., This pro-
cedure was found to lead to segregation of the sample constituents and was discon-
tinued. A spray drying procedure was adopted in hope of preventing segregation.
Mill jar contents were emptied into wash bottles., A Iarge tray of aluminum foil
was constructed, placed on a hot plate, and a smaller (8 in. square) plate of 1/ in.
alumirnum placed in the center of the tray and heated to about lOOOC. The wash bot-
tles were kept continucusly agitated while the contents were sprayed onto the hot

aluminum plate. ZEwvaporation of the methancol was rapid, and the dry powder was
periodically scraped from the plate into the surrounding tray.

d. Deagglomerating .

Tray dried material was caked and layered., This was broken up and dry ground
using a large porcelalin mortar and pestal. The spray dried material tended to be
£lakey. This material was forced through a 100 mesh screen using a bristle brush.

e. Prefiring

1. 600°C_air firing

Materials that had been milled in polyethylene jars, spray dried, and screened
were placed in alumina crucibles and heated in air to 60000 for 1 hour. The purpose
of this firing was to burn off organic contamination from the jars and brush,

Weirght measurements before and after various heat treatments in air (to be described
later) showed that no weight gain of ball millied powders occurred during this azir
prefiring.

1. 1650°¢ firings

Samples of B' compositions that were to be prereacted and comminuted prior to
the addition of sintering aids were cold pressed at about 15,000 psi into cyeclindri-
cal pellets about 1.25 in, in diameter and 1.25 in. high. These were placed in
boron nitride crucibles and heated %o 1650—170000 in nitrogen in a graphite susceptor
induction furnace for 2 hours., The furnace details will be described more fully in
Section IIT.A.6.a.
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f. Comminution of Frefired Pellets

Initially, the fired pellets were crushed to -10 mesh in a steel mortar and
ground to powder in a rotary hammer pulverizing mill., A magnet was used in an
attempt to remove iron particles introduced by the mill. ILater in the program a
Trost air mill was used to reduce -10 mesh material to the ~25u size range.

The powder preparation techniques most often used over the course of the program
were various combinations of the above unit operations., These are codified for easy
reference in Table 4, In special cases powders were prepared by other techniques,
and these cases will he described Individually.

b, Special Powder Preparation Techniques

In many instances, special powder preparation technigues were used to study
specific effects, particularly effects of the particle size of the prereacted B!
compositions and Ce0,_ sintering aid. These are best described briefly along with
the results in Section IV of this report, Several experiments involved the use of
materials derived from the acid milling process described below.

a. Acid Milling and Particle Size Separations
A sample of prereacted powder was milled for different lengths of time in a
50 percent soluticon of HC1l and H_O in Roalox jars using burundum media with the
primary purpose of dissolving me%alllc iron particles., After milling, the
material was allowed to settle, the liquid decanted, fresh water added, sample
agitated with a magnetic stirrer, and the washing procedure repeated until a 1itmus
test indicated that the scad was substantially removed., After these washing
operations the heavier particles settle quite rapirdly but even after standing over-
night scome solid material still remained in suspension, The liquid decanted after
standing overnight was retained in one container. During the work day, washings
were repeated at about 3 hour interwvals, Liquid decanted afier standing for 3 hours
was stored in a second container. The decanted fractions were then centrifuged
dowvn, washed, recentrifuged, and finally ground under acetone in a mortar and
pestle to redistribute and dry the fine powder.

5. {Cold Pressing Test Samples

Samples were uniaxially pressed from the prepared powders without the use of
guxiliary binders either in the form of right circular cylinders about 0.375 1n. X
0.375 1n., or rectangular bars about 0,188 in., x 0.375 in. x 6 in. The 6 in. long
bars were cut into three or four shorter bars. The wiaxially pressed samples were
Placed individually into latex bags which were evacuated and sealed, These were
then placed in an isostatic press and loaded to 40,000 psi.

10
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TABLE L

FLOW CHARTS FOR DIFFERENT POWDER PREPARATIONS
Process 1 2 3 L 5
Formulation B! only ' only B' only B' + sintering aid B' + sintering aid
(stage) 1 2 2 2 2
Jars Roalox Polyethylene Polyethylene Polyethylene Polyethylene
Ball Milling Media Burundum  High alumins BigN), High Alumina High Alumina
Time (hrs) 18 1 1 96 18
Drying Tray Spray Spray Spray Spray
Deagglomerating Mortar - —_ Screen SBereen
Temp. (°C) 1650 1650 1650 600 600
Prefiring Atmosphere Nitrogen Nitrogen Witrogen Air Air
Time (hrs) 2 2 2 1 1
Commainution Hammer mill Air mall Alr mill
Reformulation Sintering aid Sintering aid Sintering =aid
added added added
% :%) Jars Roalox Polyethylene Polyethylene
o 5‘ Ball Milling Medis Burundum High alumina S1,N L
S B Time (hrs) 18 96 o
=B
‘8 E Drying Tray Spray Spray
(]
E & Peagglomerating Mortar Scereen Screen
o
wm
o Temp (°C) 600 600
Prefiring Atmosphere Air Air

Time (hrs) 1 1

Te-ngTaT6-LLa
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6. Firing of Test Samples

a. Vacuum_Induction_ Furnace

Most of the sample firings were carried out in a graphite susceptor vacuum
induction furnace, The susceptor and crucible arrangements are shown in Fig. 2.
Cold pressed samples (cylinders or bars) were placed in 3/k in. ID boron nitride
crucibles., In some instances the samples were packed in powder of the same com-
position which was intended to serve as a buffer, hopefully to establish the eguilib-
rium partial pressure of gas phase constituents sbove the samples. The boreon nitride
crucibles were fitted with tapered lids and placed inside graphite susceptor inserts
Titted with screw tops that served to exert pressure on the crucible lids. The
furnace chamber was evacuated and back-filled with nitrogen to one atmesphere and
a low flow of nitrogen maintained through the chamber during firing. Bars without
a powder pack were generally fired three or four per crucible, Samples were heated
to a maximum temperature over a period of about 30 minutes and held at temperature
for the desired length of time. The power was then shut off and the furnace allowed
to cool at maximum rate. Most of the firings in this furnace relied on manual con-
trol of temperature. The precision of reported temperature will be discussed in
Section ITI.A.6.c.1.

b. Graphite Resistance Furnace

’

Late in the reporting period a graphite resistance furnace was employed for
firing of test samples, In this furnace temperature was sensed and controlled by an
infrared pyrometer sighting on the outside of a hollow cylindrical graphite heating
element near the point of maximum temperature. An alumina muffle extended through
the heating element. BSuitable end fittings for the alumina muffle permitted a boron
nitraide crucible containing a single sample to be inserted and positioned in the hot
zone of the furnace. A piece of graphite was placed under the crucible in order to
establish an atmosphere similar to that which existed in the vacuum induction furnace.
The muffle was flushed with nitrogen for about 20 minutes prior to heat up, and a
static nitrogen atmosphere was maintained in the furnace during the run. Because of
the problem of thermal stress on the alumina muffle, slower heat-up raftes were used
for this furnace than those used previously, An arbritarily established procedure
allowed two hours for heating or cooling between room temperature and about lTOOOC.

c. Furnace Calibrations and Temperature Measurement

i. Vacuvum i1nduction furnace

Holes were drilled through the crucible and susceptor insert tops shown in
Fig. 2. so the junction of W/5 percent Re vs W/26 percent Re thermocouple could be
positioned at the center of the crucible. Alumina powder was packed into the crucible
to serve as a dummy sample, The Ffurnace was allowed to reach steady state at a
given control setting, and a calibration curve of temperature vs control setting was

12
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drawn. Early in the program, no thermocouples were in place during actual sample
firings, and reliance was placed in the calibration curve to report the temperature.
This proved umsatisfactory as will be seen shortly because of poor temperature
reproducibility at a given control setting. Temperature reported on the basis of
control seiting are thought to be acecurate to 50 C.

In a second series of measurements, thermocouples were placed on axis in the
center, or at the bottom, of a 1/2 in. ID crucible packed with alumina and the
reproducibility of temperatures was checked at different variac settings. In several
instances, two thermocouples were used, one at the bottom, and one in the center of
the crucible. In some runs Pt-Pt/Rh thermocouples were substituted for the W-W/Re
thermocouples. The third series of measurements used the same procedure as the
second series, except that a 3/L4 in. ID (thin walled) crucible was used. These
results are listed in Table 5. It can be seen by examining these data the repro-
ducability of temperature for a given configuration and variac setting is about +40°¢
for a given crucible configuration.

TABLE 5

VACUUM INDUCTION FURNACE
TEMPERATURE V8 VARTAC SETTING FOR ORIGINAL CONFIGURATION

Variac Crucible Type of
Setting Size T.C. Temperature OC
(%) (Ip, ") W/Re Pt/Rn Center Bottom
35 1/2 x 1615
36 1/2 X 1700
1675
36.5 1/ X {1700
1720
1640
36.5 1/2 X {}650
16Lho
37.0 1/2 x {1680
1715
37.5 1/2 p {1730
1715
38.5 3/k X 1850
Lo 1/2 p' 1790 1820
e} 3/4 x 1885 1915
40.5 1/2 x 1820

ik
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o Runs with two thermocouples in place disclosed a temperature gradient of about
30 C across the 2 in, depth of the cruecibles indicating greater heat loss from the
top of the erucible. Additional insulation in the form of a circular 1id 2 in, thieck
cast from slumina cement, with suitable holes for inserting thermocouples was fitted
to the system and recalibration runs were made. Two thermocouples were used, one
at either top or center, and at the bottom of a 1/2 in. ID crucible. Initial cali-
bration runs used Pt/Rh couples, later runs, the W/Re couples. A W/Re thermocouple
was then placed in a recess between the graphite susceptor and the susceptor insert
(see Fig. 2), for comparison with the thermocouple in the crucible. The data obtained
using the 1/2 in. ID crucible in the new Turnace configuration are presented in Table
6. Because of line voltage fluctuations, it was difficult to maintain constant tem-
perature using manual control. Examination of logs of a number of firings in which
susceptor temperature was meonitored indicates that a reasonble estimate of temperature
control by this method was iEOOC.

An attempt was made to adopt the vacuum induction furnace to automatic control,

but the circuitry proved to be unreliable and after a short time manual control was
restored.

TABLE 6

VACUUM INDUCTION FURNACE
TEMPERATURE VS VARTAC SEITING FOR MODIFIED CONFIGURATION

Variac Type of Temperature °C

Setting Crucible T?.C. Crucible SBusceptor
(%) Size W/Re Pt/BRh  Top Center Bottom
34 1/2 x 1545 1538
34 1/2 X 1569 157k
3L 1/2 x 1616 1622
3k i/2 X 1588 1593
36 1/2 X 1726
38 1/2 X 1760 1770
ho 1/2 x 1727 1838
ho 1/2 x 1913
34 1/2 b'e 1588 1593
36 1/2 x . 1688 1693
38 1/2 x 1752 1752
Lo 1/2 X 1809 1818
ho 1/2 x 1863 1863
38 3/h X 1788 179k

ORIGINAL PAGE IS
OF POOR QUALITY]
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1i. Graphite resistance furnace

A 3 ft long W/6Re - W/25 Re thermocouple, passing through a busing at the top
of the alumina muffle was used to probe the temperature profile at steady state for
various set points of the controller. The témperature profiles are sketched in Fig.
3. The temperature difference across the sample with the crucible positioned as
shown was about 3000 at 170000. When available, a monitor thermocuple was placed
just above the crucible, The reported temperature in this case is hOOC gbove the
temperature indicated by the thermocouple, Once steady state was attained, tempera-
ture variations with time were undetectable with the monitor thermocouple. However
because of the steepness of the gradient in the viecinity of the monitor thermocouple
small variations in positioning either the thermocouple or the sample could lead to
errors in the reported temperature estimated to be about ilOOC.

The initial runs using this furnace were made prior to the temperature preofile
measurements because a sufficiently long thermocouple was not available. 1t was
anticipated that the temperature could be assigned with reasonable accuracy after
furnace calibration was completed. However, some controller settings were altered
1nadvertently in the mean time so that runs made without the monitor thermoccouples
are thought to be accurate only at about 15000.

v

d. Sample Firing Codes -

Codes describing methods used to fire specific samples and the estimated
accuracy of the reported temperature are given in Table 7.

T. Grinding and Polishing of Test Bars

Fired bars were waxed to a metal plate and surface ground to a uniform thickness,
The ground surfaces are then polished in lots of three or four on successively finer
grit SiC papers finishing with 600 grit. They were then transferred to a nylon lap
and final polished with Linde A mieropolish. They were remounted with the polished
faces down, and the back faces ground to final thickness (generally 0.125 in.). For
flexural test specimens, bars were removed from the metal plate and edges of the
polished surface polished down at a h5o angle for about 0.010 in., For oxidation
test specimens, all faces were polished using Linde A,

B, Bample Characterization

1. Characterigsation of Prereacted and Ball Milled Powders

Phase identification of prereacted powders was made using x-ray diffractometer
techniques. Particle sizes of ball milled powders were assessed by examining samples
of ultrasonically dispersed powders in the scanning electron microscope (8EM).

16
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TABLE T

SAMPLE FIRING CODES

Powder Thermocouple
Code Furnace Pack Monitor
Ia induction no ne
Ib induction yes no
Ic induection no yes
Id- inductzion yes yes
IT a resistance no no
IT b resistance no yves

Other Information

initial configuration

modified configuration

Estimated Accuracy og
Reported Temperature { C)

£50

120

Te~HIgeT6—-LLE
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a. Evaluation_ of Weight Changes During Powder Prefiring

o e —m my b — — e e — — — e —— —

Weight change experiments were run on dried and prefired batch materials in
order to determine whether the low temperature air firings resulted in measurable
oxidation of the prepared powders. Platinum crucibles were heated in air to 60000,
cooled to room temperature in a desicator, then weighed. About 2 to 4 grams of
material of a prepared batch of compositions g'l + 2,5 percent w/o (.75 Zr0_., .25 ¥ 0 )
were placed in the crucibles which were then heated to 12500 for 1 hour, cooled 4o rdom
temperature in a desicator and weighed again. Crucibles were then heated in air to
temperatures of 500, 550, 600, and 650° for periods of 1 hour, cooled in the
desicator and reweighed,

2. Characterization of Sintered Samples

Bulk density, specific gravity, and apparent porosity of sintered specimens
were determined by ASTM test C373-5. Microstructures were examined on peolished
and etched sections of test samples. Thermal stabllity was assessed qualitatively
on the basis of the amount of decomposition observed at different firing temperatures.
In selected instances, x-ray diffraction patterns were obtained either from the sur-
‘faces of test bars or from crushed and ground samples,

a. Mechanical Testing

Room temperature testing was performed in four point flexure using inner and
outer spans of 0.372 in, and 0,75 in., respectively. Cross head speed was 0.02 in./
min. Tests at 1370 C were performed in three point flexure using a span of 0.75 in.
and a cross head speed of 0.02 in./min. Test stmosphere was argon, the lower sample
supports were alumina, and the loading nose was a tungsten bar. Fracture surfaces of
selected test specimens were examined in the scanning electron microscope. Flaws
that initiated failure were examined in EDAX (energy dispersion analyses of x-rays)
and the scanning electron microprobe., Creep testing was done in three point
flexure at a stress level of 10,000 psi in argon atmosphere. -

b. Oxidstion Testing

Samples prepared as described earlier were placed on a platinum tray so
fashioned that the samples were contacted along two lines only. The tray was intro-
duced into a preheated oven and removed periodically, cooled to room temperature and
werghed. Following the oxidation tests, x-ray diffraction patterns were obtained
from oxidized surfaces, and the samples were photographed, In most instances the
samples were then mounted in resin, polished to give a cross sectional view of the
oxide scale, and examined metallographically. X-ray fluorescent scans were made to
show the distribution of elements in the neighhorhood of the oxide scales.

19
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SECTION IV

RESULTS AND DISCUSSION

A. Preliminary Screening Experiments

1. General Observations

A number of the B' compositions listed in Table 1, both with and without
various sintering aids listed in Table 3, were prepared using process 1 of Table k4.
These were compacted into elther cylinders or rectangular bars and fired for various
lengths of time at & nominal temperature of 172500 using either firing code Ia or
Ib of Table 7. Cylindrical pellets were evaluated by ASTM C373-56 procedures, by
metallographic examination, and by x-ray diffraction. In selected cases lattice
parameters were determined by the Nelson-Riley extrapolstion technigue. In addition
to the above evaluations, rectangular bars were tested in Y4 point flexure as
described in Section IIT.B.Z2.a.

Fabrication and property data pertaining to sintered pellets of bhasic 8
solid solutions and B' compositions doped with selected sintering aids are recorded
in Table 8, The lattice parameters and theoretical (x-ray) densities of B' composi-
tions are recorded in Table 9. TFabrication and property data pertaining to samples
prepared as modulus of rupture specimens are presented in Table 10.

Bulk densities measured by the ASTM water immersion test, divided by the x-ray
density are used to calculate the percent theoretical density of sintered pellets.
Porosities estimated by statistical metallographic techniques are in reasonable
agreement with values measured by the ASTM test and with the calculated percent
theoretical densities, although they tend to be somewhat high, perhaps indicating a
tendency for pull-~ocuts during metallographic preparation.

2. Unadmixed B' Compositions

Mierographs of ' composition T fired for 1/2 hour and 4,5 hours are shown in
Fig. 4. A grain boundary phase can be distinguished in the polished sections after
etching with HF, The x-ray results (Table 8) would seem to indicate that this com-
position lies just outside of the homogeneity range of 8'. Comparison of the
apparent (opern) and total porosity data given in Table 8 show that the gradual
elimination of open porosity as sintering proceeds, The micrographs show that this
is accompanied by grain growth and the tendency toward consolidation and spheroidiza-
tion of pores. The trend would indicateothat little further densification would
occur with longer heat treatment at 1725 C. All of the other unadmixed B' composi-
tions listed in Teble 8 appeared to be single phase metallographically and x—raywise.
The porosity and pore distribution of these samples were typified by the lower micro-
graph of Fig. L.

ORIGINAL PAGE IS
OF POOR QUALITY
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TABLE 8

FABRICATION AND TROPERTY DATA FOR SINTFRED PRLLETS
(Early Screening Experiments )

Te-qQTeté~LLY

ASTM C373-56 Calculated
Faring Weight . Apparent Speertie Rualk Meial lographically Percent
Tlmo(l) lLoss Phases Determined by Porosiby  Gravitly Nensa by Netermined Theoretical
Composition (hrs) (%) X~Ray Diffraction (%) {iz/ce) (g/ec) Porosity Density
B'5 3 < 2.5 strong B' only
B'T 0.5 1.0 2.7 3.11 z.41 36 78
B'T 2 1.5 10 2,00 2,69 23 At
BTT h,5 < 2.5 B! + trace Alp03 and ¥ 1 ?.65 2.62 17 s
1S 3 B! (Tabhle 9)
B'6 3 B' (Table 9)
B'3 3 BT (Table a)
g'e 3 A' (Tabhle o)
B'5 + 5 faPny, 3 &' + trnce cubigl?) <5
B'T + 5 GaPOy, 3 R' + trace cubic(? <5
8'S + 2.5 ALFQ) 3 B' + U < 3
B'S + L Y0 3 B' + Up(h) <5
B'S + h ZxC 3 R' + Zre < B
B'S + h.5 Zro, 3 B + Zr0s <5
{1)

17509C, Miring code I, Table T
{2)

(3)
(4)

Evtrancous 4 specings are listed i1n Table 12

Falnt cubic pattern could be due to Si1 or GaP

Fxlraneous d spacings ate listed in Toble 11
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TABLE 9

¥-RAY DATA FOR SOME BASIC 8' SOLID SOLUTIONS

B’ a c v p

Composition Formula

_Number (2) & (#°3)  Weight  (g/cc)
0 T.606 2,909 iks.7 140.35 3.20
2 T.623 2,936 1h7.8 140.85 3.16
3 T.64T 2.950 1kg.h 1k1.10 3.1h
5 7.658 2.987 151.7 141.k0 3.10
6 7.706 2.985 153.5 181.75 3.07

3. Effect of Additions

a. GaPO) and ALPO,

Basic B' compositions containing 5 percent GaPO, plus a pellet of unadmixed B'
were Tired simultaneously in a three position graphite susceptor insert. All of the
samples including the control were found to have densified to over 90 percent density
as judged from the micrographs (Fig. 5). It may be assumed that vapor phase trans-
port of constituents of the doped samples effected the undoped samples. An excess
of metallic inclusions is observed in Fig. 5, and a faint cubic pattern that could
be attributed to GaP (or S1) was observed on the diffractometer trace.

The micrographs of the AIPO, doped sample are shown in Fig. 6. The low
magnification precture shows that the material has sintered to high density with
extensive areas of zero porosity more or less evenly distributed over the entire
area of the sample. The high magnification micrographs of an area of zero porosity
shows this to be essentially devoid of contrast except for the occasional metallice
inclusions. There is no readily discernable difference in appearance between etched
and wnetched samples.

Faint x~ray reflections due to the presence of another foreign phase or phases

could be observed in the diffractometer trace of the AlPOlL doped sample but these
have not been identified. The d-spacings of the minor phase are given in Table 11,

22
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Composition

B' 5+
B' 5+
B' 5+
B' >+
g'S>+
B'S5+
B'5+
B'S+
g' 6+
B3+
e'2+

(1)

FABRICATION AND PROPERTY DATA FOR SINTERED BARS,

TABLE 10

INITTIAL SCREENING EXPERIMENTS

ASTM C373-56
2 By o
Weight §n &3~ Do
Firing Loss AR T L
code (1) (#) B9% ABwFE
R'5+ 2.15 AlPoLL Ib
i Y203 Th* 0 3.07 3.07
I Y203 Ia 1.9 0 3.06 3.06
L Y20 Ia j e § 0 3.01 3.01
3
L Y203 Ia 1.1 0
l Y503 Ia 0.5 0 2.95 2.95
L ZrC Ib 0.67 3.02 3.02
5 Ce0, Ib 0.4 3.13 2.13
3GaPo), Ib 0.5 307 3.08
3GaPoh Ib 0.k 3.06 3.07
3GaP0u Ib 0.4 3.06 3.07
3GaPOh Ib 5 2.87 3.02
1750°C for 3 hours.
Oy
G,
OF pocAL p
Ok Q% 15
ALipp

23

Metallographically

Determined

N

'_l

15

Porosity (%)

Calculated Percent
Theoretical
Density

98

97

95
97
100
99
100
97

90

Modulus of
Rupture
(psi)

(O8]
=
o
o
o

27,000
33.000
35,000
33,000
22,000
41,000
30,000
21,000
29,000

23,000
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MICROGRAPHS OF 3’ COMPOSITION 7, FIRED FOR DIFFERENT
LENGTHS OF TIME AT 1725C
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The reactions that lead to enhanced sintering have not been identified. Strength
values for the samples containing both AlPOLl and GaPO, (Table 10) were very low
(21,000 to 31,000 psi), possibly as a result of the excessive amount of metallic
inclusions in these samples.,

TABLE 11

DIFFRACTION PATTERN d-SPACINGS FOR EXTRANEOUS PHASE Uq
IN A1PO) DOPED B'5

(o]}
>0
e

(o)}
¥

w &=\
Qo Q
£ O

w n
o o
w n

b A O d_CeO
i

Micrographs of a Y203 doped sample shown in Fig. T disclosed that, except for
some very large isolated pores, the sample had sintered to a uniformly high density.
The higher magnification micrographs appear to show a fine dispersion of second phase
materials. X-ray diffraction patterns for the Y20 bearing sample show a faint pat-
tern not belonging to the B' phase, but this was not identified. The extraneous d-
spacings are given in Table 12. The average strength of the four YEO bearing sample
(33,000 psi), though somewhat above the average of all the samples screened (29,500
psi), still reflects the rather poor quality of these early samples. The CeO2 bearing

TABLE 1z

d-SPACINGS FOR EXTRANEOUS PHASE U,
IN Y203 DOPED B'S

a(a)

27
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sample was similar to the Y203 bearing sample in polished section. No extraneous
diffraction lines were observed in the x-ray pattern. The strength of this sample
(41,000 psi) was the highest of early samples.

e AP C d Zr0
c an 9,

Micrographs of the ZrC bearing samples (Fig. 8) show that the material sintered
to a reasonably high density and disclose a dispersed second phase which appeared
to be preferentially etched by HF. A faint cubic pattern with lattice parameter
slightly shifted from that of ZrC was identified in the x-ray pattern. Despite the
good densification of the ZrC bearing sample, the strength value was very low
(22,000 psi). The ZrO_ bearing sample was similar in polished section to the ZrC
bearing sample. The x-ray diffraction pattern exhibited weak reflections at 3.162

and 2.8388 that could possibly be the (111) and (111) reflections from monoclinic
ZrOQ.

4. Summary of Screening Experiments

Prereacted B' SiAlON solid solution compositions sintered to about 85 percent
of theoretlcal density when fired in nitrogen atmosphere in a pseudo-closed system
ta) 1725 C for a period of 3 hours. The same compositions, to which various sintering
aids were added, sintered to near theoretical density under similar conditions.
Sintering aids investigated included A1PO,, GaPO, , ZrC, ZrO , , and Ce0_. In all
the samples containing additives studied, addltlonal phases coufd3be observed in
optical micrographs, however, these could not always be observed (or identified) in
the x-ray diffraction patterns. In the cases of A1PO, and GaPO, 6, a high concentration
of isolated metallic inclusions was present, and in the case of ZrC, isolated carbide
inclusions were cbserved as well as unidentified grain boundary phases. It is
probably not coincidential that the samples containing high concentrations of
inclusions exhibited the lowest strengths (21,000 psi for one GaPOQ doped sample,
22,000 psi for ZrC). Somewhat higher strengths were exhibited by AlPOh (31,000 psi)
and Y _0_ (32,500 average of four tests). The highest strength was exhibited by the
CeO goped sample (41,000 psi).

B. Processing Refinements

The initial screening experiments indicated that densification of B' solid
solutions was enhanced by a number of sintering aids. The most effective of those
investigated as judged by microstructure and room temperature modulus of rupture
was Ce0,_. Studies were undertaken to improve the microstructure and mechanical
properties of B' solid solution - CeO2 samples.

29
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MICROGRAPHS OF SINTERED PELLET OF COMPOSITION
g5 +4 ZrC

ORIGINAL PAGE IS
OF POOR QUALITY,
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1. Ball Milling and Particle Size Effects

a. Stage 1 Formulations - Porcelain Mill Jars

B' compositions and Ce0,_ were processed as shown in Table 13. Pulverization
of the prereacted B' powders was done in the Cole Palmer mill, and an attempt was
made magnetically to remove iron particles introduced by the mill. Ball milling of
pulverized prereacted powders was done in size 000 Roalox porcelain jars filled
with about 250 grams Burundum grinding media, 50 grams of sample, and sufficient
methanol to cover the charge. Samples of several of the various powders listed in
Table 13 were examined in the scanning electron microscope. SEM micrographs of a
prereacted and ground B' composition, and of cerium oxide (calecined cerium oxalate)
both before and after ball milling for 168 hours are shown in Figs, 9 and 10,
respectively. The -200 mesh (75u opening) prereacted B' materials appeared to
consist of roughly isodimensional fragments ranging in size from about 25 to 0.25u.
The as-calcined Ce0_ appeared to range from plates roughly 10 x 10 x 1lp to small
fragments on the order of 0.lu. After milling for 168 hours, both the B' and the

Ce0,_, powders consisted mainly of submicron material, but some larger fragments up to
about 5p still remained.

TABLE 13

PROCESSING OF SOME R' AND CeO2 BATCHES

Batch Number Processing

B'5a Mixture of Si Nh’

AlgO and AIN milled in
methanol, 18 gours

3

8'5b 8'5a reacted at 1650 C for 1 hour, pulverized
and sieved to =200 mesh

R'5c B'Sb ball milled for 168 hours

B'6b Prereacted at 1650°C for 1 hour from Si3Nh,
AlEO and AN, pulverized, and sieved
to -BOO mesh

Ce02 Calcined cerium oxalate

a

CeO2b Ceo2a ball milled T2 hours

CeO Ce0_. ball milled 168 hours
2ec 2a

3L
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MICROGRAPHS OF PRETREATED 8 PARTICLES

a) PULVERIZED, 200 MESH

R12—-124-4

ORIGINAL PAGE IS
OF POOR QUALITY
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MICROGRAPHS OF CeO2 PARTICLES

a) CALCINED CERIUM OXALATE

133

FIG. 10

R12-124-3
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Mixtures of the various B' and Ce0_ powders listed in Table 13 were blended,
tray dried, compacted into bars and fired. The mixtures, mixing procedures, and
firing conditions, as well as observations and test results are given in Table 1k,
Micrographs of polished surfaces of selected test bars are shown in Figs. 11 and 12,
Examination of the test data and micrographs shows that samples were generally of
poor quality. All of the samples that were prepared from the submicron prereacted
B' and CeO2 (168 hours milling times) were warped, bloated and worthless for mechan-
ical testing even when fired in the modest temperature of 160000. The samples pre-
pared from prereacted B' compositions which were pulverized to -200 mesh in the
hammer mill but not ball milled, then mixed with CeO_ that had been milled for long
times showed a bimodal porosity distribution with reasonably uniform fine porosity
distribution plus a small number of large voids (Fig. 12a). A small number of large
voids in an otherwise dense matrix was also characteristic of samples blended from
unreacted B' constituents which had been milled for 18 hours and CeOO which had been
milled for long times (Fig. 11b). Samples prepared from the prereacfed, pulverized,
but unmilled powders had uniformly distributed porosity (essentially zero in the case
of sample 127) as shown in Figs. 1la and 12b. (Also note in the above micrographs
the variability in the size and amount of highly reflective metallic inclusions in
the samples. These probably account for the very low strength of samples 125, 126
and 127 despite their high densities. The problem of metallic ineclusions will be
discussed latter.)

The fact that samples that had been ball milled for extended periods of time
using Burundum media in Roalox jars warped and bloated when fired, whereas unmilled
samples of identical composition did not, indicates that a large amount of contamin-
ation by low melting constituents was picked up from the mill, This observation led
to the stage 2 formulations and modified milling procedures described in Section IIT.
It was also observed during tray drying of ball mill charges that had been milled
for extended periods of time that segregation took place on the basis of particle
size that led to sample inhomogeneity. The large voids in samples 97 and 101, for
instance, are thought to be the result of the presence of aggomerates of low melting
constituents. This led to adoption of the spray drying techniques for mill charges
described in Section III.A.3.c.

b. Particle_ Size Separations
Batches of B' compositions 2 and 6 were formulated, anticipating Burundum media
contamination after periods of milling of 7 hours and LO hours under standard con-
ditions in methanol using polyethylene Jjars. The batches were prefired at 165000
for 2 hours in nitrogen atmosphere. X-ray analysis of the prefired material showed
that B'6 consisted largely of B' solid solution plus trace amounts of SiAlhO Nh and
unreacted Al 0., Composition B'2 on the other hand remained predominantly unreacted
o Si Nh with a sm%ll amount of B' solid solution. This composition was reground
and ;ired to 1700 C for two hours, and was also found to be largely a phase after
firing.

3L
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TABLE 1k

FABRICATION AND TEST DATA FOR BARS PREPARTED FOR VARIOUS R' - Ce0, BATCHES

T2-hQT216-LLY

Metallographic

Observations Concentration Modulus
ol

Sample Mixing(“) T Time of Metallic Bulk % Theoretical  Rupture

Number Composition(l} Procedure ol (hrs) Code General Inclusions Density Density ksi
93 Uniformly distributed 2.96 £ 33
9l B'Sb + 5Ce0,a A 1750 3 Ta e 'y(‘ -’)‘Ou) Very low 2.93 91 25
95 3 VORIV S 2,87 89 23
97 3.17 98 33
98 B'Sa + GCeO?b A 1750 2 Tb Few large pores (to 30u) low 3.1k 97 28
99 310 76 35
101 Bimodal porosity (fine

lo2 B'Shb + GCeOQb A 1750 1.5 Ib uniformly distributed, 4 absent N & T oS B 1
103 large lenticular voids)

105

106 B'5C + 6Ce0oC B 1750 2 Ib Warped and bloated high N o 1 Preg BT 'E D
107

109

110 g'5C + SCEOQC B 1600 2 Ib Warped and bloated absent N O T 1 g I - S G 1 )
111

125 31T 100 14
126 B'6b + 5Cel,a A 1750 3 b Fully dense high 3.29 (100) 20
127 3.10 o8 28

1
( )See Table 13,

2
( )A. Ball Milled 18 hours, tray dried.

B. Ball Milled 2 hours, tray dried.




R77-912184—21 FIG. 11

MICROGRAPHS OF POLISHED SURFACES OF TEST BARS
(SEE TABLE 14,p35)

a)SAMPLE 95

60 u

b) SAMPLE 97

50

RIGmAL PAGE 1S —124-1
(())F POOR QUALITY - Uy



R77—-912184—21 FIG. 12

MICROGRAPHS OF POLISHED SURFACES OF TEST BARS
SEE TABLE 14,p35

a) SAMB 101

m

b) SAMB 127

R12—-124-2
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These prereacted mixtures were passed through the pulverizing mill and
through a 200 mesh screen, then ball milled for the predetermined length of time, and
spray dried. Scanning electron micrographs of these prereacted and ball milled B'
powders are shown in Fig. 13. Some of these materials were retained for sintering
experiments to be described shortly, while some of the materials were given additional
milling and various particle size fractions were separated by sedimentation as
described in Section III.A.L.a. Scanning electron micrographs of composition B'2
particles decanted from suspension after standing for different lengths of time are
shown in Fig. 1bL.

Ten weight percent additions of Ce0, were made to approximately 12 gram portions
of the various size fractions of B' compositions. There were ground under acetone
in an agate mortar for about 10 minutes, then dried and hydrostatically pressed
into 1/L4 in. diameter pellets at 40,000 psi. Additional pellets of the various com-
positions without the Ce0_ addition were made to serve as controls. Samples were
fired according to code Ig of Table 7. Firing conditions and observational data
for sintered pellets of the various prefired B' powders, with and without additions
of Ce0, are recorded in Table 15. Data for the extraneous phase observed in x-ray
pattern of prereacted R'2 composition are listed in Table 16. Microstructures of
various samples are shown in Figs. 15 through 20.

of the pellets fired without the Ce0 _ additions showed little densification. All
of the pellets which contained the Ce0 _additions, including those made from the
coarse B' fractions (Fig. 20), showed énhanced densification with large areas essen-
tially pore free., A characteristic of all the dense microstructures was the occur-
rence of relatively large isolated pores which suggest that there were inhomoge-
neities in the powder mixtures. Other aspects of the microstructures, particularly
those relating to differences between BR'2 and B'6 will be discussed later. As
regards the homogeneity of microstructures, it is postulated that material worn
from the media and mill jars was ground to a finer average particle size than the
very hard B' material. During the particle size separation the finely ground
aluminosilicates became concentrated in the fine (decanted) particle size fractions
thus throwing both the course and fine fractions off stoichiometry even though the
total batch before separation may have been properly compensated for media wear.

In the process of centrifuging down the fine fractions further segregation could
occur leading to inhomogeneities that were not removed by the 10 minutes of hand
grinding under acetone using the mortar and pestal.

|
With the exceptions of the fine fractions of compositions B'6_ and 8'6h s BLL J
|
\

c. Stage 2 Formulations, Polyethylene Mill Jars

The results described above indicated the effectiveness of Ce0_ in promoting
sintering, and of the need for more careful preparative techniques %o insure
uniformity of the milled powder mixtures. The previous experiments indicated that
sedimentation to separate out the fine particle fraction was undesirable since this
concentrated the material worn from the grinding media in the fine fraction such

38
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PREREACTED g’ 6 COMPOSITION MILLED FOR DIFFERENT LENGTHS OF TIME IN
POLYETHYLENE JARS USING BURUNDUM MEDIA

A. 7 HRS B. 40 HRS

ORIGINAL PAGE IS
39 OF POOR QUALITY
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R77-912184—21 FIG. 14
3’2 DECANTED FRACTIONS

A. DECANTED AFTER STANDING 16 HRS

LI'O 76—04—160—-10
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(2)
(3)

(L)

(1)

Sample Starting
Number Powder
234 B'6q
237 B' 60
238 B' 20
2k3 B'240 + 10% Celp
2ks5 B'240 + 10% CeOp
262 8'67 fines
263 B'6),y fines
264 B'67 coarse
265 B'6lo coarse
266 B'2)g fines
267 B'2)q coarse
268 B'27 coarse
269 B'2. fines
281 B'67 fines + 10 Ce0,
282 B'6)y fines + 10 Cel,
283 B'67 coarse + 10 Ce0p
291 B'2),q fines + 10 CeOs
292 B'2)p coarse + 10 CeOjp
(1)

TABLE 15

DATA FOR FIRED PELLETS OF VARIOUS STARTING POWDERS

Firing

Schedule
Temp Time
(°c) (hrs)
1785 1
1785 1
1785 tld
1785 4
1785 1
1790 d,
1790 i
1790 i
1790 il
1715 2
Lyl L
1715 1
] il
1730 7l
1730 il
1730 1
1730 i
1730 il

Subscript indicates period of ball milling
("fines" indicates material in suspension after at least 3 hrs;
"course" indicates material that had settled from suspension in

Unidentified phase(s). X-ray pattern given in Table 16.

Apparently isomorphous with Yh

Si O.N
*oVyo

Apparently isomorphous with Si02-hA£N

Observations

and

Metallography

(Fig. No.

P
15 B
Surface Reduced

16
A
Large spherical

)

isolated voids similar

to Fig. 19
Similar to Fig.
Similar to Fig.
18A

188

Similar to Fig.
Similar to Fig.
Large spherical
Similar to Fig.
Similar to Fig.
19

20

18
18B

18B
18B
voids
19

20

3 hrs.)

X-ray Data

Strong B'

Core of pellet; strong B', medium o.
Reduced portion; medium B', strong Si,

" gtrong U3.

Strong B', weak Si, weak J .{3)
Strong B', weak Y.(h)

Te-hgTe16-LLY
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TABLE 16

UNIDENTIFIED X-RAY DIFFRACTION PATTERN Ug

ak /1o

3.04 50

3.00 Lo

2.Th 100

2.63 100

2455 10

2.L5 25

2,37 50

23 20

2.05 5

1.894 10

1.819 30

1.515 60

1.150 20 -
1.390 15

1.326 30

1.298 15 :
ViRl 10

that stoichiometry was no longer that which was calculated. It was concluded that
milling time of the prereacted compositions should be extended so that fine particle
size (-3u) would be achieved without a seperation, and that the Ce0O additions

should be added to the basic B' composition prior to the extended ball milling in
order to assure an intimate mixture. These conclusions led to the powder preparation
techniques 2 and 3 of Table L, Powder preparation technique L4 abandoned the use of
prereacted B' powders in favor of blending the Ce02 with the Si3Nh, AlIN and A1203
constituents.

Scanning electron micrographs of powder of composition B'2 + 10 Ce0 . prepared
by process 2 are shown in Fig. 21, Bars were pressed from powders prepared by
processes 2, 3 and 4, These were fired and evaluated in terms of microstructure,
density, and room temperature modulus of rupture, Process, firing, and test data
for the bars are presented in Table 17. Micrographs of polished surfaces of repre-—
sentative test bars are shown in Figs. 22 through 26.

It can be seen from examining the micrographs of the polished samples and the
density data that all three powder preparations yielded dense structures with none
of the gross inhomogeneities exhibited by all previous samples. There is little to
distinguish between the polished sections of the different B' compositions or between

L2



R77-912184-21 FIG. 15

POLISHED SECTIONS OF SINTERED ' COMPOSITIONS
(SEE TABLE 15,p41)

A. (SAMPLE 234) 504

B. (SAMPLE 237)

50u

ORIGINAL PAGE IS

43 QF POOR QUALITYI 76—06—8—10
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POLISHED SECTIONS OF SAMPLE 243 F1G.16

{ B’ 249+ 10 w/o CeO,)

*
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POLISHED SECTIONS OF SAMPLE 245

(8640 + 10 w/o CeOy)

50 u

76—06—8—-3

L5



FIG. 18

R77-912184-21

SINTERED PELLETS OF COARSE AND FINE FRACTIONS OF 3'240

A . FINE (SAMPLE 266)

B. COARSE (SAMPLE 267)

ORIGINAL PAGE IS

76—-06—8—2

OF POOR QUALITY
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POLISHED SECTION OF SAMPLE 291

(8240 FINE FRACTION + 10 w/o CeO,)

L7

FIG. 19

76—06—-8—-4



R77-912184-21 FIG. 20

POLISHED SECTION OF SAMPLE 292
B 2, COARSE FRACTION + 10 w/o CeOy)

76—06—8—6




R77-912184-21 FIG. 21

f'2 + 10 w/o CeOp POWDER PREPARED
BY PROCESS 2, TABLE 4

ORIGINAL PAGE IS 76-06-8-8
49 OF POOR QUALITY
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TABLE 17

PROCESS AND TEST DATA FOR BARS OF VARIOUS B' + 10 w/o Ce0, POWDERS

Firing Condition

Powder Bulk Flexural

Sample g* Preparation (Code Ic) Density Strength Mean
Number Composition Technigue T(°C) +t (hrs) (g/ce) Kpsi Strength
325 56
326 5T
2 : B 2 " .
307 2 735 3.33 59 59.3
328 65
329 61
330 56
2 1 .3L 2
331 2 135 3 3.3 53 58.5
332 6L
333 5T
334 62
2 2 178 2 .3k 6.0
335 # 148 3.3 ol 5
336 5.
362 Lo
363 Lh
36k 2 2 1700 3 Nl 43.5
365 L6
381 3k
382 6 2 1700 1 3.25 45 37.3
383 33
385 43
386 6 2 1735 1 3.24 L2 5.7
387 52
Lo2 38
Lo3 L 2 1700 v 3.28 59 51.7
Lok 58
Loé 5
Lot L 2 1735 1 5 s
Lo8 52
h2d 1)
a9 37
430 2 3 1735 2 3.3k 37 39.3
431 39
436
437 4 .32 T8 6
438 2 1735 2 3.3 h T
439
Lho 63
L4
b 1750 2 3.33 6
42 = et 71 ?
443 T2

50
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A. POLISHED

B. HF ETCHED

MICROGRAPH OF SAMPLE 325

(82 +10W/O CeO, PROCESS 2)

ol

500

FIG. 22

76—-09-139-5



R77-912184-21 FlG. 23

MICROGRAPH OF SAMPLE 406
(B4 + 10 W/O CeO, PROCESS 2)

A. POLISHED

50u

B. HF ETCHED

50u

76—-09—-139-9
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R77-912184-21 FIG. 24

MICROGRAPH OF SAMPLE 385

(B”6 + 10 W/O CeO, PROCESS 2)

A. POLISHED

50u

e e U - - P et T

B. HF ETCHED

504

B 18
RIGINAL PAG
%F POOR QUALITY

76—-09-139-8
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R77-912184—-21 FIG. 25

MICROGRAPH OF SAMPLE 431

(82 + 10 W/O CeO, PROCESS 3)

A. POLISHED

50U

B. HF ETCHED

50u

76—09-139-2

5k



- R77-912184-21 FIG. 26

MICROGRAPH OF SAMPLE 437

(8”2 +10W/O CeO, PROCESS 4 )

A. POLISHED

50U

B. HF ETCHED

76—09-139-3

55
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the B'2 prepared by the different processes. Differences between the basic B'
compositions are apparent on surfaces etched with HF. The etched microstructures

show that the samples consist of predominantly acicular B' grains embedded in a matrix
phase or phases which, with the exception of sample 431, were deeply etched by the

HF. There appear to be substantial differences in the average strengths of bars

of the same nominal composition that were fabricated from powders prepared by the
different processes. The strongest bars of composition B'2 + 10 w/o Ce0_(mean
strength 72,000 psi) were those fabricated from the unreacted constituen%s

(process L), the weakest (mean strength 39,000 psi) were those prepared from the
process 3 powder, Factors effecting the strength of the bars will be discussed in
detail in Section IV.C. There it will be shown that similar variations in strength
can occur between batches of the same composition prepared by the same techniques,

or even between different firings of powders from the same batch, so that with
hindsight perhaps little significance should be placed on the higher strength of

the process L4 samples recorded in Table 17. However, the greater simplicity of
process 4 compared to 2 and 3 reduces the chances for introducing flaw-inducing
impurities into the batch. This fact, coupled with the fact that the highest strength
values that had been attained up to this point in the program were prepared by process
4 led to its adoption as the standard technique for most subsequent samples.

2. Summary of Process Refinements

Prereacted powders ball milled in Roalox jars using Burundum media picked up
substantial contamination. Attempts to obtain fine particles by sedimentation con-
centrated the contaminants (aluminosilicates) in the fine fraction resulting in
bloating of samples during firing. Milling of both prereacted or unreacted constitu-
ents together with Ce0_ in polyethylene jars using either Si_N, or high alumina media
and compensating batch compositions for media pick up resul eg in powders that
yielded dense microstructures when fired to around lTSOoC. Highest room temperature
strengths were obtained from unreacted constituents milled using high alumina media.

Because of the greater strength exhibited by process L samples, and because
of the simplicity of this process, it was used for most of the samples discussed in
the remainder of this report.

C. Properties of Sintered SiA1ON Materials

1. Introductory Comments

Some of the test bars of B' + 10 Ce0O_. compositions listed in Table 17 were
subjected to static air oxidation of 13 °C and were found to have rather poor
oxidation characteristics. Results of these tests will be presented later. Because
of inadequate properties of these formulations, further process and formulation
refinements guided solely by the results of room temperature property measurements
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were suspended, and screening experiments of other formulations were pursued with
emphasis on oxidation testing as well as microstructural evaluation, room tempera—
ture flexural testing, and later, elevated temperature flexural and creep testing.
Compositions were prepared by process 4 (Table L), compacted into rectangular bars,
and fired. Fired bars were tested for apparent porosity, bulk density, and specific
gravity. In general, no further testing was performed unless the apparent porosity
was wnder 5 percent. Those samples which meet this eriterion were prepared as
required for mechanical and/or oxidation testing as described in Sectiom IIT., In
some instances, broken room temperature flexure test specimens were used for the
oxidation test, All of the formulation, density, and flexural test data are pre-
sented in Appendix IT. Data will be abstracted from Appendix IT and presented in
more convenient form as tables in the main text as required.

2. DSecond Screening Experiments

Dense samples were produced using additions of Ce0 Zr0 ~ » BT 0 3° Ng 0
Sm 0_ and (Gd, Sm)O_, Zr0,. and Y o Additions of‘ HfO , T%O?), Cr o . A:@o
ang éaPO dgd not result in sampfes thag met the density criterion, and no property
data other than that in Appendix II will be presented for these materials.

3. Microstruetural and Strength Data

. '+ Ce0_ C iti
a. B’ _*+ Ce0, Compositions

The macrographs of different B' compositions containing 10 w/o Ce0 (Figs. 22,
23 and 2h) show a coarsening of microstructure in going from B'2 to £'6, i.e., higher
‘Al content. This coarsening of microstructure was alsc observed in earlier samples
shown 1n Figs. 16 and-17. X-ray diffraction patterns obtained from the test specimens
- contained weak peaks as well as the strong B' pattern. Extraneous lines in the x-ray
patterns obtained from several samples listed in Table 17 are presented in Table 18.
A possible assignment of these lines to known phases was made on the basis of x-ray
data presented by Lange (Ref. 26) for the system SlBNh—SiOQ—Y2O3 assuming that i1somorphous
phases exist in the Si Nh SlO Ce203 system.

The constitution of the grain boundary phase is seen to be different for each
of the samples investigated, even for samples of presumably identical composition.
One must conclude that either deviations from nominal compositions existed or that
equilibrium was not necessarily achieved in the firings.

The mean strength and density also changed with composition is shown in Fig. 27.
The decrease in strength with increasing aluminum substitution was accompanied by a
decrease in the hardness of the samples as judged qualitatively by the ease with
which samples could be cut and polished. The slope of the curve showing the decrease
in density with composition is in agreement with the variation in xX-ray density with
B' composition given in Table 9. Thus the density variation shown in Fig. 27 most

R7
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TABLE 18

WON-B' LINES IN THE X-RAY DIFFRACTION
PATTERNS OF SOME B' + 10 w/o Ce0Q_ SAMPLES

2
PROCESS 2 PROCESS 3 PROCESS 4
Composition g'6 + 10 Ce02 B'2 + 10 Ce02 B2 + 10 CeO2
Sample Number 386 k28 Lh2

d(ﬁ) Intensity d(g) Intensity d(R) Intensity

3.50 S
3.42 m
3.16 m
3.06 m
2,98 s
Spectra 2,83 m
2.79 s 2.78 s 2,78 m
2,68 m
2.61 8 2.63 m
2.56 m
2.40 m 2.43 m
2.15 W 2.12 W
2.0h s 2.0h s
1.95 W 1.95 m 1.96
1.50 s 1.50 8
Probable
Identity Y Phase K Phase H Phase
+
Y Phase
+
unrecognized

ORIGINAL PAGE 18
OF POOR QUALITY
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STRENGTH AND DENSITY VARIATION OF 8’ + 10 w/o CeCo SAMPLES WITH COMPGSITION
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likely reflects primarily the change in the B' composition. The strength variation
with composition on the other hand is most 1likely associated with the properties of
the matrix or grain boundary phase, or the strength of the bond between the B' and
the matrix phases. As well as the strength variation with B' composition, there
appear to be substantial differences in the average strength of bars of the same
nominal composition fabricated from powders that were processed differently. The
strongest bars of composition B'2 + 10 w/o Ce0,_ (mean strength 72,000 psi) were
those fabricated from the unreacted constituen%s (process k). The weakest (mean
strength 39,000 psi) were those prepared from the process 3 powders. Clues to the
strength differences can be found in examination of fracture surfaces, representative
examples of which are shown in Figs. 28 through 33. Figures 28, 29 and 30 show
fracture surfaces of bars prepared by process 2. In all examples of process 2 bars
that were examined the fracture initiation site was found to be a surface or near
subsurface flaw. The flaws shown are quite different in character. The flaw in
sample 328 appears to result from a very large (gbout 200u or 0.008 in.) inclusion.
There 1s a zone of interaction with the sample which appears recrystallized and the
material inside the zone appears very porous. The electron microprobe picked up no
impurities in either the recrystallized or porous zones. No other example of this.
type of flaw was encountered. It 1s possibly the result of an agglomerate of lower
melting constituents or a chip from the alumina grinding media that reacted with the
sample.

The Flaw shown in Fig. 29 was assumed to be roughly spherical before fracture.
A fragment of an inclusion is adhering to the bottom of the void, and the electron
microprobe showed this to be silicon with a high concentration of iron and lesser
amounts of chromium and carbon impurities. (Carbon was detected in lower amounts
over all the fracture surface and many have been deposited in the SEM from pyrolysis
of pump oil. This 15 not an uncommon artifact.) This type of flaw (81 inclusion
associated with Fe and other trace impurities) is a common type of flaw in these
samples, and will be discussed again in Section IV.C.4. The flaw shown 1n Fig. 30
was not examined further but appears to be a large void below the fracture surface,
possibly also associated with an inhomogeneity in the batch material.

Figures 31 and 32 are fracture surfaces of bars made from process 3. In
these instances there are no gross flaws to be found at the initiztion site, and it
would appear the strength is limited either by the strength of the matrix phase, or
the matrix -R' grain boundaries (or unresolved flaws associated with these ). TFigure
33 shows the B' fracture surface of a bar made by process L, Again no gross flaws
can be found at the initiation site, and strength again appears limited by the
strength of the matrix phase or the grain boundaries. If this is so it would appear
that the ‘preferred grain boundary phase, at least in terms of strength, is the H

phase (Ce5817023Nh)
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FRACTURE SURFACE OF SAMPLE 328

(0 3x=65.000 psi)

A. OVERALL

B. INITIATION g
SITE
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FRACTURE SURFACE OF SAMPLE 334

(o =62,200 psi)
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A. OVERALL

SITE

8. INITIATION

FRACTURE SURFACE OF SAMPLE 336

( Umax=50,500 psi)
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FRACTURE SURFACE OF SAMPLE 429
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A. OVERALL

B. INITIATION SITE

FRACTURE SURFACE OF SAMPLE 430

(UMAX = 37,000 psi)
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FRACTURE SURFACE OF SAMPLE 439

(o= 74,000 psi)
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e o
b. B' * Y¥,0, Compositions

Strength data for B' + Y O3 test bars gathered from Appendix II are presented
in Table 19. Fracture surfaces were examined in the scanning electron microscope
and EDAX. A number of different types of fracture initiation sites were observed,
These are described and given a code designation below. In Table 19 the type of
fracture site is identified by these code designations. '

Tool Mark (tm)

Sample 521 was apparently mounted upside down in the test fixture so that the
rough ground rather than the polished surface was in tension. Fracture initiated
at a tool mark left by the grinding wheel.

Metallic inclusion (mi)

Five of the 1k room temperature fractures listed above initiated at flaws
similar in appearance to that shown in Fig. 34, This shows an inclusion about 20
microns in diameter. EDAX of this inclusion showed a strong spectra for Si, and
weaker spectra of Co, Cr, and Fe, These are presumed to be large inclusions of free
metal (silicon-transition metal alloys) resulting from decomposition of the Si_N
or B' phases during firing caused by the Presence of the transition metal impurities.
The reason that these impurities cause the decomposition will be discussed in
Section IV.C.kL.

Irregular voids (iv)

Three of the 14 fractures initiated at voids similar to that shown 1HCEEy 35,
Microprobe analysis of the inside surface of the void again showed a high concentra-
tion of iron impurity. The similarity of this void to that shown in Fig. 29 which
contains what appears to be a fragment of metallic inclusion, and the concentration

of iron impurity at the void suggest that these voids are sites of inclusion that
have been ejected when fracture occurred.

Cylindrical void (vc)

One fracture initiated at a cylindrical void about 50u wide and of undetermined
length since it intersected the surface of the bar. This is shown in Fig. 36,
The source of this void is not known with certainty, but it is suspected that a
residue of a fragment of a bristle from the brush used in screening the spray dried
powder was included in the pressed bar and decomposed on firing to leave the void.
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TABLE 19

SUMMARY OF TEST DATA FOR COMPOSITION
[6' + v,0,] SINTERED BARS

Nominal
Firing Flexural Test
Temperature Sample Bulk Density Strength Temperature Region of Type of !
Batch Composition (°c) Number (g/cec) (kpsi) (°c) Initiation Site* Flaw*¥
r1735 T62 T0 2 u
.0b
{763 4 80} = e st
T6T 56 s mi
’3'1 +2.5 Y203| .1 {1750 3768 3.11 63‘ 25 £ ov
( T69 67 e u
A 1750 TT70 Lo 1370 e u
3 {TTI 65} e u
o1+ 25 v,0. |2 1750 833 2.93
[5'1 +5 1.0, ].1 1750 81k 2.78
‘;'; +5 1,0, l.z 1750 836 3.20
1735 513 L9
B ¥
{51u 2487 60)
518 59
'—\- h
|8'2 +5 w/o 1,0 | 41 {1700 {519 = 50 -
521 i f tm
1750 %522 3.24 53 f mi
\ 523 67 f mi
587 Th iv
1735 )588 69 25 e i
589 85 = iv
73k b7 e 3
B'2 + 5 w/o Y 0_]|.2 /1750 3735 3.26 51, 1370 e u
I | 736 SO e u
737 5T e iv
1750 738 5T £ mi
739 3.26 L3 RT - =
740 3T e u
» e = edge, f = face

** see text



R77-912184-21 FIG. 34

FRACTURE SURFACE OF SAMPLE 767 INITIATED AT INCLUSION NEAR TENSILE FACE
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FRACTURE SURFACE OF SAMPLE 587 INITIATED AT VOID NEAR TENSILE FACE

0= 74,000 psi
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0
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FRACTURE SURFACE OF SAMPLE 768 INITIATED AT CYLINDRICAL VOID ON TENSILE FACE
0 = 63,000 psi
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Flaw unresolved (u)

Three of the 14 room temperature fractures, and all of the 13700C fractures
initiated at the edges of the samples, and no flaw larger than the average grain
size could be resolved. Similar initiation sites were discussed in connection with
gt =+ 0602 samples.

A1l of the B' + Y2O samples listed in Table 19 were prepared from process L
powders, and duplicate bgtches were used in each instance. For compositions of
nominally identical composition there is seen to be a large variation in strength
and, occasionally, density data. The variability in strength of the samples is
about as great as was the variability in the B' + CeO,_ samples discussed previously.
These variations are not entirely random. The spread in values within the groups
of samples fired together is considerably smaller than the overall spread in values
for all test bars of a given nominal composition. This would relate strength closely
to firing step, although there does not seem to be a good correlation between nominal
firing temperature and strength. However, because of the narrow range of nominal
temperatures represented and the large uncertainty in the reported temperature (and
also considering the possibility of unrecorded temperature overshoots during approach
to nominal temperature) a correlation with true maximum temperature is not unlikely.
Assuming that the nitrogen pressure over the samples was the same as the furnace
ambient (1 atm) then a good index to the relative temperatures to which samples of
the same batch had been exposed is the concentration of metalliec inclusions observed
in polished sections. It is possible however, because of the attempt to close the
crucibles by means of the tapered 1id that a variably higher N_ pressure was seen
by the samples. Whatever the factors that were responsible for the variation in the
concentration of inclusions, the polished surfaces of the test bars were examined
at high magnification in the light microscope to see if there was a qualitative
correlation of strength with the concentration of inclusions. Micrographs shown in
Figs. 37 and 38 tend to confirm that this is the case.

It is seen that the majority of room temperature fractures originated at
various types of recognizable flaws - predominantly metallic inclusions - and only a
few fractures originated at unresolved flaws presumed to be associated with the
grain boundary phase. This latter type of fracture was the only one observed at
lBTOOC, indicating that the strength associated with the grain boundaries had fallen
to the levels indicated by the test results (50,000 to 65,000 psi) so that the vari-
ous other types of flaws were not strength controlling. One can conclude from this
that the high temperature strength is determined by the nature of the grain boundary
phase only, and processes refinements aimed at eliminating the flaws that control
room temperature strength would not have any effect on high temperature strength.

In general it was not possible to resolve the grain boundary phases in the x-ray
patterns obtained from the test bars, so it was not possible to ascertain whether
the few room temperature fractures having u-type initiation sites had grain boundary
phases that differed from that of the high strength flaw initiated samples as was
the case with B' - Ce02 bars discussed earlier (Section IV C3a, pS5T).

T2



R77-912184-21

MICROGRAPHS OF POLISHED SURFACES OF TEST BARS

A. SAMPLE 588, COMPOSITION [,‘3'2+ 5 w/o Y5032 o= 69,000 psi

10

B. SAMPLE 762, COMPOSITION [§'1+2.5 Y5031 0 = 70,000 psi
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FIG. 38
R77—-912184-21

MICROGRAPHS OF POLISHED SURFACES OF TEST BARS

A. SAMPLE 523, COMPOSITION |2 +5 w/o v203J-1 o = 53,000

B. SAMPLE 740, COMPOSITION |32 +5 w/o vzog}-z o = 37,000
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As well as the firing-to-firing strength variations exhibited by the samples
that are thought to result because of varying concentrations of metallic inclusion,
there appear to be batch-to-batch differences in the density of the B'l + x Y O
samples fired to nominally identical temperatures. Some firings of batches were
made with the intention of demonstrating whether this variability could be positively
associated with the individual batches or the firing procedures. 1In these firings,
one bar of each of L different batches was placed in the same boron nitride crucible
and fired. The densities of individual bars from these firings are presented and
compared with previous data for bars prepared from the various patches in Table 20.
From these data it is clear that both firing-to-firing and batch-to-batch variations
exist, Possible sources of batch variability will be discussed in Section IV.C.S.

B §f_T_ZEQEM?£§_ﬁJ_i_LF_ZIQQQQ_IEQBl.EPQPQ?iﬁiPE?

Strength data for these samples are presented in Table 21. Again room
temperature strength values covered a wide range (25,000 to 80,000 psi) and appeared
to be controlled by the presence of metallic inclusions. The concentration of these
was high in all cases, as shown for two samples in Fig. 39. Not discernable in
Fig. 39 because of insufficient contrast, is the fact that the inclusions appear to
be of two types randomly intermixed. One type has a silver appearance under the
optical microscope and the other type appears golden. The electron microprobe
showed the first type to consist of major Si and Fe with minor Al, and trace Cr, V
Cu, and Zr. The second type consists of major Si and Zr and minor Al.

2

The strength of bars tested at 13TOOC was uniformly low (33,000 psi). 13TOOC
fractures surface, (e.g., Fig. 40) exhibited a rough region of initial crack growth
probably resulting from viscous flow in the grain boundary phase.

d. B' + Other Sesquioxides

Batches of B'2 compositions + 3.2 m/o additions of La_0_ and a number of rare
earth oxides were prepared by process 5 of Table L, presseg §nto bars and fired
according to code 2a of Table 7. These were prepared for oxidation testing primarily
and no mechanical tests were performed. Density measurements and metallographic
observation showed that all these systems sintered to over 90 percent of theoretical
density, but unlike earlier samples prepared from process 4 powders, exhibited
substantial open porosity. Microstructures of these samples will be shown later in
connection with the oxidation studies.

4, Origin of Metallic Inclusions

It has been shown that the strength of most of the samples tested at room

temperature has been limited by the presence of metallic inclusions. Except for the
second type of inclusion found in ZrO2 bearing samples, the inclusions have been
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Sample

Number

761
765
830
833
810
81k
836
8L6
8L
848
8L9
850
851

852
853

Th6.1
Th6.2
T83.1

783-2

TABLE 20

DENSITIES OF BARS FIRED FROM DIFFERENT
BATCHES OF (B' + Y203) COMPOSITIONS

Batch

Number¥*

B'l

B'1

Pl

TL6.1
ThE .
Th6 .2
Th6.2
'r83.l
T8 el
783.2
Th6.2
Th6.1
T183.1
783.2
Th6.2
TL6.1

783.1
783.2

Temperature

Firing

1735

1750

1735

1750

1735

1750

1750

1750

1750

+ 2.5 4
2.5 w/o Y203 batch 1

+ 2.5 w/o Y _0O_ batch 2

+5 w/o YO

2°3

+ YO
5 w/o .

3

23

batch

batch

76

-

Density (g/cc)

Bulk

3.04
g E )
2.87
2.93
2. T2
2.78
3.20
2-97
3.0k
2.67
3,10
2.93
3.01

2,66
. % I
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TABLE 21

SUMMARY OF FLEXURAL STRENGTH DATA FOR SINTERED BARS

OF COMPOSITIONS B' + ZroO

I Batch
! Composition

gl

B'2

g2

B'2

g'2

gra

B'1

+

+

+

20 Zr0
e

10 Zro0
2

7Zr0
5 4r 5

5{ 0 Zr02
A2 B ) )

5(.925 Zro2

.075 Y203)

5(.925 Zr02
07> Y203
5(-75 ZTO2,

.25 YQOB)

1700

1650

135

1735

1735

1735

1735

2

Sample
Number

and B' + 5 w/o (a ZrO

Bulk Density
(g/cc)

Rty

203)

Flexural Test
Strength
(kpsi)

(°c)

500

501
502

564
565
566
567

591
592
293
59L

673
67k
675
676

133

75k
755

5T
758
759

Tk
795
796

3045

3.18

3.33

3.02

43

59} 51 22
51

35

31 6 25
36} Sbich

38

49
L6}h8_5 25
52
i1

80
Th
60} ol
69

25

34

33; 33.3 1370
33

67
uT( 52 25
L2

53 )
hg‘ 60.7 25
80
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MICROGRAPHS OF POLISHED SURFACES OF TEST BARS

A. SAMPLE 760, COMPOSITION §°2+ 5 w/o0 (0.925 ZrO7 +0.075 Y503) ¢ = 42,000

ed
104

B. SAMPLE 793, COMPOSITION "1+ 5 w/o (0.75 ZrO5 + 0.25 Y503) 0 = 53,000 psi

77-03-240-2

78




R77-912184-21 ; FIG. 40

1370°C FRACTURE SURFACES OF SAMPLE 753
(COMPOSITION "2 +5W/Q [ 925 Zr09+0.075 Y203], 0=34,000 PSI

A. OVERALL

B. INITIATION SITE
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found to be a Si-Fe alloy with trace amounts of other impurities, It is known

that alloying iron with silicon increases the oxygen and nitrogen partial pressures
at which the metal and the various oxynitride phases are in equilibrium (Ref. 21).
This is a consequence of the fact that the activity of silicon in the alloy is lower
than that of pure silicon. As an example of how this effects the equilibrium nitro-
gen pressure, consider the following thermochemical equations:

i + = 53 1
381 + 2N, 513Nh (1)
a..
B, Sl3Nh : 1 22
. ) ) 2
51N s' Pw
2 2 ‘
|
B -3/2
=~ @

Wild et al. (Ref. 27) and Colquhoun et al., (Ref. 28) used this fact to raise
partial pressures of oxygen and nitrogen to practical and controllable levels in J
order to study equilibria between Si, a and B Si_N, , Si N 0, and Si0 By the same ‘
token, one can take the quilibrium data of Refs. 2% and 2 to calculate the effect
of iron impurities on the decomposition temperature of B Si N , Figure 41 shows
thermochemical diagrams reproduced from Ref. 27 which indicate phase relationships
in the 8Si-0-N system in equilibrium with pure silicon and with an Fe-1L percent Si
alloy at 129&00. These diagrams, and similar diagrams for the temperatures 1200,

1250, 1300 and 135000 shown in Ref. 28 were used as source data for pN at the above i
temperatures for reaction (1) above, and for the reaction 2

3(SiFex) + 2N2 = 813Nh + 3xFe . _ (&)

These data are plotted as log PN Vs l/T K in Fig. 42 and extrapolated to log pN2 0
to find the decomposition temperature at one atmosphere nitrogen pressure for pure
BSl3Nh and for material containing iron impurity.

The curve for pure silicon gives a decomposition temperature around lThOOC.
Colquhoun et al. calculated free energies of formation from the thermochemical
data, and used a least square fit to express these as a function of temperature.
From this they also find that B becomes unstable with respect to one atmosphere of
nitrogen at 1Th0 C and comment on the fact that this is considerably below the often
quoted decomposition temperature of 1900 C They state that these data are not
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PHASE RELATIONS IN Si—O—N SYSTEM AT 1294°C
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FIG. 42

R77-912184-21
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sufficiently precise to predict accurately the exact conditions under which trans-—
formation will occur, but despite these limitations, the thermochemical data contri-
bute to an understanding of transformations which occur in the Si-N-O system. The
present writer also feels that these data contribute to a qualitative understanding
of the genisis of high concentrations of metallic inclusion which limit the strength
of pressureless sintered B' samples. The starting Si_N, powders used in the batching
of various B' compositions contained on the order of 3.% w/o Fe, The form in which
the iron is present is not known, but if present as oxides, these would be reduced
to metallic iron under the very low oxygen partial pressure imposed by the carbon
susceptor. If any free silicon were present in the starting powders, reaction to
form liquid Si-Fe alloy could begin at local sites at temperatures as low as 122000.
Since at these temperatures no appreciable sintering has occurred the sample has an
open porosity on the order of 35-L0 percent, so that all the internal surface is
available for reaction with the ambient atmosphere. It can be seen from Fig. L2
that when the temperature reaches about 135000, 51_N, is unstable in local regions
around iron impurities or liquid inclusions that hdve already formed. There is

then a driving force for Si3Nh to decompose and alloy inclusions to grow.

In contrast to conditions during pressureless sintering, during hot pressing
under typical conditions (6,000 psi or 408 atm) assuming the dies established a
closed system, Si Nh would be stable to over 180000 in the presence of the Fe-Si
alloy. By way of contrast, Fig. U3 shows micrographs of (pressureless sintered)
sample 676, and a hot pressed sample of similar composition supplied by Dr. John
Brennan. Although the latter is not particularly homogeneous in terms of ceramic
phases, the virtual absence of metallic inclusions is striking.

It is assumed that analogous reactions occur when Zr0_ additive is mixed with
the B' constituents during pressureless sintering, i.e., reduction of Zr0_and alloy
formation with silicon thus raising the equilibrium pressure of N2 and leading to
local decomposition of Si3Nh (or B' solid solution).

5. Possible Sources of Compositional Variations

Nonreproducibility in sintering behavior between nominally identical batches
has been mentioned in regards to B' + Ce0O_ and B' + Y _O_ samples. In B'2 samples
containing 10 w/o Ce0_ where minor phases could be detected by x-rays, these were
seen to vary implying either that equilibrium was not necessarily attained during
firings or that unaccounted compositional deviations from the nominal composition
occurred during preparation. Examples of how minor differences in oxygen content
can effect the properties of hot pressed Si Nh_Y 0. bodies have been discussed by
Lange et al. (Ref. 26) and by Rae et al. (Réf. 2;)? Figure L4 shows the phase
diagram Si N - Si0_ - Y O_ proposed by Lange et al. It can be seen by examining
the Si Nh corner of the giggram, that at a constant Y O_ concentration, small dif-

ferencé in SiO2 content (always present as a surface oxide on Si3Nh) moves the
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COMPARISON OF PRESSURELESS SINTERED AND HOT PRESSED ' MICROSTRUCTURES

A. SINTERED(SAMPLE 676)

B. HOT PRESSED
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THE Y203-SigNg PHASE DIAGRAM; AFTER LANGE ET AL
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overall composition into different compatibility triangles. The details of phase
equilibria in the ¥-8i-Al-0-N system are not known, but preliminaxry works at
Newcastle (Ref. 25) indicates that no new nitrogen containing crystalline phases
oceur other than these o¢bserved in the Si-AJ-0-N and Y-Si-0-N systems. Solid
sclutions are found between ytirium aluminate phases and ternary Y-Si-0-N phases

as shown in Fig. 45, and a region of B' plus liguid (which can be cooled to a
glass ) is found to extend from Si _N, toward the low melting eutectic in the system
Al 0 _-Y 0, The compositions in the Y-Si-Al-0-I system that were investigated in
the Present work lay outside the regions of the system for which Rae presents data,
and other phases, principally the AN polytypes discussed by Jack (Ref. 16) become
involved 1n the compatibility relationships. The point to be made 1s that, whereas
in the ternary system Y-Si-0-N slight differences in composition (Si0 content) can
move the overall composition between four different compatibility triangles, in
the quinternary system the overall composition can shift between larger numbers of
compatibility pyramids that are as yet undelineated, An attempt was made to pin-
point processing variables that could effect slight alterations of chemistry, and
these are discussed below.

a. Media Pick-Up

Batches were formulated assuming that a given weight of material (ecaleculated
as Si0_ and Al _0_) would be worn from the media and consequently introduced into the
batch. In some iInstances the prediction was accurate, but in general the actual
media loss was somewhat more or less than predicted, In Appendix IT we have gone
back over the fabrication data and have calculated the deviation of the batch from
the calculated composition that was due to variable media wear. The number entered
in the column labeled "Deviation (%)" has the following meaning. A positive value
means that an excess_of aluminocilicate in the amount equal to the indicated per-
centage of the total B! constituent weight of the batch was introduced. Thus, a
measured media weight loss of 2.9 grams when the 100 g B! batech formulation was based
on a predicted loss of 2.7 grams, is expressed as a deviation of +0.20 percent. It
is not possible to state how positive and negative deviations would effect the phase
assemblages in cases where additives such as Y _0_ and Zr0_ are present in the batch
hecause details of phase eguilibria for the refeéent quin%érnary systems are not
available. It is possible to state how positive and negative deviations would effect
the phase assemblages in the absence of such additions. Consider composition B'2
(35 percent Si, T7.86 percent Al, 7.86 percent 0, 49.28 percent N}. If this is
prepared with a +0.5 percent deviation as defined above, the composition would be
35.02 percent Si, 7.85 percent Al, T.87 percent 0, and 49,29 percent N. This would
place the composition just inside the two phase Tield (B! + X) where X phase has the
composition 13.0 percent Si, 26.08 percent Al, 52,17 percent O, and 3,71 percent W,
Lever rule calculations show that this composition would consist of about 99.3 per-
cent B! and 0.7 percent X. The X phase would be liquid at the sintering temperature
and tend to promote sintering. A deviation of -0.5 percent would place the composi-~
tion in a two phase field vhere no liquid would be present. Although, as previously
stated, details of the relevent quinternary systems are not available, it is reason-
able to expect positive deviations to promote liquid formation and sintering.
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SOME COMPATIBILITY DATA FOR THE SYSTEM Y—Si—Al-O—N AFTER RAE ET AL

A, THE2M 3X PLANE OF THE Y—Si—Al-0—N SYSTEM
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We haye gone through Appendix II averaging the density and strength values for
all samples showing positive compositional deviation, and also for all samples show-—
ing =ero or negative deviations. The results are shown in Table 22, There would
appear to be a correlation of high strength with positive deviations, but this does
not correlate wxth high density., It is likely that this kind of averaging disre-
garding specific additives is not particularly instructive, and that such an examina-
tion 1s valid only in the cases of nominally 1dentical compositions. Data are
abstracted from Appendix II and grouped according to composition in Table 23. In
these tables no clear and consistent trends in properties with compositional devia-
tions due to errors in calculations media attrition are evident.

TABLE 22

AVERAGES OF COMPOSITIONAL DEVIATIONS,
BULK DENSITIES, AND FLEXURAT,
STRENGTHS OF TEST BARS

Average Average Average
Deviation Bulk Density Strength
(%) (g/cc) (kpsi)

+ 0.5 2,98 61
- 0.2 3.02 51

™ T o — e e S A

The possibility that significant oxidation of samples could occur during the
600°C air firing of calcined ball milled powders was investigated. The weight
changes of samples heated 1n air for one hour are recorded in Table 2L, All samples
lost about 0.04 percent after heating to 12500. Additional heating at 500, 550, and
600°C resulted in increasing weight losses with increasing temperature. At 65000
the sample exhiblted a lower weight loss than at 60000. Oxidation of the samples
according to the reaction 81 N + 3 0_ -+ 3 50, + 2 §_ should result in a weight
increase of 28 percent at completion.  The welght losses observed may be due to the
release of sorbed material, or possibly to further loss of organic material not
completely removed in the final calcining operation., It can be concluded that
measurable oxidation occurs only above 60000, and that no significant changes in
sample stoichiometry resulted from the 1 howr calcining at 60000.
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TABLE 23

COMFPOSITIONAL DEVIATION AND AVERAGE DENSITY
OF TEST BARS FROM DIFFERENT BATCHES OF
THE SAME WOMINAL COMPOSITION

»

Batch Bateh Deviabion Average Bulk Density
Composition Number _ %) - (g/ee)
1 + 0.7 3.08
¥ + .
R'1 + 2,5 Y203 3
2 . -~ 0.2 2,93
1 - 0.1 2.78
B'1L + 5 Y O ;
23 > - 0.5 3,20
1 + 0.2 3.2k
B2 + 5 Y0 i
) 23 o - 0.5 3.26
TABLE 2L
WETCHT CHANGES OF SAMPLES OF
Bl + 2.5 w/o (.75 ZrOy, .25 YQOB) DURING ATR
FIRING TO DIFFERENT TEMPERATURES
Total Weight Change
Weight Change After Additional
After 12500 Firing to Indicated
Heating (%) Temperature (%)
Sample 1 ~.0b1 500°C ~ .095
Semple 2 —.0ko 550°C ~ ..097
Sample 3 ~. 043 600°C ~ .108
Sample k —.0kL 650°¢ - 07T

B
OF POOR QUALITIYS
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c. Other Possible Sources

Variagble media pick-up and oxidation during low temperature burn-out do not
appear to be sufficient to account for the difference in sintering properties of
diffe¥ent batches. Barring errors in weighing out the constituents (which of course
is a possibility)} it would appear that sources of substantial chemical variability
exist that have not yet been identified. Some possible sources may be:

Continued hydrolysis of Si_N, starting powders from atmospheric water
during storage so that the oxygen content varies with time.

The presence of variable amounts of water dissolved in the methanol used
in ball milling the batches.

Further studies of processing conditions are necessary to insure the maintenance
of desired stoichiometry.

6. 1370% Creep Measurements

Creep measurements were made on sample T37 (composition B'2 + 5 Y 0_), sample
757 (composition B'2 + 5 [.925 ZrO2 075 Y 0.1), and sample 822 (compogi%ion T2
+5[.8 Zr0_ .2 Y 0_]). The creep curves for Stress levels of 10,000 psi at 137000
are shown in Figs. b6, LT and b8, respectively. Strain was caleculated from the
formula

2 h (n+2)
= >
L
where h = specimen thickness
L = span
yL = cross head displacement
n = the empirical stress exponent of creep rate.

The wvalue of n was taken as 1.75. This is the wvalue determined by Din and
Nicholson (Ref. 29) for hot pressed Si Nh (Norton HS-130). The creep rate of
sample T3T was still_decrg%sing slight%y after 55 hours of testing. The rate at
this time was 6 x 10 hr . This may be compared with the steady state creep rate
interpolated from data of Din and Nicholson for HS5-130 at 10,000 psi stress and
137000 of 10 x 10-'5 hrﬂl. Sample 757 failed at a strain of 0.030 after only 5 hours,
and 822 failed at a strain of 0,047 after 18 hours, Clearly B'2 composition
contazining substantial amounts of ZrO2 are totally inadeguate for stressed applica-
tions at high temperature.

an
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7. Oxidation Measurements

a. Inxtial Measurements

Initial oxidation measurements were performed on fractured flexural test
specimens that had been polished on all faces. One half of the specimen was oxidized
at 1000°C for periods up to 70 hours, and the other half at 1300°C for periods up
to 37 hours., The Tirst compositions investigated were R' compositions containing
CeOE, Y20 , ZrQ,_, or GaFO, and a B'6 composition prepared without additions of
foreign oXides ‘gy a traunsient liguid phase technique developed under a different
program (Ref. 17). Curves of weight gain vs time for these samples are shown in
Figs. 49 and 50, All samples exhibited an imitial high rate of weight gain followed
by a nearly linear gain after a few hours. The magnitude of the initial weight gain
probably depends on factors such as surface finish, open porosity, and the amount
and nature of grain boundary phases. As mmportant as the initial gain, is the
slope of the subsequent portions of the curves, At lOOOOC, except for sample 503
(B'2 + 20 ZrD_), all samples reached essentially constant weight after 10 hours.
These samples exhibited irridescent surface films. Sample 503 however, continued to
gain weight and eventually cracked apart. At 130000 all the samples continued to
gain weight at a nearly constant rate up to the point where the measurements were
discontinued. The slopes of the linear portions of the curves are shown in Table 25,
The g'2 + 10 Ce0_ samples exhibited the highest rate of oxidation. The rate was
lower for B' compositions with higher aluminum concentrations (B'4 and B'6). The
rates for the B'2 + 20Zr0  and R'2 + 10Y 0_ were about equal, and 4 times that of
the TLP sample. The oxidation product on the Cel bearing samples was a yellowish
glass which appeared to have been guite fluid at %he oxidation temperature. Samples
containing ¥ O_ and Zr0_ had thin glazed costings, whitish in color which gave
tridymite li§e3diffract10n patterns with additional unidentified peaks.

b. Further Testing New Formulations

i, Rationale

The initial oxidation testing showed that the formulations tested all had
rather high oxidation rates relative to that of the TLP sample. These observations
guided the selection of new formulations in pursuit of more oxidation resistant
bodies. Lower concentrations of the various successful sintering aids were investi-
gated, as were mixtures of Zr0_ and Y20 sintering aids which appeared to alleviate
the 100000 crumbling problem encountereg using Zr0_ alone, As these experiments pro-
gressed it became apparent that phase equilibria in the systems which contained the
oxidetion products - particularly the liquidus surface - was a controlling factor in
the oxidation behavior of the various formulations. Those formulations whose oxides
fell 1n systems with minimum eutectic temperatures well above the test temperature,
{the system Si0 _-Al_0O_ for the TLP samples and the system Si0 -A1 0_-Zr0_ for the B'+

2
Zr02 samples ) exhibitéd thin, stable oxide scales whereas formula%igns wﬁose oxidation

ok
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WEIGHT GAIN OF SIAION SAMPLES DURING HEATING IN AIR AT 1000°C
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WEIGHT GAIN OF SIAION SAMPLES DURING HEATING IN AIR AT 1300°C
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TABLE 25

13OOOC OXIDATION RATE DATA FOR VARTOUS SiA10N COMPOSITIONS

Sample o
Nunber Composition Oxidation Rate (mg/cm hr)
432a g'2 + 10 Ce0,, .027
320a B2 + 10 CeO2 027
LOTa B4 + 10 Ce0,, .01k
3862 B'6 + 10 Ceo2 L01h
L3 B'2 + 10 Y203 .008
493 B'2 + 5 GaPO, .021
L96 B'2 + 20 Zr02 .010
B'h TLP B'Y 002

products fell in the systems with low melting ternary eutectics (e.g., Si0 -A1 0 -Y O s
with a eutectic temperature below 1hOOOC) formed fluid glasses that afforded l:le,t%le2 3
protection. For this reason systems were investigated for which the oxidation products
would lie in high melting ternary oxide systems, Hence the choice of Cr 0_, Ti0_  and
HfO_ and the investigation of other rare earth oxides as prospective sin%e%ing aids.
The only S5i0,_-Al 0O _-rare earth system for which the phase diagram was found is the

¥ O_ system reprodiiced in Fig. 51. It was assumed that other rare earth systems

wgufd be similar, and that the temperature of bhinary eutectics in the rare earth -

810, systems might be an indicator of the relative temperatures of the lowest

ternary eutectics., ®ig., 52 1s a generalized rare earth -~ 8i0_  diagram. The eutectiec
temperatures labeled T. and T in those systems for which datd was found are listed

in Table 26, This shoWs that the lowest melting eutectic (T ) in the Y20 system

is 1n the middle of the range, with La 0_ and NdEO

23 lower and only Er_0O_ higher,.

3 2°3

a7



36

=990~ LL

SYSTEM AlpO3~Y203—-5i02 AFTER BONDAR AND GALAKHOV

i P I

" 3A|203 23102

[ - A - - -
¥,0, 7 20 40\ 0 80, Ai,03
2Y,03 AlgOg 3Y40q 5Al04,

te—-¥BlLZL6~LiLY

LS "9

|



R77-912184~-21 FI1G,52

5109

60

V € T4

3}
T
<
=
IV}
T
O
(2]
N 5
nlv - __0
e_u =
(32
R
i B 1%
[72]
= -
L
T
[¥2} - —
>
w
[am]
| ] N
o)
Q
(]
and

FHNLYHAJWIL

£ I8
ORIGINAL PAG
OF POOR QUALITY

77—06—-164—-3

99



R77-912814-21

TABLE 26

EUTECTIC TEMPERATURES IN R203—S:'LO2 SYSTEMS

(See Figure 52)

R0, mi (%) 7, (%)
Dy203 1790 1640
Er293 1880 1680
Gd203 1810 1640
L3203 1775 1625
Nd203 1680 1600
Se 04 1850 1660
Sm203 1810 1650
Yb203 1850 1650
T, 1800 1660

ii, Test results

Weight gain with time at 130000 for B'2 composition containing different
concentrations of Ce0_ and Y O_ are shown in Figs. 53 and 54, respectively, and
it can be seen that tﬁé oxidation rate decreases somewhat with decreasing rare earth
concentration. Weight gains at 1hOOOC for these compositions are compared with TLP
samples and R'2 + 5 Zr0, in Fig. 55. At this temperature, the films on the Y 0O
samples appear to be nornprotective., The thick partially crystallized (cristoga%ite)
glassy Tilms tend to spall during cooling giving erratic weight gain curves, The
films on the Cel,.-bearing samples remained all glass and did not spall, but appeared
to have been very fluid., The films will be examined in more detail latter in this
report., The TLP samples and the B'2 + 5% w/o Zr0,_ samples on the other hand appear
to be exceptionally resistant to oxidation, with unmeasurable weight gains after
about 20 hours. X-ray diffraction patterns from the surface of sample 594 (g2 +
5 ZrOa) showed faint peaks that could be interpreted as zircon (ZrSi0)) in addition to

100
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WEIGHT GAIN IN AIR AT 1400°C OF VARIOUS SiIAION COMPOSITIONS
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strong B' peaks, and the surface had a whitish crystalline appearance as shown in
Fig. 56B. However, the B'2 + 5 Zr0, bars cracked apart during oxidation at 1000°C as
shown in Fig. 56A. Replacement of small amounts of Zr0p with ¥ 03 was made in this
formulation in the hope that this would prevent the 1000°C crumbling, and this proved
to be the case as shown in Fig. 56C. Replacement of as 1ittle as 7.5 w/o of the Zr02
(sample T705) was effective in preventing cracking at 1000°C and resulted in formula-—
tions that were only slightly inferior to B'2 + 5 Zr0, as shown by the weight gain
curves, Fig. 57. Samples of compositions B8'2 and 3.2 m/o additions of the various rare
earth oxides were oxidized at 1400°C and curves for these samples are shown in

Fig. 58. As pointed out earlier, these samples exhibited about 10 percent porosity
and as a consequence showed a high initial weight gain. Sample 888 for example,
showed about twice the 1nitial weight gain as did sample 514 having the same composi-—
tion. From Fig, 58 it can be seen that the weight gains varied inversely as the
binary eutectic temperatures listed in Table 26. This is presumed to be a result of
the relative fluidity of the liquid films that formed. This will be illustrated

when micrographs of the oxide films are discussed,

B'1 compositions with low conecentrations of Y 0_ and ZrQ -Y 0 mixtures were
also investigated. These data are superimposed as dashed lines 6n~the data for B2
compositions in Fig. 59. ©OSome of the data of Fig, 59 are displayed on a parsbolic
piot (W/A)2 vs t in Fig. 60 for comparison with the data of Trip and Graham (Ref. 30)
for the 1400°C oxidation of Norton HS-130 hot pressed Si Nh Only thoese R'1 and B'2
compositions containing less than about O. 6 w/o Y203 in mlxtures with Zr0, appear to
. offer static oxidation behavior comparable to hot pressed Sigl).

It can be seen from the ghbove figures that in general the oxidation kinetic§
are complex., We wrll not attempt to account for the specifics of the oxidation °
curves, However, examination of the oxide films gives some clues to some of the
processes that take place during oxidation. Miecrographs of polished sections through
oxides layers on samples are shown in Figs. 61 through 66, Figure 61B shows that the
oxide film on the B'2 + 5 Zr0_ sample is too thin to be distinguished clearly because
of rounding of the edge during pollshlng, but at any rate is less than 2u thick
after L3 hours of testing at 1400°C. The same composition with about 20 w/o the
Zr0y replaced by Y04 (sample 639) had a partially crystalline scale about 50u thick
after 28 hours (Fig. 61A4). The scales became thicker as the Y505 concentration in-
creased, and for the B8'2 + 5Y203 sample the scale was about 1501 thick after 25 hours
(Fig. 62A). These partially crystallized glassy scales appear to be highly stressed
and tend to break and pull out during polishing. The scale on the B8'2 + 5Cel, sample
(Fig. 62B) appeared to be all glass with an average thickness of about 60%. When
the B'2 + 5 w/o (3.2 mfo) ¥ sample was oxidized for periods up to 120 hours, the
nature of the oxide layer cﬁanged from a partially crystalline film after 25 hours
to an all glass (ligquid) film shown in Fig. 63. The liquid was apparently quite
viscous and had frothed. It would appear the nitrogen diffusion through the liquid
is much slower than oxygen diffusion, and nitrogen bubbles form in order to effect
the exchange that must occur during oxidation (simplified as Si_N, + 60_ -+ 38i0, +
2N,). Most of this froth was broken off prior to mounting and Polishing, so that
the glass still adhering to the samples in Fig. 63B is ragged and very thin in most

18
ORIGINAL PAGE
104 OF POOR QUALITY,



R77-912184-21 FIG. 56

OXIDIZED SURFACES OF TEST BARS CONTAINING ZrO5 AND ZrO2—Y903 MIXTURES
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WEIGHT GAIN IN AIR AT 1400°C OF VARIOUS SiAION COMPOSITIONS (LINEAR PLOT)
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FIG. 60

WEIGHT GAIN IN AIR AT 1400°C OF VARIOUS SiAION COMPOSITIONS (PARABOLIC PLOT)
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SCALES ON OXIDIZED SAMPLES

A. SAMPLE 639, COMPOSTION [3/2+5W/0(0.8 Zr0+0.2 Y 03)
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SCALES ON OXIDIZED SAMPLES

A. SAMPLE 514b, COMPOSITION /2 +5W/0 Y503]

100

B. SAMPLE 530 b, COMPOSITION ﬁ’? +5W/0 CeO9p
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OXIDE FROTH ON SAMPLE 888

'
(32+ 3.2m/o Ery04)

ORIGINAL PAGE 1S

OF POOR QU
112

10 u

FIG. 63

77—-08-181-2

N — - il



R77-912184-21 FIG. 64

OXIDE FROTH ON SAMPLE 894
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OXIDE LAYER ON SAMPLE 898 .
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OXIDE LAYER ON SAMPLE 914

(32 + 3.2 m/o La,05)
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places. The process by which the partially crystallized (cristobalite) scale which
existed for about 2L hours became transformed into a glassy froth after 120 hours

can be inferred from the element distribution scans obtained with the electron micro-
probe and shown in Fig. 67. It can be seen that there is an almost linear gradient
of yttrium concentration increasing from a low value at the surface of the bar to a
constant value about 0.020 in. below the surface. Yttrium has diffused out of the
SiAlON body and become concentrated in the glassy (liquid) phase thus changing it's
constitution. (It is assumed that the probe trace intersected the surfaces at regions
where the glass had been broken away so that the high concentration in the glass was
not detected. That this in fact does happen will be confirmed for the Er O_ and

Nd _0_ systems shortly.) From Fig. 63C, it can be seen that the grain boundary

atgagk has occurred to a depth of about T5u below the interface between the liquid

on the SiAlON body. It appears from Fig. 63C that gas bubbles may nucleate at points
of attack along the interface, but the small voids in this region could be pulled

out during polishing.

A similar situation is seen to occur in the B'2 + 3.2 m/o Er 0_ sample, and
here more details are available. The macrograph and optical microgfaph shown in
Figs. 64A and B, respectively, are virtually indistinguishable from those of Fig. 63
(except for a highly reflecting inclusion inside the gas bubble shown in Fig. 6LB).
The greater detail is to be found in Fig. 6U4C which is an electron back-scatter
micrograph of the glassy scale and interface regions. In this type of micrograph,
regions of heavy atomic number appear light and regions of low atomic number appear
dark. Here it can be seen that there is a "splotchy" distribution of a heavy element
(in this case, erbium) in the body of the sample (narrow region at the far right of
the micrograph) then a region about 25u thick in the neighborhood of the interface |
which appears to be devoid of Er, and finally a heavy concentration in the glassy
film, The glassy film contains isolated globular regions and some smaller angular
(erystalline?) regions which are low in Er. Liquid immiscibility is reported in the
rare earth-Si0_ systems, and the Y, 0_-Al _0_-Si0O, system (Figs. 52 and 51, respec-
tively ), and ig seems likely that ghé dagk globules in Fig. 6U4C are globules of the
silicon rich liquid which can exist in equilibrium with the lighter appearing Er
rich liquid. Also faintly visible in the original back-scatter micrograph but
probably not in the reproduction (Fig. 64C) is an interface about 5p "below" (i.e.,
to the right of) the colloform interface between the Er-rich glass and the Er-denuded
region. Thus, it is likely that the surface of the bar which has been denuded of Er
as a result of its concentration in the continuous liquid phase is dissolving into
a silica rich liquid layer which in turn sheds globules into the continuous liquid
phase. Another interpretation of the micrograph is that the continuous liquid phase :
is itself dissolving the body and undercutting crystalline regions which then float
free and become globular as they continue to dissolve in the liquid. The elemental
distribution probe trace across sample 89L is shown as Fig. 68, and this confirms -
the distribution of erbium inferred from Fig. 64C. It also shows a sharp discon-
tinuity in the aluminum concentration in the neighborhood of the solid-liquid
interface, with the concentration of aluminum in the erbium-rich liquid being about
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half that in the SiAl0ON body. The low concentration of aluminum in the erbium-rich
liguid tends to confirm the two-liguid hypotheses, since if the continuous liquid
were of the ternary eutectic composition (assuming the Er 0_-Al 0_-8i0_ resembles the

Y 03—A120 ~510_ the aluminum concentration should be higher3in %hg con%inuous liquid
tgan in tge SigloN body.

Figure 65 shows the liquid and interface regions .of the B'2 + 3.2 m/o W& 0
sample, In this case the liquid phase appears to have been more fluld and more cor-—
rosive to the SiAlON body than the Y _0_- or Er 0_-rich liguids. Although bubbles
appear in the glass, there was not a gFeat deaf gf froth formed on the samples
probably because bubbles burst and the surface again became smooth as a result of
surface tension. The high magnification optical micrograph, 65B, again shows grain
boundary attack in the SiALON body, and the back-scatter micrograph (65C) shows the
colloform interface between the Nd_O_ rich liquid phase and a Nd-denuded region. In
this instance, there is strong evigegce that the colloform interface is really a
liquid-liquid interface and not a liquid-solid interface. This is the fact that the
series of small voids located at about 4 to 5 o'cloeck outside the large bubble in
Pig. 65C are below the colloform interface, whereas these same voids appear at or
outside the crystal-liquid interface in Fig, 65B.

Micrographs of the oxide film on the B'2 - 3.2 m/o La 0. sample shown in Fig. 66
shows many of the same features already discussed. In this Case the binary eutectic
(Table 26), as with the Nd O_ system, was low, and the liquid attack of the surface
appeared to be particularly Severe. Substructure can be seen in the glass film
which again suggests liquid-immicibility.

A particularly interesting phenomenon is the occasicnal occurrence of silicon
crystals inside gas bubbles in the oxide films, Examples of this are seen in Figs.
64 and 65, These crystals appear to have grown from the vapor phase. This suggests
that under certain local conditions 8i0 gas may be involved in the chemical processes
involved in the oxidation,

c., BSummary of Oxidation Test Results

All R' rare earth oxide compositions studied produced liquid oxidation products
which in effect proceeded to dissolve the underlying SiALON body by a rather complex
series of steps, The only compositions investigated that exhibited acceptable resis-
tance to static oxidation were those prepared by a transient liquid technique not
involving addrtional sintering aids, and B' compositions containing Zr0_ or Zr0

2 2
combined with small amounts of Y203.
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SECTION v
CONCLUSIONS

Solid solutions having the 8 8i N, crystal structure and compositions given
by the formula Si Al ON where™0 < x < 2 readily form from components in the
system S1_N, -Si0 &) 20 Al a¥ elevated temperature. However, 1t has not been found
possible %o 'sintar either constituent powders (e.g., Si ¥, AL,0, and ALN) or
prereacted B' powders to single phase B' bodies having aensities greater than about
85 percent of theoretical. It is possible however to sinter to theortical density
ceramic bodies in which the major phase (and possibly the only phase deteciable by
usual x-ray powder diffraction techniques) is f'. This can be accomplished either by
choosing compositions in the 8Si N, -5i0, ~Al 0_~AIN system such that liquad is present
at the firing temperature, or by 1ntr0§uci§g3"additives" to B! formulations which
promote liguid formation and liquid phase sintering at the firing temperature. In
either case a grain boundary phase or phases is retained in the sintered body, and
the nature of the grain boundary assemblage has a controliing influence on the

properties of the body.

Over the course of this program to date a variety of sintering aids were
investigated including A1PO, , GaP0,, %Zr0_, ZrC, Cr 0_, TiO_, Hfog, Y20 N Laeo s
Er,05, Nd,03 and GASmO,.  Uniformly dense bodies wWeTe obtained only Woth with
ZrQ,_, YQO (and mxtures of these) and rare earth oxide additions, Bodies prepared
Witﬁ thes& sintering sids exhibited room temperature flexural strengths on the
order of 80,000 psi. In the absence of other more deleterious types of flaws, room
temperature stirength was controlled by the presence of metallic inclusions which
result from local decomposition of the S5i Nh or B' phases during firing. Decomposi-
tion appears to be initiated by the presefice of impurities (principally iron,
althouwgh Zr resulting from decomposition of Zr0,_ and also probably AIP and GaP result-
ing from decomposition of the orthophasphates have also been involved) which alloy
with silicon. Based on thermochemical data presented by Colguhoun et al. {Ref. 28)
it is projected that nitrogen pressures on the order of 5000 psi would be required
to prevent the formation of metallie inclusion at sintering temperatures of about
1750°C when iron is present in the sample.

While room temperature strength of the sintered ceramic bodies is controlled
by flaws (principally inclusions), elevated strength and creep behavior are controlled
by the properties of the grain boundary assemblages. Fracture at 1370°C of B!
compositions containing Zr0. initiated at cracks that develop during loading as a
result of flow of the grain boundary phase, and creep tests at 1370°C showed that
this flow 1s rapid at stresses as low of 10,000 psi. B' compositions containing

Y203 exhibited more refractory grain boundary assemblages, and no slow cracks growth
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occurred during loading to about 50,000 psi at 1370°C, whereupon brittle fragture
occurred. The creep rate of the YEO containing B' bodies was about 6 x 10 hr_l
at 1370°C and a stress level of 10,080 which is comparable to that of commercial hot
pressed Sl3Nh containing MgO.

The oxidation behavior could be correlated with minimum liquidus temperatures
in the systems containing the oxidation products. All systems containing Y O_,
Im_0_, or rare earth oxides in time developed oxide films that were liquid at~1400°C
an% %here was evidence that oxygen diffusion through the liquid films was rapid so
that the films offered little protection. The mechanism for further cxidation appeared
to involve solution of the ceramic body in the liquid film. This dissclution did
not, occur on smoothly advancing interfaces, but rather advanced preferentially at
particular sites so that rough and jagged interfaces developed.

For compositions where the minimum ternary eutectic temperature 1n the systems
containing the oxidation products were above the test temperature, {i.e., in the
510 ~A120 , and SiOz—Zrog—Al2O systems) thin protective crystalline scales developed
and the séatlc oxidation rates were low.

No composition has been developed as yet which combines both good oxidation
behavior and good high temperature mechanical properties, and this remains the
primary goal of this program. However, criteria can be established %o guide in
the selection of systems to be explored. Consideration should be given %o phase
equilibrium in the systems that contain the products of oxidation, and all potential
compositions can be rejected if the oxidation products lie in a region of the
‘oxide system in which the solidus temperature is below the use temperature of the
ceramic. The second-ecriterion is that the solidus temperature in the compatibility
region of the parent system falls within certaln narrow limits. It should be low
enough that liquid will form at reasonable sintering temperatures (say, not higher
than 1750°C) and yet be as high sbove the prospective use temperature (1370°¢) as
possible so that acceptable high temperature mechanical properties can be assured.

A third criterion is that the liguid which forms be fluid at the firing temperature
and wets the primary 8' phase so that it can diffuse rapidly throughout the structure
during sintering.

While these criteria are easy to set down on paper, it is not quite as easy
to predict which systems will satisfy them due to a paucity of phase equilibria and
property data in potentially relevant systems. One does know from available
phase equilibria data, however, a vast number of systems that will not satisfy
one or more of the criteris and this is helpful at least in limiting the areas of
search.
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In addition to the investigation of new systems, a more thorough exp%oratiou
of the most promising of the current systems is called for, The formulations
investigated to date have been restricted to specifiec regions of the respective
systems, that is, to compositions that can be efpressgd as mixtures of Si3-XAlx0xNh-x
and various other oxides, e.g., Zr02 o1 Y203. The bodies that resulted from these
formulations can represent only a fraction of the possible minor phase assemblages in
the respective systems. One can ask whether formulation in the Zr-S8i-Al1-0-N system
other than B'—ZrO2 would yield bodies with superior high temperature mechanical
properties, or whether other formilations in the ¥Y-Si-A1-0-N system would have
better oxidation resistance.

Solid phase compatibility studies in these guinternary system should be under-—
taken to define the possible assemblages in which B' is the major phase, and bodies
of the various types evaluated. Cf

It can be hoped that these complimentary approaches, namely, 1) exploratory
investigations 1n new systems and 2) more thorough investigations of phase compati-
bility and properties in the most promising systems, will eventually lead to bodies
having acceptable properties.
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AFFENDIX II
TFAERTCATTION AND TEST DATA POR S2ALON TEST RARS

(Pege 1 of 7)

Firing Condition Apparent fpecific Buik
Deviation Porosity Gravity Density
(% T (%) t (hrs) Code (4) (gfcc) {g/ce)

hoo

Brp + 10 w/lo Ce0,

B'2 + 10 wfo Cel,
B'2 + 10 w/o Ce0,
B'2 + 10 YEO3

B2 + 5 wfo ALro,

B2+ 5 wfo ALPO,

B'2+ 5 wfo GaFo),

g'z+ 5 wlo GaFoy

1
|
|
|
} b2+ 20 30,
|
|
|
|
=

Flexural
Btrergth
R psi

Test Temp. 1f
Other than Room
(%)

CoeZfielent
of
Variation

Mean
Strength

1735 2 Ie o 3.3k 3,34

1735 2 Ie 0 3.32 3.32

1750 2 Ie o 3.33 3.33

1735 1 Ic 0 3.29 3.29

1750 1 Ic 0 3.34 3.34

1735 i3 Ic 19 3.1¢ 2.5L

1800 1 Ie

1735 1 Te

1735 1 Id 18 3.16 2,56

0
TyAd a00d
ég’lcmv 3 TVNIOTEO

by
37
37
39

78
7

63

71
78

kg
85

L7

21

39.3

71.6

0.3

Te-hgreis-Lld
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APPENDIX IT

FABRICATION AND TEST DATA FOR SiA10N TEST BARS (Cont'd)

{Page 2 of 7)
Faring Condilion Weight Apparent Specific Bulk Flexural Test Temp, 1f

Sample Des.red Devzation Loss Porosity Gravity Density Strength Other than Room
Number Composiiion {) T (%) t (hrs Code (%} (%) (g/oe) (g/ee) K_psi (°¢)
4o3

Loty g'2 + 5 wio Gaboy, o} 1780 1 Id 5 2,81 2.66

hos

ligg

e } 8'2+ 20 wo 10, 0 1735 1 Ie 0.90 0 3.46 3.46

hog '

500 43
gg; } 812+ 20 wfo Zx0, 0 1700 1 Ie 0oL o 3.5 3.15 gi
503

51.& by
51 9
i } 1Bl2 + 5 'W/O YEOBJ-I +0 2 1735 1 Ta 0.66 0 3.25 3,25 P
516

Slg

1

219 } [3'2 + 5 wfo Y203]'1 +0.2 1700 1 Ic 0.72 0 3.24 3.2 59
520 50
e 5
522

523 } [a'24-5 wio !éqg'l 10,2 1750 1 Te 0.91 0 3.24 3.84 e
=1

529

2 } 812+ 5 w/o Ce0, 40,2 1735 2 e .04 o 325 325

532

5313; 52
53 , 63
53 } B'2+ 5 w/o Cel, -0.1 1750 1 Te 1 00 0 324 3.2k =
536 63
537

8
e } 82+ 5 /o a0y 0.1 1750 2 Te 120 0 3.23 3.2
sho

Tz-noToTA—' 1
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APFENDIX IX

FABRTCATICH AND TEST DATA FOR SLALON TEST BARS (Cont'ad)

Firing Condibion

(Page 3of 7)

T {°¢)

Code

Veight

Loss

(%)

Apparent Specific Bulk
Torosity Gravity Density

(%) (&/cc) {g/cc)

Flexural
Strength
X psi

Test Temp. IT
Other than Room
(°c)

560
561
562
563

564
565
566
567

568
569
570
57L

ik
580
581
582

583
Sth
585
586

587
568
589
550

591
392
593
59k

596
297
598

g'2 + 10 wfo Zro,
£'2 + 10 w/o Zr0,
B2 + 10 w/o Zx0,
g'2+ 5 wfo Celp
[B'2+ 5 wfo Ya03].2
g'2+ 5 wfo Br0y

|
|
|
|
|
|

} g'2+ 5 wlo X0,

=0.5

+0.6

1735

1650

1700

1735

1735

1735

1735

1650

ic

To

Ie

Ie

Ic

Ic

Ie

Ic

1.3

1.00

¢.58

070

0.62

1.08

0 3.34 3.34

[¢] 3.16 3.16

0 3.20 3.20

0 312 312

0 3.18 3.18

b5 3.12 2.97

35
37
36
38

L1
L3
30

7h
69
85

49
46
52

7

T2-HgTeT6-Lid
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APPENDIX IT
FABRTCATION AND TEST DATA FOR SiALON TEST BARS (Cont'd)
(Page b or 7 ;
Faring Condition Apparent Specific Bulk Flexural Test Temp LI

han Roonr
Samplo Deulred Davistion Porosity Gravity Denalty Strength Other &
Humber Composabtion [CA! 7 (°¢) t (hrs) Code {2) (gfee) (g/ce) K psi (°c)

621
Gz2
623
Gah

B'2 ~ 8 5wfo HEO, -0k 1735 X Ia 20,22 3.3% 2,66

625
626
627
628

p'z + 8.5 wlo KO, .04 1700 1 Ic 22,75 3.35 2,59

629
630
631
632

B'2 + 5w/o Grg0y 0.3 1735 1 Ic 20.95 3.10 2,45

633
634
635
636

B'2 + 8.5 wfo HfOs  -04 1800 1 Te 21.00 3.12 2,k6

638
639
olo

6la
6l3
Gl
Ghs

g'2 + 5 (0.8 2x0,,

. 0 .22 3.22
ozl O 1735 1 Te 3

B'2 + 5 wfo Cry0g -0 3 1775 T Te Severe Reduction

[
[ 4
&48
fote]

p'z + 5 wfo Crgly -0.3 1690 1 Ic eh.52 3,20 2.57

650
é51 B2 + 8.5 wfo HEO,  -0.k X775 2 13 19.72 3.26 2,62
652
673
674
675
676

B'2 + 5 (0.8 zr0,, Eé
52 Y203) +0,9 1735 1 Ie &

|
|
j
|
2 |
|
|
|
|

Te-ngieT6-Lly



APPENDIX II

FABRICATION AND TEST DATA FOR S1AION TEST BARS {Cont'd)
(Page Sof T)
Firing Condition Apparent Specafic Bulk Flexural Fest Temp. 1if

Sample Desired Dewviation Porosity Grevity Density Strength Other Than Room
Number Composition () T (%) + (hrs.) _Code () (g/cc) (g/ce) K psi )
700

701 g'2+ 5 (0.9 Zr0s,

qo2 0.1 Y203) -0.3 1735 1 Ie o 3.20 3.20

T03

Toh

T05 g'a+ 5 (0.925 Zr0p,

T06 0 075 Yp04) -0.4 735 i Te .05k 3.2h 3.24

707

734 hs 1370
735 [B 2+ 5wfo ¥505]+2 -0.5 1750 1 Ie 0 3.26 3.26 51 1370
736 50 1370
737 57

738 57

739 [p'2 + 5 w/o xa05] 2 -0.5 1750 1 Ic ) 3.26 3.26 I3

ho 37

hy,

THe

743 [5'2 +5 ufo Yp0;]-2 -0,5 1750 1 Ie 0 3.23 3.23

il

7k5

7ho

730 gra+ 5 wio (925 2r0,,

T5L 075 2203) -0.3 1750 1 Ie 0.7 3.21 3,18

752

753

T5h p'2+ 5 wio { 85 710;, % 1370
755 .075 Y203) =-0.3 1735 1 Je 0.2 3.33 3.33 33 1370
756 33 1370
757

758 B'2+ 5 wio ( 925 Zzp, &7

759 075 1-'203) -0.3 1735 1 Xe g

760 k2

Te-NRTRT6~Lid
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APFENDIY IX

FABRICATION AdD TEST DATA FOR SiAION TEST BARS {(Cont'd)

{Page 60of T)

Firang Conditacn

Deviation

(%) T (%) t (brs.) Code

6L
762
763
764

T65
T66
76T
768

769
770
771
772

T3
Tl
715
e

778
KES
780
8L

785
786
87
88

789
790
7oL
792

793
7ok
765
796

797
793
799
800

[3!1 + 2.5 vfo Y203] 1

[B'1 + 2.5 w/o ¥y05]41

[6'1 +2.5 w/o 50511

8'L+ 2,5 wlo (.75 Zx0,,
.25 Yp03)

B'l+ 2 5 w/o (.75 250y,
-5 Y;04)

B'l+2 5 wfo Zx0y

B'L+ 2.5 w/o Zx0,

g'1+ 5 wie (.75 2r0y,
-25 ¥,05)

8'1+ 5 wfo (.75 %r0,,
25 Y203}

+0.T 1735

+0.7T 1750

0.7 1750

+0,6 1735

+0.6 1760

+0.9 1735

+0,9 1775

+2.1 1735

+0.1 1775

1

ic

Ie

Te

Iec

Ic

TIe

Iec

Iic

Ie

Apperent Specific Bulk

Porosity Gravity Density
(%) (gfec) {g/ec)

0 3.0 3.0k

o4 3.1 3.1

k.5 2,98 2,84

2.5 2.9 2,85

25 3.20 2.39

28 3.1% 2.29

Q.1 3.02 3.02

0.1 3.1k 3.,1h

Flexurel Test Temp., if
Strength Othexr than Room
K péi %)

70
8o

56
63

&7
b2 370
65 1370

53
80

Te-ngTaT6-Llu
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APPENDIX II
FABRICATION AND TEST DATA FOR SiA10N TEST BARS {(Cont'd)
(Page Tof T)
Firing Condition Apparent Specific Bulk Fledural Test Temp., iLf

Sample Desared Deviation Porosiiy Gravity Density Strength Other than Reoom
Munber Compositaon (%) (%) © (brs) Gode ()] {gfee) {g/ce) pai {%)

810

gu [511 + 5 w/o Y0501 -0.1 1735 1 Ie 13 3.15 2.7
12

813

81k

815 [B'l + 5 %[0 ¥p05]+1 =0.1 1750 1 Ic 11 3,12 2.78
816

817

818

819 B'L+ 3.5 w/o 20, +L.1 1735 i Ie 27 3.z 2.36
820

821

822

823 B'l+ 5 w/o ( 8 Zro,,

gah 2 ¥p04) 40,9 1735 1 Ie 0.5 3.23 3.23
25

826

827

828 B'1l+ 5 w/o (.8 Zr0s,

829 .2 Y203) +0 9 1735 1 Ic 0 3.20 3.21

830
231 [a':L + 2.5 wfo ¥20,] 2 02 1735 1 Ie 1 2,90 2,87
32

833
g3t+ [8'1 + 2 5 w/o ¥p05]-2 -0,2 1750 L Ic 1 2,93 2.93
35

836
235 [5'1 + 5 /o Y,0,]-2 -0.5 1750 1 Ic ) 3.20 3.20 ,
3

81
SLE B'l+ 5 vwfo Zr0p [¢] 1735 1 Ic 18 3.36 2.75
3
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