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SUMMARY

Particulate defects were incorporated into NC-132 silicon
nitride and NC-435 silicon carbide billets to produce materials
containing characterized inclusions for subsequent nondestruc-
tive examination. Particles of tungsten carbide, iron, silicon
and graphite, in three nominal sizes of 0.13, 0.25 and 0.64 mm
(0.005, 0.010 and 0.25 inch), were introduced into the hot-pressed
silicon nitride (HPSN) billets according to a rectangular place-
ment plan. Similarly, iron, silicon and graphite particles were
seeded into the silicon carbide (SiC) billets. With the exception
of the defect seeding procedures, standard production material
mixes and processing procedures were used to manufacture two 15 x
x 15 cm billets of each material. Billet thicknesses were 8.2 and
5.7 mm for the silicon carbide and silicon nitride billets, re-
spectively.

The billets were examined by existing nondestructive evalu-
ation (NDE) methods to evaluate the effectiveness of the methods
in measuring billet inclusion content and general overall billet
quality. The billets were examined by radiographic, eddy current,
penetrant, and a variety of ultrasonic inspection techniques. A
pulse-echo ultrasonic method and radiography were used to detect
inclusions in the materials. While examining the newer, and there-
fore less characterized, SiC material, broad area ultrasonic re-
flections, which hampered inclusion detection, were discovered
unexpectedly. These areas were studied further by ultrasonic
attenuation measurements and eddy current variations. The re-
flections were later traced to planar microstructural phase
inhomogeneities in the SiC material.

Sonic velocity measurements, potentially useful in detecting
material density variations, were used to establish average longi-
tudinal wave velocities of 1.12 cm/micro sec and 1.21 cm/micro sec
in the HPSN and SiC materials, respectively. The variation between
velocity measurements were less than 1 percent and 3 percent, re-
spectively, for the two materials, which indicates the absence of
large volume density variations in the billets. Fluorescent pene-
trants revealed the presence of several laminations and cracks
along the edges of the SiC billets.

With regard to inclusions, broadband high resolution ultra-
sonic test equipment was used to detect discontinuities by pulse-
echo examination. A 25 MHz frequency was used and defects were
depicted by immersion C-scan techniques. The use of machined
surfaces was necessary to separate defect indications from sur-
face roughness signals in the as-pressed billet condition. The
coarse and medium size contaminants were readily visible in the
scans of the HPSN billets. The fine size seeded defects were not
detected as readily except for iron particles in one and silicon



particles in the other HPSN billet. Although ultrasonic indica-
tions were recorded in areas where the fine particles should have
been, they did not conform to the seeding plan in position or
number. The disparity between seeding plan and defect indication
was due in large part to the detection of many defects which were
not intentionally seeded but which were incorporated into the
billets as a result of the seeding operation procedures. As men-
tioned, large areas of unexpected reflections masked the flaw
detection capabilities of the pulse-echo method for much of the
SiC billets. Some seeded defects were evident in regions clear
of these reflections.

Standard radiographic techniques, with a tube voltage of 60
KVP, were used to inspect the billets for contaminants. All sizes
of the tungsten carbide and iron contaminants in the HPSN billets
were radiographically visible. The fine and medium size silicon
and graphite particles were not visible in the HPSN billets, even
with a machined surface. In addition to the ordered seeded par-
ticles, approximately 30 high density particles about 0.13 mm in
size were found in a dispersed cloud in one HPSN billet.

Following the characterization of the billet plates, the
seeded regions of the billet were rough cut into rectangular
blanks of sizes of 7.4 x 11.1 x 32 mm and 5.5 x 7.9 x 32 mm for
the carbide and nitride materials, respectively. The individual
blanks were examined by ultrasonic C-scans and radiography to
locate closely the three-dimensional coordinates of the indicated
contaminants. One of the contaminants within a given blank was
selected as a '"target'" defect and the thickness of the bar was
additionally machined in order to locate the defect close to the
surface of the bar. The machined bars were used as bend test
specimens to evaluate the effect of inclusions upon material
strength.

Over 70 HPSN bars and 23 SiC bars from seeded regions of the
billets were broken in four-point bending at room temperature in
order to study the effect of inclusions on material strength.
Optical microscopy was used to identify the nature of the frac-
ture origin as an inclusion particle or a surface microcrack and
to measure the cross-sectional orthogonal dimensions of fracture
initiating inclusions. With very few exceptions, the fractures
were initiated by inclusions. The smallest inclusions observed
to initiate failure were approximately 25 x 25 microns (0.001 x
0.001 inch) in cross-section and it was apparent that uninten-
tional defects were competing with seeded defects as fracture
origins. By comparing the location of a fracture exposed inclu-
sion with the defect locations indicated by NDE methods, it was
possible to ascertain whether a fracture initiating defect had
been detected by nondestructive means.



A limited program of bend testing was conducted at 1093°C
and 1370°C on seeded and unseeded specimens of the HPSN and SiC
materials. The effect of temperature upon material strength is
summarized in Table S1. (The room temperature strengths from the
unseeded portions of the NC-132 HPSN billets are somewhat below
normal for this material. The mean strength of 380 samples taken
from the last 40 NC-132 HPSN billets was 834 MN/m? with a stand-
ard deviation of 129 MN/m?. The lower strength of the program's
billets is attributed to the greater handling of the powder and
the concomitant introduction of unintentional defects.) In HPSN
at 1093°C, fractures are still largely of a brittle nature and
the strength of unseeded specimens are similar to 25°C values.
Three of the five seeded HPSN specimens that were broken at this
temperature failed at inclusions and the remaining two failed at
edge flaws. Material strength of unseeded SiC specimens at 1093°C
exceeds that at 25°C due to the increased plasticity of the sili-
con phase. Three of the five seeded SiC specimens that were
broken at this temperature failed at inclusions and the remaining
two failed at surface flaws. At 1371°C, the inherent strength of
both materials is substantially less because of thermal activation
of new failure mechanisms. At the higher temperature, grain boun-
dary sliding in the HPSN causes slow crack growth and in the SiC
material the silicon phase approaches melting, which decreases
the material's rigidity and modulus. With the onset of these new
failure mechanisms, inclusions become less important in initiating
fracture. However, instances of inclusion assisted fracture were
still observed at 1371°C in each material.

Approximately 40 fracture origins in bend bars were examined
by means of scanning electron microscopy (SEM) and an energy dis-
persive microprobe to clarify the chemical nature of the inclu-
sions. All four types of seeded particles in the HPSN were identi-
fied plus carbon and silicon particles in the SiC. This procedure
permitted the identification of some seeded defects whose natures
were not clear from the NDE inspections because of the large num-
ber of defects detected.

Stresses at the fracture initiating inclusions were computed
from the depth of the defect within the bend bar, the outer fiber
stress and the assumption of a linear bend stress gradient. For
each defect type, breaking stress at the defect was plotted as a
function of the thickness dimension (in the direction of the ap-
plied bend load) of the inclusion. (See Figures 29A, B and C in
text.) The fracture stress at a particular type of defect de-
creases as the defect size increases in the size range studied.
An exception to this stress-size relationship was tungsten carbide
particles in HPSN, for which the fracture stress was invarient
with size.

A comparison of the abilities of the ultrasonic and radio-
graphic methods to detect defects of different types is shown in



NC-132 HPSN

Billet T, Unseeded
Billet B, Unseeded
Billet T, Seeded
Billet B, Seeded

NC-435 SiC

Billet #1 Unseeded

Billet #2 Unseeded

Billet #1 Seeded

Billet #2 Seeded

TABLE S1

25°¢?

732;604-894;12
650;517-812;12

403*%+;117-675;39
460%t+;238-639;29

388;316-519;8
305;264-361,8

272%t;134-342;11

267%t;184-426;5

!Four-point bend fixture

’Three-point bend fixture

*Inclusion assisted fracture

1093°¢?

725;684-738;5
6783;590-7763;5

593, 660*
346%,572*%,762

476;438-494;5
455;,402-518;5

312% 332% 372%
445, 455

tAverage for all types of inclusions

1371°C?

339;329-348;5
377:364-388;5
311

319*%,343, 354,
359

335;325-344;5
328;301-366;4

200%,246,272,
301

Influence of Test Temperature on Strength (MN/m?) of Seeded and

Unseeded Ceramic Materials.

Mean strength, strength range, and

number of tests, respectively, are given for each condition
except for seeded high temperature strengths where individual
bar strengths are given.



Table S2. The listing was constructed by combining the results
of the C-scans and radiographs, from which many defect sizes and
types could be determined by inspection, with the results of the
SEM and microprobe examination. The three size classification,
fine, medium and coarse, relate to the three sizes of seeded de-
fects. However, because of changes in seeded defect geometry
during material manufacture, final inclusion dimensions may not
be equated with as-seeded dimensions. It is seen that ultra-
sonics is capable of detecting a wider range of defect sizes than

radiography, which is more successful in detecting higher density
inclusions than low density ones.

TABLE S2
Nominal Defect Size
Matrix Material;Defect Type Fine Med ium Coarse
NC-132 HPSN;Fe X, U X, U X, U
1 "SWC X, U X, U X, U
" " 381 U U X, U
1" " ; C - U X, U
NC-435 SiC;C U U X, U
" " 551 - U U

Relative effectiveness of detection of seeded defect
ihclusions by ultrasonics and radiography.

X
U

mon

radiographic detection
ultrasonic detection
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I INTRODUCTION

The use of ceramics as structural components, such as in gas
turbine applications, has produced the need to inspect and evalu-
ate the quality of these components. Nondestructive inspection
methods have long been used to evaluate the structural soundness
of metal components and a large body of technology regarding metal
inspection has evolved.

Although it is expected that many of these methods are also
applicable to ceramics, the different physical properties of
ceramics, such as the generally higher elastic modulii, finer
grain size and greater sensitivity to smaller flaws, and different
methods of fabrication require that the methods be evaluated for
their appropriateness for ceramic materials. In particular, the
nondestructive inspection methods must be evaluated with respect
to suitability for detecting relevant defect types and defining
the size-sensitivity limitations in specific materials. This
approach requires a knowledge of the inspection techniques and
the defects and materials being evaluate

In the current program, existing nondestructive test methods
at AMMRC, including ultrasonics, radiography, eddy current and
penetrant, were evaluated for their effectiveness in inspecting
ceramic materials. The two commercial materials, a hot pressed
silicon nitride and a siliconized silicon carbide, are manufac-
tured by different fabrication techniques and both are candidates
for high temperature structural applications.

Il EXPERIMENTAL PROCEDURE
A. SEEDED BILLET PREPARATION

The hot matrix ceramic materials selected for seeding with
inclusion defects were NC-132 silicon nitride and NC-435 silicon
carbide. The former material is a dense, high strength form of
silicon nitride prepared by hot pressing silicon nitride powder.
The latter material is a densified silicon carbide of approxi-
mately 85 weight percent silicon carbide and 15 weight percent
free silicon plus one to two volume percent of porosity. Repre-
sentative micrographs of the two matrix materials are shown in
Figures 1 and 2.

The inclusion defects selected for incorporation into the
hot pressed silicon nitride (HPSN) were graphite, iron, silicon
and tungsten carbide (WC) particles. The same types of particles,
with the exception of the tungsten carbide, were seeded into the
silicon carbide billets. This group of seeded materials contains

15



Figure 1. Typical NC-132 HPSN microstructure, SEM, 5000X.

Figure 2,

Typical NC-435 microstructure,

SEM, 2000X.

16



members which are higher or lower in physical density than the
matrix materials. In addition, particles of similar composition

are frequently found in the matrix materials as normal processing
defects.

The particles were sized into three nominal size fractions,
coarse, medium and fine, by Tyler Screen sieving. The minimum,
mean, and maximum particle diameter for each size distribution
was determined by optical microscopy and this information is pre-
sented in Table 1. The nominal sizes of fine, medium, and coarse
correspond to mean particle diameters of approximately 125, 250
and 635 microns, respectively.

TABLE 1. SIZING OF SEEDED PARTICLES
Diameters given in micrometers.

Nominal Nominal Particle Diameter Ranges

Size Particle WC Fe
Name Diameter Min. Mean Max. Min. Mean Max.
Fine 125 51 127 178 51 127 152
Medium 250 127 254 356 254 305 356
Coarse 635 508 660 762 508 635 762
Si C
Min. Mean Max. Min. Mean Max.
Fine 125 51 152 254 102 127 203
Medium 250 254 381 508 203 254 406
Coarse 635 508 660 1016 508 762 1270

Two billets of each matrix material were prepared with seeded
inclusion particles from standard production powder mixes. For
the HPSN billets, two halves of the final billet were cold pressed
in 15.9 centimeter square steel dies. A template to aid defect
placement was constructed of a manila paper frame with a rectangu-
lar lattice of thread. The lattice divided the central portion of
the billet preform into 0.8 x 3.2 cm rectangles, as shown in
Figure 3. The particles to be seeded as inclusion defects were
placed in the center of the rectangles, in the manner indicated,
onto the top face of the preform still within the die. The seed-
ing of the contaminant particles was accomplished by various
methods. The larger particles were readily transferred with a
curved forcep or vacuum tweezers. Because of their smaller size,
the finer particles were considerably more difficult to manipulate

17
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Figure 3. Defect seeding plan for NC-132 HPSN billets.
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and more than one fine particle was sometimes placed within a given
rectangle. A satisfactory method of single fine particle transfer
was to attach a particle to a hair with static electricity and
locate the defect in position with the aid of a five power loupe.
After particle seeding, the second half of the preform was inserted
into the steel mold and the two halves were pressed together prior
to stripping from the steel mold and insertion into the graphite
mold for hot pressing.

A somewhat similar procedure was followed for the production
of the seeded NC-435 silicon carbide billets. One half of the
weight of the raw material mix for a billet was poured into a
15.2 cm square graphite firing mold and leveled. The positioning
template in this case consisted of 1.1 x 3.2 cm rectangles and
the particles were placed in the arrangement shown in Figure 4.
Following particle placement, the remaining material mix was added
to the mold cavity and the total mass was pressed prior to the
silicon carbide sintering step.

The areas outside the seeded regions of Figures 3 and 4 were
used to supply specimens for baseline property determinations.
This included room and high temperature bend strengths and chemi-
cal analysis.

Before high temperature firing, all billets were scribed to
Create a permanent orientation reference. Standard firing pro-
cedures were used for each material type.

The fired billets were given a light sand blasting to remove
the thin surface reaction layer from firing. Billet bulk densities
were measured by the Archimedean water displacement method and are
reported in Table 2. All billets exceeded the minimum density re-
quirements for their respective specifications.

TABLE 2. BULK DENSITIES OF SEEDED BILLETS

Billet Specification Bulk Density (g/cc)
NC-132 HPSN, Top 3.22
NC-132 HPSN, Bottom 3.21
NC-435 SiC, #1 3.00
NC-435 SiC, #2 3.00

Samples were taken from unseeded areas of one of the silicon
nitride and one of the silicon carbide billets for chemical analy-
sis. The majority of the analyses were obtained by emission
spectroscopy. The oxygen and carbon contents of the HPSN were
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obtained by an inert gas fusion technique. The chemical analyses
are reported in Table 3 and are representative of these materials.

TABLE 3. CHEMICAL COMPOSITION (weight percent)
of NC-132 HPSN and NC-435 SiC BILLETS

NC-132 HPSN NC-435 SiC
Analyses (w/o) Analyses (w/o)
Al 0.14 Al 0.26
Fe 0.22 Fe 0.34
Ca 0.06 Ca 0.04
Mg 0.53 MG 0.02
W 1.8 W 0.01
Co 0.01 Co 0.01
Mn 0.01 Mn 0.01
0 1.53
C 0.46

Maps of the seeded inclusion locations (i.e. Figures 3 and 4)
were prepared to assist in the nondestructive evaluation (NDE)
of the billets. The maps and the billets, in the as-sand blasted
surface condition, were forwarded to AMMRC where the nondestruc-
tive testing was performed.

B. NONDESTRUCTIVE TESTING
1. Introduction

The objective of the nondestructive testing portion of
this program was to evaluate the effectiveness of existing non-
destructive test practices at AMMRC for inspectin the ceramic
samples. The methods utilized had to be optimized by suitable
parameter control to obtain significant results on the ceramic
materials. Nondestructive test methods included in the evalua-
tion were ultrasonics, radiography, eddy current and penetrant.

2. Ultrasonics

a) Pulse-Echo Flaw Detection - Broadband high resolution
ultrasonic test equipment was required to successfully detect dis-
continuities in the ceramic samples. This was not unexpected since
the total transit time of an ultrasonic pulse in the sample plate
thickness was less than one microsecond. The transducer which
alternately acts as a transmitter and receiver in a pulse-echo
test does not have enough time to stop ringing in this short in-
terval with a narrow-band test system. Therefore, any received
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signal from discontinuities is blocked by the remaining vibration
of the transmitted pulse in a contact test or the front surface
reflection in immersion testing. The high resolution system avail-
able for this work still produced a blind area equivalent to almost
half the thickness of the sample plates. The billets had to be
turned over and reinspected from the opposite side to cover this
blind area.

Discontinuities detected by ultrasonic pulse-echo inspection
were depicted by immersion C-scan techniques. The instrumentation
used to inspect the ceramic specimens and produce C-scan records
of the results was manufactured by Automation Industries, Inc.

A Model US-454 laboratory ultrasonic scanning-recording system

was utilized with a Type UM 771 Reflectoscope, Type 50S wide band
Pulser/Receiver module operating in the 15 MHz to 50 MHz frequency
range, and Type H Transigate. Several ultrasonic frequencies were
evaluated from 10 MHz to 25 MHz. A 25 MHz lithium sulfate trans-
ducer, 0.79 cm diameter with a medium focus lens (5.1 cm focal
distance in water and 1.27 mm beam diameter at the focal distance),
was found to produce the best results for detecting the seeded
defects and was therefore used to inspect all four billets as well
as the rough cut bars machined from these billets. The operating
sensitivity of the 50S Pulser/Receiver was set at a maximum limited
only by the electronic noise generated by the instrument itself.
Structural or grain boundary scattering in this material at 25 MHz
frequency was not a factor in setting sensitivity. The electronic
signal gate of the H Transigate was adjusted in position and width
to occur (in time) between the reflected top and bottom interface
echoes of the ultrasonic pulse propagating through the thickness

of the samples. Ultrasonic signals reflected from discontinuities
within the material appear in the gate and are recorded as intensity
marks on the C-scan recording. The recording scanner has a direct
drive for accurate 1:1 full scale C-scan recording. The index in-
crement was set at 0.127 mm per stroke for this work.

An attempt was made to inspect the billets in the as-processed
condition without machining the surfaces. Figure 5 shows a resul-
tant C-scan recording. An analysis of the cause of the indications
in this recording revealed that a majority are interference effects
from surface roughness. This result shows the necessity of surface
machining prior to ultrasonic testing.

Figures 6 through 13 show pulse-echo C-scan recordings at
25 MHz frequency of the NC-132 and NC-435 billets following sur-
face machining. The ultrasonic test reveals the presence of many
defects in the billets that are not listed on the seed location
maps. Ultrasonic indications from the coarse and medium seeded
contaminants are obvious on the recordings. Identification of
the fine contaminant indications on the C-scans is not quite as
simple except in a few instances such as the Fe in NC-132 bottom
billet and the Si in NC-132 top. Generally, ultrasonic indications
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Figure 11. C-scan recording of NC-435 SiC #1 billet,
turned over, in machined condition.

29



Fe

R e T Y T e

s T STV o e A s o S Tws ! amatey Amos

s

&
w2
H8 ¢
i

133

e Wy
LA

e

., -
W ey

'

in machined condition.

C-scan recording of NC-435 SiC #2 billet

Figure 12.
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Figure 13. C(C-scan recording of NC-435 SiC #2 billet,
turned over, in machined condition.

31



appear in the areas where the fine contaminants should be; however,
they do not conform to the plan in position or number. Large areas
of unplanned ultrasonic reflections effectively masked the flaw de-
tection capabilities of the pulse-echo technique for the NC-435

billets. Some of the seeded contaminants are evident in areas
free from these reflections.

After characterization of the billets by the other NDE methods,
rectangular bars were sliced from the seeded areas of the billet
plates. The cutting instructions for excising the bars were ob-
tained from billet radiographs (see Section III and Figures 20-23).
With the exception of minor alignment corrections, the slicing pat-
terns were similar to the seeding grid patterns of Figures 3 and 4.
In order to maintain bar identity and orientation with respect to
the mother billet, the bars were marked with an indelible four
place code immediately after slicing. The key to the four place
code is given in Table 4.

TABLE 4 - EXPLANATION OF FOUR PLACE, W-X-Y-2Z,
SAMPLE BAR IDENTIFICATION CODE

W Place - Refers to billet identity: T = Top HPSN;
B = Bottom HPSN; 1 = #1 SiC; 2 = #2 SiC

X Place - Refers to type of seeded particle: C = carbon;
Fe - iron; Si = silicon; WC = tungsten carbide

Y Place - Refers to relative size of particle: F = fine;
M = medium; C = coarse

Z Place - Iteration factor to distinguish between

similar particles: numerals 1 through 4

Ninety-six silicon nitride and seventy-two silicon carbide
bar specimens were examined by C-scans and radiography to charac-
terize and better locate the defects within the bars. These bars
were material blanks for bend bar specimens. The Appendix shows
ultrasonic C-scans for a number of the rough-cut bend bars. The
defect displays selected for illustration span the types and
sizes of seeded particles and show variations in the number of
defects detected per bar.

Also presented with these C-scans is a tabulation of the
ultrasonic and radiographic defect indications according to their
depth below the surface. The depth of each discrete ultrasonic
reflection was measured using a scale mounted horizontally on the
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oscilloscope screen. The accuracy of this method was approxi-
mately +0.25 mm. The same information was measured from side-
view radiographs of the bend bars. The depth of the defects was
determined to about £0.025 mm radiographically. The defect indi-
cations that coincided in location and depth were listed adjacent
to each other to show apparent correlation between the two NDT
methods.

b) Pulse-Echo Attenuation Measurements - Figures 14 and
15 are C-scan recordings of the variation in ultrasonic energy
loss through the surface machined NC-435 billets. The recordings
were made at 15 MHz frequency by monitoring the amplitude of the
second back surface reflection. An Automation Industries Graphi-
gate was used to produce tone shaded C-scans where the white
areas represent a 3 db or Z times loss of energy compared to the
dark areas. Only NC-435 billets were scanned for ultrasonic at-
tenuation in an attempt to explain the unplanned defect indica-
tions seen in Figures 10-13. The light areas on the attenuation
scans correspond to the dark regions seen in the defect scans.
The attenuation change is most notable at the boundaries of these
regions. The circular indication at the right center of the
C-scan of NC-435-1 billet is a scab that is only partially visible
on the machined surface.

c) Velocity Measurements - Variation in chemical compo-
sition, porosity and microstructure that lead to a modulus change
will show up as a change in the material's ultrasonic velocity.
Ultrasonic velocity measurement then presents a means for assess-
ing certain material properties of ceramics.

Point by point velocity measurements to determine property
variations in the sample billets were made with a Panametrics
0.64 cm diameter 15 MHz broadband contact transducer centered on
each of the rectangular areas shown on the seed location maps.
The technique consists of measuring the transit time of the ultra-
sonic pulse as it is reflected back and forth through the thick-
ness of the sample billet. Transit time was measured by the
pulse-echo overlap-method where pairs of echoes are electronically
superimposed by driving the x-axis of a viewing oscilloscope with
a CW sinusoidal signal properly adjusted to a frequency equal to
the reciprocal of the travel time between echos. Measurement of
this frequency can be made to a high precision by an electronic
counter, and if the correct cyclic overlap for the rf within the
echoes is chosen, very accurate measurement of ultrasonic velocity
is possible.

The average longitudinal wave velocity for the NC-132 billets
was 1.12 cm/usec with a variation of less than 1 percent between
measurements. The NC-435 billets had variations up to 3 percent
with an average velocity of 1.21 cm/usec.
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3. Eddy Current

Changes in a materials properties or characteristics
that affect the materials electrical conductivity can be evalua-
ted by eddy current tests. Figures 16 and 17 show variations in
eddy current NDT response as measured by the Automation Industries
EM-3300 eddy current instrument on the NC-435 billets. Measure-
ments were made at 1 MHz frequency with a 0.64 cm diameter probe
coil centered on each of the rectangualr areas. The numbers re-
present deflection in centimeters on a cathode ray tube screen
with the spot moving from o to 10 cm. The numerical values are
only relative, showing variation in resistivity within a single
billet. Some correlation is evident when the ultrasonic C-scans
of Figures 10-15 are compared to the eddy current results. Since
the silicon nitride is an excellent dielectric (non-conductor),
eddy current readings could not be produced for the NC-132
material.

4, Liquid Penetrant

Each billet was examined by the liquid penetrant method
for surface cracks, porosity and edge laminations. A Magnaflux
post-emulsifiable fluorescent penetrant ZL-22 was used on the
sample billets with a ZE-3 emulsifying agent and a ZP-4 dry de-
veloper. Several laminations and cracks were detected on the
edges of both of the NC-435 billets and surface indications were
noted on NC-435-1 billet. These results are illustrated in
Figures 18 and 19. The cracks are mostly visible using a hand
glass. The depth of these cracks is indicated in ultrasonic
C-scans, Figures 10-13 as shaded areas at top, bottom, and left
sides of the C-scans. The NC-132 billets were free of liquid
penetrant indications.

5. Radiography

A radiographic inspection was conducted of the billets
both in the as-pressed condition and after machining using a

Norelco 300 x-ray unit. Other radiographic parameters were as
follows:

KVP: 60

MA: 15

Exposure Time: 2 minutes, 30 seconds
Penetrameter: Aluminum step wedge
Target Film Distance: 76.2 cm
Screens: None

Focal Spot: 0.4 mm

Film Type: Kodak M

The radiographs of the as-pressed NC-132 billets showed all
sizes of the tungsten carbide and iron contaminants. The large
low density graphite particles were seen with some difficulty as
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Figure 16, Variations in eddy current response
of NC-435 SiC #1 billet
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Figure 17, - Variations in eddy current response of
NC-435 SiC #2 billet
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they blend in with the surface roughness. A cloud of dense par-
ticles about 0.13 mm diameter was seen in the radiograph of NC-132
top billet. They are scattered both around and below the tungsten
carbide row and are about thirty in number. The iron particles
are shaped like a crude X. No seeded contaminants were visible

in the as-pressed NC-435 billets.

The maps that appear in Figures 20-23 were prepared manually
from the radiographs taken of the billets after surface machining.
Although the location of the defect images are accurate, sizes are
not. Tungsten carbide and iron contaminants show as more dense
relative to the matrix and silicon and graphite as less dense in
the original radiographs. The visibility of the high density
seeded and unintentional defects in the NC-132 billets is about
the same as in the radiographs taken in the as-pressed condition.
The large, low density seeded defects can be seen more easily
after surface machining. The map for NC-132 bottom outlines areas
that show up as light, irregular markings on the radiographs.

Only the large graphite particles, a surface scab, and an isola-
ted large, high density inclusion are visible in the radiographs
of the NC-435 billets.

The rough cut bend bars machined from the billets are radio-
graphed on their side to determine the depth of defects. The re-
sults of the radiographic inspection of each bar are tabulated
and compared with ultrasonic inspection in the Appendix. A feature
of the radiographs of the NC-132 bars that does not appear in the
listings is the distinct high density (radiographically) bondline
that was visible in each bar. Although only a few discreet de-
fects were detected in the NC-435 bars, high and low density stria-
tions were found running axially in virtually every bar.

C. STRENGTH TESTING

Bend bar specimens for a baseline strength characterization
of the billets were cut from unseeded regions of the billets.
These samples were 3.18 x 3.18 x 38.1 mm in size and were finish
ground in a direction parallel to the bar axis with a 320 diamond
grit wheel. Bar edges were ground to a bevel to suppress fracture
initiation from edge cracks.

Bend bars containing seeded defects were prepared from the
rough-cut material blanks. The C-scans of the individual blanks
were used to select a defect which was intended to be the frac-
ture origin when the bar was broken. 1In order to be selected as
a target defect, the defect had to be in the central half of the
length of the bar so as to be located within the inner load span
during the four-point bend testing. An amount of stock removal,
intended to place the defect close to a newly machined surface,
was computed from the NDE depth indications and the thickness of
the blank. The stock removal positioned the defect approximately
0.1 - 0.3 mm from the new surface so that the defect would be
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Figure 20. Map of radiograph of NC-132 HPSN top billet
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Figure 21. Map of radiograph of NC-13Z HPSN bottom billet.
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Figure 22, Map of radiograph of NC-435 SiC #1 billet
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Figure 23. Map of radiograph of NC-435 SiC #2 billet
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highly stressed in the bend test, thereby increasing the probabil-
ity that it would initiate the bend test fracture. If the depth
of the targeted defect was determined by both ultrasonics and
radiography, the radiographic distance was used to compute the
amount of stock removal because of its greater accuracy.

Stock removal was accomplished with a 320 grit diamond, resi-
noid bonded wheel by grinding in the direction of the bar axis.
The side faces of the bars were lightly ground to remove slicing
scratches and edge chips. The bar edges were not beveled as pre-
liminary bend testing showed that the defect stress concentrations
and the quality of the finishing operation were sufficient to
cause fracture initiation at an inclusion with a high degree of
probability. The finished size of seeded HPSN bend bars was
length = 38 mm, width = 6 mm and thickness = 2.7-3.7 mm. The
finished size of the silicon carbide bars was similar, except the
nominal width was 9.5 mm.

Room temperature bend testing was conducted with a four-point
bend fixture of steel construction. The jig was articulated to
minimize errors from specimen misalignment or nonparallel faces.
Fixture spans were 12.7 mm over 25.4 mm. Loading was done in a
mechanical testing machine with a crosshead rate of 0.51 mm/min.
The specimen Modulus of Rupture (MOR) stress was calculated from
the four-point flexure formula:

Eq. 1

3L a

0 MOR 5
wt

where,

o MOR fracture stress
fracture load
moment arm
specimen width
specimen thickness

=W

Room temperature four-point bend strengths for specimens cut
from unseeded portions of the HPSN and the SiC billets are given
in Tables 5 and 6, respectively. The unseeded strengths for the
NC-132 HPSN billets (Table 5) are somewhat below normal for this
material. The mean strength of 380 samples derived from the last
40 NC-132 HPSN billets was 834 MN/m? with a standard deviation of
129 MN/m®>. The lower strength of the program's billets is attri-
buted to the greater handling of the powder and the concomitant
introduction of unintentional defects. Room temperature strengths
for the seeded HPSN and SiC specimens are given in Tables 7 and 8,
réspectively.

Elevated temperature strength testing was conducted in a
three-point bending fixture with alumina loading supports and a

46



TABLE 5

Room Temperature Bend Strength of NC-132 HPSN
Specimens Cut From Unseeded Area of Billets

Break MOR Stress (MN/m?)

Number Billet T Billet B

1 644 613

2 473 517

3 676 745

4 727 739

5 604 666

6 751 429

7 826 645

8 829 812

9 817 628

10 841 679

11 698 543

12 894 778

Average 732 650

Standard Deviation 121 113

TABLE 6

Room Temperature Bend Strength of NC-435 SIC
Specimens Cut From Unseeded Area of Billets

Break MOR Stress (MN/m?)
Number Billet 1 Billet 2

1 316 292

2 325 264

3 392 269

4 519 301

5 304 361

6 515 303

7 337 325

8 398 321

Average 388 305

Standard Deviation 86 32
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TABLE 7

Modulus of Rupture, optical fractographic and inclusion
detectibility data for HPSN bend bars broken at room temperature,

Inclusion

Fracture Dimensions? Inclusion
o MOR Origin (0.001™) Detection?®

Specimen (MN/m?) Location! X _ Y z uS _ XR
B-C-F-2 509 I 8 3 10 X
B-C-F-4 502 I 15 2 14 X
B-C-M-1 572 S NA" NA
B-C-M-2 639 I 2 1 4
B-C-M-3 487 I 17 5 10 X
B-C-M-4 574 I 5 2 3 X
B-C-C-1 510 I 4 6 6
B-C-C-2 555 E NA NA
B-C-C-3 548 I 0 2 2
B-C-C-4a 772(7) I ‘ 6 7 11 X X
B-C-C-4b 772(7) I 4 1 1
B-Fe-F-2 444 I 6 6 8 X X
B-Fe-M-1 372 I 8 12 12 X X
B-Fe-M-2 450 I 9 5 13 X X
B-Fe-M-3 401 I 10 8 17 X X
B-Fe-M-4 417 I 9 16 17 X X
B-Fe-C-2 238 I 8 35 44 X X
B-Fe-(C-3 258 I 10 32 44 X X
B-Fe-C-4 291 I 5 34 22 X X
B-Si-F-3 453 I 7 2 11 X
B-Si-M-1 568 I 22 4 19 X
B-Si-M-2 559 I 20 3 17 X
B-Si-C-1 311 I 9 5 25 X X
B-Si-C-2 304 I 12 10 35 X X
B-Si-C-3 378 I 15 5 35 X X
B-Si-C-4 327 I 11 10 27 X X
B-WC-F-1 525 I 0 2 3 X X
B-WC-F-2 553 I 9 3 7 X X
B-WC-F-3 598 I 8 5 6 X X
B-WC-F-4 633 S NA : NA
B-WC-M-1 576 I 18 3 12 X X
B-WC-M-2 520 I 5 5 10 X X
B-WC-M-4 414 I 6 3 6 X
B-WC-C-3 625 I 10 18 26 X X
T-C-F-4 556 I 2 1 1
T-C-M-1 373 I 10 6 16 X
T-C-M-2 352 I 10 7 15 X
T-C-M-3 427 I 3 3 4
T-C-M-4 305 I 8 5 11 X

Continued
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TABLE 7 (continued)

Inclusion
Fracture Dimensions? Inclusion
o MOR Origin (0.001m™) Detection?
Specimen (MN/m?) Location! X Y Z US XR
T-C-Cc-1 306 I 10 14 22 X X
T-C-C-2 341 I 12 15 22 X X
T-C-C-3 307 I 9 14 25 X X
T-C-C-4 272 I 10 15 28 X X
T-Fe-F-2 424 I 3 1 6 uncertain
T-Fe-F-3a 661(?) I 2 1 3
T-Fe-F-3b 661(7) I 3 3 5
T-Fe-M-1 296 I 8 17 21 X X
T-Fe-M-2 353 I 10 8 16 X X
T-Fe-M-3 389 I 9 11 14 X X
T-Fe-M-4 337 I 10 15 13 X X
T-Fe-C-1 205 I 11 20 40 X X
T-Fe-C-2 319 I 8 34 20 X X
T-Fe-C-3 242 I 10 33 30 X X
T-Fe-C-4 212 I 7 34 29 X X
T-Si-F-1 522 I 13 3 8 X
T-Si-F-2 550 I 13 3 11 X
T-Si-F-4 379 I 15 7 17 X
T-Si-M-1 363 I 1 4 4
T-Si-M-2 550 I 14 3 10 X
T-Si-M-3 521 I 11 2 4 X
T-Si-M-4a 331(?) I 1 2 7 uncertain
T-Si-M-4b 331(?) I 0 7 4
T-Si-C-1 305 I 8 7 30 X X
T-Si-C-2 117 I 7 7 25 X X
T-Si-Cc-3 296 I 9 5 25 X X
T-Si-C-4 343 I 10 6 24 X X
T-WC-F-1 547 I 6 1 6 uncertain
T-WC-F-2 675 I 1 1 1
T-WC-F-3 461 I 0 3 4
T-WC-F-4 619 I 17 4 12 uncertain
T-WC-M-1 426 I 18 8 10 X
T-WC-M-2 585 I 0 2 12 X
T-WC-M-3 466 I 6 8 13 X X
T-WC-M-4 380 I 0 3 15 X
T-WC-c-1 478 I 0 5 12 X
T-WC-C-2 621 I 14 3 8 X
T-WC-C-3 494 I 10 20 19 X X

+
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TABLE 8

Mo@u}u§ of Rupture, optical fractographic and inclusion
detectibility data for SiC bend bars broken at room temperature.

Inclusion
Fracture Dimensions? Inclusion
g MOR Origin (0.001") Detection?
Specimen (MN/m?) Location! X Y I US XR
1-C-M-1 246 I 0 5 10 X
1-C-M-2 486 S NA* NA
1-C-M-3 283 I 6 10 11 X
1-C-C-1 134 I 11 14 27 X X
1-C-C-2 248 I 16 12 21 X X
1-C-C-4 250 I 0 5 10 X
1-Fe-F-2 332 I 0 2 6 X
1-Fe-M-3 283 I 4 7 12 X
1-Fe-C-1 243 I 0 15 36 X
1-Fe-C-2 384 S NA NA
1-Fe-C-3 360 E NA NA
1-Si-M-1 342 I 0 6 8
1-Si-M-3 490 S NA NA
1-Si-M-4 497 E NA NA
1-Si-C-1 323 I 5 18 18 X
1-S8i-C-2 308 I 6 14 18 X
2-C-F-2 426 I 20 4 X
2-C-M-3 185 I X
2-C-M-4 423 S NA NA
2-C-C-1 184 I 27 14 26 X X
2-C-C-2 209 I 28 14 32 X X
2-C-C-3 332 I 29 15 23 X X
2-Fe-C-3 330 S NA NA

1 . . . . .
I-inclusion, S-tensile surface microcrack, E-edge microcrack

Dimensions X, Y and Z defined in Figure 25

® An X indicates the inclusion was detected by ultrasonics (US)
or radiography (XR)
* NA - not applicable
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span of 23 mm. Specimens were allowed to equilibrate thermally
for about fifteen minutes after their insertion into the furnace
and were broken at a crosshead loading rate of 0.51 mm/min. Frac-
ture strengths were calculated from the formula:

Eq. 2
_ 1.5 1%
Of T Tgt2
where,
ofg = fracture stress
2 = bend span

and the other symbols retain their previous definitions.

Three-point bend test results at 1093°C and 1371°C for the
baseline and defect seeded HPSN specimens are given in Tables 9
and 10, respectively. Similarly, high temperature strength data
for the baseline and seeded SiC specimens are given in Tables 11
and 12, respectively. Because of the longitudinal stress field
gradient in a three-point bend specimen, the seeded specimens for
high temperature testing were selected with centrally located in-
clusions so as to place the inclusion directly beneath the central
loading pin of the test fixture.

TABLE 9. THREE-POINT BEND STRENGTH OF UNSEEDED
NC-132 HPSN SPECIMENS AT 1093°C and 1371°C.

1093°C MOR 1371°C MOR

Sample # (MN/m?) _(MN/m?)
HPSN Billet T =R
1 738 348
2 723 329
3 684 334
4 747 334
5 735 348
Average 725 339
Standard Deviation 25 9
HPSN Billet B
1 590 378
2 715 383
3 674 388
4 636 373
5 776 364
Average 678 377
Standard Deviation 71 9
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TABLE 10. THREE-POINT BEND STRENGTH OF SEEDED NC-132
HPSN SPECIMENS AT 1093°C and 1371°C

Inclusion Dimensions?

Test MOR Fracture (0.001")
Temperature Sample  (MN/m?) Origin® X Y Z

1093°C

~ B-Si-F-1 762 E NA?
B-Fe-F-1 346 I 12 10 30
B-Fe-F-4 572 I 12 2 8
T-C-F-1 593 E NA
T-C-F-3 660 I 15 3 7

1371°C
B-Si-F-4 343 S NA
B-Si-M-3 354 SS NA
B-Fe-F-3 319 I 11 8 11
B-C-F-3 359 S NA
T-Fe-F-4 311 S NA

' E - Edge; I - Inclusion;

j Dimens

ions

NA - Not Applicable

SiC Billet 1

TABLE 11.

THREE-POINT BEND STRENGTH OF UNSEEDED

S- Tensile Surface; SS - Side Surface
defined in Figure 25

NC-435 SiC SPECIMENS AT 1093°C and 1371°C

SiC Billet 2

Sample #

2

4
5
Average

Standard Deviation

VT WD

Average

1093°C MOR 1371°C MOR
(MN/m?) (MN/m?)

494 344
491 342
491 328
438 325
467 335
476 335

24 9
434 335
518 301
414 366
402 308
506 ---
455 328

53 29

Standard Deviation



TABLE 12. THREE-POINT BEND STRENGTH OF SEEDED NC-435
SiC SPECIMENS AT 1093°C and 1371°C.

Inclusion Dimensions?

Test MOR Fracture (0.001")
Temperature Sample (MN/m?) Origin? X Y y/

1093°C

- 1-Si-M-2 455 S NA®
1-C-M-4 332 1 5 5 5
1-C-F-2 445 S NA
1-Fe-M-4 372 I 13 7 12
1-Fe-F-4 312 I 0 6 6

1371°C
2-Fe-F-3 272 S NA
2-C-M-1 200 I 7 7 6
2-C-F-4 246 S NA
2-Fe-M-1 301 S NA

! I - Inclusion; S - Surface

Dimension defined in Figure 25
3 NA - Not Applicable

A few of the fracture strengths in the tables are followed
by a question mark. These values are of somewhat questionable
validity since the corresponding bend specimens broke into three
large fragments, as exemplified by sample T-Fe-F-3 in Figure 24.
The length of the centrul fragment corresponds closely to the
inner span spacing and, therefore, suggests that 'wedging'" stresses
beneath the loading points contributed to the selection of the
fracture initiation site. Examination of the end fragments re-
vealed the existance of small, internal inclusions on each piece.

D. MICROSCOPY
1. Optical Microscopy

All of the broken seeded specimens were examined by
optical microscopy to characterize the fracture surface with re-
spect to the nature and location of the fracture origins. Origins
were classified as either inclusion or surface microcrack initia-
ted types of failures. Locations were classified as either inter-
nal (always of the inclusion type), tensile surface (of either
type) or bar edge (always of the microcrack type). Although both
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Figure 24. Bend bar fragments after strength testing.

types of surface microcracks result from finishing operations,
the severity of edge microcracks is usually greater, which causes
edge initiated failures to occur at a relatively lower stress.
For a small number of the fractures, optical microscopy was in-
sufficient to determine whether the initiation side was a small
inclusion near the face or a surface microcrack. A scanning
electron microscope was used to resolve these uncertain cases.

A reticle was used to measure the dimensions of the fracture
initiating inclusions on the fracture face. These measurements
were made at 30X magnification to the nearest 0.001 inch. As il-
lustrated in Figure 25, the dimensions consisted of the distance,
x, from the bar face to the inclusion and the thickness, y, and
width, z, of the exposed defect. The nature of the fracture ori-
gin and, if the origin was an inclusion, the inclusion dimensions
are given in the appropriate table (Table 7, 8, 10 or 12) for
each seeded bend bar.
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Figure 25. Schematic of inclusion geometry on fracture face.

The three dimensional position of the inclusions exposed
during room temperature bend testing was compared with the three
dimensional coordinates (C-scan map plus depth indication) of the
defects previously detected by nondestructive means in the bar
blanks. The congruencies are noted in Tables 7 and 8. A substan-

tial number of the smaller defects were not detected by either
inspection method.

The distance of the inclusion from the tensile face, x, was
used to compute the applied bend stress at the bottom of the defect,
od, at the time of fracture. Assuming a linear bend stress gradient,

0g = oMor (1 - 2x/t) Eq. 3

where, )
OMOR = outer fiber stress at fracture from Eq. 1

t specimen thickness
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During the C-scan examination of the silicon carbide material,
ultrasonic reflections over relatively large areas frequently ob-
scured the detection of sceded defects Th ~a11eo £ +hpen 1314+ra

ureg tTne daetection sgéaea aeiects. 1n€ ause 01 Tnese uiitra-

sonic signals was sought in the microstructure of the material.
A mounted and polished cross section of a sample which nroduced

22 L ¢ gl VaAaAdSiiTvwm o P T L AV (= 4 1 ] Wiliwll piruvuuevw

widespread reflections is shown in Figure 26. The roughly hori-
zontal dark bands, which extend across the width of the sample,
represent a microstructural inhomogeneity resulting from a non-
uniform infiltration and reaction of silicon during material
manufacture. The root cause of this inhomogeneity is believed

to have been material cracking prior to or during the silicon
infiltration. Although the crack becomes filled during process-
ing, the material property discontinuity is sufficient to provide

radiographic contrast and function as a reflector of elastic
waves.,

Figure 26. Microstructural inhomogeneity bands in the
silicon carbide material responsible for
radiographic striations and wide area
ultrasonic reflections, 10X.
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2, Scanning Electron Microscopy and Electron Probe

Since the nondestructively detected defects did not per-
fectly match the seeding plans and because some of the fracture
initiating inclusions were not detected, the identities of most
of the target inclusions were not known prior to strength testing.
Therefore, broken specimens were examined with a scanning electron
microscope (SEM) and an energy dispersive microprobe in order to
characterize better the fracture origins. To this end, approxi-
mately forty origins were so examined, with the emphasis on the
smaller inclusions, the more unusual fractures, and the room tem-
perature fractures. The ultimate results of this characteriza-
tion was to permit the compilation of Tables 13 and 14 in which
the fracture initiating inclusions are correlated with the seeded
inclusions. Only the basic technique and conclusions of this
characterization are covered in this section. Additional details
and photographs are given in the Appendix.

An example of an inclusion initiated fracture in HPSN is
shown in Figure 27. The electron microprobe detected the presence
of relatively large quantities of tungsten and cobalt within the
inclusion, thereby permitting positive identification of a seeded
tungsten carbide particle. As seen in Tables 7 and 8, microcrack
initiated failures were rare. An example of this type of failure
is shown in Figure 28. With the aid of stereo photomicrographs of
the fracture origin, the depth of the initial defect could be de-
termined from the fractographic markings at its arrest position.

Although finding the inclusion in the SEM presented no serious
difficulty, the identification of the chemical identity of the de-
fect was not always straightforward. The problem was more acute
with the smaller inclusions, especially the silicon and carbon type
inclusions, because of limitations of the microprobe. All seeded
inclusion types tend to chemically react with the matrix materials
during material processing, for example, carbon particles tend to
convert to silicon carbide, iron particles tend to form iron sili-
cide, tungsten carbide particles tend to convert to tungsten sili-
cide and silicon-silicon nitride interactions are seen. As a re-
sult, silicon is always detected by the microprobe within inclu-
sions. No characteristic elements are detected by the probe from
carbon inclusions, since the energy dispersive probe is insensitive
to elements of atomic number less than eleven, or small silicon
inclusions, since it is uncertain whether the silicon signal arises
from the inclusion or the matrix material. Fortunately, the mor-
phology of the defect assists in its chemical identification. For
example, the characteristic visual appearance of the graphite
lamella and the formation of a dense silicon carbide shell around
carbon particles permit a positive identification. Familiarity
with known larger inclusions thus assisted the identification of
smaller inclusions for which the probe was of minor assistance.

Of course, the presence in substantial amounts, of elements not
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TABLE 13

Applied bend stress at position of fracture initiating inclusion
and inclusion identity for room temperature fractures in HPSN

58

°d1 Microprobe Type of
Specimen (MN/m?) Analysis ~Inclusion?
B-C-EF-2 447 Si U
B-C-F-4 395 -- U
B-C-M-2 618 Si C(?)
B-C-M-3 349 Si C
B-C-M-4 526 -- U
B-C-C-1 477 Si U
B-C-C-3 548 Si U
B-C-C-4a 697(7) -- C
B-C-C-4b 697 (?) Si,Fe,K,C1 0
B-Fe-F-2 398 -- Fe(?)
B-Fe-M-1 323 Si, Fe Fe
B-Fe-M-2 383 -- Fe
B-Fe-M-3 334 -- Fe
B-Fe-M-4 355 -- Fe
B-Fe-C-2 210 -- Fe
B-Fe-C-3 217 -- Fe
B-Fe-C-4 268 Si, Fe Fe
B-Si-F-3 401 Si Si(?)
B-Si-M-1 362 Si Si
B-Si-M-2 375 -- Si
B-Si-C-1 264 -- Si
B-Si-C-2 243 -- Si
B-Si-C-3 283 -- Si
B-Si-C-4 272 - Si
- B-WC-F-1 525 -- WC(?)
B-WC-F-2 466 Si,W,Co WC
B-WC-F-3 515 -- WC(?)
B-WC-M-1 416 -- wcC
B-WC-M-2 475 Si,W,Co,Al WwC
B-WC-M-4 371 Si,Mg,W,Sn 0
B-WC-C-2 1Invalid Break Si,W,Sn 0
B-WC-C-3 529 -- WC
B-WC-C-4 1Invalid Break Si,Mg,Sn,K 0
T-C-F-4 537 Si, Fe Fe
T-C-M-1 311 -- C
T-C-M-2 293 -- C
T-C-M-3 406 Si, Fe Fe
T-C-M-4 264 -- C
T-C-Cc-1 257 -- C
T-C-C-2 276 -- C
T-C-C-3 263 -- C
T-C-C-4 228 -- C
Continued



TABLE 13 (continued)

ogt Microprobe Type of
Specimen (MN/m?) Analysis ~ Inclusion?
T-Fe-F-2 404 Si, Mg 0
T-Fe-F-3a 629(?) Si, Fe Fe
T-Fe-F-3b 629(?) Si, Fe Fe
T-Fe-M-1 258 -- Fe
T-Fe-M-2 296 -~ Fe
T-Fe-M-3 333 -~ Fe
T-Fe-M-4 283 Si, Fe Fe
T-Fe-C-1 173 -~ Fe
T-Fe-C-2 281 -~ Fe
T-Fe-C-3 206 -- Fe
T-Fe-C-4 190 -~ Fe
T-Si-F-1 410 - U
T-Si-F-2 432 -- U
T-Si-F-4 284 -- U
T-Si-M-1 357 Si Si
T-Si-M-2 424 -- Si
T-Si-M-3 434 -- Si
T-Si-M-4a 326(?) Si Si
T-Si-M-4b 326(7) Si, Mg 0
T-Si-C-1 265 -- Si
T-Si-C-2 103 -~ Si
T-Si-C-3 252 -- Si
T-Si-C-4 288 -- Si
T-WC-F-1 490 -~ U
T-WC-F-2 675 Si,P,Fe 0
T-WC-F-3 457 Si,W,Sn 0
T-WC-F-4 444 Si, Mg 0
T-WC-M-1 326 Si, Al 0
T-WC-M-2 585 -- U
T-WC-M-3 419 -~ WC
T-WC-M-4 380 -- U
T-WC-C-1 478 Si, W 0
T-WC-C-2 487 -- U
T-WC-C-3 418 -- WC
! From Eq. 3

? Identity in terms of seeded particles
U means identity of inclusion is Uncertain
O means inclusion was not intentionally seeded
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TABLE 14. APPLIED BEND STRESS AT POSITION OF FRACTURE
INITIATING INCLUSION AND INCLUSION IDENTITY
FOR ROOM TEMPERATURE FRACTURES IN SiC

1
%d Microprobe Type of
Specimen (MN/m?) Analysis " ‘Inclusion?
1-C-M-1 246 --- C
1-C-M-3 259 Si C
1-C-C-1 113 --- C
1-C-C-2 192 --- C
1-C-C-4 250 --- C
1-Fe-F-2 332 Si, Sn Si
1-Fe-M-3 267 Si Si
1-Fe-C-1 243 Si Si
1-Si-M-1 342 Si Si
1-Si-C-1 300 Si, P si
1-Si-C-2 282 --- Si
2-C-F-2 306 Si, Fe C
2-C-M-3 185 Si SicC
2-C-C-1 114 --- C
2-C-C-2 126 --- C
2-C-C-3 196 --- C
! From Eq. 3

? Identity in terms of seeded inclusion type

normally associated with the seeded silicon or carbon particles
signified that the inclusions containing these elements did not
originate from seeded silicon or carbon particles. Many contami-
nant inclusions, not intentionally seeded, were thus identified
by the microprobe.

Aside from direct defect identification by the SEM/probe,
many of the larger inclusions that were not so intensively exa-
mined were indirectly identified by a combination of methods in-
cluding optical appearance, size and seeded defect location. The
direct and indirect methods enabled most of the defects to be
chemically identified with the unidentified particles concentra-
ted in the smaller sizes. Five fracture initiating inclusions in
HPSN were tentatively identified by either incompletely conclusive
fractography or by a self-consistent agreement between seeded
defect type and nondestructive evaluation. Examples of the latter
method are samples B-WC-F-1 and B-WC-F-3 whose inclusions were as-
sumed to be WC particles because the small inclusions were located
in bars intended to contain small WC particles and the inclusions
were detected by radiography, as is possible for small inclusions
only if the x-ray absorption coefficient is sufficiently large.
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(A) View of inclusion at fracture origin, 50X, SEM

0 - 17SEC 128C/S
v5:1080 HS: S@EV/CH

MW o W W

(B) Photograph of microprobe display monitor, indicating
presence of W, Co and Al.

Figure 27. Results of SEM (A) and probe examination (B) of
inclusion in sample B-WC-M-2, which identify it
as a seeded WC particle.
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(A) SEM, 200X

(B) SEM, 200X, with crack arrest points outlined

Figure 28. Surface microcrack initiated failure origin
in sample 1-Fe-C-2
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The chemical characterizations of the inclusions are listed
in Tables 13 and 14 for the HPSN and SiC material fractures, re-
spectively. Elements that were detected by the probe are given
on a qualitative basis only and many of the elements, e.g. Al,
Mg, Sn, K, are frequently present only in small amounts. Note-
worthy is the existence of unintentionally seeded defects which
function as fracture origins, especially in the tungsten carbide
series of samples in the bottom HPSN billet. A "cloud" of these
defects had been nondestructively detected in this region of the
billet. Also, iron inclusions are not present in the SiC #1
billet, and it is concluded that a seeding error was made.

II1 RESULTS AND DISCUSSION

An inspection of Tables 7 and 8 shows that inclusions initia-
ted most of the fractures in the seeded room-temperature bend test
specimens of NC-132 HPSN and NC-435 SiC. A comparison of the un-
seeded bar strengths with seeded bar strengths (Tables 5 and 7 for
HPSN, Tables 6 and 8 for the SiC) shows that the bend strengths of
the defect seeded bars are, in general, less than the unseeded bar
strengths. This information is reflected in the ranges of bend
strengths for the corresponding seeded and unseeded materials,as
shown in Table 15.

The effect of temperature on bend strength for the two ceramic
materials is summarized in Table 15. The strength data were drawn
from Tables 5 through 12. It is noted that the 25°C strengths are
not exactly comparable to the higher temperature strengths as the
former were measured in four-point bending and the latter in three-
point bending. Although this difference is not critical to the
current discussion, the change in bend fixture use may be compen-
sated for by increasing the four-point values by about 15%, the
approximate difference in strength when a given material is tested
in both bending modes at room temperature.

For the unseeded HPSN material, strength is little changed
between 25°C and 1093°C, which indicates that material failure is
of a brittle nature at 1093°C. Of the five seeded HPSN specimens

tested at 1093°C, three failed at inclusions and two from edge
cracks.

The strength of the unseeded NC-435 SiC material at 1093°C is
greater than its 25°C strength. The difference appears to be
larger than one can expect from a change in bend test fixture
alone. The increase in strength is believed to be due to the in-
creased dislocational plasticity of the silicon phase above 600°C
which permits stress concentrations to be partially relieved and
increases the fracture energy. Of the five seeded SiC specimens
tested at 1093°C, three broke at inclusions and two from surface
origins.
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NC-132 HPSN

Billet T, Unseeded

0y 2

illet B,

v

Unseeded
Billet T, Seeded
Billet B, Seeded

NC-435 SiC

Billet #1 Unseeded

Billet #2 Unseeded

Billet #1 Seeded

Billet #2 Seeded

732;604-894;12

~

650;517-812;12

403*t;117-675;39
460*t,238-639;29

388;316-519;8
305;264-361;8
272;134-342;11

267,184-426,5

!Four-point bend fixture

’Three-pouint bend fixture

*Inclusion assisted fracture

1093°C?

725;,684-738;5

0/86;03U-7/035

593, 660*
346%,572% 762

476,438-494,5
455;402-518;5

312%,332% 372%
445, 455

tAverage for all types of inclusions

1371°C?

339;329-348;5

(2]
~3J
~J
(9]

;364-388;5

311

319% 343, 354,
359

335;325-344;5
328;301-366;4

200%,246,272,
301

Influence of Test Temperature on Strength (MN/m?) of Seeded and

Unseeded Ceramic Materials,

Mean strength, strength range, and

number of tests, respectively, are given for each condition
except for seeded high temperature strengths where individual
bar strengths are given.
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Both materials significantly decrease in strength between
1093°C and 1371°C. This decrease is accompanied by a decrease in
inclusion initiated failure and an increase in surface initiated
failure. Only one instance per material of inclusion related
initiation was found at 1371°C. The lessened importance of in-
clusions for generating failures in HPSN is due to the onset of a
high temperature failure mechanism involving grain boundary soften-
ing and sliding. This mechanism causes slow crack growth during
the time of the bend test. An example of the slow crack growth
mechanism, operating in concert with the stress field around an
inclusion, is shown in Figure A-9B of the Appendix. The decrease
in strength of the NC-435 SiC material at 1371°C is due to the
inability of the almost molten silicon (melting point = 1415°C)
to support a load. In contrast to the rapidly weakening HPSN
material, the NC-435 SiC material has a strength at 1371°C which
is approximately its room temperature value.

Many of the fracture initiating defects, especially in the
larger sizes, were detected by either radiography or ultrasonic
C-scans. As evident in the C-scans and radiographs for the billets
and also in the defect tabulations for the rough-cut bars (see
Appendix) more internal defects were detected by ultrasonics than
by radiography. 1In addition, more of the defects which precipi-
tated fractures were detected by ultrasonics than by radiography,
as may be seen from Tables 7 and 8. Although not apparent in the
listings of Tables 7 and 8, radiography occasionally would indicate
a defect which was not detected by the ultrasonic method. Since
the sensitivity of various NDE methods depend upon different physi-
cal principles and give different types of information, a prudent
approach to evaluating the quality of ceramic materials would be
to use multiple NDE methods. Under this philosophy, the different
NDE methods complement each other.

Table 16 shows the relative ability of the NDE methods to
detect seeded defects as a function of defect type and size. The
table was constructed by combining the results of C-scans and
radiographs for the billets, from which many defect sizes and
types could be determined by inspection, with the results of the
scanning electron microscope and microprobe examination. Defect
sizes are expressed in terms of the as-seeded size classifications
of fine, medium and coarse. Defect shapes frequently changed
significantly during billet manufacture from roughly equiaxed
initial particle shapes to flattened geometries, as evidenced by
the measured dimensions of fracture exposed inclusions. It is
seen that ultrasonics was more successful in detecting smaller
low density particles (Si and C) in both NC-132 HPSN and NC-435
SiC. In addition to the intentionally seeded defects, the ultra-
sonic method detected the unintentional semi-porous type of defect
in HPSN. On the other hand, it is known that radiography is
capable of resolving dense inclusions down to at least 0.025 mm
in size if magnification is used to read the radiographs. Strongly
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TABLE 16

Nominal Defect Size

Matrix Material;Defect Type ' Fine Medium Coarse
NC-132 HPSN;Fe X, U X, U X, U
" "WC X, U X, U X, U
n' " ,Sl U U Xv Y
" 1" ,C _ U X, U
NC-435 SicC;C U U X, U
1" 1" ;Si - U U

Relative effectiveness of detection of seeded defect
inclusions by ultrasonics and radiography.

X = radiographic detection
U = ultrasonic detection
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x-ray absorbing particles on the order of 0.08 mm in size were ob-
served on the HPSN radiographs and these particles are believed
to be tungsten carbide inclusions.

Of the NC-132 HPSN fracture origins which were investigated
with the SEM and microprobe, twelve fracture initiating inclusions
were found which were not detected by either nondestructive test
method. Four of the twelve were iron inclusions, four were of the
semi-porous type, one was a silicon inclusion and three were of
uncertain identification. The four iron inclusions were the four
smallest iron inclusions exposed on the fracture surfaces and the
four semi-porous inclusions were among the smallest of this type
that were found. The exposed dimensions (thickness by width, in
micrometers) of the iron inclusions were 25 x 25, 25 x 75, 75 x 100
and 75 x 125. The dimensions of the semi-porous inclusions were
25 x 25, 25 x 25, 75 x 100 and 175 x 100 micrometers. Although
defect shape and orientation strongly influence defect detectability
and although iron and semi-porous defects of a similar size may have
been among the detected defects which did not function as fracture
origins, the above results show that the nondestructive methods
that were used did not always detect iron and semi-porous inclu-
sions in the smaller size range indicated.

In Figures 29A, B and C, the fracture stress (from Tables 13
and 14) at the defect is plotted versus the thickness dimension
(from Tables 7 and 8) of the exposed defect. The solid lines re-
present a least squares fit to the data. Despite the obvious
scatter, it is seen that the larger the size of a given type of
inclusion, the lower the stress required to initiate fracture. An
exception to this size-strength relationship are tungsten carbide
inclusions in HPSN, for which the strength is invariant with size.
The fracture stress at the inclusion is the modulus of rupture
value which would have been observed had the inclusion been located
at the most highly stressed region of the bend specimen, that is
at the tensile surface. As previously noted, inclusion initiated
fracture stresses are significantly lower than the unseeded modulus
of rupture values, especially for the HPSN material.

For a spherical cavity within a matrix, the stress concentra-
tion fdctor associated with the cavity is almost exactly two and
is independent of the size of the cavity. The observed size-strength
relationship shows that most real inclusions do not behave mechani-
cally like a spherical cavity. Among the possible explanations for
the observed size effect of real inclusions are size related changes
in the extent or magnitude of a) microcrack formation at inclusions
b) interfacial stress and c) inclusion-matrix chemical interactions
which affect matrix properties plus the effects of particle shape
and orientation with respect to the applied stress field. Regarding
particle shape, many of the inclusions have a longer width than
thickness such that the major plane of the inclusion is perpendicu-
lar to the specimen thickness, which was the pressing direction
during billet manufacture. This orientation is favored by both
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Figure 29B - Effect of inclusion size on fracture stress at
inclusion. Tungsten carbide and silicon inclusions
in NC-132 HPSN,
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Figure 29C - Effect of inclusion size on fracture stress at
inclusion. Silicon and carbon inclusions in
NC-435 SicC.
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rigid body particle rotation and particle deformation under the
pressing stresses of billet manufacture. The flattened orienta-
tion is most pronounced for the silicon inclusions in HPSN, which
are molten at the hot-pressing temperature. At the other extreme
of particle shape are the largest tungsten carbide inclusions,
only two of which were observed to initiate fracture. The larger
particles of this type are almost perfectly spherical, in contrast
to some of the smaller carbide particles, such as the one shown

in Figure A-4. Other bend bars that contained large spherical _
tungsten carbide particles failed at origins other than the carbide
inclusions. Thus a contributing reason for the near zero slgpe of
the size-strength relationship for the tungsten carbide particles
may be a smaller stress concentration associated with.the larger
particles. With regard to inclusion-matrix chemical interactions,
most defect types exhibit interaction as discussed in the Appendix.
Examples are silicon diffusion into inclusions in HPSN and silicon
carbide shell formation about carbon inclusions in NC-435 SiC.

When comparing the relative effects of particular inclusion
types upon material strength, consideration must be given to in-
clusion size, shape and orientation. An extensive characterization
of inclusion shapes and orientations is beyond the scope of this
report. However, the inclusion shapes do have some commonality in
that many exposed cross-sections approximate ellipses and, as has
been discussed, the particles tend to orient themselves to the
pressing direction. Although Figures 29A, B and C explicity refer
to only the size of the defects, a degree of commonality with re-
spect to particle shape and orientation is implicity contained in
the data. The different slopes and levels of the trendlines for
inclusions of different types strongly suggest that different
strength levels may be expected for different types of inclusions
which are otherwise identical with respect to size, shape, and
orientation. This statement in no way implies that defect shape
and orientation do not affect fracture strength.

The NDE methods that were used in the study, and especially
the ultrasonic method, are capable of detecting with high relia-
bility the type of large defect contamination which can accidently
occur during material processing. By its nature, this type of
contamination is less common, occurs randomly and cannot be pre-
dicted by a distribution function. Inspection of ceramic materials
for this type of defect is an important function of NDE and one
which the currently used methods are capable of handling.

Since particles in the size range of 100 micrometers and less
do adversely affect material strength, and the lower limit of re-
liable nondestructive detection was not clearly established during
this investigation, further work is needed. Additional effort
should be devoted to destructive evaluation of the smallest parti-
cles currently detectable by NDE and also to the development of
improved small particle detection. One approach to obtain greater
size-sensitivity is to use higher ultrasonic frequencies.
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APPENDIX

Individual C-Scans of Rough-Cut Bars
and
Electron Microscopy of Defects in Corresponding Bars

This section contains examples of C-scans of rough-cut bars
and the subsequent microscopic analyses of defects contained within
the corresponding bend bars. The latter includes photomicrographs
of the fracture initiating defect, and, where appropriate, a photo-
graph of the display of the energy dispersive microprobe. Space
considerations prohibit a complete listing of all of the individual
C-scans and photomicrographs; however, the data shown are repre-
sentative of the remainder.

The photomicrographs are oriented such that the thickness
direction of the bend bar corresponds to the vertical direction
of the page. Unless indicated otherwise, the fractures were made
at toom temperature. The C-scans were made from both the front
and back sides of the bars. In addition to the two dimensional
displays of the defect positions (in plane of paper), the depth
(in direction perpendicular to plane of paper) of the defects are
tabulated, as determined by the method of detection. Depths are
measured relative to the back surface of the bar. The four place
identification code for the bars is explained in Table 4. The
following abbreviations are used in the C-scans:

F - Front surface view
B - Back surface view
DN - Defect number
USD - Depth of defect as determined by ultrasonics
distance measured from back surface (B) in inches.
XRD - Depth of defect as determined by radiography,
distance measured from back surface (B) in inches.
H - Defect density higher than that of matrix.
L - Defect density lower than that of matrix.

~ . In the listing of the defects below a C-scan figure, an arrow
indicates the defect which was sought as the fracture origin

(target defect). Multiple defects were present upon occasion at
the same depth within the sample.

Examples of each of the seeded defect types in HPSN are shown
in Figures A-1 - A-4. The tungsten carbide defect of Figure A-4
is also shown at lower magnification in Figure 27. Each defect
type chemically reacts with the matrix material so that the micro-
probe detects silicon within each defect type. Iron inclusions
(Figure A-2) and tungsten carbide inclusions (Figure A-4) are
readily identified by the probe. Silicon and carbon inclusions
usually emit only a silicon probe signal, as illustrated in
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Figure A-6. For silicon particles, this result is due to the
nature of the particle, whereas for carbon particles, the probe
is not sensitive to elements of low atomic number. Larger par-
ticles of these types may be identified by their characteristic
morphology: silicon particles exhibit conchoidal fracture while
the lamellar structure of graphite is easily recognized. Carbon
inclusions are futher identified by the presence of a surrounding
shell of silicon carbide.

Figure A-5 contains C-scans of NC-435 SiC bars previously
discussed in the text. The C-scan of Specimen 2-Si-C-3 is an
extreme example of the ultrasonic reflections frequently observed
in the silicon carbide samples. A polished cross-section of this
bar appears in Figure 26. The fracture origin of specimen
1-Fe-C-2 appears in Figure 28. Examples of the two seeded in-
clusion types, carbon and silicon, found in the silicon carbide
bars are shown in Figures A-6 and A-7, respectively.

Figure A-8 shows an iron inclusion at the fracture origin
of a HPSN bar that was broken at 1093°C. A similar inclusion
initiated the 1371°C HPSN failure in Figure A-9. The corrugated
fracture surface between the inclusion and the tensile face in
Figure A-9 is characteristic of slow crack growth. Although HPSN
becomes much more plastic over the temperature interval between
1093 and 1371°C, Figure A-9 shows that inclusions can still in-
fluence strength at the higher temperature. The inclusion was
partially molten at the higher test temperature, which was above
the eutectic temperature in the Fe-Si system.

Another instance of an inclusion causing fracture at 1371°C
is shown in Figure A-10. In this case, the material is NC-435 SiC
and the inclusion is carbon. The interior of the inclusion was
strongly oxidized after exposure, but the silicon carbide shell
remained intact.

A small iron inclusion is shown in Figure A-11. Iron inclu-
sions of this size are present in NC-132 HPSN even without seeding
and it is believed this defect was not seeded. Defects of this
sizi were not detected by the nondestructive methods that were
used.

Figure A-12 shows an unseeded type of defect which frequently
functioned as a fracture origin in the HPSN samples. This type of
defect is believed to have been introduced unintentionally into
the billets during the seeding operation and is the cause of many
of the additional ultrasonic defect indications. This type of
defect is porous and not detected by radiography. Although this
type of defect frequently contains more tungsten than the matrix,
the tungsten concentration is much less than that of a tungsten
carbide inclusion as may be seen by comparing the probe displays
of Figures A-12 and A-4
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The inclusion in Figure A-13 is unusual on several counts.
The defect is of the porous type and magnesium, tin and potassium,
elements not usually detected in HPSN, were found with the defect.
The long axis of the defect is oriented uncharacteristically at a
large angle to the hot pressing plane, which may be a contributing
reason why this defect caused fracture even though it was located
outside the inner bend span.

The fracture origin of the NC-435 SiC specimen shown in
Figure A-14 contains a large well-faceted inclusion which was not
intentionally seeded. Because of its shape and the detection of
only a silicon signal with the probe, the inclusion is believed
to be a large grit of silicon carbide which was present as unwanted
contamination in the original material mix.
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Figure A-1A. C-scan of specimen B-C-M-3
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Figure A-1B. Fracture origin (carbon inclusion) in specimen

B-C-M-3 at 50X (above) and 200X (below)
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Figure A-2A. C(C-scan (above) and microprobe display (below) of
specimen B-Fe-M-1
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Figure A-2ZB. Fracture origin (iron inclusion) in specimen
B-Fe-M-1 at 50X (above) and 200X (below).
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Figure A-3A C-scan of specimen B-Si-M-1
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Figure A-3B. Fracture origin (silicon inclusion) in
specimen B-Si-M-1 at 50X (above) and 200X (below).
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Figure A-4. C-scan (above) and fracture origin of WC
inclusion (below) of 1000X of Specimen B-WC-M-2
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Figure A-5. C-scan of specimens 2-Si-C-3 and 1-Fe-C-2.
Former shows extreme example of wide area
ultrasonic reflections. Fracture origin
of latter shown in Figure 28.
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Figure A-6A. C-scan of specimen 1-C-M-3.
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Figure A-6B. Fracture origin (carbon inclusion) in specimen
1-C-M-3 at 200X (above) and microprobe display
of inclusion (below).
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Figure A-7A. C-scan of specimen 1-Fe-C-1
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Figure A-7B. Fracture origin (silicon inclusion) in specimen
1-Fe-C-1 at 50X (above) and 200X (below).
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Figure A-8A. C-scan (above) and microprobe display (below)

of specimen B-Fe-F-1
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Figure A-8B. Fracture origin (iron inclusion) in specimen
B-Fe-F-1 at 50X (above) and 1000X (below).
Test temperature was 1093°C.
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Figure A-9A. C-scan (above) and microprobe display (below)
of specimen B-Fe-F-3.
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Figure A-9B. Fracture origin (iron inclusion) in specimen
B-Fe-F-3 at 50X (above) and 200X (below).
Note presence of slow crack growth and
liquid formation.
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Figure A-10A. C-scan (above) and microprobe display (below)
of specimen 2-C-M-1.
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Figure A-10B Fracture origin (carbon inclusion) of specimen
2-C-M-1 at 50X (above) and 200 X (below).
Test temperature was 1371°C.
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Figure A-11A. C-scan of specimen T-Fe-F-3. No
defects detected.
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Figure A-11B. Fracture origin in specimen T-Fe-F-3 at
200X (above) and 2000X (below) of small
iron inclusion.
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Figure A-12A. (C-scan (above) and microprobe display (below)
of specimen B-W(C-C-2.

A23



PR NA

PR LSRR ««v«4W*W-WM“M“’W)M'7M*M
%

Figure A-12B. Fracture origin of specimen B-WC-C-2 at
50X (above) and 500X (below). Inclusion
is of porous, unintentional type.
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Figure A-13A. C-scan of specimen B-WC-C-4
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Figure A-13B. Fracture origin of specimen B-WC-C-4 at
100X (above) and 500X (below).
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Figure A-14.
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specimen 2-C-M-3.
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