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1.0. INTRODUCTION

This technical report summarizes work performed by Sohio Engineered
Materials Company, formerly The Carborundum Company and its subcontractors,
Ricardo Consulting Engineers and DHR, Inc. investigating the use of ceramic
materials for diesel engine technology. The work was performed for the
Department of Defense (DOD) and administered by the U.S. Army Tank-Auto-
motive Command (TACOM) under Contract No. DAAE07-83-C-R058. This is the
“final report covering the period September 21, 1983 through April 30, 1985.

2.0. OBJECTIVE

The objective of the 18 month -program was to evaluate and demonstrate the
potential benefits of a range of ceramic materials for diesel engine
technology, and increase the experience baseline for component fabrication,

product reliability and nondestructive evaluation (NDE).

The program consisted of three basic tasks:

e Task I - Manufacture Prototype Ceramic Components
e Task II - Conduct Single Cylinder Rig Tests
e Task III - Demonstrate Product Reliability

The project effort was focused around evaluating the friction horsepower
performance of a single cylinder, two-stroke, opposed piston diesel engine
fabricated from conventional metal components, and with the substitution of
ceramic components for the cylinder Tiner and pistons. Figure 2-1 shows
the planned work schedule. The key milestones for this program were as
follows:

(1) To conduct baseline studies on a metal engine;

(2) Perform thermal and stress analyses for various ceramic
material designs;

(3) Design and fabricate alternative ceramic materials;
(4) Perform preliminary ceramic engine evaluations;

(5) Select optimum ceramic component materials;

(6) Perform engine durability tests (goal 100 hours);

(7) Multiple fabrication of pistons by injection molding;

(8) Nondestructive evaluation of piston quality.

11
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3.0. CONCLUSIONS

Sintered alpha silicon carbide (SASC) or sialon pistons in a
sintered alpha silicon carbide cylinder liner can achieve
sustained operation at partial engine load without cooling and
without lubrication.

Ringless ceramic pistons with close cylinder-to-piston cliearance
can be operated in a diesel engine and achieve adequate
compression pressure for ignition.

Ringless ceramic pistons without cylinder Tubrication exhibited
up to 50% lower frictional torque compared to conventional metal
components with Tubrication.

Sintered alpha silicon carbide and sialon pistons exhibited
similar reduction in friction over conventional metal components.

Ceramic component failures were concluded to be a result of
Timitations in component design.

The identified cause of ceramic component failure was attributed
to piston seizure and resulting tensile stresses causing fracture.

Further evaluation of component design, dimensional constraints
and thermal stress conditions is required to demonstrate the
durability and full potential of ceramic components at high
engine load.

NDE by the acousto-optic technique of producing a nonspecular
reflection profile requires further development before its useful-
ness to detect surface flaws in alpha silicon carbide can be
assessed.

Several good pistons were fabricated and passed X-ray inspection,
however, further development is required in tooling design and
processing to establish mass fabrication capability of sintered
alpha silicon carbide piston components by injection molding.

4.0. RECOMMENDATIONS

4.1. Piston Design

The piston geometry should be redesigned to include a tapered profile in
the crown area to compensate for the radial expansion of the crown, thereby
maintaining adequate piston-to-cylinder clearance at full load operating
temperatures.

The top of the piston should be provided with an insulative coating or
insert to reduce heat transfer during combustion and reduce the magnitude
of radial expansion of the crown.

13




4.2. Cylinder Design

Further thermal analysis of the ceramic cylinder design should be
undertaken to evaluate the dimensional changes that will occur under
severe operating conditions.

Selective insulation of the cylinder should be investigated to allow more
uniform heat up along the cylinder 1ength and maintain better uniformity in
piston-to-cylinder clearance.

4.3. Further Recommendations

Improved piston/carrier assembly designs should be investigated to simplify
and improve the reliability of the attachment of the ceramic piston to the
metal connecting rod. A potential improved assembly might incorporate a
floating ceramic wrist pin with a spherical bearing surface, thereby
allowing complete piston alignment.

5.0. DISCUSSION

5.1. Background

The engine used for the contract work was based on a design by Professor
Seamus Timoney of the University College Dublin (UCD) in Ireland. The
engine is a horizontally opposed piston, two-stroke single cylinder diesel
with variable compression ratio.

In Professor Timoney's early investigations catastrophic failures occurred
using various ceramic materials including glass ceramics and reaction
bonded silicon nitride.

In 1982, the Sohio Engineered Materials Company successfully ran, in this
engine setup, a ceramic cylinder assembly and pistons made from sintered
alpha silicon carbide. A photograph of the ceramic engine is shown in
Figure 5-1.

The objective was to demonstrate an improvement in engine performance over
that using metals through higher operating temperatures with ceramics.

A significant finding was a reduction in engine friction utilizing ringless
pistons (empty ring grooves), and without cylinder cooling or lubrication.
These very interesting initial results with silicon carbide components
prompted making a new cylinder and pistons with reduced piston-to-cylinder
clearance. The closer fitting pistons made without ring grooves resulted
in an even further reduction in friction horsepower. This work was
reported at the 1983 SAE International Congress.!

14




Figure 5-1. Engine Setup at the University College Dublin with
SASC Components
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This contract effort was initiated after relocating and reconditioning the

UCD single cylinder engine at the Eaton Corporation, Engineering & Research
Center, Southfield, Michigan.

5.2. Engine Design

The opposed piston engine with variable compression ratio offers many
practical advantages where the application of ceramic materials are under
consideration.. A schematic of the engine is shown in Figure 5-2.

The rocker arm geometry is designed to give minimum piston side thrust on
the cylinder wall. This reduces the tribology problems at the piston-
cylinder interface. The opposed piston configuration allows each piston to
serve as the cylinder head for its counterpart, thus eliminating the head
gasket, and hold-down fasteners. Inlet and exhaust ports within the
cylinder eliminates the need for valves greatly simplifying the combustion
chamber geometry. Additionally, use of the two-stroke cycle eliminates
force reversals and resulting tension on the piston and rod connection.
This Tast point makes the design ideal for investigating ceramics, due to
their lower tensile strength compared to metals.

The engine design specifications are shown in Table 5-1.

Table 5-1. Engine Design Specifications

Specification Value
Volumetric Displacement, liters 0.54
Cylinder Bore Diameter, in. 2.750
Stroke, in. 2.815
Rated power at 2400 rpm (estimated), HP 11-12

5.3. Materials Selection and Testing

The ceramic materials considered for component fabrication and testing in
this program were:

o sintered alpha silicon carbide (SASC)

e partially stabilized zirconia (PSZ) - as a substitute for Zr0,
coated metal components

e sialon

fine grained SASC/Si composite

e SASC/solid lubricant composite

16
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Diesel Engine
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The final material combinations selected for component fabrication and
experimentation within the engine were the following:

e SASC cylinder and pistons
e SASC cylinder and sialon pistons
e PSZ cylinder and pistons

The PSZ cylinder and pistons were ultimately unable to be included in
actual engine tests due to late vendor deliveries. After review with TACOM
personnel, the fine grained SASC/Si composite and SASC/solid lubricant com-
posite from the initial materials candidate 1ist were evaluated within a
parallel, but separate SOHIQO funded program with DHR, Inc. and Pennsylvania
State University (PSU).

Selected properties, for comparative purposes, of the principal material
candidates are shown in Table 5-2. Further detail on material properties
characterization is presented in Appendix H.

Table 5-2. Properties of Selected Materials

PROPERTY SASC* Sialon’ psz**
Density, gms/cc 3.14 3.24 5.73
Flexual Strength, 500°C 55.0 89.6 66.2
4 point, psi x 10°
Modulus of Elasticity, 59 41 30
RT, psi x 108
Thermal Expansion 4.0 3.4 10.6
Eaefficient, RT-700°C,

/cm/°C/108
Thermal Conductivity, 125 20 2
RT, W/m°K

* SOHIO Engineered Materials Company, SA-80
+ Hitachi Ltd., Sialon 102
++ NILCRA Ceramics (USA) Inc., MS Grade

5.4. Ceramic Component Design

The initial SASC cylinder assembly consisted of two sintered alpha silicon
carbide cylinders joined together forming an inner liner with 8 exhaust and

18




Figure 5-3. SASC Cylinder Assembly (Initial Design)




8 inlet ports either side of a single injector hole. Two annular cavities
in the outer housing form the exhaust and inlet manifolds shown in Figure
5-3 and schematic drawings in Appendix A.

The initial design of the piston carrier attachment was a ball end
connecting rod and matching socket assembly in the piston shown in Figure
5-4. The piston has no ring grooves, but relies on tight tolerances with
the cylinder inside diameter for sealing.

The piston assembly consists of the ceramic piston fitting over a split
steel carrier with spherical sockets retaining the bail end. The carrier
and ball end rod assembly are held in the piston cup by a split retainer
ring epoxied in the groove at the Tower end of the skirt. This initial
design was judged as inadequate based on two piston skirt failures from
preliminary testing. An example of the piston failure is shown in Figure
5-5.

Consequently, the piston carrier attachment was redesigned with an SASC
carrier and a floating metal wrist pin shown in drawings in Appendix A.

5.5. Engine Testing

5.5.1. Engine Build B/N-01. The metal engine as delivered from the
Unijversity College Dublin (UCD) required balancing and reconditioning due
to 0il leaks and worn components. Precontract testing was performed to
reverify friction results measured at UCD.

The exhaust side connecting rod was fitted with a strain gage and the leads
connected to a readout at the control console so that the operator could
shut the engine down if significant tension was observed in the connecting
rod. Lucite end covers were installed to provide visual monitoring of the
rods and rockers during operation. The final assembly shown in Figure 5-6
was completed November 11, 1983.

- The engine was motored to 1,000 RPM with the strain gage indicating a
compression pressure of 280 psi. After bleeding the injector lines the
engine was fired. Combustion was poor, however, ignition was sustained.
After 20 minutes of firing an audible crack was heard and the engine was
immediately shut down. Prior to shut down the intake air thermocouple
showed the temperature increased from 88°F to 187°F.

Despite the failure, the engine could be turned over freely by hand,
enabling the rocker pins to be removed without difficulty. The pistons
suffered slight damage at the ends as shown in Figure 5-7, and both
piston carriers were cracked. Further inspection revealed the cylinder had
failed as shown in Figure 5-8, and the engine was completely dismantled.

Further inspection of the cylinder failure, and review of inlet air
temperature data indicated the cylinder failure permitted short circuiting

of exhaust gas to the inlet, accounting for the temperature rise on the
intake side.

20
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Figure 5-5.

SASC Piston Skirt Fracture
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(a) Overall View

(b) Cylinder End View

Figure 5-6. Engine Setup at Eaton Corporation
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Figure 5-7.

SASC Piston Damage (B/N-01)
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(a) Fractured Cylinder in Engine

(b) Fractured Cylinder Segments
Figure 5-8. SASC Cylinder Failure (B/N-01)
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The probable failure origin was identified in the outer housing at the
interface of the liner and outer housing, near the injector port. Appendix
B details the fractography analysis and conclusions. The exact reason for
the failure was undetermined, however, the presumed probable cause was
residual tensile stresses due to the method of joining.

Based on the postmortem and at the recommendation of the project engineer,
a redesign of the cylinder liner, and further modification to the piston
carrier assembly was initiated.

Table 5-3. Engine Build (B/N-01) and Results

Components Identification Remarks
SASC Cylinder Liner C/N-00 Original assembly
and Housing from UCD tests
SASC Pistons P/N-1 and 2 Modified carrier

design - SASC
carrier with
floating metal

wrist pin
Operating Results Remarks
Engine Motoring - 9.2 hrs. Cylinder liner/housing assembly
Engine Firing - 0.3 hrs. fractured November 11, 1983
Cumulative Operating Time:
Motoring/Firing
Combined (Hrs.) Firing (Hrs.)
. Cylinder Liner/Housing Assembly* 70.6 41.3
. Pistons 9.2 0.3

Pistons sustained chipping
damage on the skirt bottom

Build Date: November 11, 1983

*Includes previous test history:
University College Dublin -
Engine Motoring - 16.5 Hrs.
Engine Firing - 32 Hrs., maximum engine speed 1,800 rpm

Eaton Corporation -
Engine Motoring - 10 Hrs.
Engine Firing - 9 Hrs., maximum engine speed 1,600 rpm
Piston skirt fracture below retainer ring groove
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5.5.2. Engine Build B/N-02. Preliminary engine running and retesting with
the metal engine resulted in piston ring and piston Tand damage due to
excessive piston-to-cylinder clearance and combustion shock.

The injector line was modified with flats for strain gage installation to
provide a sharper injector pressure signal. Normal injector opening

pressure was 3,100 psi.

Table 5-4. Engine Build B/N-02 and Results

Components Identification

Remarks

Cast Iron Cylinder -

Aluminum Pistons with -
Cast Iron Rings

Operating Results

Preliminary Operation

Engine Motoring - 2.5 Hr.
Engine Firing - .5 Hr.

Retest (February 8, 1984) with blower

Engine Motoring - 8.25 Hr.
Engine Firing - 1 Hr.

Component Inspection
February, 1984

Build Date: January 24, 1984

Original Timoney metal
components with

aluminum water jacket
for cylinder cooling.

.030 in. piston-to-
cylinder clearance,
excessive.

Poor combustion,
excessive blowby, in-
sufficient intake air,
compression pressure
390 psi at 250 rpm.

Engine driven roots
blower added - 2/3/84

5 HP at 1,600 rpm.

Second Compression
ring and piston ring
land damaged, injector
nozzle damage.
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5.5.3. Engine Build B/N-03. A new set of aluminum pistons were made by
the Eaton Corporation machine shop with a 0.005 inch piston-to-cylinder
design clearance. Standard commercial Briggs and Stratton piston rings
were installed.

Operation of the engine with new pistons and rings improved compression
pressure and eliminated blow-by. The engine was demonstrated for TACOM
personnel February 23, 1984. Friction horsepower measurements were
obtained for the engine without connecting rods and pistons attached. The
hot friction curve for the full engine assembly is shown in Figure 5-9.

The metal engine evaluation program was initiated and operating
characteristics recorded. During this testing on March 12, 1984, the
engine lost power due to a failure of the intake rocker arm, shown in
Figure 5-10.

The exhaust rocker and connecting rods were given a Magnaflux inspection,
revealing numerous small cracks. After calculating the working stresses,
fabrication of new rockers and connecting rods from steel was recommended.

Table 5-5. Engine Build B/N-03 and Results

Components Identification Remarks
Cast Iron Cylinder - No change from B/N-02
New Aluminum Pistons, - Pistons made at Eaton,
New Rings commercial Briggs and
Stratton cast iron
rings.

Operating Results

Engine Evaluation Peak compression
pressure 900 psi at
Accumulated Time: 2000 rpm, 5.52 BHP,
- Engine Motoring - 4.7 Hrs. BSFC-1.02. LB./HP-HR.
- Engine Firing - 11.5 Hrs.
Inspection of Pistons/Rings Good condition,
Continued Engine Testing Lost engine power, in-
March 12, 1984 take rocker arm failure
at the connecting rod
journal.

Build Date: February 22, 1984
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Friction Evaluation
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Figure 5-9. Friction Evaluation for Metal Engine (B/N-03)
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Figure 5-10. Cast Iron Rocker Arm Failure (B/N-03)
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5.5.4. Engine Build B/N-04. A new set of rockers were made from LaSalle
stressproof steel (Figure 5-11). New connecting rods were obtained by
modifying commercial rods for a 35 HP Volkswagen engine, and welding on a
double clevis as shown .in Figure 5-12.

Evaluation of the engine with the new manufactured rockers and connecting
rods showed an increase in the friction horsepower measured (Figure 5-13)
compared to the results obtained on B/N-03. This was attributed to
increased inertia of the steel components. Additionally, a new fuel pump
set to run at engine speed was installed on this build. The previous pump
system, built at UCD, was set up for half engine speed.

Further engine operation on April 27, 1984 resulted in an emergency
shutdown caused by a major failure of the pistons and water cooled
cylinder. The extent of the damage precluded complete failure analysis.
Probable cause appeared to be a fatigue failure of the cylinder near the
rocker clearance slots causing the piston ring to catch, resulting in the
intake piston jamming.

A rebuild of the metal engine was initiated, including the crankshaft and
rework of the crankcase. A new steel cylinder without water cooling was
made to the ceramic design specifications, thus allowing interchangeability
of hardware within the engine bed. New aluminum pistons sized for the
steel cylinder were also remanufactured in the Eaton machine shop.

Table 5-6. Engine Build B/N-04 and Results

Components Identification Remarks‘
Cast Iron Cylinder - No change from B/N-02
and 03.
Aluminum Pistons, Cast Iron - No change from B/N-03.

Piston Rings
New Rockers and Connecting Rods - ‘Rockers made at Eaton,

connecting rods modi-
fied VW engine rods.

Operating Results Remarks

Engine Evaluation Friction horsepower
increased for engine
assembly compared %o
B/N-03 measurement.
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Figure 5-12.

Double Clevis Steel Connecting Rod (B/N-04)
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Friction Evaluation
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Figure 5-13. Bare Enéine Friction Comparison for Rocker Arm
Modifications
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Table 5-6. Engine Build B/N-04 and Results (Continued...)

Components Identification Remarks

Continued Engine Testing -

April 27, 1984

- Engine Firing - 2.5 Hrs. Major failure of

- Emergency stop during test watercooled cylinder,
and aluminum pistons.

Component Weight Measurement -

Connecting Rods Rocker Arms
Original Timoney 2.16 1bs. 6.60 ibs.
Eaton Manufactured 2.35 1bs. 8.65 1bs.

Build Date: April 25, 1985

5.5.5. Engine Build B/N-05. A new engine build was initiated with sintered
alpha silicon carbide components. The redesigned cylinder assembly shown

in Figure 5-14, is composed of an SASC cylinder with 4 exhaust and 4 inlet
ports either side of two injector holes 180° apart. A floating (0.001-0.002 -
inches 0.D. clearance) stiffening ring covers the central 2 inches of the
cylinder. The ring provides additional hoop strengthening for the combus-
tion zone and serves to hold the injector nozzle. Roundness traces were
obtained for the inside diameter of the cylinder and stiffening ring, and
the outside diameter of the pistons. SASC component design details and
profile measurements are presented in Appendix C. The final engine

assembly is shown in Figure 5-15 and 5-16.

Preliminary engine evaluation was initiated on July 20, 1984. Motoring
evaluation at 500-800 rpm resulted in an intermittent "chirping" noise
which gradually disappeared after several hours of running. Inspection of
the cylinder through the ports revealed some abrasion on the bore.
Inspection of the pistons after disassembly showed slight piston abrasion
resulting from apparent assembly interference, and wear debris on the skirt
which could be easily rubbed off (Figure 5-17).

Further motoring and brief firing trials were conducted following engine

reassembly. During these additional tests a clicking noise occurred that
was traced to reversals in the piston carrier assembly. Also, the engine
developed a vibration problem that was not present during previous tests.
Further testing was terminated and modification to the metal carrier was

initiated. '
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Figure 5-14. Redesigned SASC Cylinder with Stiffening Ring
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Figure 5-15. Overall View of Engine for Ceramic Component Testing
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Figure 5-16. Closeup View of Engine with Redesigned SASC Cylinder
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Figure 5-17. SASC Piston After Motoring (B/N-05)
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Disassembly of the piston/carrier revealed the ceramic mullite spacers had
cracked, increasing the clearance between the carrier and the retainer
ring. A design modification to the piston carrier was made incorporating
Allen-type set screws to take up any clearance between the spacer and the
carrier after assembly, as shown in Figure 5-18.

As recommended by Ricardo Consulting Engineers, the ceramic mullite spacer
was replaced with a steel spacer between the carrier and the underside of
the piston crown. Results from the thermal analysis study showed
undercrown insulation creates a severe thermal stress gradient, and should
be avoided.

The reassembled SASC engine with the modified carrier was demonstrated for
TACOM personnel on August 29, 1984. The cylinder assembly and stiffening
ring were instrumented with thermocouples as shown in Figure 5-19.
Temperature measurements showed the stiffening ring heated up uniformly
with the cylinder. During this evaluation run the vibration problem became
more pronounced with critical displacements occurring at 600 rpm and 1250
rpm. A total of approximately 48 hours running time was accumulated.

Avoiding sustained engine operation at the critical frequencies, friction
measurements were obtained on the SASC components. The friction horsepower
results show a 5-8% increase over the metal engine from build B/N-03.

This increased friction result was contrary to the previous reduced friction
results with SASC components, and is 1ikely explained by the piston to
cylinder interference noted during the preliminary evaluation.

After 73 hours of total motoring with the SASC hardware, engine firing was
attempted over a period of 1.5 hours before terminating testing due to
extremely poor combustion. Inspection after engine teardown revealed the
cylinder had cracked at mid-length.

Analysis of the fracture surfaces revealed a bending failure of the

cylinder shown in Figure 5-20. Abraded areas of the pistons and matching
areas on the cylinder bore are shown in closeup views Figure 5-21 and 5-22.
It was concluded that the stiffening ring, weighing 8 1bs., imposed a
substantial cyclic bending load on the cylinder, caused by the engine
vibration and rocking couple from the crankshaft. Additionally,
misalignment of the piston axis and cylinder axis, as apparently evidenced
by component abrasion, may have contributed further to the bending stresses.

Given the tight design clearances, it was decided the risk of piston-to-
cylinder misalignment and resulting interference was too high with a wrist
pin carrier/connecting rod attachment. Therefore, it was decided sub-
sequent ceramic piston assemblies would incorporate the original ball and
socket design to allow freedom of alignment. Secondly, the crankcase
required further structural strengthening to reduce the lateral displace-
ment due to the vibration problems. Thirdly, the cylinder assembly should
be allowed to float in the support trunnions to avoid transmitting bending
forces to the cylinder. Additionally, the cylinder and stiffening ring
should be assembled with a Tine-to-line shrink fit to eliminate any move-
ment of the ring on the cylinder.
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41




®
14
A

C <= b

1 6y 13
/J’/r 4_;

. A
AN ! NN

m

SRNNNNRNN TN RNNNNNN NN

|
i |
; (1)
; ! 18
\\\m 'I &,\\\\\\ * >\\\\}\\\i NN
21 v 20 éé;za !f§>/ 17 ! {9

C <= 7 B

|
:!:rmﬂ-ﬂ Nos. refer to the switches

on the control console
e = Thermocouple

Figure 5-19.

Cylinder Schematic with Thermocouple Locations

42




Figure

5-20.

SASC Cylinder - Bending Failure (B/N-05)
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SASC Piston Surface Abrasion (B/N-05)

5-21.

Figure
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Figure 5-22. SASC Cylinder Bore Abrasion (B/N-05)
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Table 5-7. Engine Build B/N-05 and Results

Components Identification

Remarks

SASC Cylinder and SASC C/N-01
Stiffening Ring

SASC Pistons with Metal P/N-6 and 7
Carrier

Operating Results

Preliminary Operation:

Engine Motoring - 5 Hrs.

Engine Motoring - 8 Hrs.
Engine Firing - .2 Hrs.

Engine Evaluation Resumed:

Engine Motoring - 34.75 Hrs.
(maximum engine speed 1600 rpm)

Engine Evaluation
(full ceramic assembly)

46

Modified cylinder design
and floating stiffening
ring with .001-.002
inches clearance.

Revision #1 - Carpenter
42 Steel carrier and a
mullite ceramic spacer.

Revision #2 - Allen-type
adjusting screws added
and steel spacer.

Remarks

Chirping noise detected;
piston and cylinder bore
wear distress marks ob-
served.

Clicking noise noted,
varied with engine
speed, testing termi-
nated.

Piston carrier modified-
Revision #2, measured
compression ratio of
18-19.8:1, cylinder/ring
assembly temperature
profiles measured. Vi-
bration problems at 600
rpm and 1,250 rpm.

Friction horsepower in-
creased 5-8% over re-
sults for B/N-03 with
aluminum pistons.




Table 5-7. Engine Build B/N-05 and Results-(Continued...)

Components Identification Remarks

Engine Motoring - 38.25 Hrs.

Engine Firing - 1.5 Hrs.
Erratic firing, poor
combustion and blowby,
testing terminated
after 1.5 hrs.

Inspection revealed
cylinder cracked at mid
section; one cylinder
half shifted.
(September 7, 1984)

Cumulative Operation Time -

Motoring/Firing Firing Hrs.
SASC Cylinder Liner/Ring Assembly 87.7 1.7

and SASC Pistons

Build Date: July 20, 1984

5.5.6. Engine Build B/N-06. The engine vibration problem was eventually
traced to an out-of-balance in the coupling between the dynamometer and the
engine and corrected. The unbalance problem apparently developed due to
the abrupt stops from the previous engine failures.

Friction horsepower measurements were obtained for the engine without
connecting rods and pistons attached. Figure 5~23 jllustrates a reduction
in friction for the bare engine compared to the previous B/N-03 metal
engine build. The improved friction performance is directly attributed to
the extensive reconditioning of metal components following the engine
failure of B/N-04.

A steel cylinder without a cooling jacket was fabricated and baseline
friction horsepower measurements obtained on the lubricated metal engine.
The friction horsepower curve can be seen to be essentially the same as
the complete metal engine from build B/N-03 with a water-cooled cast iron
cylinder. Friction results are also tabulated in Table 5-8 for the metal
assembly (steel cylinder, aluminum pistons).

47




B/N — 06, 10-30-84
34 ® Rebuilt Engine
¢ Non-Cooled

O

[—

Friction Evaluation
5= Engine Build B/N — 03

B/N — 03, 3-12-84
e Water-Cooled U
Cast Iron Cylinder

Steel Cylinder [:]

o//A<

/‘
B/N — 03, 3-9-84

e No Pistons or
Connecting Rods

o/o
A/

B/N — 06, 10-3-84
¢ Rebuilt Engine
¢ No Pistons or
Connecting Rods

Friction Horsepower
]

o
800 1000 1200
Engine Speed (RPM)

1 | { 1
1400 1600 1800 2000

Figure 5-23. Engine Friction Comparison Between Build B/N-03 and

Build B/N-06
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Friction measurements for this engine build (B/N-06) provide the
baseline comparison for all subsequent ceramic engine friction evaluations.

Table 5-8.

Baseline Friction Horsepower Engine Build B/N-06

Engine Speed Torque Torque
(RPM) (Ft.-1bs.)* FHP* (Ft.-Tbs.)+ FHP+
800 3.8 0.58 9.9/10.1 1.5/1.54
1000 4.2 0.70 10.1/10.5 1.92/2.0
1200 4.5 0.91 9.8/10.0 2.24/2.3
1400 5.0 1.1 10.3/10.6 2.75/2.83
1600 5.35 1.4 10.8/11.0 3.3/3.35
1800 5.7 1.6 11.4/11.6 3.91/3.98

* Engine without pistons and connecting rods

+ Full engine assembly with non-cooled steel cylinder

Table 5-9. Engine Build B/N-06 and Results

Components Identification Remarks

Steel Cylinder

Aluminum Pistons with
new rings

Operating Results

Engine Evaluation
Accumulated Time:

Engine Motoring - 15 Hrs.

Engine Firing - .25 Hrs.

Build Date: October 8, 1984

Eaton manufactured,
duplicate design of
SASC C/N-01, no
cooling provided.

Eaton manufactured,
pistons (piston de-
sign detail =
reference Appendix D),
commercial Briggs and
Stratton cast iron
rings.

Baseline metal engine
friction test, com-
pression ratio set
for 18:1.
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5.5.7. Engine Build B/N-07. A new engine build was initiated with
sintered alpha silicon carbide components. Room temperature dimensional
parameters were obtained for the pistons and cylinder (Table 5-10).
Profile measurement details are presented in Appendix E.

Table 5-10. Dimensional Parameters for Piston/Cylinder Build B/N-07

Parameter Values
Diametral Clearance (Nominal), microinches 300 - 500
Cylinder 1.D. Runout (Maximum), microinches 50
Piston 0.D. Runout (Maximum), microinches 100

Preliminary engine evaluation was initiated on January 10, 1985.

Motoring at 800-1,300 rpm resulted in smooth operation without vibration.
Disassembly and inspection after 1.75 hours operation showed the cylinder
and pistons in good condition. The pistons were reassembled and engine
operation resumed. After 0.5 hours motoring at 500 rpm some debris was
observed through the intake side end cover. Testing was terminated and
inspection revealed a broken section at the cylinder intake end (Figure
5-24). No conclusion was drawn as to the failure cause based on analysis
of the chip fracture surfaces due to material loss. Minor abrasive scoring
resulted on the piston skirt (Figure 5-25). The components were judged to
be in adequate condition for further testing after reworking the fractured
surfaces by smoothing the sharp edges.

Motoring trials were resumed performing various operational checks. Engine
operation appeared smooth over a speed range of 300 to 1,600 rpm. The
engine was demonstrated for TACOM personnel January 30, 1985. Hot friction
horsepower measurements (Table 5-11) were obtained for the full engine
assembly as the engine was shutdown for inspection.

Table 5-11. Friction Horsepower for Build B/N-07

Engine Speed (RPM) Torque (Ft.-1bs.) FHP
800 6.9 1.05
1000 6.6 1.27
1200 7.2 1.65
1400 7.42 1.98
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SASC Cylinder Damage (B/N-07)
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Figure 5-25. SASC Piston Abrasion (B/N-07)
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Friction horsepower results shown in Figure 5-26 for the SASC ringless
pistons show a 50 percent reduction in the contributed friction of the
piston components compared to the baseline metal engine.

Inspection of the pistons and cylinder after firing revealed no further
detrimental effects in addition to the components pre-test condition. The
engine was allowed to cool down and testing resumed the following day.
Initiation of firing resulted in erratic operation and poor combustion.
After 1.5 hours of firing an audible crack was heard resulting in extensive
fracturing to both the cylinder assembly and pistons before the dynamometer
came to a complete stop.

A failure analysis was unable to be performed due to the extent of damage
(Figure 5-27). Examination of the I.D. surface of several large cylinder
fragments showed a high degree of surface polishing indicating rubbing con-
tact between the cylinder and piston.

The consequence of the pre-existing broken cylinder end section probably
lead to the failure. Observation of white smoke through the transparent
end covers, prior to the catastrophic failure, suggests the likelihood

that a crack propagated to the combustion zone, allowing exhaust leakage to
the crankcase.
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Friction Evaluation
A B/N — 06, Metal Components, Oil Lubricated
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Figure 5-26. Engine Friction Comparison Between Metal Baseline
B/N-06 and SASC Build B/N-07
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Figure 5-27. SASC Components Failure (B/N=-07)
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Table 5-12. Engine Build B/N-07 and Results

Remarks

Components Identification
SASC Cylinder and SASC C/N-02
Stiffening Ring
SASC Pistons with P/N-2 and 5

Metal Carrier

Engine Bed

Operating Results:

Preliminary Operation:
Engine Motoring - 2.25 Hrs.

Engine Evaluation:
Engine Motoring - 21.1 Hrs.
Engine Firing - 2.25 Hrs.

Friction evaluation resumed:
Engine Motoring - 1.5 Hrs.
Engine Firing - 1.5 Hrs.

Build Date: January 10, 1985

Stiffening ring to
1inder .0001-.0002"
interference fit.

Revision #3 - steel
carrier ball and socket
design modified for
Allen-type adjusting
SCrews.,

Floating cylinder design
flat gaskets replaced

by 0-rings in trunnion
support, crank case
stiffening frame added.

Compression check 345
psi at 500 rpm, piston
and cylinder inspec-
tion reveal cylinder
fracture at skirt end
and piston scoring -
January 11, 1985.

Operation to 1,600 rpm,
engine accessory and
timing adjustments,
fuel 1imit control in-
stalled. Firing
operation and friction
testing initiated
January 30, 1985.

Firing erratic, 1.72
BHP at 1,200 rpm, poor
combustion, fuel in-
creased (2.4 BHP at
800 rpm), cylinder
assembly and piston
failure occurred -
January 31, 1985.
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5.5.8. Engine Build B/N-08. A new ceramic engine build was initiated with
a backup sintered alpha silicon carbide cylinder and sialon pistons. Room
temperature dimensional measurements were obtained for the pistons and
cylinder shown in Table 5-13. Profile measurement details are given in
Appendix F. The sialon pistons were class fit to the cyiinder.

Table 5-13. Dimensional Parameters for Piston/Cylinder Build B/N-08

Parameter Value
Diametral Clearance (Nominal), microinches 500 - 600
Cylinder I.D. Runout (Maximum), microinches 80
Piston 0.D. Runout (Maximum), microinches 180

Preliminary engine evaluation was initiated on March 8, 1985. After 15
hours of motoring to 1,600 rpm, the engine was disassembled and component
inspection revealed no evidence of wear on either the piston or cylinder
bore.

Firing trials were initiated on March 12 and the engine demonstrated for
TACOM personnel. Engine firing was smooth operating up to 2.14 BHP at
1,500 rpm. There was still some indication of vibration at 1,600 rpm. Hot
friction horsepower measurements (Table 5-14) were made during engine
shutdown after 2.5 hours of firing.

Table 5-14. Friction Horsepower for Build B/N-08

Engine Speed (RPM) Torque (Ft.-1bs.) FHP
800 7.26/6.85 1.90/1.04
1,000 8.2/6.98 1.56/1.32
1,200 8.0/8.3 1.82/1.89
1,300 8.3 2.05

Friction horsepower results for the ringless sialon pistons shown in Figure
5-28 exhibit a slight increase in friction over build B/N-07, but closely
follow the SASC results of a 50% reduction in friction.
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Friction Evaluation

A B/N — 06, Metal Components,

Oil Lubricated/Water Cooled
A B/N — 06, No Pistons or Connecting Rods
O B/N — 07, SASC Components*
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Figure 5-28. Engine Friction Comparison Between Metal Baseline B/N-06,
SASC B/N-07 and Sialon/SASC B/N-08
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Further evaluation was continued and periodic fuel consumption measurements
made. At an engine speed of 1,125 rpm, the indicated specific fuel
consumption (ISFC) ranged from 0.42 to 0.55 1b/HP-hr. However, lack of
combustion chamber development and injection matching precluded specific
fuel consumption being equivalent to developed engines. Exhaust gas
temperatures were typically 430-475°F at 1,100 rpm and 1.5-2.0 BHP.

Testing was terminated after accumulating a total of 25.5 hours under
firing conditions. The pistons were freely removed from the cylinder and
inspection showed evidence of burnishing on the upper half of the sialon
piston skirt as shown in Figure 5-29. The shiny circumferential ridges are
burnished grinding marks which result from the surface pattern of the final
0.D. grinding. Carbon deposits are evident on the piston crowns indicative
of poor combustion, and also on the fuel injector tip shown in Figure 5-30.

Figure 5-31 shows the silicon carbide cylinder bore, with no indications
of matching piston wear. Accumulated carbon deposits can be seen in the
center of the cylinder combustion zone. The ceramic components showed no
other physical evidence of distress and were judged to be in excellent
condition.
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Figure 5-29.

Sialon Pistons After Firing
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Figure 5-30. Injector Tip with Carbon Deposits




Figure 5-31. SASC Cylinder Bore After Firing with Sialon Pistons (B/N-08)
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Table 5-15. Engine Build B/N-08 and Results

Components

Identification

Remarks

SASC Cylinder and SASC
Stiffening Ring

Sialon Pistons with

metal ball and socket
carrier

Operating Results

Preliminary Operation:
Engine motoring - 15 Hrs.

Engine Evaluation:
Engine Motoring - 8.25 Hrs.
Engine Firing - 25.5 Hrs.

Cumulative Operating Time:

C/N-03

P/N-A and B

Motoring/Firing

Same design as
B/N-07

Same design as
B/N-07

Piston run-in
operated to 1,600
rpm, smooth opera-
tion no vibration,
compression check -
320 psi @ 800 rpm
and 360 psi @ 1,000
rpm, inspection of
ceramic components
indicated no abras-
jve wear evident.

Firing operation
stable, peak combus-
tion pressure 560
psi @ 1,200 rpm, hot
friction horsepower
measurement initia-
ted March 14, 1985
after 2.5 hours of
firing. Testing
terminated March 20,
1985 after success-
ful part load opera-
tion.

Firing (Hrs.)

SASC Cylinder Liner/Stiffening Ring 48.75

Sialon Pistons

Build Date: March 8, 1985

48.75

25.5
25.5
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5.5.9. Engine Build B/N-09. After the successful firing of the sialon -
SASC ceramic build B/N-08, a hardware modification was implemented replac-
ing the sialon pistons with a new set of SASC pistons.

The SASC pistons

were previously class fit to cylinder C/N-03, thus allowing direct friction
comparison to the sialon pistons with other hardware remaining constant.
Dimensional and 0.D. profile measurement details for the pistons are
presented in Appendix G. Dimensional parameters for the SASC pistons

were essentjally the same as the sialon pistons with less 0.D. runout (120
microinches max.).

Preliminary motoring evaluations resulted in an increase of 60 psi com-
pression pressure over build B/N-08. This was a result of adjustments that
were made in the piston axial position to compensate for a variance in
compression chamber volume due to larger chamfers on each piston crown.
After 3 hours motoring a brief firing trial was conducted for a total of
1.5 hours to check combustion pressure.

Firing evaluations were continued over several days accumulating operating
time at various speeds and part load. Firing was smooth and stable for a

given fuel and load setting. Hot friction horsepower measurements (Table

5-16) were obtained.

Table 5-16. Friction Horsepower for Build B/N-09

Engine Speed (rpm) Torque (Ft.-1bs.) FHP
900 6.8/7.1 1.16/1.2
1,000 7.2/7.6 1.35/1.40
1,200 7.75/-- 1.77/--
1,300 7.8/8.1 1.93/2.0
1,400 7.5/8.5 2.0/2.26
1,500 8.1 2.3

Average friction horsepower results shown in Figure 5-32 closely follow
those obtained for build B/N-07, also containing all SASC components. The
slightly higher results for the sialon pistons may be due to the greater
piston 0.D. runout reducing the nominal running clearance. In each case,
the ceramic engine builds repeatably show reductions in friction of 40-50%
compared to the metal baseline.

During the course of engine testing, indicator cards were taken using a
Kistler pressure pickup mounted in the cylinder opposite the injector. A
second pressure pickup was installed in the injector line. Typical
indicator cards are shown in Figure 5-33. The three traces displayed are:
(1) timing trace, (2) cylinder pressure, and (3) injection Tine pressure.
It can be seen in (b) that after injections were taking place resulting in
poor combustion.
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Friction Evaluation

S A B/N — 06, Metal Components,
Oil Lubricated/Water-Cooled
A B/N — 06, No Pistons or Connecting Rods
O B/N — 07, SASC Components*
471 @ B/N — 08, SASC/Sialon Components* A
+ B/N — 09, SASC Components* /

Baseline A

3- Metal Engine /
\\>/A
A -+

2- /

o _-t
— /, -~ O
g _——"——":,———"—422;':————
5 A @~~~ -0 A
3 I /+/ /A/
0] +—’ O
o
T A
= l *Ringless Pistons, No Cylinder Lubrication
£ 04

1 1 i 1 1 1
800 1000 1200 1400 1600 1800 2000
Engine Speed (RPM)

Figure 5-32. Engine Friction Comparison Between SASC Build B/N-09 and
Previous Ceramic Builds
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(a) Compression Pressure

m&nﬁ' 4 D I A
VAW | |
HRVIANNEN

N4E\\NEN
= A

{(b) Firing Pressure and Injection Line Pressure
Figure 5-33. Indicator Card Traces for B/N-09
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After successful operation of 50 accumulated hours firing, an evaluation
with increased operating load was initiated. Thermal imaging equipment
(Hughes Infra-red Thermal Imager) with camera and color video display was
located at the Eaton Research and Engineering Center. A photograph of the
temperature profile display for the piston is shown in Figure 5-34. The
crossed reference Tines are focused on the bottom end of the piston skirt
indicating a temperature of 424°F. Firing trials were continued increasing
engine speed and load recording the temperatures of the end of the cylinder

and piston.

After 2.75 hours (62.5 hours cumulative) firing on April 30, 1985, a
ceramic hardware failure resulted while operating at 1,400 rpm and an
engine output of 2.26 BHP. Temperature measurements just prior to the time
of failure indicated a temperature differential of 100°F between the end of
the cylinder and the end of the piston (cylinder - 340°F, piston - 440°F).
The exhaust gas temperature was recorded at 505°F.

Actual operating temperatures at the piston crown and inner cylinder
surface are unknown. Assuming a temperature difference of 100°F existed at
failure between the piston crown and the cooler portion of the cylinder at
maximum piston travel, the diametral clearance of 0.0005 inches would be
closed.

It was concluded that the exhaust piston being the hotter of the two
pistons failed due to seizure and resulting tensile stresses causing
fracture. A failure analysis was unable to be performed due to the extent
of damage to all components. With the exception of the reported bending
failure, this conclusion would explain all the other engine component
failures discussed, and correlates with the failure analysis from B/N-01
where wear track brittle fracture suggested contact pressure at high load.

A total cumulative operating time summary for the ceramic components is
shown in Table 5-17.

Table 5-17. Cumulative Operating Time Summary

Combined

Ceramic Motoring/Firing Firing

Components Hrs. Hrs.
B/N-08 & 09
SASC Cylinder 116.75 88.0
SASC Pistons 68.0 62.5
Sialon Pistons 48.75 25.5
A11 Ceramic Builds 242.25 93.75
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Figure 5-34.
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Table 5-18. Engine Build B/N-09 and Results

Components Identification

Remarks

SASC Cylinder and C/N-03

SASC Stiffening Ring

SASC Pistons with Metal P/N-03 and 04

Carrier

Operating Results

Preliminary Operation:
Engine Motoring - 3 Hrs.
Engine Firing - 1.5 Hrs.

Engine Evaluation:
Engine Motoring - 2.5 Hrs.
Engine Firing - 61.0 Hrs.

Cumulative Operating Time:

SASC Cylinder Liner/Stiffening Ring (C/N-03)*
SASC Pistons

Build Date: April 18, 1985

Previously run cylinder
assembly from B/N-08.

Same design as B/N-08.

Compression check - 380
psi @ 800 rpm, combus-
tion pressure check -
530 psi @ 900 RPM.

Firing operation stable;
Peak combustion pressure-
650 psi @ 1,200 rpm, test-
ing terminated April 30,
1985 - cylinder assembly
and piston fractured

under firing operation.

Motoring/Firing Firing
Combined (Hrs.) (Hrs.)
116.75 88.0
68.0 62.5

*Includes operating time of Build B/N-08

5.6. Component Finite Element Analysis

Ricardo Consulting Engineers, Ltd., Shoreham-by-Sea, England was funded in
a subcontract to perform a finite element analysis for the ceramic piston
and cylinder made of SASC, sialon and PSZ. The analysis used inputs for
the component thermal, pressure and interia loadings and predicted the

resultant component temperatures, displacements and stresses.

In addition,

a program was written to calculate the probability of failure of the

components using the Weibull criterion.
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Thermal boundary conditions were calculated by comparison with engines of
similar design, constructed of both conventional metals and ceramics. The
engine specifications used for the calculation of the boundary conditions
were as stated in Table 5-1, except the rated output was over estimated at
13HP. Analyses were made for two piston carrier configurations, one with a
undercrown spacer made of mullite, and the other made of steel. Thermal
analysis was carried out for both transient and steady state conditions for
the piston. Only steady state thermal analysis was performed on the liner,

since the piston analysis showed the steady state thermal load was the most
severe.

It was assumed for this analysis, as an extreme case, the wall temperatures
were 500-700°C. The assumption that the boundary conditions remained
unchanged with changing wall temperature may not be valid.

5.6.1. Results of Finite Element Analysis. Al1l the failure predictions
show the stresses due to the firing loads are low and insignificant com-
pared to the thermal loads for both the piston and the cylinder.

The stresses and distortions of the sialon components are very similar to
those for SASC. The inclusion of the mulilite spacer for the sialon and
SASC causes higher piston temperatures, and increases the thermal expansion
of the crown. The PSZ results are least affected since PSZ is a good
thermal insulator.

Predicted failures show that the piston should be adequately strong for
sialon and SASC with predicted failure rates of 2 in 10,000,000. Oue to
the higher thermal gradients developed in PSZ, a failure of 2% was
predicted.

The SASC and sijalon cylinders expand keeping the bore circular, however,
the PSZ liner becomes elliptical which would cause sealing problems as the
piston remains circular.

5.6.2. General Conclusions of Finite Element Analysis.
e A1l material candidates should work in a running engine provided
materials meet specifications. The PSZ material specifications
are particularly crucial.

o The pistons expand more than the liner so adequate clearance must
be allowed when the components are cold to avoid seizure when running.

e The engine must be warmed up siowly to avoid the piston crown
expanding more quickly than the Tliner.

The summary information presented in this section is only a brief review of
a more detailed and comprehensive report prepared by Ricardo Consulting
Engineers.?
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5.7. Acousto-Optic NDE Study

DHR, Inc., Mclean, Virginia, in collaboration with consultants at
Georgetown University's Ultrasonics Laboratory were funded in a subcontract
to investigate the non-destructive evaluation of artificially induced flaws
in sintered alpha silicon carbide test samples by an experimental acousto-
optic technique. This technique involved the non-specular reflection
profile of an ultrasonic beam incident at a critical angle called the
Rayleigh angle.

Sintered alpha silicon carbide (SASC) test specimens with artifically
induced surface flaws were supplied for evaluation. Details of samples
provided are given in Appendix I.

The objective of the subcontract was to establish the required experimental
parameters for SASC and perform the following tasks:

e Detection and characterization of microstructural defects by:

- Calculating and experimentally verifying changes in non-
specular features of the reflected beam profile as a
result of local variation of the sound velocity due to the
presence of near-surface microstructural defects in a
SASC substrate.

- Characterization of defects which will include identification
of defect size, defect position, and the local sound velocity.

e [Detection and characterization of Tinear finite cracks by:

- Calculating and experimentally verifying changes in the
beam profile non-specularly reflected at the Rayleigh
critical angle due to the presence of a small Tinear
crack near the surface of a SASC substrate. Characteri-
zatjon of cracks involving size and position of cracks.

¢ Resolution of surface stresses and stress gradients.

In carrying out this work, the effects of frequency, intensity, beam width
and other important variables were to be studied.

5.7.1. Experimental Parameters Determination. Theoretical and experi-
mental efforts were undertaken to determine the optimal excitation fre-
quency and incident beam width for SASC. Various combinations of trans-
ducer frequency, beam width and focal length were attempted with unpre-
dictable success to produce non-specular effects with any degree of resolu-
tion.

A Rayleigh mode was obtained on a 2x2 inch SASC plate showing a slight

displacement of the reflected beam profile. The Rayleigh angle was
measured to be 12.6°x0.2. Reducing the width of the incident beam for
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better resolution (down to 3mm) significantly altered the position and
resolution of the refiected profile. Further experimentation indicated the
best available excitation frequency that would be most sensitive was 20MHZ.

5.7.2. Results of Acousto-Optic NDE. Acousto-optic NDE studies resulted
in limited progress to establish optimum experimental parameters for
sintered alpha silicon carbide. Resolution of the overall system remained
a problem due to the beam width and the small angle of incidence at the
Rayleigh angle. The Rayleigh angle showed a dependence on both beam width
and frequency. It was concluded the most pronounced nonspecular effects
require the smallest possible beam diameter to irradiate the smallest
possible sample area to produce a nonspecular reflection pattern distinct
enough to be recognized and characterized.

5.8. Piston Injection Molding Study

Task III of the contract was initiated after receiving injection molding
tooling designed for a dimensionally close SASC piston to those used in the
engine testing phase of the program.

5.8.1. Tool Design. The requirements of fabricating a ceramic piston
employing a mass production technique suggested the gate be located on the
piston inner surface, and large enough to minimize flow lines. The tool,
therefore, was designed to inject the ceramic mix at the undercrown
location of the piston cavity. A heated nozzle was also utilized to

maintain mix stream fluidity and provide good flow of the mix into the
sprue bushing.

5.8.2. Discussion of Fabrication Results. Initial molding trials were
unsuccessful due to greater than anticipated hydraulic pressure dislodging
the sprue bushing. The sprue bushing retainer was reinforced, and a second
molding trial conducted to establish appropriate molding parameters. With
the remaining molding compound, a total of 46 visually acceptable pistons
were injection molded. Thirty-two (32) pistons were processed through
binder removal (Process A) and sintered in two separate furnace runs. The
balance of the 14 pistons were processed through the binder removal step
(Process B) and all sintered in one furnace run. The process results are
presented in Table 5-19.
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Table 5-19. Injection Molded Pistons - Process Results

Process Quantity Results
Injection Mold 46 A1l pass visual inspection
Binder Removal
- Process A 32 12 cracked, 20 pass
- Process B 14 14 pass
Sinter
- Group 1 (Process A) 10 6 cracked, 2 internal

defects; 2 pass x-ray
inspection

- Group 2 (Process A) 10 5 cracked, 5 pass x-ray
inspection

- Group 3 (Process B) 14 5 cracked, 9 pass x-ray
inspection

Pistons which passed x-ray examination and showed internal defects were
submitted for bulk wave ultrasonic inspection. Ultrasonic inspection
verified the presence of internal defects as observed by x-ray. Only 2
pistons were judged to have no detectable flaws by either technique. All
other pistons had ultrasonic inspection indications of microstructure
problems (presumably porous regions) or hairline cracks in the crown
underside. The potential porous regions or hairline cracks were generally
located in the gated region.

Ten (10) pistons, including 2 with no detectable flaws and eight with
various defects recorded were transferred to TACOM for further study.

5.8.3. General Conclusions of Injection Molding Study.
e Preliminary process parameters were acceptable to successfully
fabricate a heavy wall piston, but require further process develop-
ment.

e The major defects due to cracked pistons were located near the sprue
region, and appeared to be molding related.

e The cause of major defects was unresolved, but would likely be
corrected with further process experiments.
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APPENDIX A

ORIGINAL SASC COMPONENTS

DESIGN FOR ENGINE BUILD B/N-01

e Cylinder Liner/Quter Housing

e Piston/Ceramic Carrier Assembly
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APPENDIX B

FRACTOGRAPHY ANALYSIS OF
SASC CYLINDER FAILURE IN

ENGINE BUILD B/N-01
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FAILURE ANALYSIS
(BUILD B/N-01)

The SASC cylinder/housing (C/N-00) consisted of two isopressed cylinders
fit together and sintered as a monolithic assembly. The joining technique
results in a residual stress state where the tangential stresses are
tensile in the outer housing and compressive in the cylinder liner.

A photograph of the failed cylinder is shown in Figures B-1 and B-2. A
magnified view of the probable failure origin is shown in Figure B-3. The
failure site is near the fuel injector port at the interface between the
cylinder 1iner and outer housing. The assembly method produces maximum
tensile stresses at the I.D. of the outer housing causing a high
probability of failure in this region.

SEM micrographs of the wear track on the I.D. of the cylinder liner shown
in Figures B-4 and B-5 indicates scoring and abrasive wear with areas of
brittle fracture.

Conclusive evidence of the primary fracture origin and reason for failure
could not be established due to the extensive fracture surface and numerous
fragmented pieces. However, the following observations and conclusions are
drawn:

1. Property measurements are characteristic for the material.

2. Areas of incomplete bonding exist between the cylinder
Tiner and outer housing.

3. Abrasive and brittle fracture wear is observed in the wear
track on the cylinder bore suggesting contact pressure at
high Toad.

4. A probable failure origin site was identified near the fuel
injection port at the region of high residual tensile stress.
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B-1. Fractured Cylinder Sections

B-3. Magnified (3.5X) View of
Failure Origin in Quter Housing

B-2. Closeup of Segment 2 - Arrow
Indicates Identified Failure
Origin at the [.D.
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B-4. Wear Track on Cylinder Bore

B-5. Magnified View of Wear Track Indicating
Brittle Fracture
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APPENDIX C

REDESIGNED SASC COMPONENTS

FOR ENGINE BUILD B/N-05

e SASC Cylinder and Pistons
e SASC Stiffening Ring

o Cylinder Assembly

e Piston Profilometry Curves

e Metal Piston Carrier
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CARPENTER TECHNOLOGY

CORPORATION
CARPENTER STEEL DIVISION

(orliccH]

DESCRIPTION:

Carpenter Low Expansion “42"® is a 41% nickel-iron alloy
which has a virtually constant low rate of thermal expan-
sion at temperatures up to about 650°F (343°C). it is used
for applications in which relatively low expansion is
necessary to prevent errors or variations due to changes in
temperature or those in which Low Expansion “42” is used
in conjunction with a high expansion element such as in
thermostats or thermo switches where temperatures may
go as high as 650°F (343°C).

Carpenter Low Expansion “42" is manufactured to ASTM
F30-77 and fully conforms to the requirements of this
specification.

PHYSICAL CONSTANTS:

Specific gravity ...... .. i e 8.12
Density —Ib/in3 . ... 0.293

Coefficient of thermal expansion: as annealed

CARPENTER LOW EXPANSION 42"

(K94101)

Type analysis:

Carbon ....... 0.05% max.
Manganese ......... 0.4%
Silicon ............. 0.2%
Nickel ............... 41%
lron ............. Balance

WORKING INSTRUCTIONS:

Blanking and Forming: For clean blanking of Carpenter
Low Expansion “42", a Rockweli hardness of about B30 is
suggested. Where any sharp bends are involved in forming
finished parts from strip or rods, a hardness of not over
B 93 is suitable.

Cold Heading: Carpenter Low Expansion “42" may be
swaged or cold upset.

Plating: It can be electroplated or zinc coated by the usual
methods for ferrous alloys.

Grinding: A silicon carbide wheel is desirable, preferably a
soft wheel which will wear without loading. For finish
grinding, a satisfactory grade to start with is No. 80 grit.
Welding: Any of the conventional welding methods can be
used. When filler rod is required, Low Expansion “42" is
suggested.

Brazing: Copper and zinc-free brazing alloys are
suggested.

Forging: The forging temperature should be 2150/2200°F
(1177/1204° C). Avoid prolonged soaking to prevent suifur

Temperature Coefficient €
- ot oF e absorption from the furnace atmosphere.
T°Fto | 25°Clo 10y 1oerc Annealing: Heat to 1450° F (788° C), and hold at heat for at
212 100 2.57 4.47 least one-half hour per inch of thickness, air cool.
392 200 2.54 4.58
572 300 2.71 4.61 MECHANICAL PROPERTIES: as annealed
662 350 2.78 5.02 .
752 400 314 570 Te:ssille strength -
842 450 383 703 g e
932 500 4.32 7.78 Yield strength '
1112 600 5.50 9.90 ksi 40
1292 700 6.12 11.00 v SRLRSAIE e e Bt
:g;g ggg s'?g :;32 Elongation in 2” (508 mm), % ...........c.vunn... 30
: : Hardness, Rockwell B .......ccoiveeiiiiiinnnen... 76
Electrical resistivity Modulus of eiasticity
ORM—CIt MUL/H . e, 430 PSi X 106 L e 215
[21TeT o] aYas 10102 DT 710 MPa x 103 . i i e 148.4
Specific heat
BtU/ID * OF e 0.12 FORMS AVAILABLE:
S\N Thkedr/;gfcgnauét'i\;i't;, ............................. 0.50 Strip — Cold Rolled Bars — Hot Rolled
=) ! n Annealed Cold Drawn
§, Btu-in/ft2/hr/°F (?8/212° FY i 74.5 Annealed for Centerless Ground
Ky W/m e K (20/100 C) .................... ; ..... 100.7 Deep Drawing Annealed
-~ Curie temperature ............c..oovnis 716°F (380°C Wire — Cold Drawn Flats, Squares
Melting point ......covvueeveiieat, 2600°F (1425°C) Annealed

ELECTRONIC ALLOYS 22

The information and data presented herein are typical or average vaiues
and are not a guarantee of maximum or minimum values. Applications
specifically suggested for materiat described herein are made solely for the

purpose of itlustration to enabie the reader to make his own evaluation and
are not intended as warranties, either express or implied, of fitness for
these or other purposes. C 13
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APPENDIX D

ALUMINUM PISTON DESIGN FOR

ENGINE BUILD B/N-06

D-1




THIS PAGE LEFT BLANK INTENTIONALLY

D-2



3.

— 53/ e
— P00 —m
]
————————— % 200
/‘/OTE
ALe JNSiDE  RADI -
AT 3 ALUMINUM

LME O/ 8565 + STesTroA

./87

“ 2778185

-

D-3

-T.= l 12 ACS, £8 SMCED -~ "” p
2. ‘/52;:)’ ; Ve 00,’5"5:
- 15 \ u 7/
/'? | 4
/25 @ TwEU X
Y YAes 2 #sx erF
REL 187
.150 &
SF. o wird
pPids

DA

e 245
CENT

Fisron — 2 yf Timoney

Ry 3¥o7-0Z Fes zo 198Y




THIS PAGE LEFT BLANK INTENTIONALLY

D-4



APPENDIX E

COMPONENT PROFILE MEASUREMENTS
FOR ENGINE BUILD B/N-07

Piston Dimensions and Profilometry Curves

Cylinder Dimensions and Profilometry Curves
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APPENDIX F

COMPONENT PROFILE MEASUREMENTS
FOR ENGINE BUILD B/N-08

Piston Dimensions and Profilometry Curves

Cylinder Dimensions and Profilometry Curves

F-1




THIS PAGE LEFT BLANK INTENTIONALLY

F-2




e —————r e e .

-

Engineering & .
E :TeNogineerin s . COMPONENT QUALITY RECORD

PART NO. . / PRO JE_CT NﬁL /o7~ 2
PART DESCRIPTION: PisTonN f’l[N -4 S/N
INSPECTED BY: JA.OLSON DATE 2-12-853

INTENDED USE OF COMPONENT ASSEMBLY:

g 0 )
BeVEL 45 Q ©
Jo1 2l 6627 _, — = ™
[ )
21316 of e 17ibl —| e, ]
2.7375 . ' TJL
| e— i
A & T T
1.8826 &\o\ N
[ o~
:f739*/ = < o 3"‘_”
—t L 74 25“" |
& \
\ _/
2.73% _, Y8 ‘F;
207397 . ‘1’ lr—so%
: L#r 'L N

F-3




Component

Sitesning & Resewsch - tty . wm
uudmy el
Rev. Project No. 3401 -0 pae2— [3-8%
= e Lot aty,
JA. O soN / P.O/W.0.
Engineer

‘ Part No
l “ Piesvory

T

N\

3

O%-A a

|
[T
N\ &n 2-/3.75 0, ]
(A
7o 444444 'j"',ll

X
3

\~g l/
\ =
N
—
=

=
~ —I
-

h o
Qia Bendix COrP°'a“ A
D & o R e INSM

F-4



Research Center

E_‘Kowe"ﬂ‘““""ﬂ & COMPONENT QUALITY RECORD

PART NO. ' , — PROJECTNO FfO7-O2
PART DESCRIPTION: PisTonN P/ -5 sN __B
INSPECTED BY: 3 A OLsom /7 DATE _ R - (2 -X5

INTENDED USE OF COMPONENT ASSEMBLY:

S 3
g3
T3 | T ) Pu ll
76
jjlges = |— [.746¢ —> Lg — T
) t
— ‘: 88?777} e
] LN I N
/.8883 S S ¢
2‘73’6 s ’. 7‘48/——¥ 7: aﬂ(\ 2 ’q‘o
2. 73’5 > 8. |"
. < 915| '
—t /7985 —» o
| W _
96 . X )
‘;._:’)2\5 —, . 07.5'& = 50‘“
’ L# Y ¥

F-5



Eaton Corporation
, : I QN Engineering & Ressarch Component

Center Quality Record

Rev. __/ Project No. 3%07' o2 Date < -13- ] g
P smor/ PIp - 13 Lot . oy,
VAL WIS Y ! P.O/W.0.
Engineer

F-6




‘SjusuRUnsedw 3] 1jodd JO UOL3RD0| 93POLPUL SJUDQUNU UOLILSOd  :JLON

|
m
. 7zl
L A 1
NN /Mm ////./,// 7//////4 AN —
t _
M | M
1Y ﬁi
Sz { Vw\? m/,\ _ .N.ﬂ? \{
ARIENETE
.7///%/v,_ﬂv NN _
! _ I
& | ¥/
VT )OALY _

v, /0KL°Z

F-7




y N
.\> ,’ » ¥‘

= GOULD
ParT T Assue  Shart S

s o e e i ». T O S
MICROINCHES DIV, &
FLTER /8 )
DATE 2 it -8y




NS
2}

', "M GoulD .-
PART Vz. BgQ‘CTL Holes

| : e : FH—++++~,~+—~—T—FJ T
| MICROINCHES/DIV. €0
\ o FILTER _ (5O ,
\ = DATE_Z-4/ = Q5"

XK/\!
\{‘S\/
-
; g &
o ’ '\ \e
X o
’ <
a X

l &

G, —

OOZO - Y\\O

4 - o)
COH __ \_pﬁo‘
pOF"AT - N c E\]E
— oN,
NSTAUMENT SYsTEMS DIVIS!

F-9




S
239

T
N ’:./
‘ /),/v
K i J /r)x”
. },h‘
., =a GOULD
(
PART /_Z,ﬁ“i‘ﬁ Cre datas
e "f R i s el
g '
MICROINCHES/DIV. 2O
. FLTER (S
o DATE L—¢¢ - Ry~ ‘=«
. -
. x
’\v\//
.
&
o S
: . &
, “ &
/, N 1\/
;‘ /QDJIEQSWh ijg g
F - 5
4‘0%0 WO .
//VCOQD \’&AO.

F-10




\

% - \
Xﬁ/ -
== GOULD .
paRT o BElsw L\i’f“] ST ‘

H

MICROINCHES/DIV. €9
FILTER /8
8¢

DATE & -4~ 8§

D,
9/4//\
D)




O. \Ncﬂg\)

GO
uL
o lNcogpoF\ATE




APPENDIX G

COMPONENT PROFILE MEASUREMENTS
FOR ENGINE BUILD B/N-09

Piston Dimensions and Profilometry Curves
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APPENDIX H

MATERIAL CHARACTERIZATION REPORTS

e Sintered Alpha Silicon Carbide
e Partially Stabilized Zirconia

e Sialon
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CHARACTERIZATION REPRPORT

TO : W. P. BINNIE DATE : 28-MAR-85
COPIES : J.ZANGHI
FROM ROLAND CROSSLEY FILE
SAMPLE DESIGNATION SASIC MOR TEST EBARS #,s5 1-13(230)
14-2S(1z@2C)
o
MATERIAL DESCRIPTION @ SINTERED ALPHA 81C'EDT?#*8414 R
NOTERBOOK REFS -— MAT'L : DATA : F444-97
RESULTS SUMMARY =
- (COPIES OF NOTEROOK DATA ATTACHED)
STRENGTH DATA:
SAMPLE TEMBR. NO. OF AVGE STD. DEW. AVG. STD. DEV. .DGNsoT\-‘
SPEC - K81 MPa
1-13 23C 12 51.85 8. 25 357.53 S6.87 3.\L+
14-25 1228C. 12 SS. 00 4.13 373. 82 8. 45
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RESEARCH LARORATORY MNOTES ‘. i THE CARBORUNMDUM CO

MNAME : STEVE ILACKTI/RC DRTE : 14-FER-85
REF 2 BOOHK-PAGE F444-37
PROJECT : SRX TITLE: STRENGTH MONITORING
JOB NUMBER ABS -1 DATR SHEET NO. cC~85-1-1
MATERIAL : SiC LOT #8414
TEST mODE 4—-PT. FLEX TEST OUTER SPAnN (IN) s 1.52
INNER SPAN (IN) : .75
CROSS HEAD SPEED ©B.@2 IN., /MIN.
CHART SPEED 152 CM. /HR. TEST TEMPERATURE: c3C
TEST DATE 13-FEB-8S
SAMPILE WIDTH THICK PEAK LOAKD STRENGTH DENSITY
NO. (IN.) (IN.) (LES.) Ksi Mmpa. GmSs. /CC
i Q. 2SR 2. 1261 5. o8. 21 4120, &
2 ., sz @a. 1ze4 127.2 25.74 Z4E6. 4
3 @&. S8 . 1256 195. 2 S5. 45 I8z. 3
4 Q. 2436 D. 1264 1835.@ S1.63 206.2
S @, 2523 Q. 1261 148. 2 41.83 288. 4
& B. 2433 2. 1262 c17.2 61. 49 423.9
7 . 2523 a. 1258 133, @ 37. 47 zS8. 4
a8 3. 2495 2. 1258 207.3 8. 28 436.7
3 . 2480 Q. 1255 177.2 S, 28 291.S
1@ ‘@. 2486 2. 1258 187.0 S3.47 €8, 7
11 Q. zsez 2. 1ze@d 218. 1 61.74 425.7
1z @.25048 2. 1264 ca1.2 S6€. 43 289.1
13 Q. 2435 Q. 1263 181, Sa. 88 2S5. 8
AVG. S1.85 3S57.33
STD. DEV. 8.:z% S&6.87
1



RESEARCH LABORATORY NOTES . - THE CAREORUNMDUM CO

NAME : STEVE LACKI/RC DATE: Z8-MAR-8S
REF: EQOK-PAGE F444-37
PROJECT: SRX TITLE: STRENGTH MAONITORING
JOB NUMEER RES-1 DATA SHEET NO. C-85—~1-&
MATERIAL: SiC LOT #8414
TEST MODE 4-PT. FLEX TEST QUTER SPAN (IN) 1.5@
INNER SPAN (IN) Q.73
CROSS HEAD SPEED @.@2 IN./MIN.
CHART SPEED 1S CM. /HR. TEST TEMPEPATURE: 1z@ac
TEST DATE 25-MAR-85
SAMPLE WIDTH THICHK PEAK LOAD STRENGTH DENSITY
NO. (IN.) (IN.) (LES.) Hsi MPa., Gms. /CC
14 a. 2492 Q. 1259 187. @ S53.3@ 367.5
13 Q.c498 @. 1264 183. 0 53. 28 367.3
16 @. 2482 @. 1259 191. @ S4. 6@ 376. 4
17 Q. 2524 2. 1252 204, 0 S8.a1 4QQ2. &
18 Q. 2437 a. 12e@ 164.8@ 46.54 320, 2
13 Q. 2431 Q. 126Q 188. @ 53. 48 3e8.7
a2 @a. 282z @. 1262 8. @ 58. 26 41,7
21 3. 2525 0.1z€1 1335. @ S4.28 37z.93
a2z @. 2525 @A. 1254 cvg8. 53. 4@ 4Q3. 6
=3 Q. 2493 @. 1222 181.@2 52.11 259.3
24 . 251 Q. 1253 &25. @ 63.57 438.3
&3 Q. 2432 @. 1261 188. 2 53. 37 3€8. 2
AVG. 535. 00 373. 22
STD. DEWV. 4.13 28,45
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JOR NO. :R84-17%5

CHARACTERIZATION REPORT

T0 : S. G. SESHADRI DRTE : S0~-RAug-84
COPIES : M. SRINIVASAN

FROM : THOMAS YOUNG FILE

SAMPLE DESIGNATION : MOR BARS NOS. 1 - 1S

MATERIAL DESCRIPTION : NILSEN PSZ MAT'L., GRADE MS, MOR BARS

NOTEBOOK REFS -~ MAT'L : DATA : F444-28

RESULTS SUMMARY :
{COPIES OF NOTEBOOK DATA ATTACHED)

BULK DENSITY RANGE: S.719 GMs. /CC T0 S5.741 GMS./CC
SONIC MODULUS RANGE: SONIC E
20.Q6 Mpsi 287.2 GPRa
TQ
20.53 Mos: 210.3 GPa

STRENGTH DATA:

TEMP: See C

NO. OF SPECIMENS TESTED:

,A
(W]

AVG. STRENGTH: £6.17 KSI 456.2 MPa
STD. D&VIATION: 9.77 KSI 67.4 MPa
WEIBULL MODULUS= 5.21
SIGMA THETR= 2.23
CORR. COEF.= 2. 89
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RESEARCH LARJDRATORY NOTES THE CARRORUNDUM CO

NAME : THOMAS YOUNG DATE: ZR-Aun-—-824
REF : BEGOK—PAGE F444-—-23
PROJECT: MEF TITLE: OXIDE BASED SYSTEMS

PATA SHEET NU. C-84-176—-1

JOB NUMBER A84-~-176
MATERIAL: NILSEN PSZ MAT*L., GRADE MS M3R BRARS
TEST MODE 4—-PT. FLEX TEST QUTER SPAN (IN) = 1.2
INNER SPAN (IN) a. 75
CROSS HERD SPEED @.22 IN. /MIN.
CHART SPEED 1S5@ CM. /HR. %x% SQ3Q C TEST TEMP. **
TEST DATE 2@-AUG-84
SAMPLE WIDTH THICK PEAK LOAD STRENGTH DENSITY
NO. (IN.) (IN.) (LES.) Ksi MPa. Gms. /CC
1 R.2519 Q. 1273 Z248.0Q €7.71 466.8
2 . 2526 2. 1276 172.2 46. SQ 3c3. 6 5.737
3 Qa. 2514 R.1277 2S53. 2 €9.38 48z. 5
4 2.2517 Q.1277 253. 02 63. 89 481.73
S Q. 2521 Q. 1278 z234.2 63.33 442.8 S.726
& Q. 2532 Q. 1276 248. Q2 67.68 4E66. 6
7 Q. 2S33 Q. 1273 z7a. @ 74.QQ Sia. &
a8 . 253 n.1278 230.0 ez. 59 431.6 S. 74
] Q. 2423 A. 1381 14Q.2 39.67 273.6 S.721
12 Q. 2526 2. 1268 253.@ 7. 64 487.1
11 @a.z25139 Q. 273 296, @ 7Q. €6 487.2
12 . 2529 @a. 1275 275.@ 75.23 518.3
13 Q. 2522 Q. 1276 27S. @ 75. 34 S13.5 S.7z2
14 B. &5Sas Q. 1373 2535.2 7@.67 487.3
15 @.zs23 2.1278 249. @ 67.98 468.7
AVG. €E6.17 456.22
STD. DEV. 3.77 €£7.35
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* %% *

A84-176 - NIL3EN PSZ,

Weibull Modulus
Sigma Theta
(Assumed HKV=1)

Correlation Cocefficient

Interpolated Failure

Failure
Probability
. 050
. 100
. 200
. 32Q
. 400
. S02
. 6002
. 702
. 800
. 300
. 952

-
/

Weibull Arnalysis

Data Estimate

LR} |
r

" @u

n

. 3884

Levels

Fracture

Strength
4Q.73
46.76
54,01
53.12
63.31
£7.13
7@.83
74.64
78.92
84.54
88. 92

* %% %

GRADE MS

32 Percent Configsnce nt2rval

(

m ( £.S3
2 ( S:g Theta( 2@8.:2:2
(Rased on m= S,

39 Percent Confidernce Interval

Lower

.Q17
oy
.82
131
. 184
. 241
. 204
. 376
. 462
. 578
. 665

H-8

Bound

Uopoer Bound

{ Prob (

. 144
. 254
. 440
.53
. 723
.835
. 301
. 354
. 383

.398
N




A84-176 — NILSEN PSZ.

Failure
Prcbability
. 2632
. 125
. 188
. 252
L2313
. 375
. 438
. 200

Mean Strength =
Std. Deviation =

Fracture
Strength

39.
46,
6.
€3.
&7.
67.
67.
.83

63

Data

£6.
1Q.

Coefficient of Variation

&7
S@
NEj
33
68
71
38

Estimate

17
il

= 15.28 %

GRADE MS

Failure Fracture
Prabability Strength
. S63 £3.38
.62S 72,64

. 688 7Q.66

. 750 70.67
.813 74.0Q

. 8735 75.25

. 938 75. 24

90 Percent Confidernce Interval

61.57 {( Mean ( 72.76 ksi
7.77 { Std. Dev.{ 14.76 ksi
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RESEZARCH LABORATCRY MNOTES

NAME @ THOMAS YOUNG DATE: ZRQ-Rug-54
REF BOOK-PRAGE F444-28
PROJECT: MEF TITLE: OXIDE BRSED SYSTEMS

DATA SHEET NO. C-84-17&-c

JOB NUMBER AB4-17E

TEST DES. IMMERSTON DENSITY

MATERIAL : NILSEN PSZ MAT'L., GRADE MS MOR BARS

(6.25 GMS./CC THEGQ. DENSITY)

SAMPLE BULK APPARENT  THEOR. APPARENT DRY IMMERSED TARRE SATURATED
NG. DENSITY DENSITY DENSITY POROSITY WEIGHT WEIGHT WEIGHT WEIGHT
1 S.721 s.721 24.56% 0.01% 6. 3799 19. 282 4.8152 €.3800
2 5.737 3.737 F4.82% R.01% 6. 3765 12. 1912 4.8136 6. 3366
3 S.723 5.723 94, 6Q% Q. 0% 6.35€2 13. Q661 4,824 6.3862
4 S.733 S5.733 34.77% Q. Qv 6.36c9 12.@7:z3 4.8197 6. 3629
3 S.7268 S.726 D4.E4% Q. Qv 6.3755 12.08z2 4, 82022 6.3755
€ S5.742 3.74Q 34, 88% 0. Q2% 6. 42@S 1@. 1252 4.819S 6. 4083
7 35.741 S.742 94, 92% 0.01% 6.3993 10. 1336 4.8188 6.3394
8 S5.74Q 5.741 24, 88% 2.01% 6.4184 12,1135 4.8192 £.4183
3 S5.721 S.724 S4.56% 2. BE% 6.3773 10.28z4 4.8132 &.2780
19 S. 726 5.7:28 4. BO% Q. as% 6.2335 1Q. qc26 4.81893 6. 3020
i S.73% 5.726 24, 8% 0.01% 6.3322 10. 2484 4.8187 6.3340
12 S.719 5.719 34.53% 2. QY% 6. 2841 12.28€9 4.818z 6. 32841
13 S. 782 S.723S B4.57% 3. 06% 6.3744 10.378S 4.8173 6. 3751
14 S.733 3.741 34, 85% Q. 04% 6.3291 12. @426 4.817Q €.2235
18 S. 728 S.726 4. E47% Q.01% 6.3812 10.2823 4.81635 €£.3813




RESEARCH LARORATORY NOTES

NAME = THOMAS YOUNG ZR-Aug-84
BOQOK-PAGE F444~Z
PROJECT: MEF TITLE: OXIDE BASED SYSTEMS
DATA SHEET NO. C-84-176-3
JOB NUMEBER AB4-17¢
MATERIAL: NILSEN PSZ MATL., GRADE mS MOR EARS
TEST MODE ELASTIC CONSTANTS FROM ULTRASONIC VELQCITY
SAMPLE DENSITY THICK G
NO. gms/cc (IM,) micraosec.micrasec GPRa
2 S.7378 @. 1276 Q. 324 79. €
S S. 726 2.1278 @.323 8.6
8 S.7400 2.1278 Q. 224 73.3
9 S.7212 @, 1z28@ a. 321 8.8
13 S.728Q @.1276 @. 3z 75. 4

THE CRAREBORUMDUM CO

E
Mpsi

30.11
Za. 43
3. g2
22.53

Q.6




JOE nNGC.
CHARACTERIZATION REPQGRT
T0 = W. P. BINNIE DATE
CORPIES :
FROM = THOMRS YOUNG
SAMPLE DESIGNATION RARS NOS. 1 - Z@
MATERIAL DESCRIPTION : HITACHI SYALON
NOTEROOK REFS —- MAT'L : DRTA :
DISK
RESULTS SUMMARY :
(COPIES OF NOTEEOCOK DATA ATTACHED)
BULK DENSITY RANGE:
3.3234 GM/CC TO 3. &6d
SONIC MODULUS RANGE:
4Q. 92 Mops1i Z82.1 GPRa
TO
41.328 Mpsi z285.3 GPRa
STRENGTH DARTRA:
SAMPLE TEMP, NO. OF AVG STD. DEV. AVG. STD. DEWV.
SPEC KSI MPa
NO. 1-15 22 C 1S 28. 34 17.84 e8z. &2 1zz. 37
NQ. 16-30 S2S C 15 83.33 11.27 eE17.73 77.71
WEIRULL ANALYSIS: WEIEBULL ANALYSIS:
TESTED i 23 TESTED @ S&5
* WEIERULL mMOD. - 4,28 WEIRULL m™MOD. — 7. 86
SIGMAR THETA - 103. a2 SIGMA THETR - 34, 86
CQRR. COEF. - Q. 32 CORR. COEF. - Q.38

H-12

ZZ-MAY-85
S. SESHRDRI
FILE

F2z21-71
B4




TO = We P.

FROM

CHARACTERIZATION REPORT

EINNIE

THOMAS YOUNG

SAMPLE DESIGNATION :

MATERIAL DESCRIPTION :

NOTEBOOK REFS —— MAT'L

RESULTS SUMMARY

EARS NOS. 1 - 3Q

HITACHI SYALON

(COPIES OF NQOQTEEQOK DATA ATTACHED)

SAMPLE DENSITY
GMS/CC

4 -~ 3. 238

9 3. 232

14 3. e

INDENTARTION FRACTURE TOUGHNESS:

YOUNGS

MODULUS
Mpsi
41,25
4. 32

41. 38

HARDNESS . GPa

AVG. STD. LDEV.
14.23 a.z23
14.2& a.¢68
14,19 Q.28

TOUGHNESS,
AVG.

(&)
[
1]
a1}

u
£
i
(11}

S.178

JOEB NO.

DATE :
COPIES :

DATA
DISK :

STD.

*% SAMPLES SUEBMITTED FOR FRILURE ANALYSIS **

H-13

Z3-MAY-835
S. SESHADRI
FILE

F321-71
#24

MPa. SORT (M)
DEV.




JOB NUMEER
TEST DES.

MATERIAL:

—
OOV T

MEZ

BULK

DENSITY

3.2%7
3.228
3.2%5e
3.252
3.234
3.260

RESERARCH LABORATORY NQTES

STEVE LACKI/RC

TITLE:

ABS-13

IMMERSION DENSITY

APPARENT
DENSITY

3.85

3.233
3.251
3.233
3.236
3.261

REF BROOK-PAGE

DATA SHEET NO.

HITACHI SYALON

THEQR.
DENSITY

93.31%
93. 3%
93. 7u%
93.76%
99.21%

109. Q0%

DISK NO.
SERV-TACOM-XA-483~-SES

APPARENT
POROSITY

Q. Q1%
@.az%
Q. ae%
Q. az%
0. Q4%
Q.23%

H-14

23-APR-8S

Fi12-71

a2z

C-85-13-1
DRY IMMERSED
WEIGHT WEIGHT
3.1038 6.31¢c6
3.1723 6.9572
3.1188 6.9216
3.1294 6.3314
3.2053 6.3736
3.0836 6.9020

THE CAREBORUNDUM CO

SATURATED
WEIGHT

3.1033
3.1732
3.1192
3. 1236
3.2063
3.2839



RESEARCH LABORATORY NOTES

NAME ¢ STEVE LACKI/RC

PROJECT: MEZ

JOB NUMBER:
TEST DES:

MATERIAL:

SAMPLE LENGTH
No in

2.0@30
1.399%
1.9930
2.0032
2. 0042
1.9390

PR IRV RN L (V)

— -

TITLE:

A83-13

REF

DARTE:

23-APR-85

EOOK-PAGE F31z-71
DISK NO.

SERV~-TACOM-XP-4839-SES

DATA SHEET NO:

=

g

C-85-13-

RESONANT MODULUS MEASUREMENTS - FLATWISE

HITACHI SYALON

WIDTH
in

0.2523
@.2505
Q. 2505
@. 2528
8.25¢c

Q. 2472

MASS
gms

3.10:8
3.1729

THICK
in

3. 1163
¢. 1139
2.1182
@.1181
@.1139
@.1178

FLEX
FREQ
Hz

10938
11235
11283
11022
11224
11274

H-15

YOUNG' S
moDULUS
Mpsi

41.28
41.95
40.39
40.32
41.21
41.38

o
he)
DY)

m Mmoo

o mommmoDm

()] ;l»\ {'.\ G n

Gl r— — S L

THE CAREBORUNDUM CO

POISSON'S
RATIO
Assd

Q. 240
2. 24Q
Q. 242
Q.24
Q. 249
Q. 24




NAME : STEVE LARCHI/=C DART=Z: ZI-RPR=-ET
QIF EOOK-0SEET T3 I-7
DI=A nd. e
PROJECT: MeEZ TITL=Z: S5ERV-TRCOM=-30-ul32-253
JOE NUMEER =35-13 LATA SHEZT NO. C
MATERIAL: HITACHI SYALON
TEST MODE 4-PT. FLEX TEST ouTER SPRAN (IN)

INNER SPaN (Inr)
CROSS HEAD SPEED w@.2& IN. /mIn
CHART SPEED 15@ CM. /7HR. TEST TEMPERATURE:
TEST DATE 13-APR-85

SAMPLE WIDTH THICH FEAA L.OAD STREMNGTH DEMSITY
NG. (INLD) (I (LES.) Ke1 MPa. Lms. /CC
1 - LT, PR T B Q. 1182 ZAZ. 0 1. 97 33,4
2 Q. ESE5 . 1165 351.Q 113022 AEI=TEN Z.257
3 Q. 254 @d. 1186 411.Q 12Q2. 24 836, Q
4 Q. 2SS 2. 1129 1S8. @ 43. 26 34Q. 3 3.z2z28
S Q. 2433 2. 1133 273.@ 85.€3 S3a. 3
() Q. 2S0% . 118& 276.Q 95. 15 €£SE.Q 3.222
7 Q. zSe3 Q.1187 337.2 127. 25 7Z3.%
8 Q. &477 Q. 1137 2742 [95.13 E4s. 5
9 Q. £528 2.1181 z18.Q2 1Qz. & AU Z. 25
12 Q. 2480 @a. 1172 Z838.Q 34,12 £43.Q
11 Q. Q3 Q.1184 Z32.0 33, 4Q 44, Q
12 Q.S Q. 11323 378.@ 117.12 8un7. 4 2.234
13 Q. S8 a.1183 IZZ.Q 125. €6 728. %
14 Q. 472 2.1178 3Z26.Q 112,17 753.8 3. ZER
1S Q. 2435 D, 1137 ZE3.Q 84.65 S8z.7
AVG. 28. 34 EBZ.ZZ
STD. DEV. 17.84 122,97

H-16
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SERARCH LABCORATARY NOTEZ THE CARECRLDL

NAME : STEVE LACZKI/RC DATE: Z3-APR-5S
REF EQOK-0RGE S213-71
, DISK NO. Zz
PROJECT: MEZ TITLE: SERV-TACOM-XP-u83-5E5
JOE NUMEER HES-13 CATA SHEET NO.  C-3S-13-3K
MATERIAL: HITAGCHI SYALON
TEST MODE 4=-PT. FLEX TEST DUTZR SPAN (IN) .=a
INNER SPAN (IN) : .75
CROSS HEAD SPEED 2.03 IN./MIN.
CHART SPEED 1S@ CM. /HR. TEST TEMPERATURE: 525 C
TEST DATE 13-APR-85
SAMPLE WIDTH THICK  PEA% LOAD STRENGTH DEMSITY
NO. (IN.) (IN.) (LES.) Ks1 MPa. GMS. /CC
16 @. 2583 2. 1129 283.Q 85,54 £43.8
17 A, Eh4E 2. 1194 262. 0 84.53 S8, 3
18 @.2510Q 2. 1138 321.2 12Q. S 631.2
13 @.2511 7. 1200 Z69.@ 83.69 S77.1
e 2. 2461 @. 1132 Q2. @ 97. 16 €63.93
21 @.2S11 ?.1137 ZEs. 0 70.76 485, 1
a2 @. 2572 Q. 120@ 266. 0@ 8a. 85 £S7.5
23 @. 2571 @2.1183 275. @ 8s. 1& S8E.
24 Q. 447 2. 1193 341.2 123. @S 751.9
as Q. 2482 Q. 1201 2z0.@ 72.33 4%8.7
z6 Q. 2554 @.1133 257. @ 73.54 S48. 4
27 Q. 2448 @.1128 Z91.0 94.75 €53.3
z8 @. 2621 2. 1200 342,00 121,94 70, 3
29 @.2458 2.1126 2%6.Q 34,71 £53.Q
: @. 2SQQ a. 1302 334.Q 104,03 717.3
AVG. 82.59 E€17.73
STD. DEV. 11.27 77.71

H-17




*%%%4  Weirpull Arnalysis exes

HITACHI SYALON TESTED AT ROOM TEMP,

Data Estimate 3@ Peyrcant Confiderce Interval

Weibull Modulus = 4,38 3,440 ( A ¢ S. 3
Sigma Theta = 123. 22 40.83 ( Sig Theta( Z322.€3% ks1
(Rssumed KV=1) (Based on m= 4,28 )

Correlation Coefficient = .3167

Interpolated Failure tLevels 3Q Percent Confidence Interval

Lower Bound Upper gournd

Failure Fracture ( Prob ¢
Probability Strength
. 050 55. 33 .013 . 135
. 100 S.21 .43 . 225
. 200 77. 42 Q33 .4
. 300 86. 1S . 147 . 931
. 400 93.52 . 29S8 .EED
. 501 1QeQ, 27 . 267 . 787
. 600 106. 86 . 336 .87z
. 70Q 113.74 413 .334
. 800 21.53 . S5 .37S
. 300 131.83 . 626 .93S
. 950 149,026 714 .333

H-18



A85-13
Fairlure Fracture
Probability Strength
.63 493, 36
. 125 84.63
. 188 85.6%
.250 93.19
.313 33. 40
. 375 94,12
. 438 25.13
. Se2 1@a. 57

Data Estimate

98. 94
18. 46

Mean Strength
Std. Deviation =

Coefficient of Variation = 18.66 %

HITACHI SYALOM TESTED AT ROCM TEMP.

Failure Fracture
Probaoility Strength
.3563 102,27
.65 125. €6
. 688 107,32
.75Q 112. 13
.813 115, 32
. 875 117. 12
.98 130, 84

9@ Percent Confiderice Interval

127. 34
£6.95

ks
ks1

39.35 ( Mean (
14,19 ¢ Std. Dev.(

H-19




*##%%  Weinull Analysis e

ABS-13 HITACHI SYALCN TESTED AT S&5 C

Data Estimate 3Q Percert Confidence Interval

Weibull Modulus = 7.86 7.11 4 f ( 8.61
Sigma Theta = 34. 36 £1.86 ¢ Si1g Theta( 145.43 ks
(Rssumed KV=1) (Based on m= 7.8€ )

Correlation Coefficient = .33817

Interpolated Failure Levels 92 Percent Confidence Interval

Lower Bound Upper Eound

Failure Fracture { Prob «(
Probability Strength

. 050 65.01 . 032 .@77
. 103 71.25 . 267 . 148
. 200 78.328 . 140 . 282
. 300 83.:2 215 .48
. 400 87.273 . 224 .52

. 500 32. 54 . 377 .638
. 600 33.82 A L7640
. 700 37.13 . S8 .83Q
. 808 100.73 . 662 .9e8
. 300 1@S. 48 . 735 . 3E8
. 950 103.08 . 863 .383

H-20




AB5-13 HITACH!I SYALON TESTED AT 325 C

Failure Fracture Fai1lure Fracture
Probability Strength Probability Strerngth
. 063 79. 26 . SE3 34,71
. 125 72.33 .6&5 94,735
.188 73.54 . €88 27.16
.25 8Q. 86 .752 129, &5
.313 83.69 .813 121, 34
. 375 84.53 . 875 124,023
4328 8.1z . 338 123,25
. S0 83.S
Data Estimate 98 Percent Confidence Interval
Mean Strength = 83.S9 84.29 ( Mean ( 24.83 ksi
Std. Deviation = 11.67 8.37 ( Std. Dev.( 17.@3 ks:
Coefficient of Variation = 12.02 %

H-21
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APPENDIX I

PREPARATIONS AND NDE OF SPECIMENS
FOR STUDY OF ACOUSTO-OPTIC EFFECTS
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Carborundum

C A R B D p U N D U M Resistant Materials Company
Advanced Materials Division
P.O). Box 832

Niagara Falls, New York 14302

Telephone 716 278-6 103
Telex: 91-383

October 24, 1983

Richard Silberglitt
DHR, Inc.

6858 014 Dominion Drive
McLean, VA 22101

Dear Rich:

Enclosed is a report prepared for DHR, summarizing Carborundum's
data on the NDE characterization of ten sintered alpha silicon
carbide specimens. The specimens have been sent to your attention
separately for DHR's research investigation using the non-specular
reflection technique.

If you have specific questions regarding the data contained in the

report, please feel free to contact Dr. Srinivasan directly.

Sincerely,

James W. MacBeth
Business Development Manager
Advanced Materials Division

JWM/1br

cc: M. Srinivasan
R. Storm

I-3
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Preparation and MDE of specimens for dhr, Inc. study of
nonspecular reflection effects

W. P. Rogers

M. Srinivasan

Advanced Materials Division
Engineering Materials Sector

Sohio Chemicals and Industrial Products Co.

October 1983
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Sample Preparation

Ten specimens of Carborundum Hexoloy SA sintered alpha silicon carbide were
prepared to explore the application of a nonspecular reflection effects technique
as a nondestructive evaluation method. In order to provide a variety of

specimen types, three parameters were varied: specimen size and shape, surface
condition, and surface flaw size. Surface flaws are either "natural" processing -
related pores and machining cracks or 'artificial' Vicker's indentation flaws.

The Vicker's incuentation provides surface flaws of known size and shape. Table

[ summarizes this information for the ten specimens. Figure 1 shows the

location of the indentations on the specimens' surfaces.

Table 1 Silicon Carbide Specimens

104 Size & Shape Surface Condition Type of Flaw

1 1/4 x 1/8 x 2" bar as-fired 7, 3, 5 kg indentation
2 1/4 x 1/8 x 2" bar machined 7, 3, 5 kg indentation
3 1/4 x 1/8 x 2" bar polished 7, 3, 5 kg indentation
4 1/4 x 1/8 x 2" bar as-fired natural

5 1/4 x 1/8 x 2" bar machined . natural

6 1/4 x 1/38 x 2" bar polished natural

7 1/4 x 1/8 x 2" bar machined high porosity

8 1/4 x 1/8 x 2" bar polished high porosity

9 2 x 2 x 1/4" plate polished 2, 3, 4,5, 6,7, 8,10 kg
10 2 1/2" diam. seal as-fired natural

I-5




SAW Ultrasonic Testing

A surface acoustic wave (SAW) technique was used to inspect the specimens for
microscopic surface defects. Tne technique utilizes a high frequency ultrasonic
testing system snown schematicly in figures 2 and 3. It is a custom-made

40 MHZ pulse-echo ultrasonic system with C-scan and A-scan capability. For
surface wave testing the transducer head (transducer and preamp) is turned to

a critical (Rayleigh) angle relative to the test piece. The transducer is scanned
over the surface and a two dimensional map of flaw location known as a C-scan,

is obtained on the x-y plotter.

The awmplitude of the ultrasonic pulse reflected by a surface flaw is viewed on
the oscilloscope (A-scan). Some of the relevant ultrasonic parameters for
alpna silicon carbide are listed in the appendix. Results of SAW ultrasonic
testing are given in the following figures.

Figure 4 shows the C-scan of four test bars witn as-sintered surfaces. Sample
1 contains three inagentations, however, only the 7kqg load flaws was detected.
The other indications correspond to natural surface or subsurface pores.

Figure 5 is a C-scan of six test bars with as-machined or polished surfaces.

The tnree indentation cracks in samples 2 and 3 show up very clearly, in

addition to the natural pores. The C-scans of the as-machined bars (2, 5, and 7)
are very similar to the scans of the polished bars (3, 6, and 8), indicating

that surface roughness does not greatly affect the sensitivity of detection.

Test bars 7 and 8 contain many small pores due to the fabrication process. The
difference ir microstructure between the high and low porosity samples is shown
in figure 6.

Figure 7 shows a C-scan of the polished face of a 2 x 2 in. plate containing

eignt Vickers indentation cracks. All of the indentations were detected except
the ¢kg loau. A number of natural pores are also evident. Micrographs of the
indentations and their corresponding ultrasonic A-scans are shown in figures 8-13.
Note that the amplitude of the reflected signal decreases as the indentation

crack size decreases. Figure 14 shows a micrograph of a very large natural

pore on the sample surface.

X-ray Radiograpny

A Magnaflux microfocus X-ray facility was used to detect internal defects in
the specimens. The exposure conditions used were: Type M film, 28 in. film-
focal spot distance, 40kv, 0.7 MA, 15 min. Using the best technigues
available, no internal or surface defects were detected. The sensitivity of
the X-ray method is at best 2% of the thickness of a specimen. In a 1/8 in.
thick test bar the smallest detectable defect would be about 70 mm. However,
seeing a pore indication of this size on a film is not possible by the unaided
eye. Furthermore, cracks such as those resulting from Vicker's indentation
can not be detected with radiography since they have very small width. At
present, radiographic testing can not provide the degree of sensitivity that
nigh frequency ultransoics can.
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Appendix

Ultrasonic Velocity and elastic constants of sintered alpha silicon carbide

Density Ultrasonic Velocity Young's modulus Poissons ratio
long shear

(g/cc) (mm/ ys) (mm/ ) ~ (GPa)

3.14 11.94 7.66 424 0.15

3.08 11.67 7.47 396 0.15

Rayleigh angle in water:

8 = Sin-| V water = 119
V shear




Figure 1 Map of Vicker's indentations, Toad in kg.

Samples 1, 2, 3
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Figure 6. Micrographs of sample 8 with high porosity (top)
and sample 6 with low porosity (bottom).

..“,. -
R oy
g 2 A g8
o \};g \ ‘J.

50X

%!

",5-«?-" \
: )‘.“:“:‘?‘u ’ﬁﬁ‘“‘-’ ¥y
g s
o
2

i

[-13




TR
...

‘..q_:n.-—‘... _N.‘-..
Gt :_:.:....._.m Pt

Vit .»..-.::.T

. DL .
ber k . ¢ « bbb ol : LR I N

ot ML oY NP




Figure 2. Micrograph of Sample 9 10kg Vicker's indentation and

ultrasonic A-scan.
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Figure 10. Sample 9, 7kg indentation micrograph and A-scan.
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Figure 1z. Sanple 3, 5kg indentation A-scan {top) and n
flaw A-scan (bottom), marked flaw A on C-scan in ficure 7
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Figure 14.

Sample 9, very large natural surface pore micrograon.
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