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HEAVY VEHICLE PROPULSION SYSTEM MATERIALS PROGRAM
SEMIANNUAL PROGRESS REPORT

FOR APRIL 1998 THROUGH SEPTEMBER 1998

SUMMARY AND INTRODUCTION

The purpose of the Heavy Vehicle Propulsion System Materials Program is the
development of materials: ceramics, intermetallics, metal alloys, and metal and
ceramic coatings, to support the dieselization of class 1-3 trucks to realize a 35%
fuel-economy improvement over current gasoline-fueled trucks and to suppoti
commercialization of fuel-flexible LE-55 low-emissions, high-efficiency diesel
engines for class 7-8 trucks.

The Office of Transportation Technologies, Office of Heavy Vehicle Technologies
(OIT OHVT) has an active program to develop the technology for advanced LE-55
diesel engines with 55% efficiency and low emissions levels of 2.0 g/bhp-h NOX
and 0.05 g/bhp-h particulate. The goal is also for the LE-55 engine to run on
natural gas with efficiency approaching that of diesel fuel. The LE-55 program is
being completed in FY 1997 and, after approximately 10 years of effort, has largely
met the program goals of 55% efficiency and low emissions. However, the
commercialization of the LE-55 technology requires more durable materials than
those that have been used to demonstrate the goals. Heavy Vehicle Propulsion
System Materials will, in concert with the heavy duty diesel engine companies,
develop the durable materials required to commercialize the LE-55 technologies.

OIT OHVT also recognizes a significant opportunity for reduction in petroleum
consumption by dieselization of pickup trucks, vans, and sport utility vehicles.
Application of the diesel engine to class 1,2, and 3 trucks is expected to yield a
35% increase in fuel economy per vehicle. The foremost barrier to diesel use in
this market is emission control. Once an engine is made certifiable, subsequent
challenges will be in cost; noise, vibration, and harshness (NVH); and
performance.

The design of advanced components for high-efficiency diesel engines has, in
some cases, pushed the performance envelope for materials of construction past
the point of reliable operation. Higher mechanical and tribological stresses and
higher temperatures of advanced designs limit the engine designer; advanced
materials allow the design of components that may operate reliably at higher
stresses and temperatures, thus enabling more efficient engine designs.
Advanced materials also offer the opportunity to improve the emissions, NVH, and
performance of diesel engines for pickup trucks, vans, and sport utility vehicles.

1

--,-- -.—- - T.-TY. .> T,.- . . .--:.7 -T-.7---- .7 ..-->=., . . .. .. . ,. . . . . . ,. -z-. . . . . --



-...

2

The principal areas of research are:

Cost Effective High Performance Materials and Processing
Advanced Manufacturing Technology
Testing and Characterization
Materials and Testing Standards
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Cost-Effective Smart Materials for Diesel Engine Applications
J. O. Kiggans, Jr., T. N. Tiegs,

F. C. Montgomery, and L.C. Maxey
Oak Ridge National Laborato~

Oak Ridge, TN 37831

Obiective / SCOW‘

There are two objectives for this project. The f~st is to evaluate the cost-effectiveness and
maturity of vmious “Smart Materials Technologies,” which are under consideration for
diesel engine applications, such as fuel injection systems. The second is to work on
materials development in “Smart Materials” systems, to enable these materials to be
incorporated into working actuators and sensors.

Materials Task Introduction - Reliability Issue

The present work involves the fabrication of sintered piezoelectric lead zirconate titanate
(PZT) materials. These materials have been shown to have a very fast response to an
electrical stimulation, can be made in compact shapes, and have a low power consumption.
While PZT materials have many useful characteristics, they also exhibit problems such as
ageing, sensitivity to temperature variations, and low strength. Au important issue with
PZT matetials, especially for the automotive industry, is “reliability.” A number of
research groups in the U. S. and Japan have begun to study this issue.l’23’4s5’6 One basic
finding of these investigations is that the reliabili~ of the PZT materials is strongly affected
by the quality of the green PZT preforms. These green preforms are often made by die
press forming and more often by tape casting. Die pressing is a simple process, but it is not
as amenable to large scale production, as is tape casting. Also, die pressing involves the
use of dried powders that can easily agglomerate, which results in inferior green preforms.
Tape casting has been employed for many years as the primary mode for forming capacitor
and pZ’Tmaterials. 6’7*8This method involves the use of liquid slurries for increased
uniformity of ceramic components, and.if performed carefully, can result in flexible tapes
that can be electrode and laminated into multilayer structures. However, tape casting
requires excessive additions of binders and lubricants, which can result in low density
green tapes with resulting defects in the sintered parts?

One approach for producing high reliability PZT materials is to develop improved forming
methods. In recent years, anew process has been developed at Oak Ridge National
Laboratory (ORNL) for forming high strength, high uniformity, ceramic preforms. 8This
method has been employed with many ceramic materials including alum.in%silicon, silicon
nitride, silicon carbide, boron carbide, just to name a few. Gelcasting may pose advantages
for forming of PZI’ materials. It is the intent of the first phase of this project to do a
comparative study of PZT materials made using die press, tape cast, and gelcast methods.
Both quantitative and qualitative compa.tisons will be used to judge the performance of the
products. Gelcast forming will employ water as the solvent. If water can be used in the
fabrication process, this will reduce the hazardous nature and overall costs of the both
forming processes. Even if the water-based gelcast process does not prove to be viable,
due to water induced chemical changes in the powders, the gelcast process is also amenable
to an organic solvent system.

.. -- -,.-n--r. .--, .?--, >./l ., ----- , -- . . . . .. .; .,....,. ,, .,..,,.,. . .. _,.- . . . . . . . . . . ., ,. ;.=,- ~,~. -
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Part I. PZT Sanmle Prewration

Two PZT powders have been selected for consideration as candidate materials for actuator
applications, NC 840 and APC 850 powders (APC Ceramics Inc.) also designated by
generic industrial designations as PZT-4 and PZT-5A, respectively. In a previous reports,
studies were performed to determine the proper dispersants for these powders in water-
based slurries. These studies identified Darvan 821A as an effective dispersant for both
powders.

APC Ceramics routinely makes green PZT discs using die press techniques. This was the
fust method used to make PZT green preforms. The as-received, APC 840 powders, were
loaded into a 1.27 cm diameter die and pressed at 2.5,5, 10, and 15 ksi. Some of the die
pressed samples were then isopressed to 30 or 50 ksi pressures.

A number of monomer systems have been developed over the last five years for gelcast
forming of green ceramic preforms. For this study a premix water-based solution
containing 24 wt.% solution consisting of 3 parts methacrylamide (MAM) and 1 part
polyethylene glycol dimethyacrylate (PEGDMA) and 0.8 parts glycerol was used to
suspend the PZT materials. 9.4 ml of the premix solution, 2.9 ml water, and 0.156 ml of
Darvau 821A were mixed, followed by step by step additions of 97.5 g of APC 840
powder, with vortexing. The slurry was mixed on a oblique blender overnight. 80 g of the
slurry was then transferred to afresh centrifuge tube and degassed in a bell jar with
vibration. 8 @of tetramethylamrnonium hydroxide (TEMED) catalyst and 80 @ 10 wt %
ammonium persulfate initiator solution (APS) were added to the slurry witi mixing. The
slurry was poured into the open end of a 7.6X 7.6X 0.16 cm glass mold, which was
covered with parafiim, and incubated at 45 ‘C for 1 h. The mold was then cooled,
disassembled, and the PZT part transferred to a metal tray. The PZT part was covered with
polyethylene glycol 400 for 1 h to remove the water from the gel. The gel was briefly
Msed in distilled water and then dried in room air. After 24 h, the part was dried at 40 ‘C
for 4 h to remove the remaining water. Several 1.27 cm diameter discs were cut from the
rectangular gelcast PZT part. Some discs were then isopressed to 30 or 50 ksi to increase
the green densities.

A Duromax binder system (recommended by Rohm and Haas) was employed as the base
binder system for the APC 840 PZT tapes. 3.2 ml of deionized water ,75 @ of Darvan
821A, and 200 @of Surfanol A surfactant were added to a 50 cc centrifuge tube. 45 g of
APC 840 PZT powder was dispersed in the solution using a vortex mixer. 6.4 cc of a 1 to
1 mix of Duromax 1070 and 1080 binders were then added to the slurry. The binder
content of the tape cast samples was 5.9 wt % based on total weight of the binders and the
ceramics. The slurry was mixed on a oblique blender overnight. 40 g of the slurry was
then txmsferred to a fresh centrifuge tube and degassed in a bell jar with vibration. A small
amount of the slurry was poured into a 2.5X 5 by 0.16 open plastic mold, which was
coated with WD40 release agent. This procedure was not a purely conventional tape cast
method, since the slurry was not spread with a doctor blade, but instead poured and to the
height of the mold sides. The tape solution was dried in the mold for 30 m at 37 “C, dried
overnight at room temperature, and then dried at 40 ‘C for 4 h to remove the final remaining
water. Discs that were 1.27 cm diameter were cut from the gelcast PZT part using a hole
punch. Some parts were then isopressed to 30 or 50 ksi to further increase the densities of
the discs. Imger tapes, which required si.tificantly higher binder additions to prevent
cracking of the tapes, were also made, but not used for the present tests.
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The green densities of the die press, gelcast, and tape cast discs, and those discs which
were isopressed at 30 and 50 ksi, were determined from weight and volume calculations
after a binder burnout step to 600 “C. Figure 1 shows the green densities of APC 840,
PZT materials made using the different forming techniques. The data show that the green
density of the material die pressed to 2.5 ksi was 52.5 %, and the green densities increased
for die presses at the 5, 10, and 15 ksi, with values of 56.9,61.3, and 63.6%,
respectively. As expected, the 30 and 50 ksi isopress treatment (after the die press)
increased the green densities of all pressed samples. The green density of the sample
produced using the gelcast process was 57.6% of theoretical density. This is very high
and is equivalent to material die pressed at 5 ksi. The 30 and 50 ksi isopress step of the
gelcast parts produced high densities of 67.3 and 69.3, respectively. The green density of
the tape cast PZT was 51.2, with increases to 57.4 and 59.1 for the 30 and 50 ksi isopress
treatments. Clearly, the tape cast process was inferior to both die press and gelcast
forming, when judged by comparisons of the green densities.

DTA- TGA analyses were performed on as received APC 840 powders (same as die
pressed samples), gelcast preforms, and tape cast samples. Figures 2 and 3 are DTA and
TGA graphs of the data for the as-received powder, a gelcast sample, and a tape cast
sample. The data for the “as received powders” show that there were multiple peaks in the
DTA trace, with most of the binder removed by 400 “C. The TGA curve for this matetial
showed a gradual weight loss to 200 “C followed by a more rapid weight loss to 400 ‘C.
The DTA data for the gelcast materials also had multiple peaks. The gelcast material also
showed a gradual weight loss to 200 ‘C followed by a very gradual weight loss to the 400
“C completion. The DTA trace for the tape cast material was very differen~ with two sharp
peaks, and the TGA trace indicates that most of the tape cast binder volatilized over a more
narrow range of 300 ‘C to 400 “C. Overall, the data indicated that the burn ou~
volatilization of the as-received powders and gelcast materials was much more gradual and
than the tape cast materials. The release of binders in the tape cast matetials over narrow
temperature range could lead to porosi~ problems in sintered samples.

Part II. Sinterimz of Lead Zirconate - Lead Titanate 0?2X’)Ceramics

In previous reports, results were presented concerning initial work in forming green
preforms from commercial PZT-4 (APC 840) powders using die press, tape cast, and
gelcast forming methods. The following work presents the results on initial sintering
studies for the PZT-4 gelcast preforms. The goal is to fmd a simple, cost-effective, robust
sintering method for these and other PZT materials.

It is well known that one of the major problems in the reproducible production of high
quality PZT ceramics is controlling the volatility of the PbO component of PZI’ materials
during the sintering process. A loss or gain of PbO during sintering will affect both the
densification and the dielectric properties of the sintered materials. Some investigators have
concluded that a 1 to 2 mole deficiency of PbO in sintered parts is a desired result.g Since
PbO can be volatilized and lost from green parts during sintering, it is a common practice to
use packing powders which will establish a PbO equilibrium with the samples, and prevent
severe PbO deficiencies. Researchers have used a variety of combinations of gaseous PbO
generators, such as PbO powder combined with PbZrOa or ZrOz. These powder mixtures
have been acked in numerous ways relative to the PZT samples as illustrated in Figure 4.
9,10,11,12,13,14,~

The most questionable arrangement in this group is packing the samples
directly in the packing powder (Fig. 4 b), since investigators have shown that direct contact
between samples and packing powder lacking titanium ions (Ti) can lead to solid state

-——-- - - .,, .. ., /... --- ------
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diffusion of Ti ions from the samples 9. In all sintering arrangements one must also assure
that sufilcient 02 is present during sintering to assure good densification.*4

Exr)erimental Results

The methods for preparation of the 10X 10X 0.2 cm PZT gelcast stock sheets were
discussed on previous reports. Test parts, 1.25X 1.25 X 0.2 cm, were cut from the larger
stock sheets for the sintering trials. Figure 4a is a schematic of the crucible set-up used for
sintering trials, which is the sintering configuration utilized by some investigators at Penn.
State University.ls Figure 5 is a schematic of the furnace used for the study. The nominal
sample temperature was measured using a Type “S” thermocouple placed beneath the
sample crucible. The alumina furnace tube was purged with flowing air throughout
sintering runs. In most cases, binder burnout was performed prior to the sintering run, and
but in one case, the binder burnout step was incorporated into the sintering run. The binder
burnout step consisted of heating samples at 1“C / rnin to 300”C with a 1 h dwell in air, and
then heating at the same rate to 500”C with an additional 1 h dwell. Samples were then
heated at 10”C/ rnin to temperature for the sintering runs. Samples were weighed before
and after binder burnout and sintering runs to measure weight losses during binder
burnout, and changes in weight during sintering. Densities of sintered samples were
determined by alcohol immersion using the Archimedes method.

Table 1 is a summary of all of the sintering runs completed at this time. In experiment 1,
PZT-4 samples were sintered at nominally 1100”C for 2 h in proximity to either a PbO/
PbZrO~(41) powder mixture or a (2:1) mixture. Similar results were observed for both
samples adjacent or “near” to the two different powders. These samples had 3 % weight
gains and 93 % theoretical densities (T.D.). The “far” samples both had a 1 % weight
gains and 88-89 % densities. These results indicated that the 1100”C temperature was too
low for complete sintering, and that there appeared to be a localized, uneven PbO
atmosphere in the crucible, adjacent to the powder bed, which caused higher weight gains
and higher densities for the “near” samples. Sintering run 2 was to 1200”C for 2 h with no
powder in the sintering crucible. Both samples in this experiment had weigh losses of
between 2.7 and 4.1 % and both reached approximately 98% T.D. Thus 1200”C
increased the sintered densities, but the higher weight losses indicated the need for better
atmosphere control. Sintering run 3 had two sets of crucibles with the same PbO / PbZrO~
(4:1) powder mixture. Very good sintered densities, 99.8- 100%, were obtained for all
samples in this run, with the samples nearest the powder bed having the highest densities.
Once again, those samples near the powder bed also showed the highest weight gains.
Since some samples had over 3 % weight gains, it was decided to use run a fourth
experiment at 1200°C with a powder bed of PbO/ PbZrQ~(2:1). In run 4, the “near”
samples once again had very high weight gains, along with slightly higher densities. The
next experiment was performed at 1200°C with PbO/ PbZrOq(1:2) and PbO/ PbZrOq(1:4)
powders. Very sirnilar”resultswere obtained for this experiment, indicating that, although
good densitlcation occurred, this packaging arrangement also had very localized PbO
atmospheres, leading to uneven weight gains by samples at different positions within the
sintering crucible. This series of five experiments indicate the d.ii3culty with controlling the
PbO atmosphere by adjusting powder beds by altering PbO and PbZrOqpowder mixtures,
although experiment 2, in which the PZT 840 powder was used as the atmosphere powder,
showed some promise with only 1‘%weight losses for both samples and densities at
98 % T.D.

A second set of sintering experiments were then conducted using the inverted cover
crucible configurations shown in Figure 6. Other investigators have successfully used this
arrangement along with a PbO generating powder mixture consisting of 10 wt % ZrOz -90
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wt % PbZrOY‘Jb Three types of green PZT-4 preforms were tested in this sintering
arrangement glecas~ die pressed, and tape cast parts. The procedures for gelcasting PZT-4
were described in previous reports. Die press operations were performed with a 1.13 in.
diameter die and a Carver press. Samples were pressed to -5000 psi using Mold Wiz AZN
spray release (AXEL Plastics Research Laboratories). Tape cast materials were made using
a Mistier TTC-1OOOmachine according to methods provided by R. E. Mistier, personal
communications and referenced to published descriptions.]7Tape cast and die pressed
samples were isopressed to increase the green densities, but equity in green densities was
not achieved for all samples. Following forming steps, all samples were processed to
remove the binder. This consisted of a heating samples in air at 1“Chin to 300”C with a 1 h
hold, followed by a second ramp at 1°C/min to 500°C with a 1 h hold, followed by a static
furnace cool. Green densities were calculated from the sample volume and weight
measurements after binder burnout. Samples were kept in a desiccator until the sintering
step. Sintering was performed in one of two similar crucibles in the previously described
tube furnace. The sample configuration is shown in Figure 6. Samples were then heated in
flowing air at 10°C/min to 1200°C+/-100C with a 2 h dwell, followed by cooling to room
temperature at lQ”Chnin. Densities of sintered samples were measured by the Archimedes
immersion method in absolute ethanol.

Table 2 lists the results for the sintering runs comparing the PZT materials formed by the
three forming methods. Densities of the three sets of samples varied from 97.0 to 99.3 %
T.D. The two die press/isopress samples, which had the highest green densities, 69.6 and
69.8 g/cm3,reached the highest sintered densities, both 99.3% T.D. The gelcast parts had
slightly better densities that the tape cast parts. The weight losses of the three groups of
samples varied from 0.1 to 0.28 %. Slight weight losses, such as were observed here, are
desirable to obtain good piezoelectric properties in these materials. The high densities and
the small weight losses of all three sample types indicates that the sintering arrangement is
robust and reproducible for materials formed by various methods.

In addition to the 1200”C sintering experiments, two groups of gelcast samples were
sintered at 1140°C+/- 10”C in flowing air or oxygen. This lower temperature was chosen,
since reported literature has indicated that this is the maximum temperature that can be used
for sintering multilayered PZT structures containing internal electrodes consisting of the
commonly used silver palladium mixtures. Above 1140”C the electrode material will react
with PZT matexials, and diminish the electrical conductivity of the electrode interlayer.]3’]8”19
Figure 2 shows the sintered density of the gelcast PZT-4 parts held for various times at
temperature in each atmosphere. The data show that an approximately 24 h dwell time at
1140”C is required to reach near fdl densities, with the sample in air reaching 98.9% T.D.
and the sample heated in 02 to 99.8 % T.D. Figure 7 also shows sample weight losses at
the various sintering intervals. The weight losses reached a near steady state at about 12 h
for samples sintered in both atmospheres. The final weight losses were 0.68% for the
sample processed in air and 0.61 % for the sample processed in Oz. The differences for
densification and weight losses for materials processed in air and O,were expected and
have been observed by other investigators.’””n The explanation for the density difference
is that when sintering in air, nitrogen gas bubbles can get trapped as closed pores, which
prevent total densiilcation. With oxygen, the 02 gas in the closed pores can diffuse into the
oxygen-containing PZT materials, allowing complete denstilcation.

Measurement Euui~ment and Reliability Test Center

Several pieces of diagnostic equipment are being purchased for the charactetiation of the
dielectric and piezoelectric properties of the PZT materials being fabricated for this project.
In addition, a custom poling device has been built for poling the sintered PZT materials.
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Work also continues in the set-up of electrical drive devices and diagnostic equipment for
future reliability tests on PZT actuator materials or assemblies.

Travel

Travel to the American Ceramic Society Annual Meeting, May 3-6, 1998 in Cincinnati,
Ohio to present a talk, “Gelcasting Systems for Forming Reactive Silicon Compositions,”
by J. O. Kiggans, Jr., T. N. Tiegs, J. L. Schroeder, and F. C. Montgomery.

Visitors

None

Publications

None.

Problems Encountered

None
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Figure 1. Green densities of APC 840 materials formed by die press (D. P.), tape cast, and
gelcast methods, followed by an isostatic press treatment at 30 or 50 ksi.
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Figure 7. Sintered densities, expressed as % T.D., and weight losses for gelcast PZT-4
samples sintered
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Table 1. Data fro]

F
Run Sample #
#

1 GC 2-92-3

T
I

1 I GC 2-92-4

*

%

2 GC 1-2
2 GC 2-4

3 GC 1-2a

F3 GC 2-5

3 GC l-2b

T
T
5 I GC 2-92-6

+

* In Figure 4a, tit
** In Figure 4a, tl
*** Measurement

PZT Sintenng Trials

Control I Powder
TemP I
w-) -
1100 PbO/PbZrO~

4:1 ratio
1100 PbO/PbZrO~

4:1 ratio
1100 PbO/PbZrOq

2:1 ratio
1100 PbO/PbZrO~

2:1 ratio
1200 none

HE
Tm-ki%k

E
4:1 ratio ‘

1200 PbO/PbfiOq
4:1 ratio

1200 PbO/PbZrOg
4:1 ratio

1200 PbO/PbZrOa
2:1 ratio “

1200 PbO/PbZrOq
2:1 ratio

1200 PbO/PbZrO~
1:2 ratio

1200 PbO/PbZrO~
1:2 ratio

1200 PbO/PbZrO~
1:4 ratio

1200 PbO/PbZrO~
1:4 ratio

sample closest to powde
: sample in furthermost I
Lotmade

f~** 1.0 6.92 89.34

near 2.8 7.26 93.84

far 1.1 6.82 88.09

near NA*** 7.76 100.19

far 2.8 7.73 99.88

I I t

near 3.3 7.73 99.88
I

far 1.6 7.73 99.85

near 4.4 7.75 100.07

far 1.6 7.74 99.96

T

near 5.7 7.72 99.78

far 2.3 7.72 99.74

9

near 3.5 7.70 99.52

far 1.7 7.72 99.77

, if used.
)sition relative to powder.
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Table 2. Data for PZT-4 materials formed by gelcast, tape cast, and die press methods
followed by isopress pressing, binder burnout, and sintering at 1200°C in air.

Sample # Forming Method % T.D. of Sintered T.D. Weight
Green Parts Density (%) Loss

(g/cm’) (%)
Gc-#3-141-cA Gelcast 57.0 7.64 98.5 -0.28
Gc-#3-141-cB Gelcast 56.6 7.66 98.9 -0.10
Mistlex##2-231-F Tape 56.3 7.52 97.0 -0.20

Cast/Isopress
Mistler#2-231-F Tape 57.8 7.56 97.5 -0.20

Cast/Isopress
DP-231-D Die 69.6 7.69 99.3 -0.25

Press/Isopress
DP-231-B Die 69.8 7.69 99.3 -0.22

Press/Isomess
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W.B.S. ELEMENT 1.2.3.1
LOW COST-HIGH TOUGHNESS CERAMICS

T. N. Tiegs, F. C. Montgomery, M. R. Snyder, D. L. Barker, J. L. Schroeder, and D. W.
Coffey

Oak Ridge National Laborato~
Oak Ridge, TN 37831

Obiective/Scoue

Signit3cant improvement in the reliability of structural ceramics for advanced diesel engine
applications could be attained if the critical fracture toughness (KI~ were increased without
strength degradation. Early resuhs from ORNL research showed that significant increases
in fracture toughness could be achieved by manipulating the microstructure to promote
toughening mechanisms such as crack bridging. Excellent properties were obtained in this
manner for the alumina and mullite matrix systems reinforced with SiC whiskers. In
silicon nitride, mechanical property improvements were achieved by promoting acicular or
elongated grain growth and these provided significant toughening on the same order as the
whisker reinforced materials. Currently, the project is initiating studies on toughening of
ceramics by two methods: microstructure development in oxide-based ceramics, and
“incorporation of ductile interrnetallic phases.

Technical Hizhli~hts

In-Situ Touszhenin~of Oxide-Based Ceramics bv Microstructure Develo~ment

Microstructure manipulation has been used to increase the fracture toughness of ceramics
for many years. Mainly, this has been done in the silicon nitride-based systems where
growth of acicuhr grains has been encouraged. Recently, oxide-based ceramics have been
studied to achieve the same type of results observed with silicon nitride. Initially, ~0~
was investigated, however, mullite has also been examined.”2 Thus, because of the large
potential, a study was initiated to develop in-situ toughened oxide-based ceramics.

To begin, mullite will be examined as the matrix because of its low thermal conductivity
and expansion characteristics. Seeding of mullite has been shown to produce
rnicrostructures with anisotropic grain growth similar to that observed with in-situ
reinforced silicon nitride. 1’2However, to date, the experiments have been exploratory in
nature and no mechanical properties have been reported for these materials. Consequently,
samples are being prepared to produce mullite with the desired microstructure for
mechanical property testing to determine their suitability for diesel engine applications.

Previously, it was repofied that mullite seeds were being produced to be added back to pure
matrix raw materials as shown in Table 1.

Sintering results on seeded mullite-based compositions are summarized in Fig. 1. As
indicated, the addition of SrO inhibited the densification of the gel-derived mullite. On the
other hand, Y20~additions improved densification, especially at the lower temperatures of
-1450°C. A commercial mullite powder was also tested for comparison purposes which
did not attain high densities until temperatures of 1700°C were reached.

Fracture surfaces of the SrO-doped mullites are shown if Figs. 2 and 3. The fracture
surfaces show transgramdar fracture occurs indicating strong bonding between the
intergranular phase and the matrix. For high toughness materials, debonding along the
matrix-intergranular phase interface is necessary. Anisotropic grain growth to form
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platelets was observed predominantly in the pore areas. At the present time, it is uncertain
if the growth behavior to form anisotropic grains requires gas-phase transport or if the
grains can be developed in the bulk during liquid phase sintering. Metallographic
specimens zuebeing prepared to determine this.

Examination of the fracture surfaces of the mullite materials with YzO~additions revealed
similar behavior to the SrO-containing samples (Figs. 4 and 5). Transgranular fracture
accompanied by preferential anisotropic grain growth in the pore regions was observed.

Polished and etched specimens of Fe-doped mu.lliterevealed the anisotropic nature of the
grains (Figs. 6 and 7). However, crack growth from a Vickers indentation showed that the
crack propagation was transgranular for the most part. Consequently, measured fracture
toughness values were low, < 3 MPadm. Further work will investigate alternate grain
boundary phases to promote debonding between the anisotropic grains and the
intergranular phases.

Along with the investigation of the mullite system, an exploratory study of the effect of
dopants on the anisotropic grain growth of alumina was initiated. In contrast to mullite,
alumina is readily available in high quality powders that sinter well. Consequently, the
dopants were added to a commercial powder and a sintering study performed. The initial
results on the densiiication are shown in Figs. 8 and 9 for a variety of dopants. The dopant
additions were made at 0.5 mole % with and without an additional 5 mole % Si02 addition.
The Si02 was added to determine the effects of a liquid phase on the densification behavior
and microstructure development.

The microstructure have been characterized for evidence of anisotropic grain growth. Of
the 44 samples examined to date, anisotropic grain growth has been observed for the
following dopants: 2 5% N~O; 5% NAO-5% SiOz; 4.5% N@-O.5~ N~~~; and 5%
L~O~. The microstructure for various compositions are shown in Figs. 10 through 14.

Aluminide-Bonded Ceramics

Previous studies have shown that the properties of the aluminide-bonded ceramics (ABC)
are attractive for diesel engine applications and consequently, development of these
materials was started. Issues to be studied include the fabrication of parts using cost-
effective processing, effect of alloying elements on the properties and fabrication of near-
net-shape parts for testing. Initially, a study was done to examine the sintetig behavior of
the ahuninide-bonded ceramics at high binder contents. Most of the previous work on
ABC’s was done at binder contents of 10-30 vol. %. However, higher binder contents on
the order of 30-50 vol. % are necessary for these composites to match the thermal
expansion of steel.

Samples were prepared by two different methods: (1) sintering with pre-alloyed gas-
atornized Ni@l or FeAl powders, and (2) reaction sintering with fine elemental powders to
form Ni~Alin-situ. The experimental plan is shown in Table 2.

The results of the densification study are shown in Fig. 15. As indicated, high densities
were obtained for most compositions at temperatures of 21450°C. As expected, lower
densities were observed with the 30% content of the Ni@l liquid phase in comparison to
the higher volume contents. In addition, the densitlcation of the FeAl-based materials was
lower than that achieved by the Ni@. This is in contrast to earlier work which indicated
just the opposite effect. Besides the densification behavior, the samples are being
characterized for strength, fracture toughness, and thermal expansion.

, --,7. 7.,, - ., .,, . . ,4. . . . . . . ....m, -7.77 . . ... .. . . .... .,. : —
. . . . ,-. ,------ .,- ,-— ,x
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The microstructure of the TiC-30 vol. % Ni~Al fabricated by sintering with prealloyed
Ni~Al (DC-1O) is shown in Fig. 16. The large pore is a remnant of the initial Ni@l
powders used in the fabrication. Evidently, during the initial stage of alloy melting, the
liquid is wicked into the surrounding TiC powders by capillary action. Because of the
large size of the pore it is d.M5cultto eliminate during sintering. At the higher volume
contents of Ni@l, the occurrence of these pores was less. In any case, their appearance
would probably would be eliminated by using a sinter-HIP cycle, such as those used for
WC-Co hardmetals.

The microstructure of a TiC-40 vol. % Ni@ sample fabricated by sintering with prealloyed
NiJAl (DC-11) is shown in Fig. 17. The TiC particles exhibit a ‘core-and-b’
morphology caused by reaction of the liquid Ni@l with the TiC. X-ray diffraction
identifkd as a titanium nickel carbide. Such ‘core-and-rim’ structures have observed
previously in TiC-Ni cermets.

Previous work showed that the alloying additives affect the sintering behavior and
properties of the alurninide bonded ceramics. Consequently, a series of samples are
presently being fabricated to determine the effect of alloying additives on the sintering
behavior and properties of the aluminide-bonded TiC. The experimental plan is given in
Table 3.

As shown in Figs. 18 and 19, no significant change in the densification behavior was seen
with the additions of Fe or Ti. Alloying additions of Mo, Co or Si may have had a
beneficial effect on denstilcation especially at the lower sintering temperature used in the
stndy (1400°C). In contrast, the additions of Cr or Zr inhibited densification as shown in
Fig. 20. The effects of different alloying additive contents are shown in Figs. 21 and 22
for Fe and Cr, respectively.

Status of Milestones

On schedule.

Communications/Visits/Travel

Travel by T. N. Tiegs to attend the American Ceramic Society Annual Meeting in
Cincinnati, OH, May 3-6.

Travel by T. N. Tiegs to present a paper entitled, “Effect of Alloying Additives on
Properties of Ni@l-Bonded Hardmetals~’ at the International Conference on Powder
Metallurgy in Las Vegas, NV, May 3l-June 7.

Problems Encountered

None.

Publications

T. N. Tiegs, P. A. Menchhofer, C. B. Thomas and P. K. Liaw, “Effect of Alloying
Additives on Fabrication and Properties of Ni@ AND FeAl-Bonded Hardmetals~’ to be
published in Proceedings of International Conference on Powder Metallurgy and Particulate
Materials (1998).
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Table 1. Summary of mullite seed compositions for anisotropic grain growth experiments.

Specimen No. Dopant’ Dopant Level Alumina Source Silica Source
m-l None -- Versal 850 Ludox HS-40
lTM-2 . None -- Versal 850 Ludox AS-40

ITM-Cr-l Cr 21.5 Versal 850 Ludox HS40
ITM-Cr-2 Cr 0.7 Versal 850 Ludox HS-40
ITM-Cr-3 Cr 0.7 Versd 850 Ludox AS-40
ITM-Cr-4 Cr 7.2 Versal 850 Ludox AS40

JTM-Fe-l Fe 7.2 Versal 850 Ludox AS-40
ITM-Fe-2 Fe 0.7 Versal 850 Ludox AS-40

ITM-Sr-l Sr 7.2 Versal 850 Ludox AS-40
ITM-Sr-2 Sr 5.2 Versal 850 Ludox AS-40

ITM-Y-l Y 7.2 Versal 850 Ludox AS-40
rI’M-Y-2 Y 5.8 Versal 850 Ludox AS-40

aAdded as either chrome acetate, iron nitrate, strontium carbonate or yttrium nitrate.

Table 2. Samples of alurninide-bonded TiC ceramics fabricated by different processing
methods to determine the sintering behavior and properties.

Specimen No. Binder Type Binder Content Fabrication Methoda
(vol. %)

DC-10 N@ (IC-50) 30 SIPA
DC-11 N@l (IC-50) 40 SIPA
DC-12 N@ (IC-50) 50 S/l?A
DC-13 Ni@ 30 RS/E
DC-14 Ni@ 40 RSIE
DC-15 Ni@ 50 RSIE
DC-19 Fe-40Al 30 SIPA
DC-20 Fe-40Al 30 RSJE

a WPA - Sintering with pre+dloyed powders; RS/E - Reaction sintering with elemental
powders.

.-,--- ,. ,,
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Tab1e3. Samples ofalumin.ide-bonded TiCcertics fabricated todetetie the effect of
alloying additives ont.hesintefig behavior mdpropeties of the aluminide-bonded TiC.
All samples fabricated with 30vol. %ofthe Ni~Albinder phme by reaction sinteringof
elemental powders.

Specimen No. Binder Composition Substitution Site of Alloying
Element

DC-22 Niz8~Fe0,1~A1100 Both Ni and Al
DC-23 Niz,8~Fe020A10g~ Both Ni and Al
DC-24 Ni2QOFe0,80A10,80 Both Ni and Al
DC-25 Nil~OFezOOAIO~O Both Ni and Al
DC-26 Ni28~Cr0,zOA10~~ Both Ni and Al
DC-27 Niz,dOCr080A1080 Both Ni and Al
DC-28 NizgOSi080A1080 Al Sites
DC-29 NizqOTi080A1080 Al Sites
DC-30 NizQOMo0,80A10~0 Al Sites
DC-31 NIZQOW080A1080 Al Sites
DC-32 Ni2dOCo080A10,80 Ni Sites
DC-33 NizQOZr080A1080 Al Sites
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Fig. 1. Summary of densification results on the seeded mullite compositions.
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. .

Fig. 2. Fracture surface of ITM-Sr-l sintered at 1600”C for 15 h.

Fig. 3. Fracture surface of ITM-Sr-2 sintered at 1600”C for 15 h.
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Fig. 4. Fracture surface of ITM-Y-1 sintered at 1600°C for 15 h.

Fig. 5. Fracture surface of ITM-Sr-l sintered at 1600°C for 15 h.
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Fig. 6. Polished and etched Fe-doped mullite composition exhibiting anisotropic
growth.

-.+ ..: .:

grain

Fig. 7. Crack growth in a Fe-doped mullite composition showing mostly transgranular
crack propagation.
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Fig. 9. Summary of densification results on the doped alumina compositions.
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Fig. 10. Alumina-10% N~O composition exhibiting anisot.ropic grain growth.

Fig. 11. Alumina-5% N~O-5% Si02 composition exhibiting anisotropic grain growth.
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Fig. 12. Alumina-4.5% N~O-O.5 Na@FG composition exhibiting anisotropic grain
growth.

Fig. 13. Alumina-5% L%O~composition exhibiting anisotropic grain growth.
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Fig. 14. Polished and etched alumina-5% N~O composition exhibiting anisotropic grain
growth.
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Fig. 15. Summary of densiilcation behavior of Ni@bonded TiC composites.
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Fig. 16. Microstructure of TiC-30 vol. % Ni@ fabricated by sintering with prealloyed
Ni@ Large pore was remnant from large prealloyed Ni@ powders.

Fig. 17. Microstructure of TiC-40 vol. % Ni~Al fabricated by sintering with prealloyed
N@l. TiC particles exhibit a ‘core-and-rim’ morphology caused by reaction of the liquid
N@l with the TiC.
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Fig. 18. The effect of alloying additives (Fe, Si and Ti) on the sintering behavior of the
aluminide-bonded TiC. All samples fabricated with 30 vol. % of the Ni@ binder phase by
reaction sintering of elemental powders.

100 1 1 E a 1 a a n n 1 . .
.’>” T L # ● s

98
--- ●

s
x

& 96 \
$ \

g 94 : h

; / Y
n 92 /

—o———DC-10 (None)
~ /

90 + - Dc-30 (Mo)
g
G

– & - DC-31 (w)
z 88 f’ -- x- -DC-32 (Co)

\
86 “ n I a * I 1 a w m 1 m * m 1 1 t I n m -1

1350 1400 1450 1500 1550
Temperature (“C)

Fig. 19. The effect of alloying additives (Mo, W, and Co) on the sintering behavior of the
aluminide-bonded TiC. All samples fabricated with 30 vol. % of the Ni@.1binder phase by
reaction sintering of elemental powders.
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Fig. 20. The effect of alloying additives (Cr and Zr) on the sintering behavior of the
aluminide-bonded TiC. All samples fabricated with 30 vol. % of the Ni@l binder phase by
reaction sintering of elemental powders.
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Fig. 21. The effect of various Fe alloying additive contents on the sintering behavior of the
aluminide-bonded TiC. All samples fabricated with 30 vol. % of the Ni@l binder phase by
reaction sintering of elemental powders.
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Fig. 22. The effect of various Cr alloying additive contents on the sintering behavior of the
aluminide-bonded TiC. All samples fabricated with 30 vol. % of the Ni@l binder phase by
reaction sintering of elemental powders.
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Cost Effective Sinterhu? of Silicon iViti”de Ceramics 61U-C)-
D. E. Whtmer, Southern Illinois University, Carbondale, IL 62901

Obiective/ScoRe

The purpose of this work is to investigate the potential of cost effective sintenng
of Si& through the development of continuous sintering techniques and the use of lower
cost Si~Ndpowders and sintering aids. The addition of a recent task has added the
objective of investigating the cost effective sintering of advanced carbides and cermets.

Technical Highlights

Task 1. Refine Economic ModeI and Design for Chosen Furnace
Configuration

This task was completed as reported in a previous semiannual report.

Task 2. Continue evaluation of sintering parameters on properties of
selected Si3N4compositions

Prototype BeIt Furnace

The graphite hot zone was installed in the Model 44-BF belt firnace, during this
reporting period. The temperature controls are presently being cakbrated, since the
graphite hot zone utilizes both retractable thermocouples and pyrometers for temperature
control. The long thermocouple used to measure the temperature profile of the firnace,
which in turn is used to calculate the heating rate/zone configuration.belt speed
relationships, was found to be defective during the first heat. This thermocouple has been
returned to the manufacturer for replacement, and it is expected that the temperature
profile will be mapped during the next reporting period. The fbmace control
thermocouples continue to read over 200° C lower than the optical pyrometers. It is
believed that this is because the line of sight of the pyrometers is directed at the radiant
glow of the element. The result is that the pyrometers cannot be used to comectly control
the fimace temperature without the establishment of the true temperature off-set. This
situation has been reported to CVI and they are working on a design fix.

During this reporting period, temporary insulation was added at the ends of the
fimace’s water cooled jail assembly. This insulation has dropped the fimace top
temperature, but it is still well outside of the design operation limit as specified by CVI.
CVI is still in the process of redesigning the jail assembly and insulation package to enable
the fimace to run within the correct sa?ietyand design. This was expected to be
completed during this reporting period, but has not yet been completed by CVI.
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1. Collaboration with Industrial Partners and Affiliates

Norton Advanced Ceramics

The additional finds that were requested by NAC to continue investigations
involving sintering warpage and consistency of the exhaust valves under the ACMT
contract have been approved. In this program extensio% some smaller valves were
sintered and were returned to NAC for evaluation. The conditions and data have been
supplied to NAC for incorporation in the ACMT report. Initial evaluations indicate that
sintering in the graphite hot zone is comparable to the tungsten hot zone, so long as the
same BN boats are used.

Allied Signal, Inc.

No activity to report during this reporting period.

Caterpillar Tractor Company

No activity to report during this reporting period.

Kennametal, Inc.

Kennametal has shown an interest in using continuous sintenng for parts other
than cutting tools. I@tialdiscussions have centered around cooperation between
Kennametal/SIU/ORNL/Other Industries. It is hoped that other industries will be
identified during the next reporting period and proposals/CRADA’s carIbe established
during this fiscal year.

2. Silicon Nitride Valves for SAE Car

Previously 32 small valves of NT451 were received ilom Norton Company and
were then remachined by Chand Kare into 16 exhaust and 16 intake valves that would fit a
Honda 600 cc racing motorcycle engine. These valves constituted 2 fill sets of valves.
Jim Newto~ a student researcher in the advanced ceramics group at SIU, conducted the
valve spring evaluation and retrofitted his Honda CBR600 with one set of these valves. A
dynamometer test was conducted on the engine prior to the installation of the silicon
nitride valves. Another set of dynamometer runs will be conducted to determine any
inherent improvement in horsepower and torque and the effected of the valves on the
shape of the power and torque curves. This itiormation will be utilized in the fiture by
the SIU-SAE Car team for modification of the Honda 600 cc engine used in the SAE car.
At present the engine has over 2,000 road test miles on the silicon nitride valves and has
been driven on an official racetrack.
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4. Evaluation of Continuous Sintering of Silicon Nitride-Titanium Carbide

As reported previously, during the last reporting period, 3 lots of Ube silicon
nitride containing 5 WtO/O TIC (H. C. Starck high purity grade) were processed in the
A3Y9 composition. The test bars have been received from Chand Kare and the physical
properties which have been determined are listed in Table I.

As seen in this table, none of the formulations achieved high density at the
temperatures normally used to sinter the A3Y9 formulation. This was because the TiC
converts to T1iNat elevated temperatures, causing out-gassing of CO. At low sintering
temperatures, moderately high densities have been achieved. The strength and toughness
values measured for the TC3 are comparable to some commercial silicon nitride products.
These values are expected to improve with increase in density. Because of the TiC
conversion to TiN, TliNsubstitution for TiC is also being investigated.

During this reporting period, 2 addition lots A3Y9 using Ube silicon nitride
containing 5 wtOATiC (H. C. Starck high-purity grade and a high-purity, ultra-fine grade
of TiC produced by Dr. R. Koc at SIUC with finding from DoE) and 1 lot of A3Y9
using Ube silicon nitride containing 5 WtO/O TiN (H. C. Starck high-purity grade) were
processed. These lots will be sintered along with the baseline A3Y9 formulation during
the next reporting period.

Task 3. Continue Evaluation of Low Cost Si3N4 Powders

Nothing to report this reporting period.

Task 4. Design and Construct Prototype Belt Furnace

This task has been completed.

Task 5. Continuous Sintering of Inter-metallic Bonded Carbides

During this reporting period, the 13 formulations of inter-metallic bonded carbides
prepared by Terry Tiegs at ORNL were continuous sintered in flowing nitrogen at 1450°C
for lh and 1400°C for 1 h. Following sintering the density and weight change for each
formulation was determined and then the specimens were returned to ORNL. The
sintering results are given in Table II(A) through (D). Because nitrogen was used, all of
the formulations experienced a weight gain from the TiC to TiN conversion. It was hoped
that because of the high heating rates achievable in the belt fhmace that these composites
could be liquid phase sintered with minimal reaction. OIUQLis presently preparing more
test materials for sintenng in Ar during the next reporting period.
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Status of Milestones

1. Refine Economic Model and Design for Chosen
Furnace Configuration

2. Continue Evaluation of Sintering Parameters
on Properties of Selected Si$Ja Compositions

3. Continue Evaluation of Low Cost Si~NAPowders

4. Design and construct prototype belt fimace

Completed

On Schedule
Continuing

On Schedule
Continuing

Completed

5. Continuous sintering of inter-metallic bonded carbides On Schedule

Problems Encountered

None

Publications and Presentations

D. E. Whtmer, “Processing of Silicon Nhride for Commercial Applications,” Presentation
at the SAE Earthmover Conference and Exposit.io%Peori% IL, April 8-10, 1998.

Dale E. Wittmer, Steven P. Etherton and Per Magnus HolgessoL Southern Illinois
University, Carbondale, IL 62901-6603 USA and Mike McGown and James Kellogg
Centorr Vacuum Industries, Inc.,Nashu~NH03062-3126 USA “The Influence of
Continuous Sintering on the Properties of Si~Ng,”Presented at International Symposium
on Nhrides II, Limerick Ireland, June 9-12, 1998. To be published by Trans Tech
Publications Ltd., Zurich Switzerland.



Table I. Continuous Sintering Results for A3Y9-TiC Using Commercial TiC

Designation

Baseline Silicon Nitride
A3Y9 Formulation

TC1 95/5
As-received TiC

Granulated & CIP’ed

TC2 9515
Pre-milled TiC

Granulated & CIP’ed

TC3 9515
Pre-milled TiC

Pressure Cast & CIP’ed

Sintering Conditions % 4-Pt.
Theor. Flexural

Temperature Time Density Strength
(“C) (rein) (MPa)

1790 120 100 953 +/- 52
1775 120 99.8 **

1750 120 90,1 526 +/- 25
1725 120 90$9 464 +/- 31
1700 120 91.6 482 +/- 42

1750 120 91,0 510+/-44
1725 120 91.2 437 +/- 97
1700 120 91.6 485 +/- 27

1700 120 91.3 704 +/- 67
1725 120 94.4 **

w
CQ

** Data not yet completed,
The commercial TiC was provided by H. C, Starck for evaluation purposes.



Table II(A). Continuous Sintering Results for Inter-metallic bonded TiC Composites 1450°C/1 h

Apparent Bulk Apparent Percent Percent
Sample MatrixJ% Density Density Porosity. Weight Target

ID Binder Type (glee) (g/cc) (%) Change (%) Density (Yo)

DC-1 TiC/20% 5.19 3.23 37.7 7.79 62.24%
Ni+NiAl+B

DC-2 TiN/20% 5.54 3.95 28.7 0.85 71.30?40
Ni+NiAl+B

DC-3 Ti(C,N)/20 5,51 3.78 31.4 2,01 68.60%
Ni+NiAl+B

DC-4 TiC/20 5.28 2.92 44.7 9.42 55.30%
Ni+NiAl+ZrNi

DC-5 TiC/20 Bloated Bloated Bloated 6.00 Bloated
Fe+Al+B



Table II(B). Continuous Sintering Results for Inter-metallic bonded TiC Composites 1450°C/1 h

Matrix/% Apparent Bulk Apparent Weight Target
Sample Binder Type Density Density Porosity Change (%) Density

ID (glee) (gicc) (%) (%)

DC-10 TiC/30 5.15 3.76 27.0 7.3 66.20%
Ni3Al (IC-50)

DC-1 1 TiC/40 5.54 4.04 27.1 6.5 68.13%
Ni3Al (IC-50)

DC-12 TiC/50 5.89 4,46 24,2 5,4 72.05%
Ni3Al (IC-50)

DC-13 TiC/30 5.01 4.92 1.8 2.5 87.23%
Ni3Al RS

DC-14 TiC/40 5,36 5,25 2.2 2,5 89.29%
Ni3Al RS

DC-1 5 TiC/50 5.55 5,45 1.8 2,8 89.05%
Ni3Al RS

DC-1 9 TiC/30 4.62 4.07 11.8 10.2 77.67%
Fe-40Al PA

DC-20 TiC/30 4,69 3.86 17.8 7.8 76.13%
Fe-40Al RS

PA= Pre-alloyed Powder RS = Reaction Sintered Powder



Table II(C). Continuous Sintering Results for Inter-metallic bonded TiC Composite 14000/1 h

Matrixl% Apparent Bulk Apparent Percent Percent
Sample Binder Type Density Density Porosity Weight Target

ID (glee) (gfcc) (%) Change (%) Density (%)

DC-1 TiC/20% 5.10 3.24 36.4 7.8 63.53%
Ni+NiAl+B

DC-2 TiN/20% 5.54 3.92 29.3 1.2 70.76?40
Ni+NiAl+B

DC-3 Ti(C,N)/20 5.46 3.76 31.1 1.7 68.86%
Ni+NiAl+B

DC-4 TiC/20 ----- ---.- -.--- ----- ..----
Ni+NiAl+ZrNi

DC-5 TiC/20 ---- ----- --..- ----- -----
Fe+Al+B



Table II(D). Continuous Sintering Results for Inter-metallic bonded TiC Composites 1400°C/1 h

Matrixl?40 Apparent Bulk Apparent Weight Target
Sample Binder Type Density Density Porosity Change (%) Density

ID (gicc) (glee) (%) (%)

DC-10 TiC/30 5.03 3.67 27.0 6.6 64,61%
Ni3Al (IC-50)

DC-1 1 TiC/40 5.41 3.89 28.0 6,7 65.60%
Ni3Al (IC-50)

DC-12 TiC/50 5.85 4,32 26.1 5.9 69.79%
Ni3Al (IC-50)

DC-13 TiC/30 5.07 4,58 9.8 I 2.9 81.21%
Ni3Al RS

DC-14 TiC/40 5.22 4.74 9.1 3.4 80,61%
Ni3Al RS

DC-15 TiC/50 5.40 4,88 9,8 4,6 79.74%
Ni3Al RS

DC-19 TiC/30 4.70 4,04 13.9 11.2 77.1OVO
Fe-40Al PA

DC-20 TiC/30 4.90 3.75 23,5 9.6 73,96%
Fe-40Al RS

PA= Pre-alloyed Powder RS = Reaction Sintered Powder
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W.B.S. Element 1.2.4.3

CHARACTERIZATION AND TESTING OF

LOW-EXPANSION CERAMIC MATERIALS

V. M. Vaube@ IL Breder, and D. P. Stinton

Objective/Scope

Insulated exhaust portliness are needed in advanced diesel engines to increase engine
efficiency by increasing the combustion temperatures and reducing the combustion heat that is
lost through the head and into the water cooling system. Low-expansion materials have a
potential for this application due to their very low thermal conductivity, extraordinary thermal
shock resistance, and reduction of attachment stresses. Thermal shock resistance is critical
because the complex shape of the portli.ners requires that they be cast into the metallic cylinder
head. Functioning exhaust portliners are inaccessible after they are cast into cylind,er heads,
hence, must not require maintenance for the life of the head (-1 million miles). A contract has
been placed with LoTEC, Inc. to develop cost-effective processes for the fabrication of
portliners. LoTEC is investigating Bal+&@6-&izQo @$25) ~d @-xSrxz@6024 (CS-W

Oak Ridge National Laboratory (ORNL) is assisting with the characterization and evaluation of
the above compositions.

Technical Highlights

Casting of low-expansion ceramic portliners into cast iron requires a compliant layer that
insulates the portliner from the high temperatures and absorbs clamping stresses that are created
by the metal as it cools. Clamping stresses result because the coefficient of thermal expansion
(CTE) of the metal is many times more than that of the ceramic. Straight-wall portliners have
been successfully cast into aluminum without any compliant layer because of the low aluminum
melting point. An investigation to evaluate the effect of three different portliness, two types of
compliant layers and casting metal, on the casting behavior of ceramic portliners continued this
period. The three variations of low-expansion portliners are a BS-25 material with a CTE of
lx104/OC, a low-modulus CS-50 material with a CTE of 3x10-b/OC,and a high-strength CS-50
material with a CTE of 3x1O-b/”C. The two compliant layers being examined are a very porous,
low-expansion ceramic that is fabricated at LoTEC and a fibrous material that is purchased
commercially.

The iron-casts were cut open and the aluminum-casts were slowly melted to recover the
liners. The ceramic tubes remained intact after this operation. Fifteen flexure bars were then
machined from each tube for mechanical testing. Measurement of the mechanical properties of
the liner materials and comparison to the as-fabricated materials should provide Mormation on
possible damage of the ceramic. Any degradation of the mechanical properties resulting from
metal casting would indicate that the thermal stresses were too high.

Dynamic Young’s modulus was measured with a grindo-sonic MK41 instrument
according to ASTM standard C 1259-95. Fifteen samples were tested for each material and each

.- .,----.. ,’,. . -, . . . . . r.,, ,. ... <.-.-.7? ::TV, .-.—. -. , . . .- .-..:..? .- ,,- - - ---- . .
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sample was measured 5 times. During the test, the specimens are excited mechanically by a
strike and a transducer measures the resulting mechanical vibrations. The fimdamental resonant
frequency is then determined and used to calculate the dynamic Young’s modulus with software
Emod 9.10. The elastic modulus of the ceramics as a fimction of material’s density is presented
in Figure 1. It appears that the dynamic elastic modulus varies linearly as a function of density.
No significant difference was observed between as received and cast materials. The history of
the material did not affect its elastic mechanical behavior.

The samples were then broken in flexure using a four-point bending fixture (inner span
20 mm, outer span 40 mm). The fracture strength of the ceramics as a fimction of material’s
density is presented in Figure 2. The modulus of rupture also varies linearly as a function of
density. No significant difference was observed between as received and cast materials.

The strength of ceramics is statistical in nature, depending on the probability that a flaw,
severe enough to cause fracture at the given stress, is present in the volume of material. The
Weibull modulus is a measure of the data scatter and thus the flaw size distribution; therefore it
is believed that comparing the Weibull modulus of the different materials might indicate if they
contained different types of flaws. In particular, we want to determine if metal casting generates
microcracks in the liner. The Weibull curves generated fi-omthe strength data are presented in
Figure 3 and Figure 4. No particular trend seems to link the type of metal casting, the nature of
the compliant layer or even whether the liner was subjected to metal casting, to the Weibull
modulus. Metal casting does not seem to have induced micro cracking of the liner.

One of the goals of the study is also to determine the best compromise between strength
and ductility of the liner. A compliant material will deform as the metal contracts and the liner
will experience less severe compressive stresses. On the other hand, smaller stresses might be
sufficient to cause failure. An increase in the CS-50 strength is obtained by reducing the ceramic
particle size prior to processing the slurry. Higher solids loading slips are then obtained, the
green parts are denser, and shrinkage during drying and sintering is reduced. Computed
tomographic analysis of the cast high-density and medium-density liners did not indicate which
material was the most reliable. Likeliness of failure appears to be more influenced by the metal
casting process and nature of the compliant layer than by the density of the ceramic liner.
Hence, comparison between high and medium density CS-50 must be made in terms of
reliability to determine the best material candidate. The value of the Weibull modulus for low-
density samples is surprisingly high, since values larger than 20 usually correspond to very
reliable materials. The Weibull theory was developed for high strength, brittle ceramics yet, the
value of the average flexure strenb@hof CS-50 is very low, and all the samples broke at stresses
within a relatively small range of values. Since the Weibull modulus is the value of the slope
when plotting the probability of failure (related to the number of specimen) versus In(o), where
o is the strength, Aln(0) will be small, therefore a high value of the Weibull modulus is found
which does not necessarily indicate that the material is highly reliable.

As shown on Figure 4, the higher strength material does not either follow a Weibull
distribution curve. Different families of flaws seem responsible for the material’s failure.
Examination of the fracture surface of the different samples helped to determine the nature of the
flaws. Different types of crack initiation sites were found as summarized in Table 1 and some
typical fracture surfaces are shown in Figure 5. Failure is often caused by the presence of large
agglomerates for the medium-density samples and caused either by air bubbles, pores, medium
or small agglomerates for the high-density material. A more controlled ceramic slurry and
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casting process would result in the elimination of most of these flaws. Reduction of the
agglomerate size and de-airing of the slumy prior to casting is needed. Small particle size, high
quality CS-50 would be the best candidate for the port-liners. Also, as was discussed in earlier
progress reports, the geometry of the ceramic liner must be very closely controlled, since
variations in the wall thickness causes deformation of the ceramic liner during sintering and
regions of stress concentration during metal casting. Additionally, metal casting needs to be very
carefidly monitored since air gaps in the metal cast were found during NDE evaluation and these
regions corresponded to cracks in the liner.
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,
Material ~ Density ~Average ~ WeibuH c Typical fracture initiation site

i ; strength Modulus :

CS-50 medium density, Aluminum ; 2.71 ~ 66 ~ 26.9 Big particles, grainy surface

cast, A

CS-50, medium density, no cast, B ~ 2.75 59 ~ 20.9 , Big agglomerates, grainy
surface, air bubbles

CS-50 medium density, iron cast, ~ 2.75 63.2 : 24.92 ; Big agglomerates and air
commercial compliant layer , bubbles

CS-50, medium density, no cast, A ~ 2.77 61 ‘ 16.5 , Big agglomerates, grainy
; surface

CS-50 medium density, Aluminum ! 2.92 74 j 14.7 ! Very grainy surface, and air
cast, B ~bubbles

CS-50, high density, no cast, A ~ 3.04 ‘ 114 , 7.5 ~Many variations: very porous
I ~and dense regions

,
CS-50, high densi~, no cast, B ; 3.05 : 118 ~ 15.6 ; Agglomerates, small pores,

smooth surfaces
,

CS-50, high densi~, no cast, C 3.05 103 ; 15.3 : Many variations: pores, air
bubbles. smooth surfaces/

1

BS-25, C no cast 2.66 ‘ 53 j 10.23 : Big agglomerates, grainy
, surface

BS-25, iron cast, LoTEC compliant ~ 2.71 ~ 53 ~ 10.23 ~Grainy surface, big
layer 3 I agglomerates

, I
BS-25, aluminum cast, B 2.72 b 59 ; 10.3 ~Big agglomerates, grainy

surface

BS-25, B no cast ; 2.83 59 ; 8.2 ; Big agglomerates, grainy
! surface

BS-25, A no cast 2.84 : 57 ‘ 12.6 Big particles and
, discoloration (densities?)——

BS-25, iron cast, commercial ‘ 2.96 85.2 ~ 16.5 Big air bubbles
compliant layer

Table 1: Mechanical properties and typical fracture surfaces of the ceramic liners
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Figure 5: Typical fracture surfaces of CS-50 samples
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Durability of Diesel Engine Component Materials

Peter J. Bkm, R. L. Martin, and B. C. Durnont
Oak Ridge National Laboratory

Objective/Scope

The objective of this effort is to enable the developmentof more durable, low-friction movingparts
in diesel engines for heavy vehicle propulsion systems by conducting fiction, lubrication, and wear
analyses of advanced materials, surface treatments, and coatings. The scope of materials and coatings is
broad and includes any metallic alloy, intermetallic compound,ceramic, or composite material which is
likely to be best-suited for the given application. Parts of current interest include valves, valve guides,
and scuffing-critical components, like fiel injector plungers. Hot scuffhg is a primary surface damage
mode of interest, although reciprocating sliding friction and wear are also of interest. Bench-scale
simulations of the rubbing conditions in diesel engine environmentsare used to study the accumulation
of surface damage, and to correlate this behavior with the properties and compositions of the surface
species. The effects of mechanical, thermal, and chemical factors on scuffing and reciprocating sliding
wear are being determined, and the results will be used to refine material selection strategies for
durability-critical engine components.

Technical Highlights

Evaluation of Potential Valve Guide Materials Twin-bar-on-cylinder reciprocating Klction and
wear tests were conducted using a new ORNL-designed apparatus (see Fig. 1). The test is intended to
simulate a valve stem and guide situation wherein the valve stem is canted so as to induce contact stress
concentrations at both ends of the guide. Two standard modulus-of-rupture (MOR) we specimens with
3 x 4 mm cross sections are rubbed along the surface of a valve stem (i.e., the ‘cylinder’). A drip feed
system was incorporated into the MOR specimen holder to permit adding lubricant through fine holes
between the two sliding bars.

The @in-bar-on-cylinder arrangementrepresented significant challenges in specimen alignment.
Only a fraction of a degree of misalignment could lead to irregular wear patterns on the test specimens.
Alignment characteristics of the new twin-specimen holder were evaluated under the following
conditions:

stroke: 6 mm.
normal force (applied on the two bars): 200N
frequency 10Hz
duration: 2 h 10 min
lubrication:diesel engine oil suppliedby CaterpillarInc.

Wear volumes of the twin silicon nitride bar specimens in the early trials were not measurable with either
the Rodenstock (Munich, Germany) non-contact laser system or the s~lus profiling system (rank Talyor
Hobson, Leicester, UK). Three measurements (2-D) were done on each scar using the stylus method.
For the non-contact method, four line profiles were extracted from the laser scan of each scar to calculate
the cross-sectional worn area. Wear measurements using the two techniques were compared and found
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to agree well (Table 1). One scar had about twice the area of the other. The average areas differed
between measurement methods by about 9% on scar 1 and 5% on scar 2.

Table 1. Comparison of Wear Using Two Measurement Methods

Scar number Method Number of Average cross- Standard deviation in
profiles sectional area (jL~2) cross-sectional area (pm2)

1 laser 3 37840. 1450.
stylus 4 34800. 4000.

2 laser 3 19780. 6800.
Stvlus 4 18840. 6880.

From this work on establishing the test methodology, we concluded that:

(1) Alignment problems are improved over a single bar-on-cylinder with the new, twin-bar holder
design, but it still requires carefi.d attention during set-up.

(2) Laser and stylus methods of determining wear volumes on the valve stems provide reasonably
good a=weement,with the stylus method giving slightly lower numbers.

Four different materials combinations and two different lubricating oils were then evaluated
using the twin-bar-on-cylinder test. MOR specimen materials were:

1. SNI (a Japanese grade of silicon nitride)
2. a silicon nitride-based composite (SN, 8’%oY,4% A120g, 10?40SiC, 3OOATiC)
3. NT-45 1
4. NT-55 1

The first material was obtained fi-omK. Breder, ORNL; the next from G. Crosbie, Ford Motor Company,
Dearborn, MI; and the last two from R. Lich~ Norton Company, Northboro, MA. The Ford material was
formulated to have a thermal expansion coefficient offering good compatibility with engine materials. It
also offered the potential to combine some of the attractive wear characteristics of SiC/Si3N4 composites
reported by Yust and DeVore based on earlier work at OICNL[l].

The ceramic specimens were worn against sections cut fi-om Cr-plated steel diesel engine valves.
Two oils were used. M. Long, Caterpilkir Tech Center, provided one of the oils, a typical grade of diesel
engine oil. The second oil provided by R. Spence, Lubricant Additives Research, Cleveland, Ohio, this
specially-compounded lubricant contains Ag additives, and its viscosity is around 10.3 cSt at 100C
(grade 15W30). Silver is suspended in the form of angstrom-sized particles which are intended to become
activated and form lubricating films during contact. The lubricants were compared to determine whether
the Ag would offer any advantages for lubricating ceramics than would the conventional diesel oil.

The conditions used for the tests were:

- Stroke: 8 mm
- Normal force (distributed on both bars): 200 N
- Duration: 4h20m30s
- Sliding distance: 2.5 km
- Lubrication: diesel engine oil and oil containing Ag
- Temperature: ambient
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Replicate tests were run for each material pairing in each type of oil. Irrespective of the type of
MOR specimen material, the friction coefficient usually started relatively high then decreased. However,
in the oil with no Ag, the composite ceramic (30°/0TiC) against steel exhibited the highest value in the
beginning of the test. After a sliding distance of 2.5 km, the friction coefficient of the couple 30%
TiC/steel remained higher (p = O.16) than for the other couples (p = 0.10-0. 12). Under lubrication with
the oil containing Ag, same behavior was observed, but at the end of the test each slider material had a
lower friction coefllcient: SN1 (p = 0.11), NT-451 (p = 0.13), NT-551 ((j.t = 0.16), and 30% TiC (p =
0.19). .

No measurable wear was obtained on the MOR specimens. However, the Cr-plated stems wore
more against 30°/0TiC than against the other ceramics, irrespective of lubricant. Wear on the valve stem
was greater in the oil containing Ag than in the Caterpillar diesel oil. If we compare the results for NT-
451 and for NT-55 1, rubbing against the latter induced more wear in the stem section than against the
former.

Jn order to evaluate the relative wear rates of the ceramics, plans were made to conduct more
severe sliding tests using a reciprocatingball-on-flat geometry. Type 316 stainless steel, being similar in
hardnessto the Cr-plated valve stems, and possessing similar chromium oxide on the surface, was chosen
as the ball material. Results will be reported later.

Scuj%g Literature Survey Being Compiied. A detailed, annotated bibliography on the mechanisms of
scuffing is being compiled. This information will be used to develop a new, high-temperature scuffhg
system at OIOJL for testing candidate materials for scufllng-critical components of diesel engines.
Cummins Engine Company has provided data relevant to scuftlng, and will work closely with us in
developing scuffing test methods that offer advantages over the currently-available testing methods.

Reference:

[1] C. S. Yust and C. E. DeVore, “The Friction and Wear of Lubricated Si3NdSiC(w) Composites:

Tribology Transactions, Vol. 34 (4), 497-504.

Future Plans

a) A new series of friction and wear tests will be performed using the reciprocating ball-on-flat
geometry. The ball material will be stainless steel 316 and the flat specimens will be NT-451 and the
30% TiC composite material prepared by Ford Motor Company. Diesel oil and Ag-containing oil will be
used in these tests.

b) A compilation of an annotated bibliography on the mechanisms of scuffing will be completed.

Status of Milestones

On schedule

Communications/Visitors/Travel

None
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Problems Encountered

Intermittent testing machine motor problems were encountered. After a motor and speed controller
diagnosis by the ORNL electricians, the electrical problem has been rectified.

Publications and Presentations

None

Stroke

\
Diesel valve stem section (fixed specimen)

Fig. 1. Diagram of the twin bar-on-cylinder apparatus. Tilting of a value stem, as indicated at the upper
righ~ may cause contact stresses to be locally larger at the ends of the valve guide than would occur if the
stem were centered in the bore. Thus, the two concentrated contacts in the twin bar test bear a closer
resemblance to the actual situation than might initially be supposed.
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Introduction

This is the fourth semi-annual report for the project “Development of an Intelligent

Grinding Wheel for In-Process Monitoring of Ceramic Grinding.” This report covers the

period from March 1, 1998 to August 31, 1998.

The overall objective of this project is to develop sensor-integrated “intelligent” diamond

wheels for grinding of ceramics. Such wheels will be “smart” enough to monitor and

supervise both the wheel preparation and grinding processes without the need to

instrument the machine tool. Intelligent wheels will utilize re-useable cores integrated with

sensors: to measure the acoustic emission (AE) and grinding force. Signals from the

sensors will be transmitted from a rotating wheel to a receiver by telemetry. Wheels will be

“trained” to recognize distinct characteristics associated with truing, dressing and

grinding.

Technical Pro2ress

This overall project is divided into six tasks as follows:

1.

2.

3.

4.

5.

6.

Development of miniaturized sensors and data transmission system,

Wheel design and sensor configuration,

Calibration of the sensor integrated wheel,

Training of the intelligent wheel,

&lnding tests,

Prototype demonstration.
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The technical progress is summarized in this report according to the tasks. All activity

during this period has been concerned with the first two interrelated tasks, which need to

be completed before undertaking the remaining tasks.

Task 1. Development of Miniaturized Data Transmission Electronics

As mentioned in the third Semi-Annual report, the grinding wheel has a total of fifteen

embedded sensors. Eleven of them are configured as force sensors. and located around the

periphery of the grinding wheel. The remaining four are acoustic emission sensors and

placed on the face and towards the center of the grinding wheel. Design considerations for

sensor selection and their placement strategy were described in the previous report.

The development of data acquisition and transmission electronics has been conducted in

three consecutive stages:

1) Bread-board level design and implementation of various fictional modules of the

entire circuitry,

2) Integration of various fictional modules on a PCB for interfacing and combined

circuit operation verification, and

3) Design, simulation, and fabrication of a miniaturized circuit board using sutiace-mount

devices (SMD).

For the previous reporting period, research was focused on stage three where the surface

mount technique was explored for circuit miniaturization. Results from the first and

second stage development provided valuable inputs to fine tune the final design. In
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addition to meeting the circuit fimctionality requirement, the design also has taken into

account the space limitation determined by the targeted grinding wheel.

Figure 1.1 shows a block diagram of the final miniaturized circuit. The circuit was

implemented as a six-layered PCB board (Printed Circuit Board) which has been

fabricated by a commercial vendor. A photograph of the fabricated PCB is shown in

Figure 1.2, with components soldered on both sides. Of the six layers, four have been

used as signal routing layers and two for the power supply rails (VCCand Ground). The

use of four routing layers significantly reduces the Iengjh of connection tracks between

individual components. The two dedicated layers for power supply rails are essential for

providing a ripple-free voltage supply to the circuitry. Furthermore, they provide good

shielding for the entire circuitry against ambient electrical noise. This is especially

important considering the high frequency range in which the circuits will operate.

1.1 Descri@ion of the Circuitrv:

As shown in Figure 1.1, there are three main fictional modules within the circuitry:

1) A analog front-end which provides interface to the fifteen sensors and contains an

Analog-to-Digital Converter,

2) A digital signal processing module centered around a 16-bit DSP, and

3) A RF transmitter for wireless data transmission.
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In order to prevent intefierence and cross talk inductors have been used to separate AC

links between the analog and digital circuitxy. This is necessary to prevent high fi-equency

noise generated by a fast switching digital circuit from corrupting the analog signals.

There are three components in the circuit which need a clock signal: the Analog-to-Digital

Converter (ADC), Digital Signal Processor (DSP), and the RF intetiace circuit. In order

to minimize the size of the entire circuitry, a single clock chip operating at 1.84 MHz was

used. Therefore, the ADC is operated at a frequency slightly lower than its nominal value

of 3 MHz. An internal Phase Locked Loop (PLL) within the DSP is used to step up the

clock frequency by fifleen times to 27.6 ~ such that the DSP can be operated at its fill

speed. The Ill? intefiace circuit divides the input clock of 1.84 MHz and transmits data at

4800 bits per second.

The anti-aliasing filter used in the miniaturized version of the circuit is a simple RC filter.

Earlier versions of the circuit utilized a four-pole active filter. Preliminary tests revealed

that this type of filter introduced distortion to input signals of more than 0.8 V p-p

amplitude, which considerably limited the dynamic operating range of the charge amplifier.

1.2 Verification of the Circuit Board:

The fabricated circuit boards were visually and fictionally tested for bad or wrong

electrical connections. In the next step, SMD components were hand-soldered on to the

board under a specially designed magnifier. A digital signal processor emulator was used

for programming the DSP. The program fiu-ther verified various fi.mctionalblocks of the

T,,-.. >-n ,. -7,. ..,,. .. . . .,, ...,. -- 7,.. ,. ,,..
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circuit including the attenuator selector, sensor selector, ADC, RF transmitter interface,

and RF transmission.

Several software driver modules have been developed using the “C” language to access

the DSP peripherals. Further development of signal processing algorithms is currently

under way.

Task 2. Wheel Design & Manufacture

The design of the sensor integrated grinding wheel was described in detail in the Third

Semi-Annual Report. This section describes the design of the adapter disk which houses

the on-board electronics and the manufacture of the sensor-integrated grinding wheel.

2.1 Desirm of the Adapter Disk

As described in the previous report, an adapter disk is used

circuitry. The adapter disk is fastened to the wheel core during

to house the electronic

grinding for the purpose

of monitoring the process in real-time. This design minimizes the need for stmctural

alterations to the wheel core and facilitates easy access to the electronics.

The layout of the adapter disk together with

2.1. A set of fifteen connectors is mounted

the on-board electronics is shown in Figure

on the periphery of the adapter disk. Each

sensor is electrically connected to the “on-board” electronics by means of these

connectors. The electronics is physically separated into three segments: data acquisition

system, radio frequency (RF) transmitter, and power supply. The data acquisition system
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consists of a signal multiplexer, charge amplifier, anti-aliasing filter, analog to digital

converter, and digital signal processor (DSP). Wkes laid out in the annular recess of the

adapter dkk provide connections to the RF transmitter and the power. The electronic

circuitry, together with the power supply, are anchored to the adapter plates by means of

screws. An aluminum cover on the outer face of the adapter disk provides EMI shielding.

2.2 Manufacture of the Sensor Intemated Grindirw Wheel

The wheel core is designed with 11 equally spaced slots around its periphery which hold

the piezoceramic sensors. Prior to being mounted in the wheel, responses of the individual

sensors were measured by subjecting each of them to a fluctuating load of 5 + 2 lbs

applied by a universal testing machine (Instron) at a frequency of 5 Hz. The results are

summarized in Figure 2.2. Clearly there are some variations in the individual responses of

these sensors, which is taken into account during electronic calibration of the wheel.

After testing, brass strips were attached to the positive face of each sensor (the negative

face has a distinguishing “black dot”). The negative face of each sensor was then attached

to the periphery of the wheel core in its slot as shown in Figure 2.3. Each sensor was

fixed in place by means of a two-component epoW adhesive (EPOTECH) and cured for

two hours at 60° C. The brass strip was soldered to the connection pads. The connection

pads together with the wheel core form the positive and negative terminals of the sensor.

The entire machined slot was filled with epoxy adhesive to ensure adequate abrasive-

sensor contact and to provide sensor protection (physical & thermal) during wheel

manufacture and operation.
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The wheel core with the sensors mounted was machined on the outer periphery to form a

clean surface for bonding the abrasive. Diamond abrasives segments were attached to the

sensor integrated core at the Norton Company. Two sensor integrated grinding wheels

were manufactured in this manner. One of these wheels is shown in Figure 2.4.

Task 3 Testing& Calibration

This section describes the procedure and results obtained while testing the individual

components of the grinding wheel monitoring system.

3.1 Wheel Balance & SDin Test

The two sensor-integrated grinding wheels were statically balanced and spin tested at

Norton Company in Worcester, Massachusetts. For this purpose, each sensor-integrated

grinding wheel together with the mounting flanges was placed on a static balancing device.

Both wheels were statically balanced by removing excess material from the wheel core.

The balanced wheels were then spin tested at peripheral speeds up to 90 m/s to ensure

stie operation during grinding. The wheels were qualified by Norton Company to operate

at a maximum surface speed of 60 m/s (3275 rpm, 14 inch diameter wheel).

After the manufacture of all sub-systems is completed, the wheel along with the adapter

disk and the miniaturized electronics will be dynamically balanced at Norton Company.
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3.2 Response of the Sensor Intemated Wheel

A set ofexperiments was conducted to determine theresponse of the sensor-integrated

wheel. Using an Instron universal testing machine, a precise cyclic radial load of 5 + 2 lbs

was applied to the wheel periphery at five locations 2 degrees apart in the vicinity of each

sensor. The sensors were connected to a data acquisition system to acquire data in real-

time.

Figure 3.1 shows the response of each sensor to the dynamic load. It is clear that there is

some variation among the individual sensor responses. These variations can be attributed

to such factors as the inherent sensor variability, voids in the epoxy adhesive, and variation

in angular location of the loading member. Furthermore, it can be seen the sensor response

is only about 10°/oof that obsemed for the individual sensors, which was expected. This is

due to the added stiffness of the abrasive and epoxy layer placed above the sensor. The

variation in sensor response will be taken in account during electronic calibration of the

wheel prior to actual grinding.

3.3 Testing a Model Svstem

In order to facilitate the development and implementation of data conditioninglprocessing

routines and telemetry, a test system was fabricated. The test system consisted of a sensor

embedded wheel, bread board level data acquisition and digital signal processor circuitry,

and an RF transmitter/receiver. Data processing software with a graphical user intetiace

was developed for data reception, processing, grinding feature extraction, and

presentation. The digital signal processor (DSP) was programmed to acquire data when
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the wheel was excited by an impulse and to transmit the acquired data to an external

receiver. This task was successfidly accomplished and demonstrated.

The system was also used to test the reliability of data transfer by telemetry in the vicinity

of the machine and in the presence of grinding sparks. The test system was placed

approximately 6 feet from the grinding machine, while the receiver was positioned very

close (within 3 inches) of the grinding zone. The DSP was programmed to transmit a pre-

define signal during grinding. The transmitted data was acquired by means of the RF

receiver and displayed on an external computer. Figure 3.2 shows the results of this test.

Although there is some noise in the data, the presence of grinding sparks does not appear

to significantly affect the data transfer. It should be noted that the data was transmitted

without any error checking/correcting code. Errors in data transmission can be minimized

by implementing a simple error checking code, reducing the transmission distance, and re-

transmission of data.

Publications

● S. Pathare, R Gao, B. Varghese, C. Guo, and S. Malki~ “A DSP-based telemetric

data acquisition system for in-process monitoring of grinding operation”, Proc. IEEE

Instrumentation and Measurement Technology Conference (7..098), pp. 191-196,

St. Paul, MN, May 18-21, 1998.
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Trips and Meetinw

Robert Gao attended the 1998 IEEE Instrumentation and Measurement Technology

Cotierence (IM’TC/98) at St. Paul, Minnesota in May 1998 and presented a paper on

DSP-based telemetric data acquisition system development for the current project (see

Publications). In June 1998, he also attended a workshop on the frontiers of

rnicrofabrication sponsored by the Beckman Institute at the

Urbana-Champaign. This material covered in this workshop is

University of Illinois at

directly applicable to the

intelligent grinding wheel project.

Changsheng Guo, Biju Varghese and Sumukh Pathare visited Norton Company in April

1998 to discuss ways to bond the abrasive segments on to the wheel core. Biju Varghese

visited Norton Company again in May in order to conduct static balance and spin testing

on the sensor integrated grinding wheel.

Biju Varghese was selected to attend a workshop on “Team Building Skills” at the

University of Michigan, Ann Arbor on June 15 and 16. The purpose of this workshop was

to develop skills necessary for effective participation in interdisciplina~ teams, such as the

grinding wheel project. The registration fee and travel expenses for his participation in

this workshop were covered by the University of Michigan.
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Personnel

. Stephen Malkin, SC.D., Distinguished Professor, Principal Investigator

Overall project management, grinding test and analysis.

. Robert Gao, Ph.D., Assistant Professor, Co-Principal Investigator

Design of miniaturized sensors, telemetry, and microelectronics; testing, and

prototype demonstration.

● Changsheng Guo, Ph.D., Senior Research Fellow, Co-Principal Investigator

Mechanical design, setup, testing and prototyping of grinding wheel.

● Biju Varghese, Graduate Research Assistant, Ph.D. Student

Mechanical design, calibration, training and testing of the grinding wheel prototype

. Sumukh Pathare, Graduate Research Assistant, M.S. Student

Sensor development, electronic circuits design, implementation, and testing
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Figure 1.1 Block diagram of the miniaturized circuit

Figure 1.2 Photograph of the fabricated circuit
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Power Supply RF Transmitter

Figure 2.1 Adapter disk assembly
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Sensitivity of Sensors
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Figure 2.2 Response of individual sensors prior to their integration into the wheel core

(load :5 + 2 lbs at 5 Hz)

Figure 2.3 Arrangement for mounting sensors in slots around wheel core periphery.
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Figure 2.4 Photograph of grinding wheel

Sensitivity of Sensor Integrated Wheel
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Figure 3.1 Response of sensor-integrated wheel
(load :5 * 2 Ibs at 5 Hz)
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Figure 3.2 Results of telemetric data transfer test in the vicinity of the grinding process
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Laser Scatter Methods for Detecting Subsutiace klachinin~ Danuwe in Ceramics - Jiangang Sun,
William A. Ellingson, (Argome National Laboratory), Michael C. Long, Michael H. Haselkorn,

and Charles J. Anderson (Caterpillar Inc.)

Objective/scope

The primary objective of this program is to develop a laser-based elastic optical scattering
procedure which would provide a direct (near real-time) method to detect machining induced
damage in monolithic ceramics. Median and lateral crack detection are of primary importance. The
laser-based elastic optical scattering program is being executed in three steps. The fnst step is to
optimize the elastic scattering procedure by examining specimens machined using innovative
machining techniques. The second step involves correlation of the elastic scattering results with
mechanical properties in “real” machined ceramic specimens. The fma.1 step involves the
development of a prototype instrument to be evaluated for on-line implementation in a production
environment.

Technical progress

1. Elastic Optical Scattering Results

1.A Caterpillar Samples

We continued the effort to establish correlations between the elastic optical scattering data
and the surface microstructure and machining damage, using the diamond-ground GS44 specimen
CAT8B which has a high material removal rate. Our technique is to sequentially do the following
steps: a) obtain laser scatter dat~ b) obtain optical photomicrographs, c) polish to remove a layer of
material and repeat the sequence.

The ground surface of the specimen CAT8B has been polished and examined at several
depths. Figure 1 shows a photomicrograph of the specimen surface after a 21-pm layer has been
polished off. It is seen that there are four deeper grinding groves where machining damage would
be severe. The region enclosed in a black frame has been studied at various polishing depths.
Fi=mes 2a-c show the photomicrographs of this surface region at depths 21,38, and 51 ~m below
the ground surface. Figures 3 and 4 show elastic optical scattering ratio and sum images (at 5-pm
resolution) of the surface region after the original ground surface was polished by 38- and 51-pm
layers, respectively. Several prominent features (flaws) are indicated in the figures. The features
identified as “cracks” and “spot” are material defects, while that identified as “line” is presumably
due to machining damage. The micrographs (at lOOOX)in Figs. 5 and 6 show that the “spot”
region contains a subsurface void and the “line” region is associated with high porosity in the
subsurface. In the scatter images, the surface-breaking “cracks” and the porous “spot” are cleady
detected. The machining “line” is detected after the polishing of a 38-p.rnlayer, Fig. 3; but it is not
detected after the polishing of a 5 l-pm layer, Fig. 4. This observation indicates that the machining

Figure 1 Photo micrograph of the surface of the GS44 specimen CAT8B, after a 21-pm layer
has been polished off from the ground surface.

April 1998- September 1998
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darnage is not very deep. In addition, the laser scatter method detected subsurface pc
shown in Figs. 3 and 4 as white spots in the sum images and corresponding darker
ratio images.

~ ls.m~’

~rousr
spots

egi
in

ons
the

(a) (b) (c)

Figure2 Photo micrographs(50X)at (a) 21, (b) 38, and (c) 51 pm below the ground surface
region enclosed in the black frame shown in Fig. 1.

Figure 3 Elastic optical scatter(a) ratio and (b) sum images of diamond-ground GS44 specimen
CAT8B, after polishing off a layer of 38 pm from the ground surface.

I
3mm

1
Figure 4 Elastic optical scatter(a) ratio and (b) sum images of diamond-ground GS44 specimen

CAT8B, after polishing off a layer of51 pm from the ground surface.

April 1998- September1998
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Figure5 Stiacephoto ticro~aphs (lWOX)) oftie``spot'' region oftie&mond-~ound
GS44 specimen CAT8B shown in Fig. 2, (a) original ground surface, and after
removing (b) a 38-pm and (c) a 5 l-pm layer by polishing.

t
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+
(a) (b) (c)

Figure 6 Surface photo micrographs (1OOOX)) of the “line” region of the diamond-ground
GS44 specimen CAT8B shown in Fig. 2, (a) original ground surface, and after
removing (b) a 38-pm and (c) a 5 l-pm layer by polishing.

Figure 7 shows laser scattering ratio and sum images at 5-pm resolution on a 0.5-mm x
0.5-mm surface region of the polished GS44 specimen CAT8B. Two darker spots in the sum
image are marked, which are not detected in the ratio image. By examining the surface photo
micrographs of this region, shown in Fig. 8, it is seen that there is no apparent damage in this
region while there is optical property change (low scattering) in the regions of the two spots.
Therefore, we may tentatively conclude that the two darker spots in the sum image represent
subsurface materi”d cont~ation (or inclusion).

(a) (b)

Figure 7 Elastic optical scatter (a) ratio and (b) sum images of the
diamond-ground GS44 specimen CAT8B.

-.

ground surface of the

April 1998- September1998
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Figure 8 Photo micrographs at (a) 50X and (b) lOOOXon the surface region of the diamond-
ground GS44 specimen CAT8B shown in Fig. 6.

A set of 7 ground RBSN specimens were received from Caterpillar during this period, and
their machining condition (power consumed during machining) is listed in Table 1. Figure 9
shows optical scatter sum and ratio images of specimens No. 5 (6.OHP),No. 2 (7.5HP), and No.
7 (8.6HP) scanned in surface areas of 1 cm x 1 cm with a coarse resolution of 20 pm. It is seen
that there are considerable white spots in the sum images and corresponding black spots in the ratio
images, and their number increases with the increase of the machining power. Therefore, these
spots in the scatter images may be the results of machining damage. Further microstructural
analysis is needed to ident@ the nature of these features.

Table 1 Machining Conditions of RBSN specimens from Caterpillar, Inc.

Specimen No. I Power Consumed in Machining (HP).

Figure 9

;
3
4
5
6
7

7.5
7.2
7.8

(As r~~ived)
8.6

Ratio
Images

(c)

Elastic optical scatter sum and ratio images of ground RBSN specimens: (a) No. 5 with
6.OHP, (b) No. 2 with 7.5HP, and (c) No. 7 with 8.6HP consumed in machining.

April1998- September1998
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We have also performed statistical analysis of the laser scatter data and correlated with
machining conditions. The statistical pamneter C, (= standard-deviation/mean) calculated from the
laser scatter sum (or intensity) images was determined for all diamond-ground specimens (CAT6 -
CATIO). Three machining parameters are used for the correlation: material removal rate (MRR),
grit concentration, and grit number. Figure 10 shows the correlation for GS44 specimens, the
pmarneter C, increases with the MRR, but decreases with the grit concentration. For Ceralloy
specimens, shown in Fig. 11, the parameter C, increases with the MRR, decreases with the grit
concentration, and decreases with the tit number. These results are reasonable. However. thev
are preliminary because there are not e~ough specimens to establish statistical trends.
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Fizure 10 Correlation of C.. derived from the laser scatter sum images of diamond-ground GS44
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Correlation of Cv derived from the laser scatter sum images of diamond-ground
Ceralloy specimens with (a) MRR, (b) grit concentration, and@) grit number. -

The statistical parameter C, for the ground RBSN specimens (listed in Table 1) has been
correlated with the power consumed in machining, as shown in Fig. 12a. For a comparison, Fig.
12b shows the correlation obtained by Caterpillar for a set of similar specimens. Although the
values of C, in the Caterpillar results are less than half of the ANL results, the trends of both
correlations me essentially the same, i.e., C, increases with increasing machining power. One
exception was at 7.8HP. We do not know the reason at this moment.

April 1998- September 1998



028

0.26

0.24

d o+~

02

0.18

PowerConsumedinMachining(HP)

(a)

81

0.11

0.1

u’ 0.09

0.08

v

o.076- 1

PowertinsurnedinMachining(HP)

(b)

Figure 12 Correlations of C, derived from laser scatter sum images of ground
obtained by (a) ANL and (b) Caterpillar, Inc.

IU3SN specimens

The statistical parameter C, detived for the laser-machinedkiiamond-~ound Ceralloy and
GS44 specimens is correlated with the specimen strength, as plotted in Fig. 13. A general trend
can be observed, i.e., specimens with higher strengths have lower Cv values, or have “smoother”
scattering machined surfaces. This result represents a first correlation of the laser scatter data with
the specben mechanical property. -

‘“08~
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Figure 13 Correlation of C, derived from the laser scatter sum images with the strength for the
Iaser-machined.kliamond-ground Ceralloy and GS44 specimens.

1.B Eaton Samples

We continued optical scattering studies of the ground samples provided by Eaton. Figures
14 and 15 show the elastic optical scattering ratio and sum images of Samples 9703-2-5 and 9703-
3-4 which were machined with a vitrified-bond wheel of grit size 180 and at speed 12000 and
18000, respectively. The scanned surface area is 2-mm x 10-mm with a coarse resolution of 20-
pm. The optical scatter images of Sample 9703-2-5 show large-scale irreguku patterns on the
ground surface. These patterns were observed on some other samples machined with vitrified-
bond wheels but not on those machined with resin-bond wheels. Further investigation is needed to
understand the cause of these patterns.

The statistical parameter C, was calculated from the sum images of all specimens scanned
with the coarse resolution of 20 pm. It is plotted in Fig. 16 as a function of the maximum stress
(%-) of the samples. It is seen that there is a correlation between C, and z-in the higher stress

April 1998- September1998
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region, i.e., C, decreases as Zm increases. The scatter of the data is large at the lower stress
region, but these data were come from samples machined with vitrified-bond wheels. This
correlation will be further examined with additional optical scattering tests at freer resolutions.

Ratio

Sum

Figure 14

Figure 5

Figure 16

Elastic optical scatter images of ground Eaton sample 9703-2-5 (grit size= 180, speed
= 12000).

Ratio

Sum

Elastic optical scatter images of ground Eaton sample 9703-3-4 (grit size=
= 18000).

6 0.05

t

40000 50000 60000 70000 80000 90000

z- (psi)

80, speed

Calculated C, from optical scatter sum images as a function of maximum stress tmx for
Eaton samples.

..—,

2. Automation for On-Line Inspection with Optical Scattering

We did not devote any effort to this part of the project this period because we have been
working to establish correlations before we continue this work.

3. Impact Acoustic Resonance

We are in the process of adding a scanning laser vibrometer setup so that fundamental
mode shape can be correlated to the acoustic signals already received. A single point laser
vibrometer was ordered this period (to be delivered Oct. 15) so that fundamental mode shapes can

April 1998- September1998
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be correlated to the acoustic signals already received. We plan to output these data to STAR
MODAL software to allow determination of the mode shapes. New x-y precision translation
stages were ordered, received, and checked out. These were interfaced to the LabView front-end
software for data acquisition. We also designed and had fabricated the frame to hold the scanning
system.

Status of Milestones

Current ANL milestones are on or ahead of schedule. We are redeftig the milestones in view of
the current results from the Caterpillar samples.

Communications/Visits/Travel

TraveL

1. W. A. Ellingsonand J. G. Sun visited Caterpillar Technical Center at Mossville, IL on
April 3, 1998 to discuss project issues.

2. W. A. Elli.ngson and J. G. Sun visited Caterpillar Technical Center at Mossville, IL on
September 10, 1998 to discuss project issues.

Communication

1. Discussions have been taking place with Eaton Corporation and St. Gobain Industrial
ceramics to obtain additional machined specimens with carefidly controlled machining
conditions.

Problems Encountered

Nonethisperiod.

Publications

Nonethisperiod.

April1998-September1998
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Milestone Schedule

FY97

Complete initial ekistic optical scatter data
acquisition on high material removal rate (HNEW)
Si~NAflat plate specimens.

Complete Impact Acoustic Resonance (IAR) data
acquisition on HMRR flat plate specimens.

Complete microstructuml analysis of HMRR
specimens and correlate to optical and resonance data.

FY98

Complete initial elastic optical scatter data
acquisition on low material removal rate (LMRR)
Si~Ngflat plate specimens.

Obtain mechanical properties and correlate data
of HMRR specimens.

Complete L4R data acquisition on LMRR flat
plate specimens.

Complete microstructural analysis, obtain mechanical
properties and correlate data of LMRR specimens.

Obtain HMRR and LMRR round specimens of Si~N&

. Complete initial elastic optical scatter and L4R data
acquisition of round HMRR and LMRR specimens.

FY99

Complete IAR data acquisition on round HMRR
and LMRR specimens.

Complete microstructural analysis of round HMRR
and LMRR specimens.

Correlate IAR and elastic optical data on round
HMRR and LNIRR specimens.

Prepare limited mechanical property specimens
from round specimens and correlate to NDE data.

Complete and test set up of initial high speed
optical scatter system on grinding machine.

Submit project report.

May 30, 1997

June 30, 1997

Sep. 15, 1997

Nov. 15, 1997

Dec. 15, 1997

Feb 15, 1998

May 15, 1998

May. 30, 1998

Sep. 15, 1998

NOV.30, 1998

Feb. 15, 1999

Apr. 15, 1999

July 15, 1997

Aug. 15, 1999

Sep. 30, 1999

Completed

Completed

Completed

Completed

Completed

Completed

Completed

(being redefined)

April 1998- September 1998
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INTERMETALLIC-BONDED CERMETS
P. F. Becher and C. G. Westmoreland

Oak Ridge National Laboratory
Oak Ridge, TN 37831-6068

Obiective /ScoPe

The goal of this task is to develop materials for diesel engine applications, specifically
for fuel delivery systems and wear components (e.g., valve seats and turbocharger
components). This will require materials with a minimum hardness of 11 GPa and a
thermal expansion coefficient of between 10 to 15 x 10-6/”C over the temperature
range of 25° to 300° C. The material should also have excellent corrosion resistance
in a diesel engine environment, a flexure strength in excess of 700 MPa, and a

‘ fracture toughness greater than 10 MPa m to ensure long term reliability. The
material should also be compatible with and not cause excessive wear of the steel
counter face. The upper temperature limit for fuel delivery systems applications is
540° C, and for the other wear applications, the limit is 815° C. Finally, the total
material processing costs for these advanced materials should be competitive with
competing technologies such as TiN or other ceramic coatings on high speed tool “
steels.

“ Technical Hiahliahts
Initial wear test results from Cummins indicate that TiC-25 vol. YONi3AI cermet with
submicron TiC grain size exhibited excellent wear resistance. Wear of metallic
counter-face materials is still an issue. However, analysis of the wear processes is
incomplete at this time. Samples of these submicron grain size cermets were
prepared and a dense submicron grain size TiC cerrnet that contains - 10 vol. YO
NisAl was sent to Cummins for test and evaluation.

The thermal expansion data over the temperature range of - 10O°C to 600”C for seven
TiC-NisAl cermets containing from 8 to 40 vol. YO NisAl were obtained and analyzed
after the repair of the liquid helium cooling system on the low temperature dilatometer.
The data were forwarded to Tom Yonushonis of Cummins Engine Company.

The densification responses of two different lots of TiC-NisAl powder mixtures were
characterized at the request of Jim Stephen of Advanced Materials Technologies.
This study revealed effects of sintering temperature and environment upon as-sintered
densities achieved in these two powder mixture lots.

Efforts will now resume on the processing of cermets containing other carbide matrices
in an attempt to explore the influence of matrix hardness on the wear response of the
cermet versus the steel counterface material in the Cummins wear test environment.
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Status of Milestones
On Schedule

Communication/Visits/Travel
In discussions with Jim Stephan of AMT, he revealed that they have had considerable
success in processing cermets at the Coors facilities with high strengths with very
narrow strength distributions based on our processing approaches and compositions.
They will be preparing components for testing by Cummins in the near future. (June
1998).

Presented current status of project and future plans at the Heavy Vehicle Propulsion
Systems Materials Program task review held at ORNL on July 22, 1998.

Thermal expansion data on TiC-Ni3Al cermets were sent to Cummins Engine on Sept.
17, 1998.

Problem Encountered
The liquid helium cryostat used with the low temperature dilatometer system
developed a vacuum leak. The transfer tube was replaced and cooling unit repaired.
Measurements of low temperature thermal expansion coefficients for Cummins were
delayed but completed in September.

Publications
K. P. Plucknett and P. F. Becher, “TiC/Ni3Al Composites Prepared by Melt-infiltration
Sintering: Processing and Microstructure Development,” submitted to J. Am. Ceram.
Sot.
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COST EFFECTIVE MA-G OF CERAMIC ENGINE COMPONENTS

S. B. McSpadd~ Jr.
T. O. Morris

Oak Ridge National Laboratory
BOX 2008, Building4515

Oak Ridge, Tennessee37831-6069

Obiective/Scoue

To developand demonstrateoptimiz@ cost-effectivegrindingprocessesfor the productionof ceramic
componentsfor use in dieselengines.

Technical Hi~Wl~hts

Cooperative Research and Development Agreements (CRADA’S)

Work is continuingon two separate CRADA’Swith Cumminsand Caterpillar,respectively.An extension
has been requestedfor the CumminsCIW.DA entitledPrecision Grinding of Components for Diesel Fuel
Systems Application. Underthe extendedCMDA eachparty willmakeadditionalin-kindcontributions
valuedat $50K. The CumminsprincipaIinvestigator,Dr. AlbertSW has recentlyaccepteda positionas
an associateprofessorat North Carolina State Universityandhas left Curnmins.However,he will
continueto work closelywith both Cumminsandthe HTML, andwillparticipate injoint effortsinvolving
ceramicmachining.Darryl Gust has beennamedthe Cumminsprincipalinvestigatorfor the CRADA.

The Caterpillar CIWDA is entitledStudy-ng the Scu#ikg Resistance of Zirconia Fuel Injector
Components for Diesel Engine Applications. The initial group of scuffhg specimenswas groundonder
controlledconditionsto achievespecificsurf%e roughnessvalues,andhave beensentto Caterpillarfor
firther tests. A group of Zirconia specimenswas also testedonthe ChandKare GrindabildySvstemto
determinea relativegrindabilitynumber for the material.Caterpillaris also discussinga possible
extensionof the existingCRADAto coverotherareas of interest.

High-speed Grinding on the Cincinnti” Milacron Centerlms Grinder

Highspeed centcrlessgrindingis being investigatedas a cost4%ctive methodfor producingceramic
enginecomponents.The process is attractivebecausethe needis ehinated for workpiecefixturesand
workpiecealignment.Comparedto othergrindingprocesses,centerlessgrindingis a wheelwear rates
are low (dueto the large surfiwearea of the grindingwheel),andthe process produceshigh qualityparts.
Thework has been delayeddueto previouslyreportedmechanicalproblems.Two diamondaated work
rest bladeshave beenprocuredand are beinginstalled.Work on ceramicbuttonheadtensile specimensis
expectedto resumebeforethe end of July.

High-Speed Grinding on the Weldon Cylindrical Grinder

As a part of the ongoing CMDA with Cummins EngineCompany,four groups of Zrz03specimenswere
groundunder various conditionson the Weldoncylindricalgrinderto determinethe effectof wheelspeed
on grindingratio. (Grindingratio is simplythe volumeof workpiecematerial removeddividedby the
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G-ratio as a function of wheel speed
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gure 1. Grinding ratio for Zirconia parts, using a cubic boron nitride
inding wheel with constant in-fixd rate.

volume of wheel
material expended).
As can be seen from
the table, much
higher material
removal rates can be
achieved at higher
wheel SpCdS. A
higher grinding ratio
is advantageous
because it means less
wheel W= during
grinding and better
control of form
tolerance on the
workpiece. The tests
were designed to
measure grinding
ratios at four
different wheel
Sp&dS– 35, 61, 91,
and 127 m/s. The in-

feed rate was held constant at 0.34 rnds for all four wheel speeds. The above tests were re~eated to
ensure the validity of previous results.

.

The procedure for G-ratio tests, as shown in Fig. 2, is summarized in the following thnx steps:

1.

2.

3.

The wheel is trued straight and Gm@
used to grind a zirconia sample n-\,.1. m
at low fd rate. The taper of
the part is measured using a
laser micrometer. If necessary,
the orientation of the work-head
is adjusted to minimize the taper
on the ground part (Fig. 2a).

The wheel is then used

I_J
v

San#e

B0 9
Mjlxtthewcrkkd
tonirimizet@3

(a)

W2arinfh2
giiq

4

p#

04 (c)

repeatedly for plunge grinding Figure 2. Three steps in the Gratio tests: (a) orient the work-

on the zircxm.iaor silicon nitride head to minimize taper on the ground pa~ (b) perform

workpiece, as shown in Fig. 2b. multiple plunge grinding to produce wear on the wheel and (c)

The objective is to generate copy the wheel wear to a sample part for measurement..

measurable wear on the
grinding wheel during the test. The diametrical wheel wear needs to be in the 10 to 20 pm range in
order to obtain repeatable measurements using simple measuring techniques.

Mter the wheel wear reaches the 10 to 20 pm range, a sample part is touched at slow feed rate to
copy the pattern of wheel wear to the sample part (Fig. 2c). Diameters of Werent sections of the
sample part are measured using a laser micrometer. The difference in diameter is used to calculate the



89

wear of the grinding wheel. Zirconiais used as the material for the sample part. The sample part is
ground at a ve~ at low in-fd rate and a small total M&d so that any additional wheel wear is
assumed to be negligible.

Because the amountof wheel wearwas very SW the wheel-wearprofile on the sample part was
extremely shallow, aud was also tapered. In an attempt to obtain more consistent measurements, a
precision coordinate meamring machine was used to scan the wear proiile pattern (in addition to the
simpler laser micrometer measurement). When thes cauning technique was us~ analysis software was
also used to determine the area under the wear-profile curve. Since the width of the wheel was lmowq an
average “wear depth” was easily computed. This technique is believed to be very accurate, but it proved to
be impractical due to the time required for measuring and analyzing the sampIe part. For zircm.ia grinding
at high speed (127 m/s), the grinding ratio is quite high – over 2000. Therefore, a large number of parts
(over 200) had to be ground for a single G-ratio data-point.

ChandKare Grindability Twt System Upgraded

The grindability test system has been upgraded by the addition
of a digital tachometer and a load cell, which aid in the
calibration of the abrasive belt speed and applied test 1-
respectively. The equipment is now attached to a dedicated
computer system on which a grindability database is being
maintained. The database completely automates calculation of
the grindability inde~ which was previously a tedious, manual
calculation. Additional studies are planned to quant@ the
repeatability of this equipment and to develop a more rigorous
test standard.

Upgrade of CXD/CMSo*are

Three new 3D CADICAM sofhvare packages are being
evaluated to replace the 2D SmartCAM” software that is used
to program the instrumented grinders. Three-axis programming
capability is required in order to machine complex shapes. In
order to evaluate the CAD/CAM three packages, a simple
alumina test component that requires the use of full 3-axis
machining eapabitity was design~ and a machining program

Figure 2. The Chand Kare
Grindability Test System.

was generated for the Sabre 3-axis grinder. The final selection of sofh.varewill be based on ease-of-use,
applicability to work pefiormed by the machining and inspection research group at the HI’ML,
compatibility with widely used CAIYCAM systems in industry, and overall petionnance.

Communications/Visits/Travel

Sam McSpaddenattended the Ultra-hard Materials Conference in Windsor, Ontario(sponsored by the
Industrial Diamond Association and the University of Toledo).
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Tom Morris and Sam McSpadden attended a Grinding Mwting and Open House hosted by Dr. Steve
Malki.nat the University of Massachusetts. The stated objectives of the meeting were to provide attendees
with an update and overview of the UMASS research program on Grinding Fundamentals and
Applications; to discuss the current needs of industry; and to develop productive, collaborative, and
leveraged initiatives for grinding research with individual companies and groups of companies. We also
visited the Norton World Grinding Technology Center to discuss current activities and possible future
collaborations.

Jeff Bougher, Mike Hinrichse~ and Raj Tandon visited the HTML to discuss our respective ceramic
machining capabilities and past experiences. The visit also gave Caterpillar manufacturing personnel an
opportunity to seethe fiicilities and equipment available at the HTML, and to discuss current and fi.ture
needs of Caterpillar that might be addressed at the I-ITML.

Publications

A paperentitledVitreous Bond CBNHigh Speed and High Material Removal Rate Grinding of
Ceramics has been accepted for presentation at the 1998 Annual Meeting of the American Sbciety for
Precision Engineering in St. Louis.
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X-RAY COMPUTED TOMOGIUWHIC IMAGING
W. A. Ellingson, H.R. Lee, E. R. Koehl, H. P. Engel

Argonne National Laboratory
and D. Twait, AlliedSignal Ceramic Components

Obiective/ Scope

Last year, because of changes in the ceramic materials under study for diesel
engines, the objective of Phase III was redefined to the study of 3D density
variations in slip cast GS-44 material with chopped carbon fiber. GS-44
material with chopped carbon fiber is being developed as a candidate material
for diesel engine valve guides with reduced wear. Caterpillar is a cooperating
partner. The selected approach to the.nondestructive evaluation of this
material is 3D x-ray computed tomographic imaging with an emphasis on the
correlation of image data with subsequent destructive analysis of the sample.
Subsequently, however, these materials have not shown the desired wear
characteristics and this effort is being refocused. Discussions have taken place
with Allied Signal and Caterpillar.

Technical Highlights

The technical highlights will be described in four areas:
1) Discussion of the CRADA work on the new amorphous

detector;
2) Discussion of dual-energy x-ray CT technology; and
3) Discussion of the new GS-44 specimens.

silicon x-ray

X-Ray Detector (Amorphous Silicon) CRADA

The ANL - EG&G CRADA, signed on August 4, 1997, is setup to test EG&G’s
new amorphous silicon detector. This detector is a fast, high-sensitivity, x-ray
area detector which will be used for sensing density gradients in ceramic
materials such as the GS-44/chopped carbon samples being developed by
Allied-SignaI Cermnic Components, Torrence, CA

Manufacturing problems delayed receipt of the detector until March 1998.
EG&G delivered the new area detector, model MX- 1024, s/n 002, on March 17.
This detector is a 2-dimensional array of 100 urn pixels, 10 cm by 10 cm
square with 12-bit dynamic range. Heat dissipation methods =e under
development because of a need to dissipate 30 watts of heat. An aluminum
frame to allow convection cooling to ambient room air was designed and is
being fabricated at ANL.

April 1998 – September 1998
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Also, extensive effort was devoted to selection of a 16-bit A/D board. Three
main vendors were selected for further discussions and the DIPIX technologies
XPG- 1000 board was selected.

One initial issue was the need to identi~ the pin connectors to allow
communication between the A/D board and the MX- 1024 detector.

An interim cable was assembled and connected between the XPG- 1000
interface and MX- 1024 detector. This configuration allowed signal
synchronization line “break-out” for initial setup and diagnostic purposes.
Signal synchronization is an issue. The detector is essentially a ‘free-runnin<
device which tells the interface when data is ready. Cable length, @e, and
termination affect the quality of the timing signals.

We worked closely with Dipix Technologies to develop a working software driver
for the XPG- 1000/MX- 1024 link. This driver is a Dynamt.ic Load Library, which
runs under Windows 95 and is callable by LabView 5.0. The driver performs
all signal synchronization, detector control, and data acquisition. Currently,
full data frames are acquired from the detector every 125 mS.

Images have been acquired from the EG&G detector, but the quality of these
images suffers from severe defect anomalies ~ical in early prototype designs.
A typical image from detector S/N 002 is seen in Fig. 1. EG&G is planning on
replacing the current detector (Serial number 002) with an improved design in
the near future.

ApriI 1998 – September 1998
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Rug. 1. Demonstration of image acquisition for new amorphous silicon detector
showing typical high noise image obtained. This detector is serial
number-002 and has many bad pixels.

Additional problems addressed included:

1. Learning how to handle the high clock speed and high
component density which present a heat management

computer
issue affecting the

operation of the software interface. Additional cooling fans were installed
on the computer.

2. Continue development of a more efficient soflmmre driver for the detector.

April 1998 – September 1998
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3. Learned how to handle image distortion from production flaws and reduced
dynamic range, 12-bit not 16-bit

Also, during this period a new replacement detector (S/N 007) was received to
replace the previous S/N 002 detector. This new detector S/N 007 represents
the status of production run detectors.

Prior to receipt of the new detector, a system malfunction occurred in the data
acquisition computer due to a malfunction in the interface board. It is believed
that a heat related failure caused the Dipix XPG- 1000 detector interface board
to quit operation. During this period the board was returned to the vendor,
analyzed, and replaced under warranty. The new detector was initially tested
after this repair.

To prevent overheating in the future, the CPU cabinet of the computer was
moclifled with four fans (2 push and 2 pull) to move 200 cfm of air through the
cabinet. The Dipix interface board generates a significant amount of heat in
the VLSI circuit modules as does the on-board RAM. As delivered, the
standard CPU cabinet moves only 30 to 60 cfm. The upgraded air system
allows the replacement board to now operate ‘hear ambient” temperature.

We noted last period that a custom cable was needed. This custom interface
cable was received in August. It will be checked out and used on the upgraded
equipment.

The new detector, S/N 007, was tested with the 125 kVp microfocus x-ray
machine. The data obtained suggests that the efficiency of x-ray-to-visible-light
conversion screen Lanex, is poor and the detector could not, at the moment, be
a favorable device for real-time image acquisition. It can be improved by
replacing the converter with other type of scintillator. Figure 2a shows a dark
current image (without x-ray power) and Fig. 2b shows an x-ray image of a
letter ’4’ made of lead, which was taken at 12.5 cm from x-ray source operating
at 85 kVp, 0.5 ma. As shown in Fig. 2b, the area imadiated by x-rays is a
circular region. Image artifacts which appear as white lines and dots in the
letter image correspond to detector cells that do not have enough energy to
generate image. Figure 3 makes this more obvious. The longer the distance
from the detector to the x-ray source, the higher the number of white lines in
the image. Further test is currently underway.

April 1998 – September 1998
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(b)

Fig. 2. MY-1024 Amorphous Silicon detector data. (a) Dark current image (no x-
ray incidence); (b) X-ray image (uncowected) taken at 12.5 cm with X-ray source

at 85 kVp, 0.5 ma.

(v

Fig.3. X-ray images taken at two different positions of the detector: (a) image
taken 25 cm away j?om source and (b) image taken 38 cm away jiom source.

The number of white lines and dots in the number 4, which mostly appear as
lines in these demagnified pictures, increases with distance. These lines are
caused by the small number ofphotons that the detecting pixel reca”ves.

April 1998 – September 1998
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Dual energy computed tomography

At the moment, we have concluded that the GS-44/chopped carbon fiber
samples used for densitomeby sets are not favorable to dual energy analysis
(DEA) because no signiilcant difference exists in density or atomic number
between the two main component materials, silicon and carbon, whose density
is 2.33 and 2.26 g/ cm3 respectively. Prior test for DEA were done by using
aluminum (Al) and plexiglass (Pi), whose density is 2.70 and 1.18 g/cm3, as
basis materials. Basis functions of these materials, expressed as four
independent equations were determined by using the logarithm of normalized
intensity as function of thickness.

Eq. 1
/

~-. ~
LL41

= 0.08768t~1
/

Eq. 3 4ln “I~,pl = 0.04747 t,,

/
A

/
a

Eq. 2 h 0 I $.A[ = 0.11927t AI
Eq. 4 k o I ~,pl = 0.05860 t,l

Examples of projection image data are shown in Fig. 4. This shows projection
images of step wedges of aluminum and plexiglass with an overlapped region.

Ai

-

Fig. 4. X-ray image of step wedges using log normalized transmission data: (a)
image taken at 130 Kvp and (b) image taken at 86 Kvp.

April 1998 – September 1998
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Figure 5 shows resulting basis function images which represents the thickness
of each basis material. It demonstrates that the small deviation in density or in
atomic number between the two materials under examination cannot overcome
the high background noise. Thus, these basis images could not be used for 3D
reconstruction.

,Ai,

{is)

R“g.5. Basis&n&-on images of step

plem”gkzss oasis image.

@!!

wedges: (a) aluminum basis image and (b)

Densitometry based on computed tomography

Work continued relative to use of x-ray tomographic imaging for densitometry
of chopped carbon for all data on GS-44 specimens. These were quantitatively
analyzed for relative density and density variation depending on carbon-fiber
concentration. As before, the chopped carbon is Amoco P-75 and the GS-44 is
spray dried. Sample set two used dry-bag cold isostatic pressing (CIP) and set
one used wet-bag CIP. Chopped carbon content was 7.5, 10, 12.5 VOl.O/O.The
x-ray CT reconstruction from each data set shows different density profiles
through the samples. The x-ray CT sections were taken at axial locations as
noted in Fig. 6.

April 1998 – September 1998
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Fig. 6. Schematic diagram showing m-al locations of 2 mm thick

x-ray CT image data

We ran data on 2 x-ray CT machines. Initially we used a high spatial
resolution 160 kVp machine. And now we have used a lower resolution, higher
power system. This is a 320 kVp system with a far less sensitive detector. The
detector is still an image intensifier/ CCD set-up but the camera is only 8-bit
dynamic range.

Because of the higher power, with the 320 kVp machine, we were able to do 6
specimens at one time. The specimen test set up we used is shown in Fig. 7.

12.5-2

12.5-2

(a)

o+!!!!II
7“5-2~ o 10”0-2~exiglm,

o 0 12.5-1

Oo

10.0-1 7.5-1

Fig. 7. Schematic diagram showing sample an-angement for 6 specimen

simultaneous data acquisition: (a) sample set 1 (wet-bag CP); (b) sample set 2

(dry-bag ClF’).

April 1998 – September 1998
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Typical x-ray CT image data are shown in Fig.
we added a plexiglass rod in the middle of the
the data to this material.

L%L

Fig. 8. 320 kv X-ray CT

8 for each sample set. Note that
samples so we could normalize

(a)

m)

images of 6-speci-men simultaneous data acquisition.

The orientation of samples was shown in Fig. 6: (a) Sample set 1 (wet-bag ClF’);

(b) sample set 2 (dry-bag ClP).

Table 1 summarizes the densi~ profdes of sample set number 1 from the
different axial locations of the samples at two x-ray energy levels, 130 kVp and
86 kVp. Table 2 summarizes the density profdes of sample set number 2 from
different axial location. These show -2Y0 deviation from the average density
and that density depends on sampling location and demonstrates that the
higher the carbon-fiber concentration, the lower the densi~. Further it shows
that the density of each sample varies with - 15Y0. Figure 9 is a plot of density
proffle of sample set-1 at 130 kVp as a function of axial position. For all
samples, the density of middle portion is higher than that either end.
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Density data of sample set 1 as measured by x-ray CT

Density Profiie of Sample Set 1

130 kVp 86 kVp

1/4 L 2/4 L 3/4 L Average 1/4 L 2/4 L 3/4 L Average
7/5 -2 2.39 2.41 2.32 2.37 2.71 2.76 2.64 2.70
7.5-3 2.37 2.39 2.34 2.37 2.72 2.75 2.67 2.71
10.0-2 2.32 2.34 2.28 2.31 2.64 2.68 2.58 2.63
10.0-3 2.31 2.33 2.26 2.3 2.63 2.68 2.57 2.63

12.5-2 2.27 2.29 2.23 2.26 2.59 2.63 2.53 2.58
12.5-3 2.28 2.28 2.23 2.26 2.6 2.62 2.55 2.59

Table 2. Density data of sample set 2 as measured by x-ray CT

Density Profile of Sample Set 2

130 kVp 86 kVp

1/4 L 2/4 L 3/4 L Average l/4L 2/4 L 3/4 L Average
7.5-1 2.57 2.58 2.58 2.9 2.95 2.93

7.5-2 2.56 2.57 2.58 2.57 2.9 2.95 2.92 2.92
10.0-1 2.52 2.54 2.51 2.52 2.85 2.93 2.91 2.90
10.0-2 2.54 2.55 2.52 2.54 2.86 2.93 2.92 2.90
12.5-1 2.47 2.48 * 2.48 2.77 2.83 * 2.8

12.5-2 2.45 2.46 2.45 2.45 2.77 2.82 2.76 2.78
*Chipped area of sample, no data obtained.

2.42

2.4
2.38
2.36

2.34
2.32

2.3
2.28

2.26
2.24
2.22

\I 1 1 I

0 0.25 0.5 0.75 1
Normalized Axial Position

~7.5-2

~ 7.5-3

–. --10.0-2

-5%—10.0-3

~ 12.5-2
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Fig. 9. E#ect of chopped carbon fiber loading on density as determined by x-ray
CTfor set number one.

April 1998 – September 1998
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Figure 10 below shows a plot of axial density for sample set number 2. Note
that there is far less density variation than in sample set one.

2.6 1 I

2551-E====E=======
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x a

2.45- ~ *1 0.0-2

I I I+12.5-1
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2= ~

0.25 0.5 0.75

Fig. 10. Effect of chopped carbon jiber loading on density as measured by x-ray
CTfor sample set number 2.

Other Items

The entire existing x-ray facility 3 machines, is being moved from Building
331A to Building 212, G-wing. This is to be completed by December 25, 1998.

April 1998 – September 1998
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TESTING AND EVALUATION OF ADVANCED CERAMICS AT HIGH
TEMPERATURE

J. Sankar, A. D. Kelkar and L. Russell (Department of Mechanical
Engineering, North Carolina A & T University, Greensboro, NC 27407)

Obiective/ScoRe

The objective of this research is to test and evaluate the long-term mechanical
reliability of a Si3N4 at temperatures up to 1300°C. The required research
includes four (4) major tasks:

Task 1. Cvclic Fatique Testina of PY6 and GS 44

Cyclic fatigue of GTE-PY6 and GS 44 silicon nitride shall be
performed at lower temperatures to investigate characteristics of the material
at the temperature range of 500°- 11OO°C. At these lower temperatures, there
may be a true cyclic fatigue effect that enhances failure compared with the
static load case.

Task 2. Stress-Rupture Studv of PY6 and GS 44

Stress-Rupture testing of GTE-PY6 and GS-44 silicon nitride shall be
performed at a lower temperature range of 500°-11 OO°C. Since there is little
information about the time dependent behavior of this material is available at
this temperature regime, this task should provide some valuable data.

Task 3. Four (4) Point Flexural Test

Four (4) point flexural tests shall be performed for AlliedSignal’s GS-
44 silicon nitride from room temperature to elevated temperature.

Task 4. Thermal Barrier Protective Sutface Coating

A basic science understanding of thermal barrier protective surface
coating to promote high-temperature performance and the effects of notches
and oxidation at the roots of the notches at elevated temperatures for silicon
nitride shall be carried out.

Task 5. Microscope

High-resolution microscopy and fractography work will be a part of all tasks
discussed above.
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Technical Hiqhlicihts and Discussion

During this reporting period, flexural experimental data and finite element
analysis modeling were completed on GS-44 silicon nitride specimens.

Obiective/ Scope

The objective of this research is to develop a numerical model that will
simulate the experimental conditions of a four-point bend flexural test. A
finite element model (FEM) was developed to compare with the data from
the four-point bend flexural test performed on GS-44 silicon nitride
specimens. The American Society of Testing and Materials (ASTM C 1161-
9) Standard Test Method for Flexural Strength of Advanced Ceramics at
Ambient Temperature was followed as a guide for testing. Test were
performed on 4X tests specimen at room temperature using displacement
control. Applied Test Systems, Inc., Butler, PA, Four Point Bend Test Series
1605 Computer-Controlled Universal Testing Machine was used to generate
flexure strength, Young’s modulus, and strain energy. A comparison between
finite element modeling, mechanics of materials, and experimental analysis
was conducted to determine any variance in results between the three
methods.

Experimental Data

Material

The material used for investigation is sintered silicon nitride, GS-44, provided
by Allied Signal. The dimensions for the samples used in the bend test are 3
x 4 x 45 millimeters. Earlier studies on silicon nitride states it contains small
amounts of Y203, A1203, and other minor constituents as densification aids.

Four Point Bend Test

Four-point bend test consists of measuring the deflection of a simple beam
subjected to symmetrical loading. The test set-up uses Applied Test
System’s 4231 High Temperature Bend Testing Extensometer, along the
Applied Test System’s software TestVue. TestVue software was developed
to perform compressive, tensile, and cyclic testing. Acquires multi-point data
(time, displacement, load, stress, and auxiliary), and rapidly converts
between units, stores batch, and specimen test. Model 1605 has a 5,620
pound capacity. All experiments were conducted using displacement control
at 0.5 mm/ minute. Displacement control is the distance of cross- head
motion during testing per unit of time.



Mechanical Properties

The modulus of elasticity in
displacement data from the
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bending was determined
four-point bend test. The

by using the load verse
load and deflection

data was inserted into equation (1) the modulus of elasticity equation for
four-point bending. Where, Eb is the modulus of elasticity in Pa; L is the
distance between the two outer support pins, mm; t is the specimen
thickness, mm; w is the specimen width, mm; a is the distance between the

two inner support pins, mm (load applicators); AP is the increment in load,
Newtons; Ai5is the increment in displacement. Equation (2) derived from the
deflection equation using the double integration technique can also be used
to detenmine the modulus of elasticity when solving for Eb, Young’s modulus.

(1) Eb = a (3*L2 – 4*a2) ~
4*w*t3 Ai3

(2) Eb = 1I*P*L3 ~
768*I A6

The flexural strength is determined by the amount of load the specimen can
withstand during bending. The experimental normal stress derived from the
standard formula, equation (3) used to determine the flexural strength.

(3) c~a = 3PL
43

Where P is the applied load; L is the distance between the two outer support
pins, mm; t is the specimen thickness, mm; w is the specimen width, mm.

Finite Element Analysis Modeling

Finite element analysis was completed with the assistance of Dr. Jim Lua,
Engineering Technology Center, Applied Mechanics Depafiment, Mystic, CT.
The finite element model was developed to compare with the data from the
four point flexural test performed on the GS-44 silicon nitride specimen.

The finite element model was developed using NASTRAN. Finite element
analysis was used to analyze the structure in order to determine the state of
stress in the four-point bend test experiment. Finite element analysis, is a
numerical tool that converts the underline differential equations representing
engineering problems into algebraic equations which are solved to obtain the
solution of the problem. Finite elements are subdivided within the domain of
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the structure and interconnected at points around each element called nodes.
By subdividing the structure into elements and applying boundary conditions,
each element can be numerically solved and combined to obtain the solution
for the entire model. A three dimensional model was developed using brick
elements with three degrees of freedom.

Comparison: Experimental vs. Finite Element Model

The results of the finite element model were consistent with the data from the

four point flexural test. Fig. 1 demonstrates how the load-deflection curves
from the finite element model results and the experimental data are within

acceptable range. Fig. 2 shows the deflection of the deformed beam under
unit load. Tables (1) and (2) display total load, normal stress, and
displacement at the center of the beam from the experiment and the FEA
model. Table (2), contains the absolute percent error of the normal stress
between the experimental data and the FEA model results. The absolute
error was calculated by using equation (4).

(4) Absolute Error = IFEM result - Enerimental result I
FEM result

It can be seen from the table 2 that the finite element results and the
experimental data are with in two percent using equation (4).

Table 1. Finite Element Results using Ex = 309 GPa; G= 128.8 GPa
Load / Node Total Load Displacement Normal Stress

0.1 N IN .000334 mm .842 MPa
0.5 N 5N .00167 mm 4.21 MPa

5 50 .0167 42.1
-- --- fiG&2Q 4 Cm

---i

--l

Table 2. Experimental and Mechanics of Materials Results
Totalhad Displacement NormalStress AbsoluteError
IN 0.00033mm .833MPa 1.06~0

5 0.00165 4.16 1.18
50 0.0165 41.6 1.18
200 0.0659 167 0.60
400 0.132 333 1.18
800 0.264 667 0.89

Status of Milestones

On Schedule

. . .- m----- .Y :.. -..,. -,-,.777 > ,.,. —-r-. . , .,. $.,-.1 /--- . . . . . . . . . .-~ .. . .$:..--.. +7 .,m?> ..,n7-?r=, *,, -... . .,, ..5,,7.
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40 400 .134 337
80 800 .267 673
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Communications/Visitors/Tmvel

1. Ray Johnson, visited N.C. A&T SU and gave a talk as a part of ASM
International Piedmont chapter seminar series.

2. Jag Sankar presented, “Microstructure Changes Associated with Tensile
Creep of an in-situ Self Reinforced Si3NA”, at the MRS meeting, Boston,
Dec. 1998.

Problems Encountered

None

Fig. 1 Comparison of FEM Results with Experimental Data
(Load-Deflection Curve)
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Fig. 2 Deformed Beam Under Unit Load
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Life Prediction of Ceramic Diesel Enpine Components
A. A. Wereszczak, M. J. Andrews, T. P. Kirkland, and

Obiective/ScoDe

The valid mediction of mechanical reliability and service life

M. K. Ferber (ORNL)

is a mereauisite for the successful.
implementation of structural ceramics as components in internal cohbusdon engines. There are
three primary goals of this research project which contribute toward that implementation: the
generation of mechanical engineering data from ambient to high temperatures of candidate
structural ceramics; the microstructural characterization of failure phenomena in these ceramics and
components fabricated from them, and the application and vefilcation of probabilistic life
prediction methods using diesel engine components as test cases. For all three stages, results are
provided to both the material’s supplier and component end-user.

The systematic study of the mechanical performance of candidate structural ceramics (primarily
silicon nitide) for internal combustion engine components is undertaken as a function of
temperature (< 1000”C), time, and machining conditions. Properties such as strength and fatigue
will be characterized via flexure, tensile, and rotary bend testing.

The second goal of tie program is to characterize the evolution and role of damage
mechanisms, and changes in microstructure linked to the ceramic’s mechanical performance, at
representative engine component service conditions. These will be examined using several
analytical techniques including optical and scanning electron microscopy. Specifically, several
microstmctural aspects of failure will be charactetied:

(1) strength-limiting flaw-type identification;
(2) edge, surface, and volume effects on strength and fatigue size-scaling
(3) changes in failure mechanism as a function of temperature;
(4) the nature of slow crack growth; and
(5) what role residual stresses may have in these processes.

Lastly, numerical probabilistic models (i.e., life prediction codes) will be used in conjunction
with the generated strength and fatigue data to predict the failure probability and reliability of
complex-shaped components subjected to mechanical loading, such as a silicon nitride diesel
engine valve. The predicted results will then be compmed to actual component performance
measured experimentally or from field service data. As a consequence of these efforts, the data
generated in this program will not only provide a critically needed base for component utdization in
internal combustion engines, but will also facilitate the maturation of candidate ceramic materials
and a design algorithm for ceramic components subjected to mechanical loading in general.

Technical pro~ess

Numerous tasks were worked on during the present reporting period in preparation for the
mechanical reliability analyses of theNT551 DDC Series 149 exhaust valves. The efforts included
mechanical testing ofNT551 specimens and valves, and their fractography.

Tests specimens:

Fractography of the Vintage #3 NT551 cylindrical and ASTM C116 lB specimens neared
completion. The strengths of these specimens and their two-parameter Weibull distributions were
described in the last reporting period’s report, Like the earlier vintages of NT551, two primary
strength-limiting flaws have been identified: machining damage (a surface flaw type) and porous
regions (a volume flaw type). Most of the transversely machined (320 grit) specimens failed horn
surface machining damage flaws at 20”C at all three stressing rates (30, 0.3, and 0.003 MPa/s).
However, as the test temperature increased (700 and 850°C), the dominating strength limiting flaw
type in the transversely machinedNT551 were porous regions. Additionally, porous regions were
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the strength limiting flaw in specimens longitudinally machined specimens (320 grit) and tested at
20”C. The changes in dominance of one flaw type to the other is indicative of a change in failure
mechanism in the NT551 silicon nitride.

Tensile dynamic fatigue testing was initiated using a modified ORNL button-head tensile
specimen. Three rates are being used: 30, 0.3, and 0.003 NEWS. Approximately twenly
specimens have been tested so far at 20°C. The strength and fatigue data will be pooled with the
other flexure strength data that has been generated to predict the mechanical reliability of the NT551
valves.

Fracture toughness testing ofNT551 chevron-notched specimens at 20, 700, and 850°C was
completed. A minimum of five specimens were tested at each temperature. The average KIC’swere
7.1 MPa~m at 20°C, 6.2 MPadm at 700°C, and 6.0 MPa~m at 850°C. Considering the small-
valued standard deviations which resulted for each, this decrease in fracture toughness between 20
and 700°C was concluded to be statistically significant. The trends in fracture toughness will be
compared to observed trends in flexure strength.

Valves:

In preparation for the valve testing, the concentricity of all 40 received valves were measured
using a form tester in HTML’s Ceramic Machining and Inspection Group. Their concentricity was
documented, and will be referenced should any of the valves fracture in an anomalous fashion.

Strength testing of the NT551 valves was initiated. A unit cons~cted by a group in
OIUVL’S Engineering Technology Division is being used for the tests. The face of each valve is
hydraulically loaded unti ilacture results. DDC-supplied valve seats and guides are incorporated
in the testing. To date, fifteen NT551 valves have been tested the head/stem fillet of ten were
transversely machined while the remaining five were longitudinally machined. The uncensored
Weibull strength distributions of these two sets of NT551 valves are plotted in Fig. 1 and are
compared with previously-generated NT451 valve strengths [1]. The NT551 valves having their
face/stem fflet longitudinally machined exhibited the highest strengths of the three compared sets.
Additionally testing is ongoing along with failure-causing-flaw identilcation for each tested valve.

The maximum tensile stress during valve testing (and during ideal loading in service) is located
on the valve’s head/stem fflet surface. Interest existed to quanti@ (using surface profdometry) the
surface finish in this location to determine if it could help explain the obsemed differences in valve
strengths shown in Fig. 1. The surface finish for the NT551 longitudinally machined valves was
better than the transversely machined NT551 valves, while the surface finishes of theNT451 and
longitudinally machined NT551 valves were more equivalent (see Fig. 2). These surface
roughnesses are compared with those from test specimens whose strength distributions are being
used to predict the mechanical reliability of these valves. The longitudinally machined NT551
valves were stronger than the transversely machined NT451 valves even though their surface
ftishes were similw, this indicates that either the NT551 silicon nitride is inherently stronger than
the NT451 SiAION or that the grinding orientation is affecting this observed difference in strength
distribution. Prelimimy fractography indicates that the former may be responsible due to
observed differences inactive strength-liming flaws between the two materials; lmge pores tended
to limit the strength of the NT451 valves [1], while both small inclusions, small “porous regions,”
and machining damage are limiting the strength of the longitudinally and transversely machined
NT551 valves. Examples of flaws causing fracture of two transversely machinedNT551 valves
are shown in Fig. 3.

----------- .. .: -.-?-. .. >.. .,.,,,FT..,,-:. . . . ----- ! - 7,2 . .- r .-/ !+.TR7rT- ---Y- —.-. ~!
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Future Work:

In FY99, a collaboration will initiate with Caterpillar to evaluate the mechanical performance of
candidate diesel component silicon nitrides in diesel exhaust environments. Existing environmental
testing facilities at the ORNMHTML will be used. Various gases and water vapor will be mixed to
mimic the exhaust gas from diesel engines. The strength of these silicon nitride materials will be
measured as a function of temperature (to = 900”C), environment (ambient vs. exhaust gas), and
time (dynamic fatigue). Several meetings and conversations with Caterpillm staff and ceramic
suppliers have occurred in preparation of this effort.

Status of Milestones

All milestones are on schedule.

Communications /Visitors I Travel

B. Schenk of AlliedSignal Engines, Phoenix, AZ, visited group members on
May 11, 1998 to discuss mutual life prediction research and to give a presentation
describing AlliedSi=mal’sLife Prediction project.

A. A. Wereszczak gave a presentation entitled “’’Strength Distribution Changes in a
- Silicon Nitride as a Function of Temperature and Stressing Rate” at the 43rd ASME Gas

Turbine and Aeroengine Technical Congress, June 3, 1998, Stockholm, Sweden.
R. Tandon and J. Bougher of Caterpillar visited A. A. Wereszczak and K. Breder on

July 15, 1998, to discuss the possible programmatic collaboration of the mechanical
characterization of candidate ceramic materials for components in CAT’s 3600 Series
Engines.

A. A. Wereszczak and M. Andrews met with ORNL’S ETD’s J. Corum and R. Battiste
on July 20, 1998, to discuss testing plans and scheduling for the NT551 valves using their
existing valve-face pressurization system.

A project review presentation was given to the OHV’S Program Manager, S. Diamond,
on July 22, 1998.

A. A. Wereszczak visited the Caterpillar Technical Center, Peoria, IL, on
August 28, 1998 to meet with R. Tandon, M. Readey, J. Bougher, and K. Koshkarian to
discuss a soon-to-be-started collaborative project involving the high temperature mechanical
testing and characterization of silicon nitride materials in diesel exhaust environments.

A. A. Wereszczak and M. J. Andrews visited Saint-Gobain Industrial Ceramics,
Northboro R&D Center, Northboro, MA, on September 15-16, 1998 to discuss inter-
related valve R&D work with V. Pujari and D. Jacobs, and to attend the Final Progress
Review Meeting of the Advanced Ceramic Manufacturing Technology Program.

Saint-Gobain’s V. Pujari and L. Broderick will be forwarding engine-tested NT551
valves to the project and their residual strength will be measured and compared with
presently described NT551 valves (i.e., “as-received” or non-engine-tested). Interest exists
to see if the service conditions have affected the strength of these valves; this would be
indicative of slow crack growth should a strength decrease be observed.

Arrangements were made to acquire diesel-component-candidate silicon nitride materials
for environmental mechanical testing in support of the new collaborative project with
Caterpillar. AlliedSignal Ceramic Components’s J. Pollinger will be supplying isopressed
AS800 and GS44 billets to the present project. Billets of CFI’S N7202 silicon nitride were
also ordered through R. Walecki (a CFI representative). Lastly, arrangements were made
with Kyocera’s E: Craft and D. Carruther~ to acquire their n~w
sd.icon nitride, SN237, once it is available (= March-April 1999).

dev~opmental grade of
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Problems Encountered

None.

Publications

A poster entitled “Fast Fracture Life Prediction of a Cylindrical Component Using Standard
and Nonstandard Four Point Flexure Test Specimens,” was presented by M. J. Andrews at
the 100th Annual Meeting of the American Ceramic Society, May 5, 1998, Cincinnati, OH.

“Investigations of the Weibull Modulus as a Function of Stressing Rate;’ by M. J. Andrews,
A. A. WereszczaQ K. Breder, T. P. Kirkland, and M. K. Ferber, In press, Ceramic
Engineering andScience Proceedings, Vol, 19,1998.

“Asymmetric Tensile and Compressive Creep Deformation of Hot-Isostatically-Pressed
YzOq-Doped Si~NQ~’by A. A. Wereszczk M. K. Ferber, T. P. Kirkland, A. S. Barnes,
E. L. Frome, and M. Menon, In press, Jozmuzlof theEuropean CeranzicSocie~.

. .

“Strength Distribution Changes in a Silicon Nitride as a Function of Temperature and
Stressing Rate” by A. A. Wereszczak, K. Breder, M. J. Andrews, T. P. Kirkland, and
M. K. Ferber, Paper # 98-GT-527, June 1998ASME Gas Turbo Expo, Stockholm.

References

[1] J. M. Corum, R. L. Battiste, R. C. Gwaltney, and C. R. Luttrell, “Design Analysis
and Testing of Ceramic Exhaust Valve for Heavy Duty Diesel Engine,” CRADA Y12
92-0088 with Detroit Diesel Corporation, ORNL/TM- 13253 (1996).
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Fig. 2. Comparison of surface roughness profiles measured on the head/stem fflet of NT451 and
NT551 valves at the surface location where the maximum tensile exists during testing.
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strenbti distributions are being used in the reliability prediction of these valves.

Fig. 3. Examples of flaws that caused fracture in some NT551 valves.
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WBS Element 3.1.1.4

Field Emission Analytical Electron Microscopy for

Characterization of Catalyst Microstructure

L. F. Allard and T. A. Nolan

OBJECTIVWSCOPE

The objective of the research is to use analytical and high resolution transmission

electron microscopy (TEM) to characterize the microstructure of emission control

catalysts. Emphasis is placed on relating microstructural changes to performance of

diesel NOX reduction catalysts. The research is focussed on understanding these

changes through TEM studies of experimental catalysts materials reacted in an ex-situ

catalyst reactor system especially constructed to allow appropriate control of the reaction

conditions and the transfer of the sample between reactor and microscope.

TECHNICAL HIGHLIGHTS

We have begun studies of a new series of a series of new catalysts for potential NOX

reduction applications, comprising CU-ZSM-5 zeolite materials doped with La ions, using

the Hitachi HF-2000 FE-TEM for high resolution imaging and chemical micro-

characterization. This work is being conducted with colleague Dr. Mordecai Sheleff at

Ford Research Laboratory in Dearborn, Michigan. The goal of the work is to understand

the effects of various steaming treatments on the structure of the catalyst and on the

distribution of the active species, copper, and the effects of the tri-valent rare earth

species La on resistance to de-acumination under the steaming conditions.

In past work on zeolites, we have confirmed that the specimens are particularly

susceptible to damage under the electron beam, and the lattice structure of the material

typically degrades within a matter of seconds depending upon total electron dose. In our

intial studies, we will not only characterize the general structure of all of the samples

received, but will also refine the microscopy techniques. in order to preserve as well as

possible the atomic structure of the zeolite. We report here some of our initial results of

the zeolite studies.

A typical area of a zeolite sample steamed for 4 hr at 400”C is shown in Fig. 1. The

particle size is in the 10-30 nm range, and as seen in this image, no lattice fringes are

visible due to the rapid damage accrued by the zeolite from the electron beam. At a
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similar magnification in Fig. 2, however, lattice fringes are clearly seen, because the

image was set up with the beam off of the area of interest, and the exposure made within

a few seconds after bringing the area under the beam. This places a premium on the

stability of both the sample and the stage, and does not permit an optimum focus to be

carefully set, since this takes significant time and in general cannot be accomplished

before the sample becomes irreversibly damaged (i.e. on the order of 10s). The results

shown here offer the hope that, with further experience, useful structure images can be

accurately recorded.

Energy dispersive x-ray spectra reveal that there is a non-homogeneous distribution of

Cu and La in the specimen. A relatively large analysis area was chosen in order to

minimize the effects of beam heating or other beam-induced effects on the distribution

of elements. The amorphised area A in Fig. 1 showed significantly more La and Cu than

either amorphous area B or crystalline area C in Fig. 2. It is recognized that this is a

small sample, and that more systematic measurements of many such regions, especially

taken over controlled time intervals, should allow a better determination of the effects of

beam exposure on the elemental distribution in a given area. From these initial results,

however, it does not appear that areas such as Fig. 2 at short beam exposures correlate

to high concentrations of either Cu or La, suggesting that minimum beam exposures and

short counting times can indeed give a reasonable picture of the elemental distributions

in these zeolite specimens.
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In order to provide a more realistic

catalysts for lean NOX applications,

number of design upgrades. These

test environment for reactions on experimental

the ex-situ reactor system has recently had a

are detailed in this report, and examples of the

performance are also given. Initial tests on the ex-situ reactor utilized a standard 14%02

in N2 gas mixture for catalyst reactions, as reported previously. The upgraded system

now uses gas mixtures, metered through a programmable controller system, that

simulate real diesel exhaust gas compositions. Specialty mixtures were provided by

Scott Gases, in two cylinders, one a carrier gas (28Yo02 in N2) and the other containing

appropriate concentrations of CO, C02, H, NO, propane, propylene and S02. The gas

flow is controlled by flow metering valves, which are precisely set by the MKS 247 flow

controller. The gas compositions were chosen so that a 50-50 mixture would provide the

base composition for reactions. Cylinder 1 contained the carrier gas; no oxygen was

included in the mixture for Cylinder 2 to eliminate the possibility that the NO component

would be oxidized prematurely to N02. The carrier gas was passed through a water

vapor injection system, where the appropriated percentage of water vapor was added to

the gas mixture. The gases from both cylinders were combined at the outlet of the water

vapor injection system, prior to the input to the reactor. This more realistic gas

composition is now being used for catalyst exposures.
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MATERIALS AND TESTING STANDARDS
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/EA ANNEX// Mcmaaement(April 1, 1998-September 30, 1998)

M. K. Ferber and K. Breder (Oak Ridge National Laboratory)

O biectiie/Scope

The purpose of this task is to organize, assist, and facilitate international research
cooperation on the characterization of advanced structural ceramic materials. A major
objective of this research is the evolution of measurement standards. This task, which is
managed in the United States by ORNL, now includes a formal IEA Annex agreement
identified as Annex II between the United States, Germany, Sweden, Japan, and Belgium.
The original annex included four subtasks: (1) information exchange, (2) ceramic powder
characterization, (3) ceramic chemical and physical characterization, and (4) ceramic
mechanical property measurements. In the United States, a total of 13 industrial and
government laboratories have participated and contributed their resources to this research.
The research in Subtasks 2, 3, and 4 is now complete. In 1990, research in two new
subtasks was initiated, including Subtask 5, Tensile and Flexural Properties of Ceramics,
and Subtask 6, Advanced Ceramic Powder Characterization. The research in Subtasks 5
and 6 was completed in 1993 and the reports were distributed. Two new tasks (Subtask 7
on Ceramic Machining and Subtask 8 on Ceramic Powder Characterization) were proposed
in late FY 1993 and the research is completed (1996). Subtask 7 in the United States
included eight companies and three federal laboratories. The report on the results from
research performed in the United States on Subtask 7 is complete (the final report of all the
international research has been published and distributed). Subtask 8 included
six oompanies. The final report for Subtask 8 is complete. in 1996, research in two new
subtasks was initiated, including Subtask 9- Thermal Shock and Subtask 10- Ceramic
Powder Charaoterization, and work in these subtasks is presently ongoing.

Recent Developments

A Subtask 9 Workshop was held at the Annual American Ceramic Society Meeting in
Cincinnati on May 5, 1998. During the Subtask 9 working group meeting, representatives
from Japan, Germany, and the United States discussed their thermal shock results
obtained for a commercially available silicon nitride disk. In general the prelimina~ results
obtained by the three countries were in fair agreement. The dimensional variations in the
specimens were thought to be a primary factor for the relatively large scatter in the
measured values of thermal fracture stress.

The IEA Annex II Executive Committee Meeting will be held at Siemens ZT Mtinchen-
Periach, Germany, October 16, 1998.
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Subtask 7, Machinina Effects on Strenath of Structural Ceramics

The summary report for Subtask 7 of all countries research has been distributed (July
1998). We have requested that the Executive Committee grant permission to distribute this
report outside the Annex without waiting until March 1999. As of September 30, 1998, all
have granted permission (except we have not heard from Sweden).

Current Subtask 9 Technical Efforts

The verification tests of the centrally-heated thermal shock test to be used in the United
States were completed this reporting period. Heating of the specimen is accomplished with
a gas torch which is positioned over the cylindrical test specimen using pneumatic
actuators. During heating the temperature gradients are measured with an I R camera.

Using this arrangement, several silicon nitride disks were fractured and the thermal fracture
strength calculated. One limitation of the current setup involves the lack of sufficient
temperature resolution. To address this issue a new image analysis system has been
procured.

Work related to the automation of the thermal shock apparatus (TSA) developed for use by
the United States was continued. Figure 1 provides a schematic representation of the
TSA. The two dual-acting air cylinders are used to position the torch over the ceramic disk.
The air flow and thus position of the cylinders are controlled with computer activated
electric-to-pneumatic transducers. The disk surface temperatures are monitored
continuously during heating using an infrared camera (1RC). In the initial TSA, the output
of IRC was fed to a conventional VCR. This reduced the effective resolution of the 12 bit
camera image to 8 bits, which are standard for commercial VCRs. As a result, the
uncertainty in the temperature readings was on the order of *5°C. In order to utilize the full
resolution of the IRC, a computer equipped with a special graphics card was procured from
the camera vendor. The software supplied with this computer provides for capturing up to
60 frames per second.

Technical problems with the IR camera has caused delays. The camera has been sent for
setvice and will not be fixed for four months (September 1998).

Subtask 8, Chamcterizing Ceramic Powders

Major responsibility for this subtask in the United States is at NIST, and a detailed repor&of
progress on this subtask is provided in the section of this report submitted by NIST. Dr.
George Onoda has retired and his replacement is Dr. Lin-Sien Lure.
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Figure 1 Schematic representation of thermal shock setup.
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Status of Milestones - The dates of the remaining Milestones were changed due to delay of
the signing of the extension of the Amendment. Milestone 411528- Testing of Material
from each country (Subtask 9) has been deleted due to change in the scope of work.

All Milestones were
with the IR camera.

41?529

411530

411531

411532

411533

again changed the end of September (1998) due to technical problems

Organize data and prepare outline Jun-1-1999
for-final reports (Subtask 9 &
Subtask flO)

Executive Committee Meeting,
Subtasks 9 and 10, in Japan

Publish Thermal Shock (Subtask
Final Report

Publish Powder Characterization
(Subtask 10) Final Report

Provide reports to ASTM

Communications/Vis-WTmvel - Kristin Breder and Matt
American Ceramic Society Meeting in Cincinnati, Ohio,

Sid Diamond, Department of Energy, Program Review,

Kristin Breder and Donna Conger visited Debbie Cutler,

(from Sep-30-1998)

Completed -20 Oct. 1997

9) Sep-30-1999
(from Mar-31 -f1999)

Sep-30-1999
(from Mar-31-1999)

Sep-30-1999
(from Mar-31-1999)

Ferber attended the Annual
on May 3-7, 1998.

July 21, 1998

ETDE Operating Agent
Representative, of the Energy Technology Data Exchange (ETDE) Publ~at~ons
Database Office in Oak Ridge, Tennessee, on September 3.

Publications and Presentations - Victor J. Tennery, Kristin Breder, Mattison K. Ferber,
and Michael G. Jenkins, “Study of Flexure and Tensile Fracture strength, Fracture
Locations, and Monte Carlo Predictions for a Silicon Nitride by Ten U.S. Laboratories,”
submitted to J. Amer. Cez Sot., March 1998.

Kristin Breder and Mattison K. Ferber, “Reproducibility of Grinding of Silicon Nitride -
an international Comparison,” High Temperature Materials Laboratory, Oak Ridge
National Laboratory, Oak Ridge, TN’, presented at the 100 Annual Meeting of the
American Ceramic Society, Cincinnati, OH, May 6, 1998.

Breder, Kristin, Mattison Ferber, Mineo Mizuno, Yasuo Nagano, Thomas Hollstein,
Kerstin A. Drusedau, Lennart Carisson, and Jean-Pierre Erauw, “Effect of Machining
Conditions on the Strength of Silicon Nitride Final Report Subtask 7 from Work
Performed in Belgium, Germany, Japan, Sweden, and the United States,” ORNL/M-
6506, prepared by Oak Ridge National Laborato~ for the United States Department of

Energy, Office of Transportation Technologies, Heavy Vehicle Propulsion System
Materials Program, March 1998.
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NDE Standards for Advanced Ceramics

R. W. McClung

The development of standards is important for the establishment of reliability and acceptance
of advanced structural materials. Committee C-28, on Advanced Ceramics, has been
organized in the American Society for Testing and Materials (ASTM) to address this issue.
One of the activities of the C-28 committee is nondestructive examination (FIDE). The
Section C-28.02.02 on NDE is reviewing existing standards on NDE (primarily developed for
metals) to determine potential applicability for ceramics, as well as drafliig original standards.
Use of existing or modified standards, if available, is more efficient that generation of new
documents and will assure the input of a large body of NDE expertise. Close liaison has been
established with ASTM Committee E-7 on Nondestructive Testing and documents are in
various stages of review, recommendations for change, modificatio~ and balloting.
R W. McClung is a subcommittee chairman in both committees and the official liaison.

Technical l%ghli~hts

Liaison and technical support have been continued between ASTM committees C-28 and E-7.
To date, forty-four E-7 NDE standards identified as having potential relevance to ceramics
have been reviewed in detail with recommendations made to E-7 for modifications to
identified documents. Successful action is complete on 39 documents; three are being
addressed by E-7; others require action by C-28. C-28 standard, C-1175, the guide to
existing NDE standards, currently contains relevant information on 30 standards that were
approved for incorporation; one addhional standard is being balloted in C-28 for adding to
C-1 175. A recent revision to standard C-1212 (on fabricating reference specimens with
seeded voids) to incorporate improvements from a newly approved standard C-1336 (on
fabricating reference specimens with seeded inclusions) received society approval during the
last reporting period. An additional set of comments with an affirmative ballot required
technicaI changes. A revision was prepared and successfully baIloted in a concurrent
Subcommitteefcornmittee ballot and has received society approval.

A limited amount of data has been identified for establishing radiographic equivalence factors
for advanced ceramics. Additional specimens will be sought for experimental radiography to
develop additional data. A volunteer for the radiography has been recognized. The intent of
this action is to provide data for a table in an E-7 standard E-94 on the radiographic method.
Other work in progress includes an amplified outline for a drafl standard for reference
specimens containing laser-drilled holes and a possible standard on determination of porosity
in ceramics using ultrasonic velocity. In additio~ interest has been indicated in potential
standards for reference specimens for surface flaws and high-resolution penetrant examination.

An advisory ballot was conducted on two E-7 standards for a potential revision to C-1 175,
the guide to existing NDE standards applicable to advanced ceramics. The two standards
were E-1 001, Practice for Evaluation of Dlscontinuities by the Immersed Pulse-Echo
Ultrasonic Method Using Longitudinal Waves, and E-1817, Controlling Qualhy of
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Radiological Examination Using Representative Qualhy Indicators (RQIs). E-1 817 was
determined to be applicable to advanced ceramics without revision; E-1OO1was determined to
be acceptable, in general, but several recommendations were made for modification. A
revision to C-1175, incorporating relevant ini?orrnationabout E-1817, was prepared and
approved for a concurrent subcommitteeJcomrnittee ballot to be conducted in late 1998. The
recommendations for modification to E- 1001 were compiled into a proposed revision of the
standard in a form suitable for ballot. This was submitted with an explanatory cover letter to
the chairman of the ultrasonic subcommittee of committee E-7. (This had been discussed
previously with the subcommittee and the chairman during the meetings of E-7 in June 1998
in Atkmt~ Georgia.)

A number of new or revised E-7 NDE standards with current or potential relevance to
ceramics were reviewed and comments prepared on E-7 committee and subcommittee ballots.
The topics included computed radiolo~ (several proposed draft standards), controlling film
processing, radioscopy, storage of radiographs and film determining contrast sensitivity in
radioscopy, determining relative image quality response of industrial radiographic film
resonance ultrasonic spectroscopy for flaw detecting, new terminology for radlolo~, and a
revision to a standard on characterizing ultrasonic instrumentation (currently incorporated in
C-1175). Another revision to a standard on computed tomography was prepared in response
to prior comments from Committee C-28. The latter CT standard has been recently approved
for incorporation into C-1 175.

During meetings of Committee E-7 in Atlant~ Georgi~ June 14-18,1998 (immediately prior
to and overlapping meetings of C-28), participation by McClung as C-28 liaison included
meetings of the subcommittees on radiology and ultrasonics. He reported to the respective
subcommittees about the advisory ballot onE-1817 and E-100 1 and the planned action noted
above. Significant activity is ongoing in both subcommittees that will result in standards of
interest and value for advanced ceramics. Several of the revisions and ballots are based, in
part, on requests ilom C-28. Radiological standards in various stages of drafting, revisions or
balloting include standards for image quality response of film at low (X-ray) energies, a guide
for controlling film processing, total image unsharpness in radiology, computed radiology, a
guide to radiographic examination storage of radiographs and film and determining image
quality response of radiographic film. Several standards (from E-7) on computed tomography
are being considered by the international committee ISO TC-135 on NDE.

Subcommittee E7.06 on Ultrasonic Methods has many standards in different stages of
preparation or ballot including responses to requests from C-18. Among ultrasonic standards
in process relevant to advanced ceramics are those for resonant ultrasonic spectroscopy
(currently used for ceramic bearings and other materials), evaluation of flaws by immersed
techniques, characterization of instruments and search units, detection and evaluation of flaws
by contact techniques (three standards), and a practice for immersed examination. Several
ultrasonic standards have been or are being presented to (and adopted by) the international
Committee 1S0 TC-135 on Nondestructive Testing.
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, In a June 1998 meeting of the C-28 Long Range Planing Committee, a preliminary response
to a survey on C-28 standards expressed interest in potential standards for NDE of coatings
and green ceramics. After all results from the survey have been received and tabulated, they
will be distributed to the relevant subcommittees of C-28 for action.

In July, administrative approval was obtained for an advisory ballot (opinion poll) of
committee C-28 on the desirability (need) for adding relevant ifiormation on acoustic
emission (AE) standards to C-1 175 which currently contains information about materials,
equipment and procedures for radiology, ultrasonics, and liquid penetrant examination.
Suggested AE standards include those for primary and secondzuy cfllbration of sensors,
monitoring during controlled stimulatio~ characterizing AE instmmentatio~ determining the
reproducibtity of AE sensor response, and mounting of AE sensors. A letter of explanation
and ballot form were prepared and submitted to ASTM for distribution. The ballot is in
progress, and responses received to date indicate a recommendation for incorporation of AE
into C-1 175. If the final results are ailirmative, an adviso~ ballot will be initiated to provide
review of selected AE standards to determine applicability to advanced ceramics (or
recommended modifications to the standards to make them applicable).

—- .-— . . ... ...——=7.. ---!. --.Z7 . . . ,., .,. ., - - ..,:. ., . . .. .,. /. ., .-. ,-..;.-,- . . .
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Semiannual Report (March – September 1998)

IEA Subtask 10

George Onoda and Lin-Sien Lum

National Institute of Standards and Technology

Bldg 223, Room A256, Div. 852

Gaithersburg, MD 20899

Obiective/Sco~e

The objective of Subtask 10 is to tighten and finalize procedures for the characterization of
secondary properties of powders. There are four focus areas relating to the secondzuy
properties: dispersion of powders for slurry preparation, slurry preparation, spray dried
powders and green body evaluation.

Subtask 10 will involve participants from Belgium, Germany, Japan, Sweden, and the United
States. Thirty-two participants from the five countries will participate in the round robin.

Technical Prom-ess
A method to determine the state of dispersion of ceramic powders has been developed. The

method involves following the changes in the particle size distribution as a function of the

u.ltrasonication time used to disperse the powder in dilute suspension. If deagglomeration occurs

by ultrasonication, then the particle size distribution should shift toward the tier size as the

ultrasonication is increase. The final dispersed state is the size distribution that is attained after

no tier changes in particle size distribution occurs with longer ultrasonication time.

Measurement procedures have been developed to determine the rheology of ceramic suspensions

using a rotational viscometer and a rotational rheometer. The suspensions in these procedures

have a solids volume fraction of 30 percent of powder. The procedure speci~ the measurement

of apparent viscosity, shear-thinning index and thixotropic response in water-based ceramic

powders slurries over a shear rate range roughly 1 s-l to 500 S-l.

Procedures have been developed to determine the flow rate, size distribution, moisture content

and binder content of spray dried powders. The procedure for flow rate measurement uses a

modified Hall Flow method. A dry sieving technique is used to measure the size distribution of

the granules. The moisture and binder content is determined by measuring the weight loss of the

powders after drying.

Procedures to determine bulk density, porosity measurements and tensile strength on green body

compacts have been developed. The bulk density is determined by measuring the external

dimensions and the weight of the compacts. A mercury porosimetry technique is used to

determine the porosity of tie compacts. The tensile strength of the green body compacts is

measured by the diametral compression test. The test consists in compressing a cylindrical

specimen diametrically between IWOflat platens of a universal testing machine.
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Each of the measurement procedures passed through rigorous robustness testing to tighten the
experimental parameters. The technical leaders before compilation and distribution to the
participants reviewed the finalized procedures. Corrections and editions have been incorporated
into the final procedures. To improve the quality of the spray dried powders used for Subtask
10, commercial sources of the powders were utilized to eliminate problem associated with pilot
size spray dryers. The spray dried samples for the round robin are being prepared for
distribution to the participants. The green body characterization pellets are in the process of
fabrication by VITO in Belgium from similar spray dried powders for density, porosity and
tensile strength measurements.

Milestones
Prepare and distribute samples to participants by NIST for round robin testing-12/98
Complete round robin test@g—2/98
Data analysis and final report-3/98

Communications/Visits~ravel- The technical leaders met in Cincinnati, Ohio in May 1998.

PubIicationslPresentations – none

Reference - none

Problems Encountered - none
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Ceramic Mechanical Property Test Method Development
George D. Quinn
(Natioml Institute of Standards and Technology)

Obiective/Scoue

This task is to develop mechanical test method standards in support of the Propulsion Systems
Materials Program. The test methods should meet the needs of the DOE engine community but
should also consider the general USA structural ceramics community as well as foreign laboratories
and companies. Draft recommendations for practices or procedures shall be developed based upon
the needs identified above and circulated within the DOE ceramics engine community for review and
modification. Round-robins will be conducted as necessary, but shall be well-focussed, limited in
scope, and complementary to IEA round-robins. Procedures developed in this program will be
stand~dized by ASTM and/or 1S0.

Technical Hi2hliEhts and Results

1. Surnl?lary
Work continues on developing a full-consensus fracture toughness standard in ASTM to supersede
the provisional standard PS 070-97. The surface crack in flexure SCF test method, one of the three
in the standard, was further refined by using dye penetrants to make the cracks easier to detect and
measure. Preparation of a reference material with certified tlacture toughness continues at NIST as
a separate project.

ASTM standard are being carried over to international standards in International Standards
Organization (1S0), Technical Committee TC 206. Two draft 1S0 flexure strength standards have
been written. We also are cooperating in the creation of a world 1S0 standard for Vickers and
Knoop hardness and we are pleased to note that it conforms in most details to the ASTM methods.
Two 1S0 standards on fracture toughness are under development. We have started to rely on results
of several International Energy Agency (IEA) or Versailles Advanced Materials and Standards
(VAMAS) round robins to support the USA position in 1S0 TC 206.

Research investigations on the diametral compression test method are on hold pending further analysis
of the fracture patterns in specimens tested in the last semiannual period.

A task to develop methods for the flexural strength testing of cylindrical specimens has begun.

We currently are working on the following formal draft standards:

1. ISO DIS 14704

2. 1S0CD 14705

3. ISODraft

4. 1S0WD 15732

5. 1S0draft

Advanced (Fine) Ceramics - Determination of Flexural Strength at Room Temperature (NIST-
USA convenes) ‘
Fine Ceramics (Advanced Ceramics, Advanced Technical Ceramics) - Test Method for
Hardness for Monolithic Ceramics at Room Temperature (Convenedby Japan, NW
represents the USA)
Advanced (13ne) Ceramics - Determination of F1exural Strength at Elevated Temperature
(NIST-USA convenes)
Fine Ceramics (Advanced Ceramics, Advanced Technical Ceramics) - Determination of
Fracture Toughness at Ambient Temperature by Single Edge Precracked Beam (SEPB)
Method (Convened by Japan, NIST cooperates wirlt ASTM Task Group for USA response)
Fine (Advanced) Ceramics - Determination of Fracture Toughness at Room Temperature by
the Surface Crack in Flexure (SCF) Method (Proposed by USA-NEST)



131

Earlier work in this project has contributedto eleven completed standards:

1.

2.

3.

4.

5,

6.

7.
8.
9.

10.

11.

ASTM C 1161-90 Standard Test Method for Ftexural Strength of Advanced Ceramics at Ambient Temperature,
G. Quinn, NIST.

ASTM C 1198-91 Dynamic Young’s Modulus, Shear Modulus, and Poisson’s Ratio for Advanced Ceramics by
Sonic Resomnce, by S. Gonczy, Allied-Signal; G. Quinn, NIST; and J. Helfinstine, Coming.

ASTM C 1211-92 Standard Test Merhod for Ftexural Strengthof Advanced Ceramic at Elevated Temperature,
by G. Quinn with help from Mr. M. Foley, Norton; Mr. T. Richerson, Atlied-Sigml; and Dr.
M. Ferber, ORNL.

MJL HDBK 790 Fractography and Characterization of Fracture Origins in Advanced Structural Ceramics, wills
J. Swab and M. Slavin, U.S. ARL.

ASTM C 1239-94 Standard Practice for Reporting Strength Data and Estimating Weibull Distribution
Parameters, by S. Duffy, NASA-Lewis; G. Quinn, NIST; and C. Johnson, G.E.

ASTM C 1322-96 Standard Practice for Fractography and Characterization of Fracture Origins in Advanced
Ceramics, in cooperation with Mr. J. Swab, U.S. ARL.

ASTM C 1326-96 Standard Test Method for Knoop Indentation Hardness of Advanced Ceramics.
ASTM C 1327-96 Standard Test Method for Vickers Indentation Hardness of Advanced Ceramics.
ASTM PS 070-97 Standard Test Methods for the Determination of Fracture Toughness of Advanced Ceramics,

in cooperation with Prof. I. Bar-On, WPL Prof. M. Jetims, Univ. Washington, and J.
Salem, NASA-Lewis.

ASTM E-1875-98 Standard Test Method for Dynamic Young’s Modulus, Shear Modulus, and Poisson’s Ratio
by Sonic Resonance

ASTM E-1876-98 Standard Test Method for Dynamic Young’s Modulus, Shear Modulus, and Poisson’s Ratio
by Impulse Excitation

The last two are recent additions and are standards created in ASTM Committee E-28, Mechanical
Testing. That Committee, in consultation with Committee C-28 Advanced Ceramics and NIST,
copied two C-28 standards (C 1198and C 1259)almostverbatim. It was felt that the C-28 standards
were so well written and generic that they need not be confiied to advanced ceramics, but may now
be applied to all elastic materials.

2. Fracture Toughness
2a. ASXikl Standard - Refine PS 070
The ASTM standard continues to be revised and refined as it wends its way through the process of
being adoptedas a full consensusstandard. In the meantimewe have announcedthe new provisional
standard in a series of lectures and presentations. It is important that the ceramic and engineering
community become cognizant of the standard and start to use it. Interest is high. At the Cocoa
Beach January, 1998 American Ceramic Socie~ conference, an invited lecture was made before a
packed audience. A dozen reprints were quickly smpped up and 15 more copies of the paper and
the provisional standard had to be mailed fi-om NIST upon our return. A presentation in Korea in
September had over 100 in attendance.

Two negatives and several affirmatives with comments that were received on the Spring ASTM C-28
ballot were reviewed at the C-28 meeting in Atlanta in June. A revised draft is being prepared for
a Fall 1998 ballot. Major changes to the chevron notch equations have been made by M. Jenkins and
J. Salem. Their analytical work had showed that the traditional slice model for the stress intensity
shape factors may have been less accurate than a straight through crack assumption model for 3 of
the 4 chevron geometries in the standard. Subsequent testing with prototype NIST standard reference
fracture toughness specimens coni%med that more accurate answers indeed were obtained with the
latter model for one of the chevron geometries. This underscores the value of having a reference
material for which there is a high conlldence in fracture toughness values. A joint paper on this topic
is in preparation with Jon Salem.
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One of the balloters raised an issue about the single-edged precracked beam (SEPB) being too
restrictive in some respects. We subsequently decided to broaden the allowable precrack depth
(alpha) range from 0.40-0.60 to 0.35-0.60. This will allow more specimens and experiments to be
declared valid. Cracks longer than 0.6 cause the calculated toughness to be too sensitive to the crack
size measurement. We decided not to extend the range down to 0.30, as is specified in the Japanese
standard JIS R 1607, since there is compelling evidence that indentation residual stresses may affect
the fd result.

We also relaxed the alIowable crack tilt angle from 5° to 10° for 4-point flexure loading. It shall
remain at 5° for 3-point loading. There is a growing body of evidence that 4-point loading may be
preferable to 3-point loading in the SEPB tests, particularly at small fixture span sizes. The smallest
span allowed in the standard is 16 mm, and it is very difilcult to lineup the precrack with the middle
loading roller. The tolerance is 0.5 mm, but evidence suggests that a tilted crack may induce error.
Prior work in a 1991 VAMAS round robin wherein we had to center a precracked specimen on a 16
mm span three point fixture also exposed this difilculty. Any misalignment of the precrack in three
point loading causes the fast fracture portion of the crack to veer off, often at an unacceptable angle
(> 50), thereby making the test invalid. The 4-point con.@uration is far less sensitive to crack tilt.

Serious consideration was also made to dropping the very small span 3-point SEPB conf$ymation,
so we did some testing to compare short span fixture results to full-sized fixture results. Once again,
the reference material was very handy. We took broken halves of 3 mm x 4 mm x 45 mm SCF and
SEPB test specimens and used them for mini SEPB (3x 4 x 25 mm) tests in both 3-point loading (20
mm span) and 4-point loading (10 x 20 mm). The new results are shown in the last two rows of
Table 1.

Table 1
Comparative fracture toughness results for specimens from billet C of the Standard Reference Material

Method # of specimens Average, K,C, Std. Dev. MPa~m
MPa~m

SCI?,iidl sized 26 4.58 0.16
specimens, four point

CNB, full sized “A” 8 I 4.60 0.13
specimens, four point’

SEYB, ftdl Skd 11 4.59 0.12
specimens, four point

SEPB, mini specimens, 5 4.56 0.13
four point

SEPB, mini specimens, 3 of 5 successful 4.55 0.09
three point only

“Tested by J. Salem, NASA, Lewis

The results are in superb agreement and conii-m that the mini SEPB specimens produce the same
accuracy and precision as the full-sized counterparts. Additional data from another billet corroborate
this conclusion. Consequently, we have expanded the utility of a single specimen which may now
be used to produce three fracture toughness tests which should be appreciated by the user community.
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The small span 3-point experiments were problematic, however. The specimenswere dii%cukto line
up and 2 of the 5 trials were invalid since the crack angle was greater than 5°. The apparent
toughnessesof the two faulty specimens were obviously erroneous as well: 4.96 and 5.28 MPa{m.

A recent VAMAS round robin on the fracture toughness of ceramic whisker-reinforcedcomposites
encountered exactly the same problem with short span 3-point SEPB testing.

Why keep the three point conligmation? Some users prefer the illusory simplicity of the method.
We decided to keep it in the standard for the time being because it is a traditional configuration
(albeit scaled down in size) used in metals fracture toughness standards such as E 399, and it is the
primary configuration in the Japanese fracture toughness standard JIS R 1607.

It was suggested that the ASTM standard be further modified to include explicit mention of the new
standard reference material SRM 2100. After some discussionamongst the task group memberswe
agreed to defer this for the moment. We want to get the current version adopted as a fill standard
as soon as possible and do not wish to include any new elements may elicit further delaying negative
ballots.

2b. Standhrd Reference Material for Fracture Toughness
The NIST work to create a Standard Reference Material for fracture toughness is nearly ftished.
The data base for this SRM has expanded to 205 experiments on specimens taken from 6 billets of
NC 132hot pressed silicon nitride continues. This data base is supported by 85 prekninary tests on
other NC 132billets and over 200 specimens tested in the 1994VAMASround robin on the surface
crack in flexure test method. All told, 290 specimens have been tested at NET and about 200 by
other labs as part of the preliminary or final SRM work. These -500 experiments will support the
nearly 800 specimens we hope to have available for sale as SRM 2100.

Unfortunately, some inhomogeneities were detected in specimens from 2 billets. The specimens had
a faint mottling pattern on the surface similar to patterns shown in a 1989 paper by David Clarke in
the identical material. 1 These specimens also had larger fracture toughness variability than normal.
This was disconcerting and this project is on hold until October and November pending a resolution
of this problem. An x-ray fluorescence chemical analysis revealed excess concentration of ahuninum
in the specimens. Ahuninum is typically present at a level of a few tenths of weight percent, but the
questiomble billet had concentrations much greater than this.

A small additional set of specimens was prepared from billet H, a billet unlike the other 5 billets in
that its specimens were sensitive to slow crack growth (SCG) at room temperature. The SCG effects
were discernible in both SEPB and SCF experiments. We are preparing a few chevron notch (CN)
specimens to give to Jon Salem at NASA-Lewis to test. Our objective is to ascertain whether the
SCG can affect CNB tests in a manner similar to SCF and SEPB tests.

2C. Fluorescent dye penetrant - SCF Test method
Dye penetration techniques were applied to SCF precracks with the objective of making this test
method (one of the three in the ASTM standard) easier to conduct. In this semiannualperiod, we
applied the techniques to alumina, silicon nitride, and silicon carbide.

We compared the performance of two level IV, ultra-high sensitivity fluorescent penetrants:
Magnafluxgrade ZL-37 and SherwinRC 88. Both are oil based. We wished to avoid possible SCG
effectsfrom water-basedpenetrants. Alumina, Coors AD 999 and silicon nitride, ESK Ekasinhipped
specimenswere tested with both penetrants. We also tried the ZL-37 on two Carborundumsintered
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alpha silicon carbide specimens and four Norton hot-pressed silicon carbide specimens.

Good results were obtained with both penetrants. ZL-37 was less viscous than RC 88, seemed to be
brighter to the eye when first viewing the precracks, and was lessmessy. Consequently, in the future
we will use primarily the ZL-37. MagnafluxZL-37 is a commonultra-high sensitivity penetrant that
has been used effectively in other DOE ceramic programs. Vimal Pujari used it at Norton in 1993
to study surface cracks in silicon nitrides. Forster and Ellingson studied it as a complementary
method to their more sophisticated NDE procedures and published a report on dye penetration
procedures in 1996.2

Our new procedure is to apply the dye penetrant while the SCF precracked specimen is loaded to
about half the expected fracture load for a soak period of about 10-15 minutes. When the specimen
is unloaded the crack closes and tends to squeeze the dye both out of the crack and up further into
the crack. The specimen is then hand ground as usual to remove the residual stresses. The specimen
is fractured in four-point flexure and then immediately (within 1 hour) examined in a metallographic
microscope. Common black lamp UV lamps are inadequate to illuminate small cracks, so we used
a Leica DM-RM metallographic microscope that has an intense xenon lamp source with built-in UV
filters. The fluorescent penetrant was easy to detect through the microscope eyepieces and correlated
very well with crack sizes measured by optical or SEM fractographic techniques. It was a little
difficult to photograph the precracks, however. We used Polaroid type 57 film which has an ASA
speed of 3000 but exposure times as long as 15 minutes were necessary. The dye faded with
exposure to the W light source. A second photograph taken under the same conditions needed as
much as double the exposure time. Our best measurement procedure was to mark the photographs
(for the crack size measurement) while glancing at the specimen through the microscope to help aid
in the interpretation.

Experiments with the alumina, silicon nitride and sintered alpha silicon carbide were successful, but
we were unable to obtain dye penetration with the fine-grained, hot-pressed silicon carbide, Grade
NC 203. We used our best procedure with ZL-37 and were disappointed when the dye failed to
penetrate. We suspect that the dye penetrant is better able to inllltrate coarse-grained materials than
fme-grained materials. Despite this setback, ordinary fractographic means were very successful in
evaluating the crack size and we were able to obtain excellent fracture toughness results for the NC
203 as shown in Table 2. The 8 valid tests represented a 100% success rate, in contrast with our
earlier work on this material in October 1994 when we obtained only 2 valid tests of 5 specimens
tested for an average of 4.16 ~ 0.08 MPa<m. The polishing work to remove the indentation and
its residual stress damage zone were done more carefully this time.

Table 2
Fracture Toughness of Norton hot-pressed silicon carbide by the SCF method, 5 kgf (49 N) Knoop indentation
load

number of crack size Average, KIC Standard deviation
specimens depth x width, pm MPa~m MPaJm

8 110 X 260 3.90 0.10
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During a visit to Oak Ridge in May, we discussed some of the fluorescent dye penetration results
with Dr. K. Breder who subsequentlysent us some new GS-44 specimensto try. This material was
used in the IEA project to assess machiningdamage. Detecting machining damage by fractography
was difficult. By trying our fluorescentpenetrationmethod on SCF precracked specimens, we may
pave the way for applicationof dye penetrationmethodsto help characterizemachining damage. The
specimens Kristin sent us were too large for the SCF method and the specimenswere sent to Bomas
to be cut into 2 or 3 specimens per slab. (Too much hand polishing would have been required to
remove the indentations.) This work is expected to commence at MST in November.

3. ISO Fkxure Strength Stannlzrds
Draft flexure strength standards for both room temperature and elevated temperature were reviewed
and presented at the ISO Technical CommitteeTC 206 meeting in Kyongju, Korea on September23-
25. The room temperature draft has reached the level of “Draft International Standard. ” Both
documents are harmonious with the ASTM C-28 standards (C 1161 and C 1211) but also include
some elements from the Japanese preferred testing configurations. We insist, however that the 1S0
standard use rolling (friction relieving) loading pins and include both semi-articulating and fully-
articulating fixtures. The ASTM standard also allows testing as-fired specimens. These provisions
from the ASTM standards have met considerable resistance from the Japanese delegation which
prefers simpler future styles. Indeed, at the meeting of TC 206 in Korea, the Japanese delegation
insisted that we furnish evidence that elevated temperature flexure testing can be done with fully-
articulating fixtures. Mr. Quinn responded by showing several fully-articulated fixture designs in use
around the world. Furthermore, some results from International Energy Agency project, subta.sk 5,
elevated temperature flexure strength were presented wherein some of the USA participants used
filly-articulating fixtures. The German participants probably all used fully-articulating fixtures, but
this needs to be verified. me IEA round robin results were extremely helpjid in advancing the USA
position and supporzlng ASI’M stanahrdr.

The Korean delegation reported some interesting new experiments that reveal that humidity is a major
factor for room temperature strength for some materials. The current ASTM standard C 1161, the
other mtional standards, and the draft ISO standard all concur on this matter and merely require that
humidity be measured and reported. This may not be suftlcient.

4. Flexure Strength at Room Temperature - New Fixtire Design
A new set of semiarticulating flexure fixtures for room temperature testing of rectangular specimens
has been designed. Through the years we have used the traditional semi articulating fixture (with the
ball) for well-machined specimens. For less well prepared or as-fired specimens, we used the
patented U.S. government four-point f~ture. The latter proved to be easier to use and it was felt that
a new semiarticulating design could be made with the best eIements of both fixture designs. We also
wished to eliminate the ball from the semiarticulating design. A new set of f~tures was designed and
experiments conducted to evaluate it’s suitability. AD-999 alumina specimens lefi over from the
TTCP round robin of the mid-1980’s were tested. Fractures were uniformly distributed in the gage
section and the strength values agreed with the earlier data. A single experiment with a strain gaged
specimen was conducted and the observed strain was within 1/2 % of the theoretical amount. The
f~ture design will be included in a future semiannual report.
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Figure 1 Scheme for Flexure Testing of Cylindrical Specimens
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5. Dzhnetral Compresswn
No activity this period. This work is on hold pending further
determine why our earlier test specimens did not fkacture from

intensive fractographic analysis to
volume flaws in the middle of the

specimens. A german report fr~m the Fraunhofer Institute in Freiburg must be translated and read
as well since it has important new informationabout this test method. We remain optimistic that this
method can be refined and made into a user friendly, standardized test.

6. Flexure Testing of Cylindrical Ceramic Specimens
During Mr. Quinn’svisit to Oak Ridge National labs in May, it was learned there is common interest
in adapting flexure strength test methods to cylindrical specimens. Some preliminary work had
already been started at NIST on this topic. Tom Yonushonis at Cummms“ has also expressed an
interest.

Articulation is less of a problem with cylindrical specimens, but avoidance of high contact stresses
is a problem. Loading rollers should not apply load directly to the test specimensince the localized
contactstressesbetween two crossed rollers is excessive. A scheme using loading shoes (or cradles)
as illustrated in Figure 1 therefore has been selected.

The loadingshoes transmit the forces horn conventional rollers to a distributed area (if the shoe has
a contour to match the specimen) or distributed line contacts (if the shoe has V-grooves). Although
the load is no longer applied directly at one point, the specimen stress distribution is hardly affected.
The distributed loads create the identical moment (load times distance) loading on the specimen gage
section. The stress distribution is altered in the immediate vicinity of the loading shoes, but in a
conservative mauner as illustrated in the insert of Figure 1. There are no severe stress
concentrations.

A f~ture has been fabricated (Figure 2) and preliminary testing completed on sintered alumina, glass,
and silicon nitride specimens. The fixture is intended to be used on 6 mm diameter x 80+ mm long
specimens. One advantage of the design is that the fmture can also be used to test rectangular
specimens merely by removing the shoes. The rectangular specimens may be placed directly on the
loading rollers.

Figure 2 Flexure Fixture For Cylindrical Specimens with a Glass Specimen
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Cylinder-Segment after Weiler.2

In an alternative approach, a few Coors zirconia timing plungers have been cut in half and will be
tested in flexure in late 1998 using a method first suggested by L. Weiler of Asea/BrowtiBoveri.3

7. Other Activities
7a. Possible Surface Roughness Round Robin
A new VAMAS round robin on surface roughness characterization by diamond stylus profilometry
has been proposed by the National Physical Laboratory, England. The round robin will feature
conventional roughness measurements of as-sintered, ground and polished components. Kristin
Breder at ORNL was contacted and agreed to participate. NIST will also participate. Other
interested DOE parties are welcome to join this project. Please contact George Quinn at NIST for
further information (301 975-5765).

7b. Possible Ceramic Material Specification Standards
At Ray Johnson’s suggestion, CumminS, Detroit Diesel Corporation and Caterpillar Companies were
contacted to ascertain whether the companies were interested in ceramic material specifications
standards. There are ASTM materials specifications standards for alumim substrates, alumina or
zirconia biological prostheses. Is the time right for a “silicon nitride for engine applications”
specification? As in 1994, when we made a similar investigation, we again received mixed answers
and concluded that the market was not ready for such a specification.

7c. Fractographic Webb Site
NIST finished the installation of the new NIST webb site for fractographic analysis of advanced
ceramics. The webb site, which is in essence a skeiewl version of ASTM standard C 1322, is:

http: //www.ceramics .nist.gov/webbook/fracture\fracture.htm
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7d. 1S0 Test Method Standards
Mr. Quinn represented the United States at the ISO TC 206, Fine Ceramics, meeting in Kyongju,
Korea on the following Working Groups:

WG 2 Room Temperature Flexure Strength, Overall Convener
WG 3 Hardness, USA representative
WG 6 Tension Strength, Monolithic, represented the USA on behalf of Mike Jenkins
WG 7 Fracture Toughness by SEPB, represented the USA on behalf of the ASTM Task Group
WG 8 Elevated Temperature Flexure Strength, Overall Convener
WG 9 Tensile Behavior, Composites, Led this WG on behalf of Mike Jenkins, the Overall Convener
WG 10 Elastic Modulus, Represented the USA on behalf of Steven Gonczy, the USA representative
WG 11 Weibull Analysis, IA this WG on behalf of Steven Duffy, the Overall Convener
NWl Fracture Toughness by the SCF Method, Overall Convener

The l@. is a “New Work Item”, which is the precursor stage to a Working Group. In each instance,
Mr. Quinn had to review the USA standards, coordinate with the USA representatives in ASTM
Committee C-28, and represent the USA position at the meeting.

Prior International Energy Agency round robin results were very helpful in supporting the USA
position in WG 6, tension testing, and WG 8, elevated temperature flexure strength. (Furthermore,
although not covered in this task, IEA activities on powder characterization have aided our
internatioml standards work in WG 5, Specific Surface Area of Powders by Gas Absorption
methods.)

Status of Milestones
Revised MilestonesSchedule,prepared 10/98

412125 Prepare draft 1S0 FIexure Strength Standard
412126 Prepare &d distribute to ASTM Committee

C-28 members a simple statistical analysis
package for interlaboratory round robin test data.

412127 Pmticipate in a ceramic whisker-reinforced
composite round robin

412128 Conduct dye-penetrant experiments on scf
fracture toughmxs specimens

412130 Finish ASTM fracture toughness standard
(PS-070-97)

412131 Complete Phase I diametral compression
testing

412135 Participate in VAMAS SEVNB fracture toughness
round robin

412136 Ftish of NC 132 fracture toughness measurements
to assess 4 billets suitability as KICreference materkd

412137 Conduct survey of interest in a hypothetical silicon
nitride engine material specification

completed Apr. 1996
completed June 1996
completed

completed May 1996

completed June 1998
completed Mar. 1997

completed Dec. 1997

completed Ott. 1997

completed July 1998

completed Mar. 1998

412124 Prepare comprehensive paper on hardness
testing of ceramics Reschedule to June 1999
Delay until SRM 2831, Vickers hardness of Ceramics is complete.

412129 Write comprehensive report on fracture
evaluation by SCF method Reschedule to Mar. 1999

412132 Commence diametral compression round robin Cancel
‘his milestone should be canceled until test
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methodology problems have been resolved.
Prepare draft diametral compression standard for ASTM Cancel
This milestone should be canceled until test
methodology problems have been resolved.
Prepare review paper on diametral compression method New date Sept. 1998

Problems encountered
A guest scientist Dr. Ken Xu, who had been doing many of the fracture toughness experiments,
NIST to take a full time job at the end of July. This will slow our laboratory testing work.

left

A new phase of diametral compression testing and analysis is needed to follow on the unsatisfactory
outcomes of our work in the fall of 1997 and winter of 1997/1998.

Publications/Presentations
1. C. Ullner and G. D. Quinn, “Round Robin on Recording Hardness,” VAMAS Report #33, BAM,

Berlin, February 1998.
2. G. D. Quinn, “HardnessTesting of Ceramics,” AdvancedMaterialsand Processes, August 1998,pp.

23-27.
3. G. D. Quinn, M. Jenkins, J. Salem, and I. Bar-On, “Standardizationof Fracture ToughnessTesting

of Ceramics in the United States,” proceedings of the 3rd PAC RIM conference, Kyongju, Korea,
September21, 1998.

CommunicationsNisits
1. G. Quinn attended the ASTM C-28 meeting in Atlanta in June.
2. G. Quinn visited ORNL on May 28.
3. Several inquiries from Cummins engine company about flexure fixture design and testing were

answered. A set of drawings for a serniarticulatedtype II fixture were sent to Cummins and are being
used to fabricate a f~ture set.
Note: Flexure~ure design drawings and simple users guides are available upon requestfiom NIST
Please contact George Quinn at NISTfor@nher information (301 975-5765).

4. G. Quinn attended 1S0 meeting in Kyongju, Korea in September 1998.
5. DOE heavy-duty diesel engine manufacturers contractors (Cumin s, Detroit Diesel Corporation and

Caterpillar) were contacted and asked what topics for standmds and material testing should be
considered. There was strong interest in developing test methods for testing cylindrical parts.
Therefore, we propose to continue developing the diametral compression method. We shall begin a
task to develop the flexure test method for cylindrical parts in cooperation with work underway by M.
Andrews at ORNL.

References
1. D. R. Clarke, “A Large Scale Processing Inhomogeneity in Silicon Nitride Ceramics and Its Effect

on Oxidation, ” pp 110-118 in Prerxtration and Properties of Silicon Nitride Based Materials Science
Forum, Vol. 47 (1989).

2. G. A. Forster and W. Ellingson, “An Investigation of Penetrant Techniques for Detection of
Machining-Induced Surface-Breaking Cracks on Monolithic Ceramics, ” ORNL TR 0RNL/Sub/93-
SN893-l,Feb. 1996.

3. L. Weiler, “Cylinder-Segment Bend Test, A New Strength Measuring Technique for Ceramic Tubes
and Cylinders, ” pp 621-625 in Science of Ceramics 14. Ed. D. Taylor, The Institute for Ceramics,
Stoke on Trent, 1988.
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