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Development Of LowCost Austenitic Stainless Diesel Engine Components With Enhanced
High-Temperature Reliability

P.J. Maziasz and R.W. Swindeman
Oak Ridge National Laboratory
and
M.T. Kiser, CW. Siebender, and M.E. Frary
Caterpillar, Inc.

Obj ective/Scope

The objective of thiswork isto evauate cast augtenitic stainless seds as a high-performance dternative
to SMo ductile cast iron, which is currently the sandard materid used in most diesdl engines for exhaust
manifold and turbocharger housing components. The new material must be able to withstand prolonged
exposure at temperatures of 750°C or above, as well to as survive the severe therma cycling from near
room temperature to such high temperatures without developing cracks. This project has tested
commercidly avalable cast dloys, aswell as developed new, modified cagt dloys with sgnificantly
enhanced performance. The ultimate project god is to provide a high-performance, reliable materia
that is also cost-effective for such applications. This advanced diesel engine work is part of a broader
CRADA (Cooperative Research and Development Agreement) project (ORNL 99-0533) that began
Jduly 21,1999, and will last 2 years (endsin July 2001). The large CRADA project is blended to
achieve Smilar objects for both advanced gas-turbine engines as well as advanced diesdl engines. Any
more detailed information on this project must be requested directly from Caterpillar, Inc.

Technical Highlights, 2" Quarter, FY 2001

Background
Advanced large diesd engine must have higher fud efficiency as well as reduced exhaust emissions, with

amilar or greater durability and reliability. Therefore, exhaust manifold and turbocharger housing
materias must withstand temperatures ranging from 70 to 750°C or higher in anormad duty cycle that
includes prolonged, steedy high-temperature exposure as well as more rapid and severe therma cycling.
New technology to reduce emissions like exhaust gas recirculation (EGR) will likely push temperatures
in these critical components even higher. Current materias like SMo ductile cast iron would be pushed
beyond their current strength and corrosion limits, so new materias like cast augtenitic dainless steds
must be congdered. Currently thereislittle industrid experience or gppropriate high-temperature
mechanica properties data available on cast augtenitic Sainless stedls, like CN12, particularly for diesdl
engine gpplications. The purpose of this program is to focus on the exhaust manifold component and
produce data on cast CN12, and to compare it to SSMo cast iron for such diesel component
goplications



Approach
Commercid cast CN12 augtenitic stainless stedl (Fe-25Cr-13Ni-1.8Nb, C, N, S) was chosen asthe

basdine dloy for evaluation relative to SMo ductile cast iron. Materials were evaluated in the as-cast
condition aswell as after appropriate thermal aging at temperatures up to 850°C. Tensle and cydic
isothermal fatigue properties were evauated selectively from room temperature up to 900°C, together
with some high-temperature creep-rupture and oxidation/corrosion testing. Microstructure andysis was
performed on some of the specimens to better understand mechanisms associated with the properties
changes. In apadld effort, new dloying eement modifications were made to CN12 and studied to
further enhance the high-temperature performance.

Technical Progress

To date, the commercia cast iron and basdine CN12 materids have been obtained, al mechanica
properties specimens machined and dl tensle and creep testing of unaged and aged specimens have
been done. High-cycleisotherma fatigue up to 700°C has been completed, and similar fatigue testing a
higher temperatures or thermal fatigue over this temperature range remain to be done. Microstructurd
anayses of sdlected specimens of as-cast or as-cast and aged materia's have been completed or arein
progress understand the properties behavior and to establish the effects of aging on the baseline CN12
meaterid.

To date, eight smdler heats (15 |bs each) of modified CN12 augtenitic Stainless steels have been
produced at ORNL and have been evaluated. Preliminary screening of as-cast or cast and aged
materid with tensile testing, and of as-cast materid with cregp-rupture testing at 850°C indicates that
sgnificant improvements have been achieved in high-temperature strength and aging resstance. The
improvements of the best modified CN-12 alloys for creep-rupture testing a 850°C and 110 MPa
relative to the standard commerciad CN-12 dloy are shown in Figure 1. The best second-round
modified CN-12 dloy isadmost ten times better than the standard materid.

In addition to the modified CN12 audtenitic Stainless stedls, amilar efforts were made to modify aless
costly CF8C (Fe-19Cr-12Ni-Nb, C) cast austenitic stainless stedl that isaso consdered asa
candidate for diesdl exhaust applications and does find use in some gas-turbine exhaust components at
650°C or below. Three smdler heats of modified CF8C were made at ORNL (one basdline
unmodified adloy and two modified aloys) and screened using tendle tests and creep-rupture testing at
850°C. The dramatic improvementsin creep-resistance of the modified CF8C dloys at 850°C rdative
to commercid materid are shown in Figure 2. The two modified aloys may be severd orders of
magnitude better than the commercid sted, and are dill in test. Comparison of the modified CF8C
sedsto standard, commercial CN12 stedl will be done next quarter.
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Figure 1 — Creep-rupture curves of cregp-strain versus rupture time for acommercia standard
(basdline) and modified heats of CN-12 cast augtenitic stainless stedl, and the two best [aboratory heats
from two rounds of dloy modifications of CN-12 steel developed by ORNL and Caterpillar.
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Figure 2 - Creep-rupture curves of cregp-strain versus rupture time for acommercial standard CF8C
cast augtenitic stainless sted and severd laboratory heats of basdline or modified CF8C cast augtenitic
stainless steel developed by ORNL and Caterpillar. Creep-rupture tests of the two best-modified
CF8C geds are ill on going.

CommunicationsgVisitsTravel

Team communications between ORNL and Caterpillar occur on aregular basis. As part of the user-
agreements imbedded in the CRADA, Mike Pollard of Caterpillar worked for one week at ORNL in
January 2000, and Tim McGreevy (formerly at Caterpillar and now at Bradley University) worked for
two weeks at ORNL in June 2000. Phil Maziasz of ORNL visited the Caterpillar Technical Center in
Mossville, IL, for technical discussions and to summarize the progress of this project. Chad Siebenaler
took over the project from Tim McGreevy and is summarizing the technica results of the project, but
has moved to another area of the Caterpillar technical organization. Megan Frary, anew Caterpillar
employee, istaking over this project.

An invention disclosure and patent gpplication on cast augtenitic stainless aloys with improved
performance were completed by Caterpillar and filed with the U.S. Patent Office. Itisentitled “ Heat
and Corroson Resistant Cast Stainless Steds With Improved High Temperature Strength and



Ductility,” by P. J. Maziasz (ORNL), T. McGreevy (U. of Bradley/CAT), M. J. Pollard (CAT), C. W.
Siebender (CAT), and R. W. Swindeman (ORNL).

Status of Milestones

Formal milestones are imbedded in the CRADA and are not part of the HVPM Program FWP.
However, dl milestones have achieved on or sgnificantly ahead of schedule.

Publications
None.



Cost-Effective Smart Materialsfor Diesel Engine Applications

J. O. Kiggans, J., T. N. Tiegs, F. C. Montgomery, and L. C. Maxey
Oak Ridge Nationd Laboratory

Objective / Scope

There are two objectives for this project. Thefirst isto evaluate the cost-effectiveness and
meaturity of various “ Smart Materias Technologies,” which are under consderation for diesd
engine applications, such asfud injection sysems. The second isto develop “ Smart
Materids’ to beincorporated into working actuators and sensors.

Task 1 - Multilayer Electroded Laminates

The purpose of this study isto find satisfactory methods for the preparation of PZT laminates
with internd eectrodes from tape cast materids. Thistask isin progress with no new results
to sharein this report.

Task 2 — Compogtiond Alteration of PZT-4

A second task of this project isthe study of cost-effective dternative PZT compositions and
processng methods, which will alow low temperature (<1125°C) dntering. Various
sntering additives were selected for this study based on literature references.

Experimental Task 2— Compositional Alteration of PZT-4

APC 840 powder (American Piezo Ceramics Inc.), dso designated PZT-4, was used to make
doped samplesfor thisstudy. The APC 840 isa*“hard’” compostion that we have used for
severd previous studies. Several compaositions of APC 840 materia with ceramic additives were
fabricated for thisstudy. Table 1 lists the additives that were used inthisstudy. Table 1 dso

lists electrode materials used for this study. Thefind concentration of additives was 2 wt. %

with the remainder being APC 840 powder. Figure 1 shows a schematic for sample preparation
and characterization. Specific methods and techniques for sample preparation have been
described in previous reports. Five-gram portions of PZT powder mixtures were pressed in a
2.85 cm stedl die at 83 MPa pressure. Control samples of each sample type were heated to
700°C for 1 hour to remove binders prior to sntering. Bisque-fired densties of these samples
were calculated. Control samples were sintered without € ectrodes, and then low-temperature Ag
inks were fired on both surfaces to form electrodes. Find sintering temperatures for control
samples were 825°C, 890°, 930°, or 960°C. Other samples were fabricated with dternative
electrodes. Electrodes listed in Table 1, were first screen printed onto one side of the die-pressed
green samples. These samples were sintered at 930°C. After sintering, the opposite non
electroded surface of the sintered samples was coated with low-temperature Ag electrode ink and
reheated to 650°C for 10 min. to bake on this eectrode. Weight changes during sintering were
measured, and the find dengties measured by the Archimedes method. The % theoreticd
densities were based on the reported value of 7.6 g/ent for PZT-4. The samples were poled a
0.25 kV/mm, and the eectromechanica properties measured. Some sample discs were cut into
four pie-shaped sections using a diamond band saw. Two of the quarter parts from each sample
were placed in plastic clips with the cut edges down towards the bottom of a Struers sample-
mounting cup. The samples were then cast in Struers epoxy. The mounted samples were then



ground flat and polished using standard procedures. One of the cut sections (two per mount) was
etched for 15 s a room temperature with a solution containing 2.3 wt. % hydrochloric acid and
0.12 wt. % hydrofluoric acid. Polished PZT samples were sputter coated with carbon prior to
SEM andyss. SEM anaysis was done on both the etched and non-etched sections of each

sampletype.

Results and Discussion

Figure 2 shows a plot of the dendties for doped PZT samples bisque fired a 700°C, or Sintered

at 700°, 825°C, 890°, 930°, or 960°C. Note, that most doped samples reached 98 % T.D. at the
930° to 960° temperature points. Figure 3 shows that the ds3 vaues for the sintered samples
follow the same trend as the density plot, having increasing dss vaues with increasing

temperatures. Thisinitid screening study indicated that the Bi,O3, Bi42Sr, and BiCuVOx had

the highest ds3 valuesfollowing sintering. The Bi44S25Cu doped PZT samples densified well

at both 930° and 960°C. However, these samples were difficult to pole and had low ds3 vaues.

Figure 4 isabar graph showing the dz3 vaues for samples sintered at 930°C with and without the
different eectrodes applied onto the green samples. The purpose of thiswork was to determine
if the electrode had an effect on the final eectrica properties of the doped and sintered PZT.
These results indicate that the PZT materids most immune to eectrode interaction were those
containing Bi.O3 and Bi42S, asindicated by the smilar ds3 values for samples sintered with or
without eectrodes. The BiFeVOx and BiCuVOx had the most severe interaction with the
electrodes, since the ds3 vaues were lower with samples sintered with dl of the test electrodes.
The Bi44Sr25Cu had low ds3 values regardless of the presence or absence of eectrodes, but had
increased ds3 vauesfor dl materiads having co-fired dectrodes. It isaso possble that some
differencesin the ds3 vaues between samples was due to poor bonding and poling capability for
certain electrode—PZT combinations.

The next phase of the study involved the SEM examination of the microstructures of eectroded
control and doped PZT samples. Figure 5 shows the microstructure of an undoped PZT-4 disc
sntered by APC Ceramics Inc. at gpproximately 1275°C. Note, that the grain size ranged
between 2 and 5 um in diameter. The Ag eectrodes were gpplied and fired to the samples after
gntering, and showed good bonding. However, even with this control sample, the etching step
removes some material away from the Ag electrode, perhaps due to the type of flux used in the
Ag eectrodes. Figures 6 and 7 show SEM photos of the PZT-4 doped with Bi.O3, Bi42Sr,
Bi44S25Cu, or BiCuVOx and sintered at 930° or 960°C. The grain sizes differ for each
additive a both temperatures. The increase in temperature from 930° to 960°C resulted in avery
large, unexpected increase in grain Sze for al of the compostions. The fact that the

Bi44Sr25Cu materids had the smalest grain sizes for both temperatures may be due the lower

Bi to PZT ratio (Table 1) of 1.94 versus values from 2.35 for BiCuV O, to ahigh of 2.80 for
Bi,O3. Figures 8 and 9 show SEM photos of the area adjacent to the electrodes and at the sample
mid-point for Bi,O3, Bi42Sr, BiCuV Ox, and BiFeVOx doped PZT-4 materiads sintered at 930°
for 3h with low temperature slver eectrodes gpplied after antering. No Sgnificant differences
can be seen between the edge and the center or mid- plane area of these control samples,
indicating the uniformity of the sntering. The uniform grain Sze between locations also shows

that the post sintering application of low-fire Ag electrode materid does not affect the grain
growth or microstructures. Figures 10 and 11 show SEM photos of the area adjacent to the test



electrode and at the sample mid-point for Bi203, Bi42Sr, Bi44Sr25Cu, and BiFeV Ox doped
PZT-4 co-fired with “ Ag/Pd with frit” eectrodes at 930° for 3h. The results are Smilar to those
for the controls indicating the “ Ag/Pd with frit” eectrodes do not affect the grain growth when
co-fired with the PZT. Similar results to those shown in Figures 8 and 9 were observed for al of
the combinations of the electrodes and samples. The depression or devation of the dz3 vaues
shown in Figure 4 is dso probably not due to differencesin grain growth initiated by €ectrode
interactions. Figures 12-15 show SEM photos of the cross-sections of non-etched doped PZT
sections with the various dectrodes types. Figure 12 shows that the “Ag/Pd no frit” and “Ag/Pd
with frit” eectrodes had poor bonding or thermal expansion mismaich with the Bi,O3 doped
PZT. There was excdlent bonding to the “ Ag with frit” electrode materid. Figure 13 shows
that the Bi42Sr doped PZT did not bond well with the “Ag/Pd no frit” electrode. However, the
“Ag/Pd with frit” and the “Ag with frit” eectrodes showed good bonding. Figure 14 shows that
the Bi44Sr25Cu did not have good bonding with the * Ag/Pd with frit” eectrodes, but excdlent
bonding to the “Ag/Pd no frit” and the “Ag with frit” eectrodes. Findly, figure 15 showsthet al
three electrode materials bonded to the BiFeV Ox doped PZT, but there was some minor cracks
in the materid with the “Ag/Pd no frit” eectrodes. These data indicate that the bonding and
interaction of electrodes to PZTs sintered at low temperatures must be considered as critical to
the success of making functiona parts. The “Ag with frit” electrodes, the lowest cost eectrode
material, ppeared to be compatible with bonding to most of the low temperature materials under
congderation.

Status of Milestones

- Evaduate and characterize commercidly -avalable PZT materias. Seek methods to improve
the properties of these materias through aternative processing and forming methods.
Fabricate new PZT compositions that dlow sintering of the PZT materids at lower
temperatures.
Satus The evduation of new commercid materials and low temperature PZT materids are
in progress.
Initiate gudies on important variables in the fabrication of multilayer co-fired PZT stacks.
Fabricate multilayer PZT stacks for testing.
Status: Co-fire studies are presently in progress.
Use ORNL expertise in motion amplifier devices to design and fabricate motion-amplifying
fixtures for fud injector assemblies.
Status An amplifier fixture has been designed a ORNL. The first amplifier has been
fabricated.

Communicationg/Travd/Vists
None

Publications
None



Table 1. A) list of additives and B) electrode materials
for for PZT-4 sintering and compatibility studies

Carbowax 800
Polyvmylpyrolldo ]

binders

UnlaX|aI press, 15Ksi

Grind dry cake

Sieve, 100 mest

A Amount Bi:PZT
Sinter Aid  Ratio
Number Sinter Aid (wt %) | (mole %) [ Designation
1 BiO; 2.00% 2.80 Bi203
2 58B105-42SrO 2.01% 2.41 Bi42Sr
3 BbFe35Vo50s.15 2.00% 2.35 BiFeVVOx
4 Bi,Cuy1Vo¢0s.35 2.00% 2.35 BiCuVOx
5 31Bb0;-44SrO-25CuO| 2.02% 1.94 Bi44Sr25Cu
Number Electrode Type Frit Temp °C
1 Metech* PCC11579 (60 Ag /40 Pd No 950
2 Metech 3503 67Ag /32 Pd Yes 950
3 Metech 3571UF Ag No 925
4 Metech 3571 Ag Yes 925
5 None
* Metech Inc., Elverson, PA19520
o ) : _ Attritor millin ethyl Y
PZT 840 | Ball Mill 24 hr with ZrO2 m alcohol
¢ Calcine at 700°C
Ethyl Alcohot ‘ Strain media, dry &t 65 C ‘ Sintering Aig

Bake electrode
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Screen print Ag
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‘ Screen print tes
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Sinter at 990 C for
3 h

4{ Cut wittiamond saw‘

‘ Mount in epoxy, grind, &ohsh—’

| Binder bumolt

Sinter at 930 Cfor 3 hr
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Figure 1. Schematic listing steps in PZT sample preparation and evaluation



110%

100% A i ®
o 1
% 90% . * Bi203
S A Bi42Sr
[3
% 80% - X Bi44Sr25Cu
S ® BiFeVOx
< X
E 70% A BiCuVOx
N [
(=)

60% 4

50% .

600 700 800 900 1000
Temperature ( °C)

Figure 2. Plot of % theoretical density versus sintering temperature
for PZT-4 with various additives

0.35
A
0.30 ¢
m}
= . # Bi203
£ A
£ 0.25 A ° O Bi42sr
9 X Bi44Sr25Cu
x
@ 0.20 @ BiFeVOx
[a2)
o .
A BiCuVOx
X
0154 ,
- X
0.10 r r r
800 850 900 950 1000
Temperature (°C)

Figure 3. Plot of d;; values versus sintering temperature
for PZT-4 with various additives
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Figure 5. SEM photos of PZT-4 (APC 840) as sintered by APC Ceramics Inc.




Bi203 Bi42Sr

Figure 6. SEM photos of Bi,O; and Bi42Sr doped PZT-4 materials
sintered at 930° or 960°C for 3hin air.
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Figure 7. SEM photos of Bi44Sr25Cu and BiCuVOx doped PZT-4 materials
sintered at 930° or 960°C for 3hin air.



Bi203 Addition Bi42Sr Addition

Figure 8. SEM photos of the area adjacent to the electrodes and at the sample
mid-point for Bi,O; and Bi42Sr doped PZT-4 materials sintered at 930°
for 3h with low temperature silver electrodes applied after sintering.
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Figure 9. SEM photos of the area adjacent to the electrodes and at the sample mid point

for BiFeVOx and BiFeVOx doped PZT-4 materials sintered at 930° for 3h with low
temperature silver electrodes applied after sintering.
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Figure 10. SEM photos of the area adjacent to the test electrode and at the sample
mid-point for Bi,O; and Bi42Sr doped PZT-4 materials co-fired with Ag/Pd + frit
electrodes at 930° for 3h.
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Figure 11. SEM photos of the area adjacent to the test electrode and at the sample
mid-point for Bi44Sr25Cu and BiFeVOx doped PZT-4 materials co-fired with
Ag/Pd + frit electrodes at 930° for 3h.
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which was co-fired at 930° for 3h with various electrode materias

St e EPOXY. NOURL! ;
"= Epoxy-Mount Epoxy Mount

Electrode / i

Electrode

+— _Epoxy Mount® " i Epoxy-Mount
= - i m_

. ™

= P Electrode
Electrode

=00 =
Ag/Pd No Frit Electrode Ag/Pd With Frit Electrode Ag With Frit Electrode

Figure 13. SEM photos showing the cross-section of non-etched Bi42Sr doped PZT-4
which was co-fired at 930° for 3h with various electrode materias



_Epoxy-M ottt

il

e

Epoxy Mount

T

T

Epoxy Mount
" e -

Electrode
Electrode
Electrode

= 100 im ;

W Epoxy, Mount

Electrode *  Electrode
- 3 y Electrode

— 20 mm

Ag/Pd No Frit Electrode Ag/Pd With Frit Electrode Ag With Frit Electrode

Figure 14. SEM photos showing the cross-section of non-etched Bi44Sr25Cu doped PZT-4
which was co-fired at 930° for 3h with various electrode materials
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L ow-Cost Manufacturing Processesfor Ceramic and
Cermet Diesd Engine Components

D. E. Wittmer
Department of Mechanical Engineering
and Energy Processes
Southern Illinois University
Carbondale, IL 62901

Obj ective/Scope

The purpose of thiswork is to investigate the potentia of low-cost manufacturing processed for
ceramic and cermet diesdl engine components. The primary task isto develop cost effective
processing, forming and sintering methodologies for cermet and ceramic formulations, used by industria
diesdl engine manufacturers.

Technical Highlights
Task 1. Collaboration with Industrial Partner(s).

This task involves the collaboration with industrid partnersto assst them in processing and sintering of
their diesd engine components. Our god is provide assstance in processing which reduces surface
reactions and warpage and provide an dternative sntering process that may alow them to improve the
throughput efficiency of their manufacturing processes.  Due to the proprietary nature of this task, any
research data generated from this task is normally controlled by the terms of each specific
confidentiaity agreement. The reporting of this data and any results are the responsibility of the
indugtrid partner(s).

During this reporting period, several samples of 40 vol% NiCr, NiCrFe, and Ni3Al-20%Fe bonded
TiC were processed and sent out for preiminary evauation. All of the test materia's were processed
by ether low-pressure injection molding/isopress/ continuous sinter or by isopress/continuous sinter.
Although dl of the materials ddivered were >96% of theoretical dendity. All of the materids were
returned as having large voids or other processing defects which made them unsuitable for further
testing by theindustria partner. We have screen these materials and have sent severa of them out for
machining into test barsto try to determine the source of the defects. It is believed at the present time
that the excess oxygen from the Starck TiC is the main source of the porosity observed. Addition runs
are planned using the Kennametd TiC, which is known to have alower oxygen content.

Task 2. Cost Effective Processing and Sintering

During this reporting period, concentration was primarily on the binder remova phase of our
processing. It was bdieved that some of our distortion and low density results were crested by
insufficient remova of the organic binders from the low-pressure injection molded cermets. For this
reason, acommercid grade of spherical zirconia (Quackenbush QBZ-95) was used for the burn-out
packing materia and compared with results obtained from using no packing or from using our standard
dlica sand packing.



The reason that the packing has been used isto keep the part geometry stable during the binder
remova and during sintering. Since the packing materials chosen are stable to temperatures above the
melting point of the intermetalics being investigated, these powders are being used for binder burn-out
and for sntering. Severd different combinations of processes are concurrently being investigated.

| sopressing has been found to improve or impede densfication, depending on the intermetalic system
being studied. Because of this, dl low-pressure injection molding trias have included both isopressed
and non-isopressed billets in the process investigations.

Figure 1 shows the dengification results for a 40 vol% Ni3AI-20%Fe-TiC cermet where the cylinders
were not isopressed, following the binder remova stage. As seen in these results, using no setter
materid was nearly as effective as usng the QBZ-95 setter at the lower sintering belt speed (lower
hesting rate and longer Sntering time). The poorest results were obtained for the silica sand setter.
Also, increasing the belt speed (higher heating rate and loss sintering time) produced a negative effect
on dengty.

Figure 2 shows the densification results for the same cermet where the cylinders were isopressed to 20
Kg, following the binder removal stage. As seen in these reaults, the overal dengity was higher when
isopressing was used, except in the case where no setter was used and sintering was at the lower belt
gpeed. Also, the use of the higher belt speed produced dightly higher dengities.

Thesetridswill be repested during the next reporting cycle using the NiCr and NiCrFe formulations.
Also, vacuum+-low pressure hot isostatic pressing (V-LPHIP) will be conducted a ORNL on these
same formulaions.

Status of Milestones

Collaboration with Industrial Partners On Schedule
Cost Effective Processing and Sintering On Schedule

Communications'Visits/Travel
D. E. Wittmer to Detroit, MI to discuss possible collaboration with SiNeramics, Inc.

D. E. Wittmer discussed program objectives and new initiatives with D. Ray Johnson and Terry Tiegs.

Problems Encounter ed
Maor isopress pump failure caused delay in isopressing studies. Unit fixed and operating.

Publications and Presentations

D. E. Wittmer, A. Woods, F. Goransson, T. Tiegs, and P. Menchhofer, “Continuous Sintering of NiCr
and NiCrFe-TiC Intermetdlics” Metd Powder Industries Federation, Princeton, NJ (to be published
in 2001)

Aaron Woods, NiCr and NiCrFe as Alternative Binders for Intermetallic Bonded TiC,
MS Thesis, Southern Illinois University, Carbondale, IL 62901, April 2001
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L ow Cost-High Toughness Ceramics

T. N. Tiegs, F. C. Montgomery, P. A. Menchhofer, and J. O. Kiggans
Oak Ridge National Laboratory

ODbj ective/Scope

Sgnificant improvement in the reliability of structura ceramics for advanced diesel engine
gpplications could be attained if the critica fracture toughness (K ) were increased without
drength degradation. Currently, the project is examining toughening of ceramics by two
methods. microstructure development in oxide-based ceramics, and incorporation of ductile
intermetallic phases.

Technical Highlights

Previous studies have shown that the properties of the duminide-bonded ceramics (ABC) are
attractive for diesd engine applications and consequently, development of these materias was
started. At the present time, TiC-40 vol. % NisAl composites are being devel oped because they
have expangon characterigtics very close to those for sted. Preiminary wear testing indicated
that improved wear resistance could be achieved by decreasing the grain size of the TiC.
Achieving fine grain Sze with the high binder contents is difficult because of the large inter-

grain digances. In addition, it was thought that changing the TiC grain shape from a highly
faceted one to amore rounded equiaxed grain would reduce localized stress at sharp corners.
This, in turn, would improve aorason resstance from any wear debris. Consequently, grain size
refinement is presently being sudied. Severd gpproaches can be used to control the final TiC
grain sze. The methods studied in the present report include: (1) use of additives to change the
interface behavior of the growing TiC grains, and (2) reduction of theinitid TiC paticlesze.

Microwave Sntering of TiC-NizAl Composites

Prior research hasindicated that microwave sintering of powder metals and cermets offers some
advantages compared to conventiond heating.> Consequently, severa batches of TiC-40 vol.
% NisAl composites were pressed into discs and heated in a2.45 GHz microwave cavity. Thisis
the same frequency that is used in home appliances and readily available commercidly.

Sintering was done by placing two samples in packaging arrangementsasshownin Fig. 1. The
packing is necessary as insulation to alow the samplesto achieve high temperatures. The
different packing arrangements and experimenta conditions used for each of the various tests are
givenin Table 1.

Initialy, hegting of the samples by only using microwave energy was atempted. 1t iswdll

known that dense metal parts do not absorb microwave energy, however as mentioned, previous
gudies have shown that discreet metd particleswill heet in a microwave furnace. Theinsulaion
and BN spacer used have low didlectric losses a room temperature, so heating was principally
by microwave absorption by the samples themsalves. Heating proceeded adequately at low
temperatures, however, at temperatures >500°C, the microwave power levels required to heat the
samples at the desired rate of 5°C/min increased to =2000 watts. In the first test, aplasmawas
produced spontaneoudy in the microwave cavity because of the high dectric fidds and the run
was aborted. In the next test, the power was intentiondly limited (to prevent plasma generation)
and the result was that the heating rate of 5°C/min could not be maintained and the run was
terminated when the temperature deviation reached >50°C as shown in Fig. 2. It may be



possible to atain high temperatures by heating at a dower rate, but those experiments are beyond
the scope of the current study.

As described, theinitid attempts to sinter the composites where the microwave energy coupled
directly with the parts were unsuccessful. Hesating was adequate up to temperatures of 700-
1000°C, however the runs were aborted after that becauise of poor hesting even & relatively high
power levels. Prior to heating, the approximate eectrica resgtivity of the pressed green parts
was = 4 ? «cm due to limited particle-particle contact in the powder compact and the presence of
some resdua oxides on the surfaces of the TiC and metd particles. After heating to
intermediate temperatures (~1000°C in Test MW-1-1,2), the approximate eectrica restivity of
the non-densified parts was measured a 0.5 ? «cm. Sintered dense samplestypicaly exhibited
resdivitiesof 0.2 ? «cm. These resultsinsnuate that the pressed green powdered compacts heat
adequately up to intermediate temperatures, however, once the powdered meta part develops
auffident dectrica conductivity, direct heating of the parts by microwavesis diminished or non
exigent. While the prior research on the metd parts has shown the use of secondary microwave
absorbing materids (often referred to as hybrid heating), there have been some recent clams that
no additional microwave absorbing materia is necessary. The present results do not support
those observations and confirm the need for secondary heating materids.

In an atempt to achieve uniform heating to the sntering temperature, the packaging arrangement
was modified by placing ZrO- fiber around the crucible holding the samples. It iswell known
that the didlectric properties of ZrO, change sgnificantly at temperatures around 600- 700°C and
it sarts to couple strongly with microwave energy.1 It was thought that the samples would heat
adequately up to temperatures of 500-700°C, and at that point, the ZrO, would begin to heat and
dlow uniform heeting up to the gntering temperature. The third run (MW-2-1a,28) showed
erratic heating behavior a low temperature and two rapid temperature excursions (commonly
referred to as thermal runaway) occurred at ~110 and ~130 minutesin the run (Fig. 3). High
temperatures were attained and the samples achieved high densities. However, the erratic
hesting behavior and non-uniform heating resulted in cracking of one of the samples. Cracking
isless of problem with smal samplesjust because the size decreases the actud temperature
gradients observed. This may have contributed to the cracking observed because the samplesin
the present study were relatively large and are about the size limit for reported powder
metalurgy samples sntered by microwave hegting.

To generate more uniform heating and thus stop cracking, the packaging arrangement was
further modified. A second insulation barrier was added to reduce the therma loss from the
ZrO-, fiber (which, in effect, is acting as the heating dement). In addition, aBN spacer was used
to act as a heat distributor (because of its high therma conductivity) that is adjacent to the
samples. Both techniques have been used previoudy with microwave heated silicon nitride
samples to prevent macroscopic cracking. The effects these modifications have on the
heeting/microwave power profile are shown in Fig. 4. While the control was obvioudy
improved compared to the previous tests, it was still inadequate to prevent sample cracking. As
before, high dengities were achieved for the specimens.

1 Asacomparison, Al,Os starts to couple strongly at temperatures of 1100-1300°C [4].



From prior experience, it was believed that the cracking was predominantly caused by poor
hesting uniformity & low temperatures. Therefore, in place of the ZrO- fiber, B4C grit was used
as the microwave absorption medium because it couples well with microwave energy even at
ambient temperatures. This packaging arrangement is most Smilar to previous microwave
hesting of powder metallurgy parts, which relied on either SC or MoS;, to act as the microwave
absorption medium. The effect of the B4C grit on the heating/microwave power profileis shown
inFig. 5. Ascan be seen, the heeting profile is extremely consistent and tota power required to
heat the samples up to 1400°C was moderate (= 1300 watts). Most importantly, no sample
cracking was observed. Because of the clearly better heating uniformity with the B4C grit,
sampleswere dso sntered a Sgnificantly higher hesting rates (20°C/min). Asshownin Fg. 6,
the heating profile appeared uniform even at the higher rate and no sample cracking was evident.
High dengties were achieved in dl cases.

Microgtructural characterization showed there was very little difference between the samples
sntered by microwaves and by conventiond heeting. ExamplesareshowninFigs. 7and 8. As
shown, the grain Szes and microstructura festures were smilar for both. Typical of these
microstructures are the core-rim features that are developed during liquid phase sintering.

A comparison of the flexurd strength of sintered samples from conventiond sintering and the
various microwave-heated samplesis shown in Fg. 9. As can be seen, within the experimenta
gtandard deviation, no significant differences between the conventional and microwave-heated
materials are observed.

The results of the study show that microwave heating can be used to sinter TiC-NisAl cermetsto
high dendty. Initidly, the TIC-NizAl powder compacts can be heated directly by the microwave
radiation. Thisis because a continuous conductive network does not exist due to the smdll
amount of surface oxides on the TiC and metd particles. However, as the samples heat up, these
surface films disgppear rapidly (especidly in the Ar-4% H, gas atmosphere) and the compacts
become quite conductive. At that stage, direct hegting of the TiC-NisAl compactsis limited.
Earlier work on microwave sintering of hardmeta's, such as WC-Co, reported that they could be
sintered to high density. These materias probably heat well (et least prior to liquid phase
sntering) because the meta condtituent is small and is commonly less than the percol ation limit

to form a continuous network of conductive phase. Thislimit istypicaly in the range of 20-30
vol. %. Inthe case of the TiC-40 vol. % NisAl cermetsin the present study (or powdered metal
compacts, in generd), the volume content of the meta phase is sufficient to form a continuous
conductive network. Thus, to reach temperatures sufficient for liquid phase sintering to occur, a
secondary microwave-absorbing medium is needed. In the present tests, ZrO, or B4C were used;
however, other materias, such as SIC or MoSi; would probably have been effective a so.

Because the hesting was primarily from the secondary microwave absorbing medium, the
microstructures and flexura strength properties of the TiC-NizAl cermets were Smilar to those
densified by conventiona heating.

Status of Milestones
On schedule.




Communications/Vists/Trave
None.

Problems Encountered
None.

Publications
None.
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Fig. 1. Packaging arrangement for microwave sintering of TiC-NisAl composites. (a) Single-wall
arrangement, and (2) double-wall arrangement.
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able 1. Summary of results on microwave sintering of TiC-NizAl composites. Sintering was done under an argon-4% hydrogen atmosphere at 1400°C for 20
linutes.

ample | Microwave | Spacer Insulation Hesting Initial Electrical Final Electrical | Sintered Comments
o.x Absorption | Type** | Scheme Rate'" Resistivity (Ohm-cm) | Resistivity Density
Medium (°C/min) (Ohm-cm) (% T.D.)
IW-1- | None BN SingleWall 5 N. D. 0.5 N.A. Run aborted. Plasmaat ~1000°C.
2
IW-2- [ None ZTA SingleWall 5 53 N.A. Run aborted. Temp. deviation
2 >50°C at ~700°C.
IW-2- | ZrO,fiber | ZTA SingleWall 5 0.4 99.6,99.6 | Sample 2acracked.. Erratic
3,2a" temperature control
I W- ZrO, fiber BN Double Wall 5 4.0 0.2 99.2,99.3 | Samplel cracked. Inadequate
A-1,2 temperature control.
IW-2- | B4C grit BN Double Wall 5 5.4 0.2 98.7,98.3 | Sampleslooked good.
4
I W- B,C grit BN Double Wall 5 42 0.2 99.4,99.2 | Sampleslooked good.
A-34
IW-2- | B4C grit BN Double Wall 20 6.8 0.2 98.0, 96.8 | Sampleslooked good.
6
I W- B,C grit BN Double Wall 20 44 0.2 99.7,99.7 | Sampleslooked good.
A-5,6
onven | N.A. N. A. N. A. 10 N. D. N. D. 99.5 Conventional heating.
ional

Two samples (~85 g each) were fired at the same time.
* ZTA - aumina/30 % zirconia; BN - boron nitride.
Refire of the previous samples MW-2-1 and -2.
Rate from room temperature to 1400°C. Heating schedule included 10 minute holds at 500°C and 1000°C, with the exception of runs MW-2-5,6 and MW-2A-
6.



Intermetallic-Bonded Cermets

P. F. Becher and S. B. Waters
Oak Ridge National Laboratory

Objective /Scope

The god of thistask isto develop materias for diesdl engine applications, specificdly for fud
ddivery systems and wear components (e.g., vave seats and turbocharger components). This
will require materias which have aminimum hardness of 11 GPa and athermd expansion
coefficient of between 10 to 15 x 10-6/°C. The materia should also have excellent corrosion
resstance in adiesd engine environment, flexure sirength in excess of 700 MPa, and fracture
toughness greater than 10 MPavm to ensure long-term reiability. The materid should dso be
compatible with steels and not cause excessive wear of the sted counter face. The upper
temperature limit for fuel delivery systems applicationsis 540° C, and for the other wear
goplications, the limit is815° C. Findly, the tota materia processing codts for these advanced
materias should be competitive with competing technologies such as TiN or other ceramic
codtings on high-speed tool steels.

Technical Highlights

The ability to tailor the physica properties of cermets such asthe TiC-NisAl sysem canbea
very important added benefit, over and above the capacity to develop high fracture strength and
toughness. For example, increasing the NisAl content leads to an increase in the linear therma
expangon coefficient (Figure 1), which alows one to match those of metalic dloys. Note that
fracture toughness of the cermets aso increases asthe NisAl content israised so that one can
obtain a toughened cermet whose therma expansion matches that of adjacent metalic
components. At the same time, the addition of the NiAl binder phase results in a decrease in the
Y oung's modulus of the cermet, as seenin Figure 1. The observed Y oung’s modulus-NisAl
content trend is Smilar to that predicted by a smple rule-of-mixtures.

Status of Milestones
On schedule

Communication/VisitsTravel
Discussons held with Im Stephan of AMT/CoorsTek on our therma expanson measurements
of cermets prepared in collaboration with T. N. Tiegs of ORNL.

Publications
K.P. Plucknett and P.F. Becher, "TiC/NizAl Composites Prepared by Mdt-infiltration Sintering:
Processing and Microstructure Development,” J. Am. Ceram. Soc., 84(1) 55-61 (2001).

References
None
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Figure 1. Anincreasein the NisAl content of the TiC-based cermets resultsin an increase in the
linear therma expansion coefficient, which are shown here for the temperature range of 22° to
622°C. At the same time, the room temperature Y oung’s modulus of the cermets will decrease
with the addition of NkAI .



L ow-Cost Manufacturing of Precision Diesel Engine Components

S.B. McSpadden, Jr.
Oak Ridge National Laboratory

ODbj ective/Scope

To develop and demonstrate optimized, cost-effective fabrication processes for the production of
precison components for use in diesdl engines. To develop and demonstrate optimized, cost-
effective, non-destructive testing methods for the detection and prevention of machining-induced
damage in engine components.

Technical Highlights
Caterpillar CRADA — A draft CRADA report has been prepared and transmitted to Mr. Jeff
Thide a Caterpillar for review and identification of any CRADA- protected information. The
report will beissued initsfind versdon as soon as the review is complete. Thiswill bringto a
close a multi-year, multi-task effort to address the manufacturing issues associated with the use
of ceramic materidsfor diesdl engine components. Discussons were held at Caterpillar to
discuss lessons learned from the recent CRADA and to determine future aress of collaboration.
Although the CRADA was generdly successtul, it was hampered by unforeseen personnel
changes in both organizations, which had a negative effect on project continuity. The following
consensus was reached regarding future CRADAS.

The duration should be no more than 12 to 18 months.

The work should be broken down into short-term tasks with well-defined goa's, specific

completion dates and easily measured milestones.

Principd investigators at both organizations should be actively involved in the day-to-day

research and should communicate on a frequent basis.

State Partnership Program Proposal for the I nvestigation of Non-Destructive Detection of
Flawsin Ceramic Diesel Engine Fuel System Components Receives Funding — The subject
proposal, which was prepared jointly by ORNL, Cummins Engine, CoorsTek, and the Indiana
and Colorado state energy offices, has received $50K of ORNL (DOE) funding with in-kind
contributions from the other participants. The objective of the project is to investigate non-
dedtructive measurement techniques that are capable of detecting sub- surface machining damage
in ceramic components. Thisisan area of great interest to Cummins. Although some laboratory
techniques show promising results, the challenge isto find ardively inexpensive, robust
method that can be used in a production environment. Scanning acoustic microscopy, resonant
ultrasound, x-ray and laser-based techniques are among those being consdered. Since this work
iswdl within the stated objective/scope of the Low-Cost Manufacturing of Precision Diesel
Engine Componentstask, the work will be augmented with available funds from OHVT should
initid technicd efforts prove successtul.

A review of exigting literature on damage detection using scanning acoustic microscopy isin
progress. Groups of zirconiatest parts containing machining-induced subsurface damage will be
prepared and evaluated using an existing high-frequency scanning acoustic microscope at
ORNL. Although the microscope is currently not operationa, complete service manuds have



been obtained and the repair should be straightforward. Other non-destructive ingpection
techniques will aso be evauated.

Collaborations with North Carolina State University Continuing — Dr. Albert Shih, Associate
Professor of the N.C. State Universty Materids Science and Engineering Department, is

currently involved with numerous collaboretive efforts with the HTML Machining and

Inspection Research Group, most of which involve the cost-effective machining of ceramic

engine components. Messrs. Curry and Rhoney, two of Dr. Shih's graduate students, recently
completed their thesiswork and have been awarded Masters of Science degrees. Both the
abgtracts and full thesistext are available online at the N.C. State web ste at the following

locations:

http://Amww.lib.ncsu.edw/etd/public/etd-495511531014941/etd-title html, “Methods of Measuring
Flash Temperaturesin the Grinding of MgO-Doped PSZ,” Curry, Adam Crag.

http://mww.lib.ncsu.edw/etd/public/etd-543213431013931/etd-titlehtml, “Cylindricd Wire
Electricd Discharge Truing of Meta Bond Diamond Grinding Whedls” Rhoney, Brian Keith.

Mr. Curry’ swork on the measurement of temperature at the grinding whed /workpiece interface
isimportant enough thet it is being continued by another student who will work at the HTML
this summer.

Communications/Visits/Travel

Sam McSpadden visited Caterpillar’ s Peoria facility to discuss short-term and strategic areas of
mutual interest that should be supported by the HTML Machining and Ingpection Research
Group. Thisinformation will be used to better focus the group’s ceramic
meachining/ingpection/tribology activities




Cylindrical Wire Electrical Discharge Machining (EDM) and Temperature
M easur ement

Albert Shih
North Carolina State Universty

ODbj ective/Scope

To develop precise, efficient, and cost-€effective cylindrical Wire Electrica Discharge Machining
(WEDM) process for cermet and other dectrically conductive advanced engineering materias,
and temperature measurement methods for grinding and diesd exhaust aftertreatment devices.

Technical Highlights

Two highlightsin this quarter are the roundness improvement of cylindricad wire EDM parts and
andyzing the runout of underwater spindle. The roundness, aslow as 1.7 nm, for carbide was
achieved.

1. Roundness

For the cylindrical wire EDM process, most of the potentid applications, such asdiesd engine
injector plunger or micro-shaft, require tight roundness tolerance. In this sudy, effects of
different process parameters on roundness were investigated.

Two types of materias, brass and carbide, were used. The carbide materid is tungsten carbide
with 10% cobat bond. This materia has hardness of 92 Rc, transverse rupture stress of 3.4
MPa, and specific dengity of 14.5. Two sets of experiments were conducted. In experiment |,
the god wasto achieve high Materiad Removd Rate (MRR) and long eectrica spark on-time
was applied. In experiment |1, the god was to achieve good roundness and surface finish and
short dectricd spark on-time was applied. The machine setup and process parameters for the
cylindrica wire EDM experiment are liged in Table 1.

Table 1. Machine setup for the cylindrica wire EDM experiments.

Wire EDM machine Brother HS-5100
Wire manufacturer Charmilles Technologies, BercoCut
Wire materid Brass
Wire diameter (mm) 0.25
Workpiece materia Brass Carbide
Spark cycle (1ms) 20 28
On-time () in Experiment | 14 14
On-time (1ms) in Experiment |1 2~5 2~5
(Percentage of on-time in Experiment 1) (70%) (50%)
(Percentage of on-time in Experiment 11) (10~25%) (7~18%)
Axid direction wire speed (mmv/s) 15 18
Wiretenson (g) in Experiment | 1500 1500
Wire tenson (g) in Experiment I 1800 1800
Gap voltage (V) 45 35




1.1. Experiment | — High Materia Remova Rate

A set of 12 parts was produced using the cylindrica wire EDM at four part rotationa speeds (w)
and three wire traverse speeds (vy) for two work-materias, brass and carbide, respectively. The
test configuration isillugrated in Figure 1 with a=0, R=3.175 mm, and r=2.54 mm.

/\x

Figure 1. The configuration of roundness experiment.
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Figure 2. The roundness of cylindrical wire EDM partsin experiment 1.

The roundness results are shown in Figure 2. Most of the roundness tracesare oval. The spindle
runout, to be discussed in Section 2, isthe mgjor source of the error in the part roundness.



Resultsin Figure 2 dso indicate that better roundness can be achieved at lower v, possibly due
to lesswire vibration. The effect of part rotational speed on roundnessis not obvious.

1.2. Experiment Il — Fine surface finish and roundness

The god of Experiment |1 was to improve the surface finish and roundness. To achievethisgod,
the dectrica spark on-time and wire traverse peed was reduced and a thin, 50 mm layer of
materia was removed during the cylindrica wire EDM. The cutting configuration, as shownin
Figure 1, waswith a =0, R=2.59 mm, and r=2.54 mm. Prdiminary experiments have identified
two parameters, wire traverse speeds, v, and spark orntimes, t o, to have sgnificant effect on
roundness. Figure 3 shows the roundness results by cylindrica wire EDM carbide and brass at
three v; and four t o, vaues. By comparing the roundness results in Figure 2 and Figure 3, it can
be seen that the roundness errors in Experiment 11 are much smaler than those in Experiment 1.
The shorter on-time and lower wire traverse speed generated better roundness. When to,=2 ns,
the roundness dropsto 1.7 mm for carbide and 2.9 nm for brass, respectively. This has opened
the possihility to gpply the cylindrica wire EDM for machining precision parts.
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Figure 3. The roundness of cylindricd wire EDM partsin experiment 11.

2. Spindle Runout

The runout is an important parameter of a precision spindle and can affect the roundness and
surface finish of the cylindrical wire EDM parts. The Donddson’s method [Slocum, 1992] was
used to measure the spindle runout. A 6.35-mm-diameter silicon nitride bar was held by the R8
collet inthe spindle. An dectronic indicator with 0.1 mm resolution was used to measure two
spindle runout traces on opposite Sdes of the bar. The spindle runout was caculated from these
two traces. A sample spindle runout trace a 20 rpm is shown in Figure 4. The maximum runout
at 10 spindle speeds are shown in Figure 5. Fourier transformation was applied to analyze the
spindle runout data to identify the source of error. Figure 6 shows the amplitude of runout vs



frequency for two spindle rotationa speeds at 20 and 30 rpm. Four mgjor peaks can be
identified.

(i) fo: Thisisthe mgor pesk and is equa to the rotationa speed of the spindle.

(i) f1: Thisisdways equd to five times the rotationd speed of the spindle, possibly caused by
the form error on bearing races.

(i) f3 and f4: These two frequencies at 30 and 120 Hz remain unchanged for different motor
rotational speeds. These two frequency peaks are possibly caused by the eectrical motor.
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Figure 4. Spindle runout at rotation speed of 20 RPM.
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Figure 5. Spindle runout vs rotation speed.
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Figure 6. Frequency spectrum by FFT of the spindle runout.

Status of Milestones
Milestone 1. Develop process technology to achieve high materia remova ratein cylindricd
WEDM of advanced engineering materids.
Status: Nothing to report. Experiments have been conducted to quantify the maximum meaterid
removal rate. Results showed the maximum material remova ratein cylindrica wire
EDM is higher than the conventiond 2D wire EDM.

Milestone 2: Determine the level of form tolerances and surface finish achievable by the

cylindricd WEDM.

Status: Experiments was conducted a High Temperature Materids Lab at Oak Ridge Nationd
Lab to measure the roundness and surface finish. The cylindricd wire EDM partswith
roundness aslow as 1.7 mm for carbide and 2.9 nm for brass were achieved. Andysis of
the spindle runout helped to understand and improve the roundness of parts. The surface
finish was as low as 0.6 mm Ra, comparable to rough grinding, for the carbide materials.

Milestone 3. Prototype needles, armature pins, and plungers for diesd engine fud injectors.
Status: Severd prototype diesdl injector plungers were manufactured. Exploratory experiments
to machine miniature shaftsin the Sze under 0.1 mm diameter were conducted.

Milestone 4: Develop mathematical models for materid remova rate and surface finish of the
cylindricdl WEDM.
Status: Noting to report. The mathematica modds for materid remova rate and surface finish
have been derived. These results have been summarized in atechnical paper.



Milestone 5: Characterigtics of the recast layer after WEDM and cylindricad WEDM and the
surface condition after aorasive blagting.
Status. Experiments was conducted at High Temperature Materiads Lab at Oak Ridge Nationa
Lab to use the SEM to observe the surface and cross-section of cylindrica wire EDMed
brass and carbide parts.

Milestone 6: Development of optica fiber based temperature measurement method, with
gpplications for grinding process and diesd exhaust aftertreatment filters.
Status: Adam Curry finished his M Sthes's defense and is summarizing his research resultsin
two technica papers, planning to be submitted to the Journal of ACS.

Communications'Vigt/Travel

Adam Curry, Brian Rhoney, and Jun Qu, visted Oak Ridge Nationd Lab. January 29 to
February 2, 2001, to do experiments on grinding temperature measurement and roundness and
surface finish measurement of cylindrical wire EDM parts.

Brian Rhoney, and Jun Qu, vidted Oak Ridge Nationd Lab. from February 5 to February 10,
2001, to analyze wire EDMed surfaces using the stereo SEM.

Jun Qu, Monika Garrdl, and John Kong, visted Oak Ridge National Lab. from March 12 to
Mar. 15, 2001 to run more roundness measurement and analyze of wire EDM surfaces using
SEM.

Publications

A technicd paper entitled “Development of the Cylindricdl Wire Electrical Discharging Process’
by J Qu, A. J. Shih, and R. O. Scattergood was submitted to the Symposum on Nontraditional
Manufacturing Research and Applications in 2001 American Society of Mechanicd Engineers
Internationad Mechanica Engineering Congress and Expodtion.

References
A. H. Slocum, 1992, Precision Machine Design, Prentice Hdll.



NDE Technology for Fuel Delivery and Insulating Materials

W. A. Ellingson
Argonne Nationa Laboratory

ODbj ective/Scope

The objective of the work in thistask, part of the Testing and Characterization research area of
the Heavy Vehicle Propulson Sysem Materids Program, is to devel op enabling nondestructive
eva uation/characterization (NDE/C) technology for lower cost and high performance materids.
Specificdly, this project addresses development of advanced NDE/C technology for; a)-
advanced fud ddivery systems (including injector nozzles) and b)-insulaing materias for
reducing heat losses in the combustion zone. Fuel delivery systems for heavy-duty diesd engines
are complex, very expendve and represent a sgnificant portion of the cost of aheavy vehide
diesdl engine. High pressures inside these fuel delivery systems contribute to poor fudl ddlivery
and hence poor emissons. Materids development is part of Goa 3 of the heavy vehicle
propulson materids program. Insulating materials are also a Sgnificant materials devel opment
area because of the improvement in engine efficiency if reduced heet |osses can be obtained.
NDE/C technology that can provide information for reliable cost production and engine
component surveillance would be of benefit to reaching the goals.

Technical Highlights

The highlight this period is that we have improved the experimenta set up for the polarized
back- scattered laser light for detection of subsurface machining-induced or operational-induced
cracking on ceramic fuel metering plungers. Should the developments continue to be favorable,
more congderation might be given to theidea of using the laser technology for an on-line tool
for component manufacturing reighility.

Technical Progress
Work this period again focusaed on the ceramic fud metering plungers under development by
Cummins Engine Company of Columbus, IN.

Fud Ddivery Sygems

Fud ddivery sysems are critica and impact many engine performance parameters. Higher
pressures required for advanced fuel systems are driving new designs and as with any design,
materid trade-offs become an areafor evauation. Ceramic materias provide many advantages
but only if there is areduced cost with the same or better reliability of ameta component. High
pressures and potentia for eroson ingde fud metering sysems usudly cal for hard tool steds
in the design and thus costs immediately become afactor. Ceramics offer adesirable option
because they offer high hardness and erosion resistance. As noted last period, Cummins Engine
Company has optioned in their CELECT™™ fuel injector system to use MgO materiasin the
metering plunger.



The €efforts we have been undertaking on MgO plungers have been to study the potentid of non
contact polarized back-scattered laser light methods to detect subsurface machining damage in
these plungers. Figure 1 shows the primary locations on the plungers, which have been of
interest.
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Figure 1. Schematic diagram showing locations on the plunders where subsurface cracking
isof interest from a detection point of view

This period we received from Cummins Engine Company four new MgO plungers of an

advanced design, which had been run in atest cylinder for between 75 and 145 hours. Because of
certain interna engine conditions, some of the plungers sustained dight damage that isvisble on
the surface but the depth of damage is unknown. Work next period will provide information and
confirmation of the depth of the damage.

NDE for Insulating Materias
We continue work on developing this aspect of this effort.

M eetings, Trips, Communications

Medtings

A project review of this project was held February 1, 2001, at Argonne Nationa Laboratory.
Present a the review were Dr. Sid Diamond, Heavy Vehicle Program Manager for DOE,
and Dr. Ray Johnson, ORNL program manager for Heavy Vehicle/Propulsion Materids.



Communications

Discussons were held with gtaff of Cummins Engine in Columbus, IN.
Discussons were hdd with saff of Enceratec of Columbus, IN




NDE Development for Ceramic Valvesfor Diesel Engines

J G. Sun, A. A. Parikh, W. A. Ellingson
Argonne Nationa Laboratory
and
S.K.Lee
Caterpillar, Inc.

ODbj ective/Scope

Emisson reduction in diesd engines designated to burn fudls from severd sources has lead to the need
to assess ceramic vaves to reduce corrosion and emission. The objective of thiswork isto evauate
severd nondestructive evaluation (NDE) methods to detect defect/damage in structura ceramics valves
for diesdl engines. There are four tasks to be carried out in thiswork: (1) Establish corrdation of NDE
data with mechanical properties for fatigue/wear damaged samples. These include rotary fatigue,
dynamic fatigue, impact/diding wear, and possible thermd shock testing. The induced damage will be
assessed using various NDE methods including dye penetrant, optical scatter, impact acoustic
resonance (IAR), X-ray CT, theemd imaging, and others. NDE datawill be corrdlated with those from
Characterization tests including mechanicd strength, SEM, and others. (2) Develop NDE techniques for
ceramic-metd joints. Effort will be focused on developing new methods as well as evauating existing
NDE techniques to characterize quality of ceramic-metd joints. NDE data will be correlated with
mechanica data. (3) Conduct NDE studies of full-sze engine vaves. In this part of the work, full szed
ceramic vaves will be produced for testing in asingle cylinder test engine. These vaves will be
examined using NDE techniques developed a Argonne. (4) Findize corrdation of NDE to machining
damage. Thislimited effort will conclude the earlier work to correlate NDE data with mechanical
properties of machining-damaged SN, ceramics. Elastic optica scatter method will be used to
examine these specimens and the NDE data will be corrdated with flexura strength.

Technical Highlights

Work during this period (January - March 2001) focused on developing filtering schemes for Statistical
evauation of laser scatter data and on conducting water-coupled ultrasonic NDE study for detection of
interface cracks in ceramic-metd joints,

1. Elagtic Opticd Scattering NDE for Machining Damage

We have developed two filtering schemes for calculation of statistica parameters from laser scatter
data. Thefiltering schemes are based on moving-window averaging or median filtering to determine the
locd mean intengity indead of using a constlant mean intengty vaue for the entireimage. Statisticd
parameters are then calculated using the loca deviation from the mean intensity image. Because laser
scatter intensity is affected by the loca color variation that may vary consderably for large sample
surfaces, these filtering schemes can effectively remove the effects of specimen color change or
presence of surface contamination.

Figure 1a shows the laser scatter sum image for slicon nitride flexure-bar specimen AS800 #6. This
gpecimen has a ggnificant color variation on its surface, from ydlowish white at the upper portion to
dark gray at the lower portion. The sum image shows clearly the strong back- scattered light from the



white surface at the top. The moving-window averaged sum image for this specimen surfaceis shownin
Figure 1b, with the averaging window size of 101 x 101-pixels (or 1 mm x 1 mm area averaging) a
each pixd. It isseen tha the averaged sum image resembles closdly to the origind sum image, but with
the detailed locd variations being smoothed out. In Figure 2, the Satisticd parameter C, is plotted for
al AS800 specimens. The"old data’ refer to those cal culated with a Sngle mean vaue for the entire
image (C, = standard deviation / mean) while the "new data’ to those with the mean at each pixel
represented by the moving-window averaged image (e.g., Figure 1b). It is seen that the C, has
gppreciable change only for specimens #6, #9, and #15 because thereislarge color variaion on the
surface of these specimens.  Work is continued to correlate the "new" satistica laser scatter datawith
the strength of Caterpillar G444, AS800, CFI, and SN235 flexure-bar specimens and results will be
presented in the next quarterly report.

Figurel. (a) Laser scatter sum image datafor flexure-bar specimen AS800 #6; (b) image obtained
by goplying moving-window averaging for theimagein ().
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Figure2. Comparison of satistical parameter C, for fourteen AS800 flexure-bar specimens
cdculaed usng single mean vaue (old data) and moving-window averaged mean images
(new data).



2. NDE Development for Ceramic-Sted Joints

During this period we conducted water-coupled ultrasonic NDE study of the 10 large ceramic-sted
joint samples for detection of interface cracks. The experimenta setup isillugtrated in Figure 3, with a
machined (an EDM cut) sted rod smulating ajoint heving an interfacing crack. The transducers are
arranged in a pitch-catch setup at 5° angle from the norma direction of the rod axis. The transducer
frequency isSMHz. The EDM cut on the stedl rod extends alength of 90° dong the circumference and
has a depth of one quarter of the rod diameter. Figure 4 shows the ultrasonic C-scan image of the
machined sted rod. The EDM cut is clearly detected in the image as a horizonta line with reduced
intengty. It isaso shown twice in theimage, once when it isfacing the transmitter and once when facing
the receiver.

Typica water-coupled ultrasonic scan images of a ceramic-sted-joint sample are shown in Figure 5.
Asilludgtrated in Figure 5c¢, each sample contains two joint regions. Two scans were performed for each
sample with the sample a upward and a downward setup. It was found that the ultrasonic intengty
data are more sengitivity for the upper joint (seeintensity difference between Joint 2 in Figure 5a and
Joint 1 in Figure 5b), while the data are less sengtive for the lower joint (see intengity difference
between Joint 1 in Figure 5aand Joint 2 in Figure 5b). By comparing the imagesin Figures 5a and 5b,
it is gpparent that the ultrasonic intengty through Joint 2 has more reduction than that through Joint 1,
indicating possible defects in the interfaces of Joint 2. This reduction of ultrasonic intengity occurs only
inafew joints.

Further investigations and calibrations are needed before this ultrasonic NDE technique can be used to
reliably predict interface quaitiesin ajoint. The data shown in Figures 5a and 5b represent the intensity
of the first peak in the receiver sgnd, which islikely coming from the beams asiillugtrated in Figure 3.
However, there are many mode-converted beams within the sample, and some of them may be more
sengtive to interface abnormadlities. 1n addition, the angle of the ultrasonic beam to the surface and the
ultrasound frequency may aso affect the detection sengtivity. Theseissueswill be studied in the next

period.

Status of Milestones
Current ANL milestones are on or ahead of schedule.

Communications/Visits/Travel
W. A. Ellingson and J. G. Sun attended the American Ceramic Society’ s 25th Annud International
Conf. on Advanced Ceramics & Composites, Cocoa Beach, FL, Jan. 21-26, 2001.

W. A. Ellingson and J. G. Sun made a presentation at the Heavy Vehicle Propulsion Materids Project
Review Meeting held a Argonne Nationa Laboratory on Feb. 1, 2001.

Problems Encountered
None this period.




Publications
None this period.
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Figure3. Water-coupled ultrasonic scanning setup for detecting cracks in the interfaces of cylindrica
joints.
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Figure4. Ultrasonic scan image of asted rod with an EDM machined cut of 90° circumferential
length and 1/4 of rod diameter depth.
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Figure5.  Ultrasonic scan images of cylindrica joint sample #5 at (a) upward setup and (b) downward
setup; (¢) schematic diagram of the joint sample.



Processing and Characterization of Structural and Functional Materials
for Heavy Vehicle Applications

J. Sankar, D. E. Klett, A.D. Kdkar, J. Muchai, and S. Y armolenko
North Cardlina A & T State University

ODbj ective/Scope
(The following reports the activities related to one of the tasks of the research program.)

To invedtigate the effect of yttria partidly stabilized zirconia (PSZ) thermd barrier coating on
diesd engine performance.

The required research includes three (3) mgjor tasks:
Task 1. Diesd Engine Piston M odification

Engine piston modification has to be performed because the cost of individud pistons prohibits
goplication of thermd barrier coating on each piston.

Task 2. Plasma Sprayed Thermal Barrier Coating

Eight custom made pistons for the Ricardo Hydra sngle cylinder DI diesd engine have been
meachined and ready for coating with plasma sprayed PSZ for evaluation of the coating thickness
on diesel engine performance and emissions.

Task 3. Analytical Model Development

Finite dement modd for each piston/coating combination has been developed for eva uation of
thermal and structurd effect of the coating thickness on the piston.

Technical Highlights

Zirconium oxide has been extensvely used in therma barrier coatings for many years. Yttria
dabilized zirconia (Y SZ) has very low therma conductivity. Therefore, it can be used to reduce
heet transferred from engine combustion gases to the combustion chamber walls (cylinder head,
piston face and cylinder liners).

Finite dement mode of the piston has been done for coating thickness ranging from 0.1 to 2.0
mm. Thethermd barrier coat was modeed as plasma sprayed yttria stabilized zirconia (PY S2)
applied on the piston face.

Results and Discussion

Andytica

Finite Element Andlyss (FEA) usng ANSY Swas used to systeméticaly evauate thermal and
sructurd effect of the coating thickness on the piston. Although a number of researchers have
investigated the temperature digtribution in piston [1,2,3,4] the innovation of thisandyssis that
the coating thicknessis varied systemdticaly from 0.5 to 2.0 mm, with detailed boundary



conditions. To reduce computationa time, a 2-d axisymmetric mode was used. The AL dloy
piston, with oil splash cooling, has athermal conductivity k=153 W/nK , and a heat capacity

r c=1.6x10° In? K. Thelow hesat rejection piston has 0.5-2.0 mm yttria stabilized Zirconia
coating applied on the top. The coating has thermal conductivity k=2.2 W/n?K, and a heat
capacity r c=3.2x10° InTK. Figure 1 shows the axisymmetric piston model used for the FE
andyss. 1-D engine thermodynamic cycle andysis was done for a Ricardo single cylinder

diesdl engine to obtain the piston therma boundary conditions. The heat transfer coefficient Hgas
was caculated according to

H gas = C\V; 006 0.6 - 04 (Vp +C, )0.8

where C,, C; are constantsand Ve, P, T and n,, are cylinder volume, pressure, temperature and
piston velocity respectively.[5]

Piston Surface

T ,.=1800° K
H,,=1800W/ m?2 K
H ¢
NABuas

Piston Side
T 93523200 K
HgaS:150W/ m?2 K

T, =320°K
H o, =1500W/m?2 K

oil

Figure 1. FEA FPiston modd for the Ricardo Hydra single cylinder DI diesd engine

Figure 2 shows a 1.0 mm thick Y SZ thermd barrier coating applied on the piston. The piston
and coating model have atotal of 730 nodes and 210 e ements.



Figure 2. 1.0mm thick FEA Therma Barrier Coating model

Figure3 shows the piston face (#6) and bow! center (#7) locations. The temperature for these
locations is shown in Table 1 for each coat.

6

C

/

Figure 3: Pigton temperature fidds



Table1l. Temperature Felds (K)

_ Coating thickness (mm)
L ocation
0 0.5 1.0 15 2.0
Crown Center 480 | 594 | 644 | 695 | 760
Top surface 403 | 600 | 642 | 682 | 736
Max Temp 500 | 610 | 660 | 712 | 768

Status of Milestones
On Schedule

CommunicationsVistors/Trave
None

Problems Encounter ed
None

Status of Milestones

Work on piston temperature distribution, heat transfer and thermal stress andysisisin progress.

Publications

1. Jesse Mucha, Ajit Kelkar, David Klett and Jag Sankar, " Andyticd Study On The
Effects Of Therma Barrier Coatings On Diesdl Engine Piston Conference,” The

American Ceramic Society 103rd annua meeting and Expaosition, Indiangpalis, Indiana,

April 22-25, 2001

2. D.Pd,Y.Achaya S. Yarmolenko, J. Sankar, J. Lua, and L. Zawada, “ Single Fiber

Testing and Creep Modeling,” 25" Annua Conference on Composites, Advanced
Ceramics, Materids and Structures, Cocoa Beach, FL, Jan 2001 (full paper under

review).
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Life Prediction of Diesel Engine Components

H.T.Lin, T. P. Kirkland, M. K. Ferber
Oak Ridge National Laboratory
and
M. J. Andrews
Caterpillar Inc.

ODbj ective/Scope

The vdid prediction of mechanica reliability and service lifeis a prerequisite for the successful
implementation of structurd ceramics asinternd combustion engine components. There are three primary
gods of this research project which contribute toward that implementation: the generation of mechanica
engineering data from ambient to high temperatures of candidate structural ceramics; the microstructural
characterization of failure phenomenain these ceramics and components fabricated from them; and the
gpplication and verification of probabiligtic life prediction methods using diesdl engine components as test
cases. For dl three stages, results are provided to both the materia suppliers and component end-users.

The systemdtic study of candidate structural ceramics (primarily silicon nitride) for interna combustion
engine componens is undertaken as a function of temperature (< 900°C), environment, time, and
machining conditions. Properties such as strength and fatigue will be characterized via flexure and rotary
bend testing.

The second goa of the program isto characterize the evolution and role of damage mechanisms, and
changes in microgtructure linked to the ceramic's mechanica performance, a representative engine
component service conditions. These will be examined using severd andyticd techniques including optical
and scanning eectron microscopy. Specificaly, several microgtructura aspects of failure will be
characterized:

(1) drength-limiting flaw-type identification;

(2) edge surface, and volume effects on strength and fatigue Size-scaing
(3) changesin fallure mechanism as afunction of temperature;

(4) thenature of dow crack growth; and

(5) what roleresdua stresses may have in these processes.

Lastly, numerica 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 mechanicd loading, such as aslicon nitride diesd engine vave. The predicted
results will then be compared to actual component performance measured experimentdly or from fied
sarvice data. Asaconsequence of these efforts, the data generated in this program will not only provide a
criticaly needed base for component utilization in interna combustion engines, but will dso facilitate the
maturation of candidate ceramic materials and a design agorithm for ceramic components subjected to
mechanica loading in generd.



Technical Highlights

Studies of dynamic fatigue test in four-point bending on Kyocera SN237 silicon nitride materias at 850
and 1000°C at stressing rates of 30 and 0.003 M Pals was added to the test matrix reported previoudy
and completed during this reporting period. The SN237 slicon nitride, presumably a more cost-€effective
materid, was Sntered with oxide additives smilar to those employed for SN235 and SN235P tested
earlier inthe program. The objective of the incorporation of SN237 silicon nitride into the test matrix isto
generate the database for life prediction of exhaust valve components and compare with those previoudy
generated for SN235 and SN235P. The SN237 silicon nitride bend bars were transversely machined per
ASTM C116 sandard. Dynamic fatigue test results showed that SN237 silicon nitride exhibited a
comparable (and/or higher) characteristic strength to those obtained for SN235 and SN235P under the
same test condition, as shownin Table 1 and Figure 1. Test results aso showed that SN237 exhibited 9%
and 17% decrease in strength when tested at 850 and 1000°C at 0.003 MPa/sin air, respectively. On the
other hand, both of SN235 and SN235P silicon nitride revealed aminor decrease (~5%) in strength when
tested at 850°C at 0.003 MPa/s. However, they both showed a substantia lossin characterigtic strength
(44-46%) when tested at 1000°C at 0.003 MPalsin air, asshown in Table 1. The observed sgnificant
strength degradation of SN235 and SN235P at 1000°C at 0.003 M Pa/s was attributed to the onset of
dow crack growth and/or creep processes. The SN237 exhibits arelative low fatigue exponent (N=26) at
850°C as compared with the exponents obtained for SN235 (N=164) and SN235P (N=140). The
fatigue exponent of SN237 at 1000°C (N=30), however, is higher than the exponents obtained for SN235
(N=14) and SN235P (N=13). The cause of the low fatigue exponent of SN237 a 850°C is till not clear,
but it may be associated with the ingability of secondary phase, as evident by the change of color on tensile
surface, resulting in lower mechanica strength. Detailed SEM examinations will be conducted on SN237
bend bars tested a 850°C to provide ingght into the low fatigue exponent obtained. Dynamic fatigue
testing at room temperature is in progress and will be reported in next quarterly report.

Element mapping of Kyocera SN235 slicon nitride after 1000h exposure to an oil ash environment at
850°C in ar was completed during this reporting period. The objective of the eement mapping isto
understand the effect of long-term oil ash exposure on the chemica composition of secondary phase(s) and
the depth of glicon nitride materids influenced by the environment. The andysis showed that the dements
of Zn, Ca, P, Na, S, and Mg present in the engine oil was only detected in the subsurface region of 2-3
microns. The analyss, thus, suggests that SN235 silicon nitride exhibits an excellent corroson resstance to
oil engine environment, consistent with the measured strength results reported previoudy, as shownin
Tablel.

Studies of gtress rupture test on Honeywell GS44 silicon nitride was carried out a 850°C in air during this
reporting period to determine the effect of gpplied stress on the lifetime response as well asthe life limiting
processes. The results showed that the GS44 dlicon nitride exhibited a stress-dependent lifetime at applied
sress greeter than the fatigue limit with lifetimes decreasing as gpplied sressleve increasing, Figure 2. The
agpparent fatigue limit of GS44 at 850°C is ~ 400 MPa, below which the GS44 did not fracture after 1000
h of testing time. Fatigue results dso showed that the lifetime of GS44 was not sengtive the testing
environments (ar versus nitrogen) employed in the present sudy. SEM examinations on the surfaces of



fractured bend bars showed that smilar features of liquid-like glassy ligaments were observed on
specimens tested in ar and nitrogen environment (Figure 3). The observed glassy skeletons suggested the
softening of secondary phase occurred at test temperature. Note that the analysis of therma expansion
coefficient indicated that the softening point of GS44 is aout 760°C. The independence of lifetime upon
the testing environment suggests that the lifetime of G444 may mainly be governed by the softening of the
secondary phase a 850°C. The incorporation of oxygen into the glassy phase could cause a further
decrease in the softening and viscosity of glassy phase, thus shortening the lifetime. Nonetheless, the
oxidation effect is not gpparent under the stress levels employed in the present studly.

Status of Milestones
All milestones are on schedule.

Communications/ Visitors/ Travel

- Resaults of dynamic fatigue tests of SN237 a 850 and 1000°C and element mapping on SN235 after
1000h oil ash exposure were communicated with M. J. Andrews at Caterpillar.

- Communication was made with M. J. Andrews at Caterpillar regarding the evauation of other brittle
components employed in advanced diesdl engines.

- Communication with Dave Carruthers a Kyocera regarding the acquisition of additiona

SN237 slicon nitride for mechanica properties database generation.

Problems Encounter ed
None.

Publications
“Strength and Dynamic Fatigue of Silicon Nitride at Intermediate Temperatures,” A. A. Wereszczak, H. -
T.Lin, T. P. Kirkland, M. J. Andrews, and S. K. Leeg, in preparation.

"Slicon Nitride Ceramicsfor Vave Train Applicationsin Advanced Diesd Engines,” S. K. Lee, P. H.
McCluskey, M. J. Readey, H. T. Lin, and A. A. Wereszczak, to be published in Ceramic Engineering
and Science Proceedings (2001).
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Tablel. Summary of uncensored Weibull and strength distributions for Kyocera SN235 and SN235P
slicon nitride specimens transversely machined per ASTM C1161.

+95%
+95%  Uncens. Uncens.
#of Stressing Uncens. Uncens. Chrctstic Chretstic

Spmns. Rate Temp. Weibull Weibull Strength Strength
Material Tested (MPa/s) ) Modulus Modulus  (MPa) (MPa)

SN235 15 30 20 238 154, 901 879,
339 923
SN235P | 15 30 20 381 240 666 656,
55.8 676
SN235** | 10 30 20 159 10.2, 891 863,
252 926
SN235 30 850 26.7 18.0, 777 760,
36.7 793
SN235P 30 850 193 125, 631 612,
276 649
SN237 15 30 850 194 135 849 831,
28.3 872
SN235 14 | 0003 850 185 118, 744 720,
26.8 767
SN235P | 15| 0.003 850 182 115, 54 575,
26.8 612
SN235** | 10 [ 0.003 850 6 4.0, 801 737,
10.0 879
SN237 15 0.003 850 6.0 4.2, 778 723,
8.6 841
SN235 15 30 1000 12 85, 711 686,
172 740
SN235P | 11 30 1000 1 7.3, 560 536,
17.1 590
SN237 15 30 1000 11 7.8, 796 767,
159 832
SN235 15| 0003 1000 20.6 145, 395 387,
295 405
SN235P | 10 | 0.003 1000 2238 147, 301 295,
36.1 309
SN237 15 0.003 1000 172 121, 661 645,
24.7 680
SN235 9 30 1200 224 12.6, 442 427,
3438 457
SN235 9 30 1200 61.3 345, 338 334,
96.2 342
SN235 6 0.003 1200 103 5.6, 247 229,
16.7 266
SN235P | 6 0.003 1200 185 9.0, 137* 1307,
315 145*

* Specimens crept-Shown rates/strengths uncorrected.
** Specimens after 1000 h exposure to an oil ash environment at 850°C in air.



Table2. Summary of uncensored dynamic fatigue exponents of Kyocera slicon nitride
materids as afunction of test temperature

Machining Temperature  Fatigue

Material Orientation (°C) Exponent
SN235 Transverse 850 164
SN235P Transverse 850 140
SN237 Transverse 850 26
SN235 Transverse 1000 14
SN235P Transverse 1000 13
SN237 Transverse 1000 30
SN235 Transverse 1200 14
SN235P Transverse 1200 9
1000 e
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Figure 1. Strength versus stressing rate results of Kyocera SN237 silicon nitride tested at
850 and 1000°C.
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Figure 2. Stress versus lifetime curves of GS44 slicon nitride tested a 850°C inair and
nitrogen environment.

Figure 3. SEM microphotographs of Honeywell GS44 slicon nitride tested a 850°C in (@) air
(400 MPa) and (b) nitrogen (500 MPa).



Dur ability of Diesel Engine Component Materials

Peter J. Blau and Rondd D. Ott
Oak Ridge Nationa Laboratory

Obj ective/Scope

The objective of this effort is to enable the development of more durable, low-friction moving partsin
diesdl enginesfor heavy vehicle propulsion systems by conducting friction, lubrication, and wear
anayses of advanced materids, surface treatments, and coatings. The scope of materidls and coatings
is broad and includes any metdlic aloy, intermetalic compound, ceramic, or composite materid which
islikely to be best-suited for the given application. Parts of current interest include scuffing-critica
components, like fud injector plungers and EGR waste gate components. Hot scuffing is a primary
surface damage mode of interest. Bench-scale smulaions of the rubbing conditionsin diesd engine
environments are 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 mechanicd, thermd, and
chemical factors on scuffing and reciprocating diding wear are being determined. Results will be used to
refine materia selection Strategies and suggest materids for durability-critical engine components.

Technical Highlights

Basdline Testing of the High-Temperature Scuffing Apparatus. Asindicated in the previous
quarterly report, congtruction of the high-temperature, ostillating scuffing test system was completed,
and it was cdlibrated to measure frictional torque. The basic geometric configuration conssts of a
horizontal, cylindrica specimen pivoting on a square, flat specimen with a centrd hole to avoid the
center singularity. The shape of the oscillating contact is suggestive of a bowtie, and thus, we decided to
cdl thistest method the “bowtie scuffing test.” A poster describing this test arrangement will be
presented at the International Conference on Wear of Materidsin Vancouver, Canadain April 2001.

A firg series of unlubricated tests was performed using Type 304 stainless sted flat gpecimens and
cylindrica specimens of Type 303 Sainless sed, Sdlite 6B, and GalTough™ a specidty dainless
ged. The next set of tests was performed under liquid and solid lubricated conditions to determine the
sengtivity of the gpparatus to frictiona torque. Results of these experiments are summarized in Table 1.
The average friction coefficients for these tests were ca culated from the device-compensated torque,
gpplied norma force, and the distance of the contact from the center of oscillation. Friction coefficients
ranged from 0.12, for the liquid lubricated case, to 0.97 for the non-lubricated Stellite 6B on 304
danlesssted. These vaues are reasonable, based on the principle investigator’ s experience.

A third series of experiments was run at room temperature and 600° C to evauate the devated
temperature performance of the gpparatus on basdine materiads. This temperature was chosen to
represent the conditions typica of diesd engine EGR system components, like components near the
tubrocharger wastegate. Two replicate tests of the combination Type 303 dainless sted cylinder on
Type 304 sainless stedl flat specimens were performed. The load was 10.05 N, and the oscillation rate
was 1.00+/-0.2 cyc/s. The flat specimens were finished by hand grinding on a glass plate on wet SC
600 grit papersin didtilled water.



Table 1.
Torque and Friction Coefficient Data from the First Set of Scuffing Tests
(The lower flat specimen was Type 304 stainless steel, 12.54 N load, 0.98 cyc/s, room temperature)

Test length Average Friction
Cylinder Specimen Lubricant (cycles) Torque* Coefficient**
Material (N-mm)
303 stainless sted! 15W40 ail 30 12.35 0.12
303 gtainless sted grephite 30 36.19 0.18
303 stainless stee none 20 39.72 0.40
GdlTough gainless sed none 100 78.75*** 0.79
Stellite 6B none 100 96.56*** 0.97

* compensated for the zero-friction contact torque — average of two tests under these conditions
** calculated from the average torque and the location of the arcs of contact from the center pivot point
*** |onger test length increased the level of damage and resulted in higher average torque readings

Room temperature tests were conducted for 3600 cycles. The first elevated temperature test was

terminated after 480 cycles because of excessive grinding noise and specimen vibration. The second test

was stopped after the same period of time so that replicate data could be compared.  As with the

previous tests, frictional torque was computed. As shown in Figure 1, the starting torque was much higher

for elevated temperature tests of this material combination.

Type 303 Stainless Steel on Type 304 Stainless Steel
10.0 N, 1 cyc/s, tested in air
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Figure 1. Comparison of replicate elevated temperature and room temperature tests.



A sdection of candidate materids has been purchased, or otherwise obtained, and sent for machining to
use in the cylinder-on-flat test configuration. The selection of rubbing couples was based on background
literature research on materials compatibility for evated temperature wear and on ORNL’ s experience
with advanced ceramics. Some of the dloys will require heat trestment for optical performance, and
thiswill be completed prior to eevated temperature testing.

Fuel Injector Wear Test Development. Work has begun on re-desgning an existing ORNL test
system to evauate the durability of fuel injector plunger materids. Discussions have begun with a diesd
engine manufacturer to work cooperatively in this area and more details will be presented in the
following quarterly report.

Future Plans
1. Complete eevated temperature scuffing tests of selected materia couples and prepare report.

2. Continue work on the redesign of a current ORNL wear testing system to evauate the durability of
fud injector plungers.

Trave
None this period.

Status of Milestones
The following milestones were developed for FY 2001.

1) Complete basdine scuffing tests at room and eevated temperature. Submit report. (February 28,
2001 — report completed and submitted for clearance for publication and distribution as an ORNL
Technical Report.)

2) Complete eevated temperature scuffing tests of leading candidate materials. Submit report. (March
31, 2001 — extension to June 30 is requested due to the late receipt of machined test specimens of the
gpecimen meterials.)

3) Complete design and congtruction of a computer-controlled fud injector materids testing sysem
cgpable of sudying the effects of varying injector motions and loading cycles on material response.
(September 30, 2001)

Publications and Presentations

(1) P. J Blau and R. D. Ott, “Development of a High- Temperature, Bowtie Scuffing Test for Diesdl
Engine Applications” poster accepted for presentation at the International Conference on Wear of
Materials, Vancouver, BC, Canada, April 23-26, 2001.

(2) P. J. Blau and R. D. Ott, “Development of a High-Temperature Scuffing Test for Evaluating Diesdl
Engine Component Materiads - Congtruction, Cdlibration, and Basdline Data,” ORNL Technica Report
in process of review, printing, and digtribution.



Implementing Agreement for A Programme of Resear ch and Development on Advanced

Materialsfor Trangportation Applications

M. K. Ferber
Oak Ridge Nationa Laboratory

ODbj ective/Scope

The Internationd Energy Agency (IEA) was formed via an internaiond treaty of oil consuming
countries in response to the energy crisis of the 1970s. A mgjor objective of the IEA isto
promote secure energy supplies on reasonable and equitable terms. The governing board of the
IEA, which is composed of energy officids from each member country, regularly reviewsthe
world energy Stuation. To facilitate this activity, each member country provides energy experts
who serve temporary staff assgnments at IEA headquarters. These staff or secretariat support
the governing board by collecting and andyzing energy data, making projections in energy
usage, and undertaking studies on specidized energy topics. The governing board isdso
assigted by severa standing groups; one being the committee on energy research and technology
(CERT), which encourages internationa cooperation on energy technology. Implementing
agreements (IAs) are the legd instruments used to define the generd scope of the collaborative
projects. There are currently 40 active implementing agreements covering research topics such
as advanced fud cells, coal combustion science, didtrict heeting and cooling, enhanced ol
recovery, fluidised bed conversion, fuson materids, solar heating and cooling, pulp and paper,
hydropower, heat pumping technologies, hybrid and electric vehicles, high temperature super
conductivity, wind turbines, and high temperature materids. A complete listing can be found a
the IEA website, http:/mww.iea.org.

This progress report summarizes recent activities in the implementing agreement entitled,
“Implementing Agreement For A Programme Of Research And Development On Advanced
Materids For Transportation Applications.” Thisimplementing agreement currently congsts of
one active annex entitled,” Annex 11: Co-Operative Program on Ceramics for Advanced Engines
and Other Conservation Applications’. The motivation for this A is the development of new and
improved ceramic materids, brittle material design methods, and life prediction methodology.
The objective of Annex |1 is coordinated R& D on advanced ceramics leading to standardized
methods for testing and characterization.

The Executive Committee for the |A on Advanced Maeridsis dso exploring the possbility of
adding anew effort (Annex 111) focusing on the characterization of materias for diesel engines.
Possible topicsinclude characterization of contact damage (fatigue) and novel methods for the
as=ssment of the mechanicd rdiability of coatings.

Technical Highlights

General

During the Executive Committee Meeting in Mamo, Sweden, on June 22, 2000, a number of
changes were proposed for both the implementing agreement and Annex |1. In order to address
these and other issues more quickly, the EC agreed to voting by fax (faxvote). During this
reporting period, the following issue was addressed by this faxvote procedure:



Decison to change the language of Article 10 of our Implementing Agreement.
Attachment 1 illustrates the proposed changes, which have been requested by the IEA
Secretariat to facilitate participation by Norn-Member Countries (all Contracting Parties to
vote; unanimous decision needed).

The request was approved.

Annex 1

Annex |l currently conssts of one active effort, Subtask 11. In this subtask, techniques for the
measurement of therma and mechanica fatigue of silicon nitride ceramics are being examined.
Nationd effortsin Japan and the United States focus on the development of procedures for
evauding the mechanicd faigue behavior of slicon nitride ceramics usng e@ther uniaxia

flexure or biaxid test pecimens. The nationd effort in Germany consigts of the development of
thermd fatigue procedures using the laser therma shock equipment evauated in Subtask 9. The
nationd effort in Sweden will focus on the evauation of the fracture surfaces of specimens

tested in Jgpan, the United States, and Germany.

Subtask 11 will dso include an internationd effort in which the therma fatigue behavior of a
sngle sllicon nitride will be compared with the mechanica fatigue data generated at a
temperature which is the same asthat at the fracture point in thermd fatigue test. Germany will
be responsible for the thermd fatigue testing while both Japan and the United States will conduct
mechanica faiguetesting. Sweden will perform fractographic analyss of the specimens.

In the United States, specimens of G444 silicon nitride (manufactured by Honeywell Ceramics
Components) were machined. The elevated-temperature cydic fatigue behavior of these
specimens will be evaluated using the rotary bend fatigue (RBF) shown in Figure 1. Note that
the dead weight loading apparatus for the RBF has been replaced by a computer-controlled
pneumatic loading system, which dlows the load to be varied as a function of time.

Annex 111

To promote pre-competitive sandard testing and characterization methods for diesdl engine
materials, DOE is proposing to start an international collaborative effort under the umbrella of
the International Energy Agency. This effort, which would be in the form of a new annex under
an exiding Implementing Agreement (Advanced Materids For Transportation Applications),
would focus on development and verification of advanced characterization techniques for diesdl
engine maerids.

To better define the needs in this area, a subcontract was initiated with Gateway Materids
Technology. The gods of this effort are asfollows:

a) Deveop acontect lig for the diesdl engine and ceramic coating community (engine
manufacturers, coating suppliers, testing, government and academic research agencies).

b) Draft asurvey to determine the needs and priorities for test tandards for ceramic coatingsin
the diesdl engine community. Submit the survey to Matt Ferber for review and comment.



¢) Conduct the ceramic coatings survey by e-mail, sending the survey to the contact list names.
Actively collect the survey replies. Analyze the results and draft a report on the method,
results, and conclusions of the survey.

d) Make contact with and visit sdected diesdl engine manufacturers, coating suppliers, and
research |aboratories to discuss and refine the results of the ceramic coatings survey.

e) Andyzetheresults and complete the fina report on the method, results, and conclusions of
the survey and Ste vidts.

f) Research and identify test standards (published and in draft) for ceramic coatings from US,
EC, 1S0, and Japanese standard organizations. Report on the identified standards.

Status of Milestones
All milestones are on track.

CommunicationsVisits/Trave
None

Publications
None

References
None

'-:Pneumatic
Load System

Figure 1: Overview of the RBF with Pneumatic Load System (left) and expanded view of
specimen and furnace (right).



Standards For Rdiability Testing Of Heavy Vehicle
Propulson Materials

Said Jahanmir, James F. Kdly, and William Luecke
Nationd Indtitute of Standards and Technology

Obj ective/Scope

The objective of this project isto develop internationa standard test methods for ng the
reliability of ceramic components used in diesd engines and other heavy vehicle propulson
systems. Advanced ceramics such as silicon nitrides offer unique combination of properties that
indude light-weight, high-temperature strength, and resistance to wear and corrosion. These
properties make them particularly attractive for diesd engines where their use as key engine
components will alow the higher operating temperatures that lead to higher thermal efficiencies
and environmentaly cleaner propulsion systems. Rdliability and cost- effectiveness are critica
issues in implementing ceramicsin the valve train of diesd engines. Ceramic vavetrain
components are subjected to demanding conditions that include high contact loading, eevated
temperatures, and corrosive environments. To ensure ardiable service life, sandard test
methods are needed to eva uate the performance of potentia ceramicsin highly loaded rolling
and diding contacts. This project will develop test methods for eva uating the contact damage
behavior of ceramics under rolling and diding conditions that smulate the cam roller followers,
vaves and valve seats. In support of this god we will pursue four research thrusts. We will
evauate the effect of machining damage on contact reliability as well asthe interactions between
meachining and contact damage that may lead to premature failure. The project will also consder
fundamenta issues in the relation between ceramic microstructure and performance reighility.
Findly, we will investigate the basc mechanisms that lead to formation and propageation of
contact damage and the effect on rdliability of resdua stresses developed during machining and
by contact.

Technical Highlights

Although our plans are to investigate three basic types of contact damage in ceramics (Rolling
Contact Fatigue, RCF, diding wear and fretting, and Hertzian contact) we have focused this
period on Rolling Contact Fatigue.

Sandards for Rolling Contact Fatigue

During this reporting period we have begun refurbishing the four-head NTN Rolling Contact
Fatigue test machine. In addition we are completing a detailed review of the literature on ralling
contact fatigue and wear of slicon nitride to establish research areas. Although there are reports
of agreat number of RCF and RCW tests on silicon nitride over the past 25 yearsthere are a
great many unanswered questions. There are apparently no standards, US or foreign that address
RCF or RCW in any geometry (3 balson rod, bal on3 (or 4) bals, or cylinder on cylinder).
Our literature review has revedled anumber of aress in the test technique that should be clarified
as part of standards-related research:

Definition of Failure. The NTN RCF test technique prescribes afixed, rather high,
vibration leve for the definition of a spalation failure. Conversations with indudtria users of the



tester leed usto believe that this definition may be too severe, in that by the time the vibration
has reached thislevd, dl information about the source of the spal islost.

Ball spall/rod spall differences. Although the 3-ball-on-rod test has been used for slicon
nitride for many years, many of the research reports note that the failure that hdted an individua
test occurred in the meta bal, rather than the silicon nitride test rod. Methods must be
developed and understood to drive the failures back to the rod.

. Fractography. Most existing research has very little to say about the fractographic nature
of the spdls.

Interlaboratory comparisons. There are no data that compare the results of the same test
in different |aboratories, or between different RCF techniques on the same materid.

Lubricant/surface finish. The NTN test protocol specifies a specid roughened ball
(origindly developed for testing metal bearing materials) that causes the test to be run under
conditions of asperity contact. The suitability of this procedure for ceramics has not been
addressed. Thereis aso no consensusin the literature on the lubricant used during the test.
Thereislittle beyond anecdotd evidence on the effect of different finishing methods for the rods
on the RCF lifetime.

Wear effects. Anecdota evidence suggests that heavy wear of the silicon nitride rod
hastens failure when wear debrisis not adequately flushed from the contact area.

Weintend to discuss al of theseissues at our workshop at NIST on May 3. Tablel lisisthe
participants we have invited. Most have dready committed to attend. We stressed in our
invitation that although the primary god isto develop standards and standard test methods, there
are numerous issues that the project might address, including formation and propagation of
rolling and diding damage, assessment of contact fatigue under rolling and diding, the influence
of contact damage and machining induced damage on performance rdiability, and the role of
microstructure and operating conditions on damage formation and performance in rolling and/or
diding. We have siressed that we eagerly desire their input on research directions.

Moisture and Binder Content of Alumina

A work plan for IEA Subtask 12 was agreed to for the study of moisture and binder content of
auminagranules provided by Japan. The spray-dried dumina granules and the testing protocols
were distributed to the participating laboratories in the U.S. and the Germany, Japan, Belgium
and Sweden for interlaboratory testing. The U.S., German, and Japanese |aboratories have
completed the measurements of moisture and binder content. The Swedish and Belgian
|aboratories chose not to participate in this activity.

Measurement of moisture content of a spray dried alumina powder

For determining moisture content in ceramic powders, the study participants agreed to use the
same procedure that had been successfully used in IEA Subtask 10 (detailed in the previous
quarterly report). The test assumes that the mass lost by a ceramic powder when it is heated to
105 °Cisdueto moigure loss and that dl the moisture will be removed by holding the powder at
that temperature for 2 hours. Eleven laboratories participated in this study and completed three
measurements each on moisture content. They reported no reported difficulties with the
procedures or the samples. Figure 1 and Table |1 show the results of the testing.



Precision Satement
From the results of thetesting it is possible to make a precision statement for the determination
of moisture in spray-dried powder using this method, following the practice of ASTM E691.

Repestability standard deviaion for moisture (within lab variability) 0.007 %
Reproducibility standard deviation for moisture (between lab variability) 0.018 %
95 % repeatability limit  0.020 %

95 % reproducibility limit  0.049 %

Measurement of binder content of a spray dried alumina powder

For determining the binder content, the study participants also agreed to use the same procedure
that had been successfully used in IEA Subtask 10 (detailed in the previous quarterly report).
This test assumes that the mass lost by a spray dried ceramic powder when it is heated to 500 °C
is due to binder loss and that dl the binder will be removed by holding the powder a 500 °C for
1 hour. Eleven |aboratories participated in this study and completed three measurements each on
binder content. They reported no difficulties with the procedures or the samples. Figure 2 and
Table Il show the results of the testing.

Precision Satement

From the results shown in Table 111, it is possible to make a precision statement for the
measurement of binder content using this procedure to measure binder content, following the
method of ASTM E691:

Repeetability sandard deviation for binder (within lab variability) 0.012 %
Reproducibility standard deviation for binder (between lab variability) 0.096 %
95 % repeatability limit  0.033 %

95 % reproducibility limit  0.268 %

Status of Milestones

1 Complete final report for the first year effort on Subtask 12 (December 30, 2000) —
Expected completion date June 1, 2001.

2. Initiate a new project direction and develop collaboration with diesd engine companiesin
the U.S. and |EA countries (February 28, 2001) completed

3. Evauate the feasibility of possible test methods for standardization (September 30, 2001)
—on schedule

Communication/VistsTrave

Luecke visited the NTN Technical Center (Ann Arbor, MI) on March 27", 2001, to discuss test
techniques for Rolling Contact Fetigue of dlicon nitride with NTN engineers. NTN
manufactures of the Rolling Contact Fatigue testing machine avallable a NIST.

Publications

None
Refer ences
None



Tablel. Invited participantsat the planned May 3 Workshop at NIST.

Participant Company

Thomeas Y onushonis Cummins Engine Co.

Biljana Mikijdj Ceradyne, Inc.

Ronad Chand Chand Associates Inc.

Richard Allor Ford Motor Co.

Nabil Hakim Detroit Diesdl Corporation

M. Lou Bamer-Millar Caterpillar Inc. Technology Center
Hyung Yoon Caterpillar Inc. Technica Center
Matt Ferber Oak Ridge National Laboratory
D. Ray Johnson Oak Ridge National Laboratory
Andrew McQueen Kyocera Industrid Ceramics

Paul Wilbur Colorado State U. Mechanicd Eng.
Sidney Diamond USDOE

Tablell. Measured lossin massfraction (%) from moisture.

Laboratory Labl Lab2 Lab3 Lab4 Lab5 Lab6 Lab7 Lab8 Lab9 Lab10 Labll
Testl 0.232 0.232 0.285 0.234 0.275 0.253 0.239 0.234 0.251 0.243 022
Test2 0.243 0.232 0.283 0.230 0.266 0.263 0.241 0.236 0.245 0.238 0.212
Test3 0.262 0.235 0.269 0.241 0.261 0.242 0.24 0.241 0.245 0.244 0.223
Mean 0.245 0.233 0.279 0.235 0.267 0.253 0.240 0.237 0.247 0.242 0.218
Tablelll. Measured lossin massfraction (%) from binder.

Laboratory Labl Lab2 Lab3 Lab4 Lab5 Lab6 Lab7 Lab8 Lab9 Labl0 Labll
Testl 0860 0897 1.007 0.869 1.085 1.145 1.066 1034 1.045 0.976 0.970
Test2 0823 0890 1023 0.847 1.064 1152 1.075 1031 1.015 0.952 0973
Test3 0859 0882 1013 0.846 1.046 1144 1.072 1.035 1.023 0.957 0.966
Mean 0847 0890 1014 0.854 1.065 1147 1071 1.033 1.028 0.962 0.970
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Figure 1. Results of moisture content measurements on aumina powder samples. The graph shows the
maximum, minimum, and average values from each of the eleven laboratories.
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Mechanical Property Testing and Standar ds Development
George Quinn
Nationd Ingtitute of Standards and Technology

ODbj ective/Scope

Thistask isto develop mechanica test method standards in support of the Propulsion Systems
Materids Program. Test method devel opment should meet the needs of the DOE engine
community but should dso consider the generd USA dtructural ceramics community aswell as
foreign laboratories and companies. Draft recommendations for practices or procedures shal be
developed based upon the needs identified above and circulated within the DOE engine
community for review and modification. Round robinswill be conducted as necessary.
Procedures will be standardized by ASTM and/or 1SO.

Technical Highlights

1. General

In this quarterly period, attention was focused on refinements to fracture toughness testing.
Although thiswork seemsto be dragging dong, an end isin Sght. The ASTM standard is being
refined and corrected, and an SO standard is being prepared for ballot. We dso aretying this
work into our extensive project on machining damage andysis. Experiments with the surface
crack in flexure method on sintered silicon carbide confirmed that dightly (5%-10%) erroneous
results could be obtained if vestigid latera cracks remained in the specimen after polishing. This
finding opened our eyesto a heretofore-unrealized source of error in the SCF method. A smple
remedy for the problem was devised and results are now in agreement (within afew percent) with
chevron notch and Sngle-edged precrack beam data.

Other revisons to the fracture toughness standard C 1421 arein aforma ASTM badlot. The
International Organization for Standards (ISO) draft fracture toughness SCF standard was
extensvey revised.

2. Fracture Toughness

a. ASTM standard C 1421 New SCF Experiments, Sntered Alpha Slicon Carbide

In the course of preparing ASTM C 1421, we compared fracture toughness outcomes from the
surface crack in flexure (SCF), single-edged precracked beam (SEPB), and chevron notch in
bending (CNB) to verify that consistent results could be obtained. Indeed, virtualy identica
results were obtained by these three methods for the hot-pressed silicon nitride NC 132 that
comprised the reference material SRM 2100. Good correlations aso were noted for aternative



materids, but we were puzzled by minor 5-10% discrepancies in the fracture toughness
outcomes reported for Carborundum'’ s sintered apha silicon carbide (Hexoloy SA). A 10%
difference may not sound like very much, but it disturbed us nonetheless. One should be
concerned about a 10% error since one should be able to know whether a fracture toughness
outcome of 2.7 MPaOm is genuindy different than an outcome of 3.0 MPaOm.

In this quarterly period, the discrepancy was traced to the presence of vestigid lateral cracksin
the vicinity of the primary median crack. Figure 1 shows a schemétic of the crack patterns that
occur under a Knoop indentation.  The goa of the SCF method isto produce anice, primary,
semi dliptical median type crack without interference of resdud stresses or any other artifacts.
Even after hand grinding or polishing off the requisite 4.5 to 5 times the indentation depth to
remove the residua stresses, fragments of the latera cracks may ill be present and may shield
the main crack during subsequent loading to fracture. This has not been appreciated up until
now. One consequence of the shielding effect is that a greater load must be gpplied to the test
piece to fracture it, than would otherwise be the case if the median crack were unshielded.
Hence, the ca culated fracture toughness by the SCF method overestimates the true fracture
toughness. This could explain why the sllicon carbide SCF results are often alittle (5%- 10%)
greater than comparable SEPB or CNB outcomes.

" Plastically
deformed

Lateral
Crack

Figure1l Knoop indentation crestes a controlled median crack, but may aso introduce lateral
cracks that may not necessarily be removed during the customary grinding-polishing step.



We tested some NASA-Glenn chevron notch specimen fragments by the SCF method at NIST in
order to obtain a direct comparison of fracture toughness. Specimens were Knoop precracked a
NIST usng a49 N (5 kgf) load as prescribed in C1421. The indentation and residud stress
damage zone were hand ground away in accordance with C 1421 with two important exceptions.
During the hand polishing, the specimens were carefully monitored to detect whether latera

cracks were present. Some specimens aso had much greater than the norma amounts removed
by polishing. The results are shown in Figures 2 and 3 as afunction of materia removed
normalized by the depth of the initidl Knoop hardnessimpresson.  These figures show alittle
hump in the data, just a the point of material remova (X=4.5t05.) that is prescribed in the
ASTM standard. The hump is about 5-10% higher than the plateau vaue of fracture toughness
for larger amounts removed.
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Figure 2 Fracture toughness data by the SCF method for sintered silicon carbide. The abscissa
isthe amount of materid removed by hand grinding or polishing after an indentation and

precrack areimplanted. With no removal (X=0), resdua stresses from the indentation plagtic
zone lower the apparent fracture toughness, and hence, it is necessary to polish the indentetion
zoneaway. The customary and standardized amount is4.5t0 5.0. Unfortunately, lateral crack
remnants partidly shield the main crack and cause a dight overestimate of fracture toughness.
Once sufficient materid is removed, the SCF outcomes concur with chevron notch and single
edged precracked beam data on the same batch of materia (data on right hand side of graph.)
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Thelast traces of |aterals were diminated only after 7 to 10 times the indentation depth of materia
was removed.

Thus, we have detected a smdl glitch in the SCF test method.  Consequently, we went back and
reexamined hundreds of previoudy tested SCF specimens for evidence of vedtigid laterals. These
gpecimens from a very wide range of ceramic materials had been tested over the course of 15
years. Theingpection procedure was very smple. The tensle surfaces of the fractured test pieces
were examined for tell tale pullouts or chip outs in the vicinity of the Knoop precrack as shown in
Figure 4. Hand polishing or grinding tends to cregte pullouts from the latera cracks. Remnants of
lateral cracks were only detected in a handful of materials that had a fracture toughness less than
3.0 MPaOm.




Figure4 Thetensle surface of a SCF dlicon carbide test specimen after fracture, showing
traces of lateral cracks. The latera crack remnants protrude down into the interior and interfere
with the stressfield in the vicinity of the primary median crack that lies on the fractured plane.
Thetendle stress was gpplied horizontdly in thisfigure.

These results were written up in a paper that was submitted to the Journa of the American Ceramic
Society. Recommendations on how to detect and diminate interfering lateral cracks were written
into the new 1SO draft standard based on this method, just in timefor it's planned bdlot in the
summer of 2001. We aso will propose that the SCF method be revised dightly in C 1421, The
remedy for the problem is quite sSmple: after hand polishing 4.5 to 5.0 times the indentation depth
away to remove the residua stresses, examine the tensile surface with alow power optical
microscope at 20X to 100X. If vestigid lateras are present, then hand grind allittle deeper prior to
fracturing the specimen.

b. Green dyetrick to highlight SCF precracks

While reexamining these hundreds of specimens, we aso checked whether anew trick that we
had contrived could help highlight the main median cracks. Detecting the precracks on the
fracture surface has dways been a problem with some materials. 1dedly, one could find the
precrack with an optical microscope, but often a scanning electron microscope must be used.
Recently, we had tried the smple expedient of gpplying green ink from acommon fet tip pen
onto the fracture surfaces while looking through an optical microscope.  While checking the
hundreds of formerly tested specimens, we learned that the green dye trick was very effectivein



highlighting the precrack, especialy in white, gray, or tranducent materid. Thisisasmpletrick
that anyone can do and words to recommend this were immediately added to the list of revisons
for the ASTM and 1SO standards.

c. ASTM standard C 1421 and 1SO standard, New SCF Experiments, Ceradyne 147-31N
SRBN

A new series of experiments were performed on Ceradyne' s sintered reaction bonded silicon
nitride (SRBSN), grade 147. We are eager to compare the tiny Knoop controlled cracksto the
machining damage cracks from grinding damage. We have dready (last quarterly report)
conducted an extensve fractographic andysis of rods and bend bars ground by various
treatments and then fractured in flexure. We intend to study the nature and character of the
machining cracks a bit further. How deep are cracks formed by 320 grit grinding whedls
compared to 600 grit wheels? How deep are the orthogona or paralel machining cracks? How
do the machining cracks behave in this materid, with a microstructure composed of elongated
beta slicon nitride crystals intended to enhance the fracture toughness and fracture resi stance
and R-curve behavior?

Our fracture toughness testing confirms the fracture toughness of this materid is about 5.6

MPaOm. whether measured by chevron notch, single edged precracked beam, or surface cracksin
flexure. Thisissurprisng. We decided to explore this further by testing alarger number of

surface crack specimens but varying the indentation loads and amounts of materid removed. The
resultsare shownin Figure 5. Wewill save adiscusson of these results for the next quarterly

report and a research paper. For the moment, we point out that precrack size could be controlled to
amall sizes viathe SCF method and that there again seemsto be arather smal effect of crack sze
upon fracture toughness. This suggests than any R-curve behavior in this meterid is dight.

d. Revisionsto C 1421
The over 40 revisonsto the ASTM fracture toughness standards are balloting in ASTM. Details

on the proposed revisons are in the last quarterly progress report.

3. FlexureTegting of Cylindrical Ceramic Specimens

There was no work on cylindrical rod testing this period, other than to perform the fracture
toughness experiments on the Ceradyne slicon nitride described above.  The controlled flaw
fracture toughness results were compared directly to the gpparent fracture toughness outcomes and
crack sizes observed in machined rods and bars. These results are being analyzed further as this is

being written.
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Figure5 Fracture toughness by the SCF method compared to data generated by chevron notch
(courtesy Ceradyne) and single-edged precracked beam (courtesy J. Swab, USARL.) . Anearlier
set of SCF data produced by Swab and Quinn in 1997 is shown for comparison. Thereislittle
variation in fracture toughness with method or crack sze.

4. Revisonto ASTM Standard C 1161, Flexural Strength of Advanced Ceramics

The substantial amount of work that has been done a ORNL and NIST and elsewherein the last
few years on the topic of machining ceramics has been very timdy.  We have learned thet thereis
atrend to finer grit whedsin preparation of both componerts and laboratory test pieces. Therefore
we will begin to revise the basic or “standard” machining specification in the master bend bar
standard, ASTM C 1161. A vist to Chand, Norton-Higgins, and Bomas in Massachusetts was
meade to get the latest information and perspectives of three of the leading shopsin the United
Stateson thismatter. A proposa for arevision to C 1161 will be prepared in the last weeks of
April 2001, and presented at the ASTM mesting in Indianapolis. More on thistopic will bein the
next quarterly report.



5. Other
a. Design of new Semi articulating flexure fixtures for rectangular specimens
No activity this period

b. 1S0O TC 206, Working Group 16, Fracture Toughness by SCF method

The draft standard was extensively rewritten in light of the new research results discussed above.
In particular, warnings about possible influence of lateral cracks were added. Many editorid
changes were made in response to inputs received from United Kingdom, Japan and Canada.
Over 100 changesin dl were made.

c. 1SO TC 206, Working Group 2, Flexure Strength at Room Temperature
The document has been approved an 1SO standard.

d. SO TC 206, Working Group 8, Flexure Strength at Elevated Temperature
No activity this period.

e. Modify ASTM Standards C 1198 and C 1259 for Elastic Modulus by Resonance
Revisonsto standard C 1198 and C 1259 were balloted in ASTM. The revisonsto the two
dandards are an gppendix that includes asmple correction factor for eastic modulus if the beam
specimens have chamfered edges such asin aflexura strength bar.

Status of Milestones
Milestones will be revised after consultations with R. Johnson and S. Diamond. Diametrd
compression testing is on hold pending completion of other tasks.

Communications/Visits/Travel
Data was exchanged with Jon Salem at NASA-Glenn on evauating the fracture toughness of
gntered slicon carbide and refining ASTM C 1421.

G. Quinn contacted Ceradyne to review new findings on fracture toughness of Ceradyne's
SRBSN grade 147-31N.

G. Quinn visted Chand Associates and the Norton Higgins Grinding Center aswell as Bomas
Machine Specidtiesin April in order to review the machining specificationsin ASTM C 1161
and MIL STD 1942.



Publications
1. G.D.Quinnand J. A. Salem, “Effect of Latera Cracks Upon Fracture Toughness Determined
by the Surface Crack in Flexure Method,” subm. to J. Am. Ceram. Soc. March, 2001.
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