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

 
P.J. Maziasz and R.W. Swindeman 

Oak Ridge National Laboratory 
and 

M.E. Frary and M.T. Kiser 
Caterpillar Inc. 

 
Objective/Scope 
The objective of this work is to evaluate cast austenitic stainless steels as a high-performance 
alternative to SiMo ductile cast iron, which is currently the standard material used in most diesel 
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 as to survive 
the severe thermal cycling from near room temperature to such high-temperatures without 
developing cracks.  This project has tested commercially available cast alloys, as well as 
developed new, modified cast alloys with significantly enhanced performance.  The ultimate 
project goal is to provide high-performance, reliable materials that are also cost-effective for such 
applications. This advanced diesel engine work is part of a broader CRADA (Cooperative 
Research and Development Agreement) project (ORNL99-0533) that began July 21,1999, and 
was scheduled to end July 22, 2001, but has been extended for 6 more months.  Any more 
detailed information on this project must be requested directly from Caterpillar Inc. 
 
Technical Highlights, 4th Quarter, FY2001 
 
Background 
Advanced large diesel engines require higher fuel efficiency as well as reduced exhaust 
emissions, without sacrificing durability and reliability.  Therefore, exhaust manifold and 
turbocharger housing materials must withstand temperatures ranging from 70 to 750°C or higher 
in a normal duty cycle that includes prolonged, steady high-temperature exposure as well as more 
rapid and severe thermal cycling.  New technology to reduce emissions and heavier duty cycles 
will push temperatures in these critical components even higher.  Current exhaust components 
are made from SiMo ductile cast iron, and higher engine temperatures would push such materials 
beyond their current strength and corrosion limits.  Therefore, the goals of this project were to 
generate new data on alternate higher performance materials like cast austenitic stainless steels to 
enable materials selection and component lifing.  There is limited industrial experience on cast 
austenitic stainless steels like CN12, especially for diesel engine applications, and little high-
temperature mechanical properties data available, particularly creep and fatigue.  The main 
purpose of this project is to produce data comparing cast CN12 and SiMo cast iron for such 
diesel exhaust component applications.  Another component of this project was a parallel alloy 
development effort to further optimize the cost-effective performance of such cast austenitic 
stainless steels. 
 
 
 



Approach 
Commercial cast CN12 austenitic stainless steel (Fe-25Cr-13Ni-1.8Nb, C, N, S) was chosen as 
the baseline alloy for evaluation relative to SiMo ductile cast iron.  Materials were evaluated in 
the as-cast condition as well as after appropriate thermal aging at temperatures up to 850oC.  
Tensile and isothermal cyclic fatigue properties were evaluated selectively from room 
temperature up to 900oC, together with some high-temperature creep-rupture and 
oxidation/corrosion testing.  Microstructure analysis was performed on some of the specimens to 
better understand mechanisms associated with the properties changes.  In a parallel effort, new 
alloying element modifications were made to CN12 and studied to further enhance the high-
temperature performance. 
 
Technical Progress  
Previously, the commercial cast iron and baseline CN12 materials were obtained, and all 
mechanical properties specimens machined and all tensile and creep testing of unaged and aged 
specimens have been done.  High-cycle isothermal fatigue testing at 700oC and 850oC at ORNL 
has been completed, and thermal fatigue testing over this temperature range is in progress at 
Caterpillar.  Microstructural analyses of selected specimens of as-cast or as-cast and aged 
materials have been completed or are in progress to better understand the properties behavior and 
to establish the effects of aging on the baseline CN12 material.  CN12 has a clear tensile strength 
advantage and an overwhelming creep-strength advantage (Fig.1) over SiMo cast iron above 550-
600oC.  A summary of the isothermal fatigue data at room temperature and at 700oC also shows 
an enormous fatigue life advantage of CN12 over the SiMo cast iron (Fig. 2). 
 
To date, eight smaller heats (15 lbs each) of modified CN12 austenitic stainless steels have been 
produced at ORNL and have been evaluated.  Preliminary screening of as-cast or cast and aged 
material with tensile testing, and of as-cast material with creep-rupture testing at 850oC indicates 
that significant improvements have been achieved in high-temperature strength and aging 
resistance.  The improvement of the best modified CN-12 alloys is five to ten times better 
relative to the standard commercial CN-12 alloy for creep-rupture testing at 850oC and 110 MPa. 
 
In addition to the modified CN12 austenitic stainless steels, similar efforts were made to modify 
a less costly and more castable CF8C (Fe-19Cr-12Ni-Nb, C) austenitic stainless steel that has 
previously been considered as a candidate for diesel exhaust applications (but dismissed for lack 
of high-temperature strength), and which also finds use in some gas-turbine exhaust components 
at 650oC or below.  Three smaller heats of modified CF8C were made at ORNL (one baseline 
unmodified alloy and two modified alloys) and screened using tensile tests and creep-rupture 
testing at 850oC.  The dramatic improvement in creep-resistance of the best modified CF8C steel 
at 850oC relative to commercial material is shown in Fig. 3.   Both modified CF8C steels are 
several orders of magnitude better than the standard commercial CF8C steel, and are still in test 
this quarter, with times exceeding 13,500 h.   Additional creep-testing began previously to show 
that the best-modified CF8C steel has creep strength comparable to standard, commercial CN12 
steel tested at the same conditions (Fig. 3).  Creep-tests of the two modified CF8C and standard 
CN12 will continue next quarter. 
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Fig. 1.  A plot of Larson-Miller Parameter (LMP, = (T+ 460)(20+log tr), where T is creep test 
temperature in oF and tr is the time to rupture in hours) versus creep-rupture stress (vertical axis 
in ksi) for various creep tests run on SiMo cast iron (550-650oC) and commercial CN-12 cast 
austenitic stainless steel (750-900oC).  Cast CN-12 austenitic stainless steel has an overwhelming 
advantage in creep strength. 
 
Communications/Visits/Travel 
Team communications between ORNL and Caterpillar occur in detail at least several times a 
week.  This quarter, this project was summarized during the Caterpillar/ORNL Technical 
Summit Meeting held at ORNL July 11-12, 2001. The technical partners from the Caterpillar 
Technical Center, Matt Kiser and Megan Frary, visited ORNL on September 27 and 28, 2001, to 
review progress and discuss details and planning for a follow-on project. 
 
An invention disclosure and patent application on cast austenitic stainless alloys with improved 
performance were completed by Caterpillar and filed with the U.S. Patent Office in December 
2000.  It is entitled “Heat and Corrosion Resistant Cast Stainless Steels With Improved High 
Temperature Strength and Ductility,” by P.J. Maziasz (ORNL), T. McGreevy (U. of 
Bradley/CAT), M.J. Pollard (CAT), C.W. Siebenaler (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, all milestones have been completed on or significantly ahead of schedule. 
 
Publications 
Although there have been no open literature publications to this point, there have been several 
detailed internal reports on this project at Caterpillar Technical Center.
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Fig. 2.  A plot of the Smith-Watson-Topper (SWT) parameter (maximum stress x strain 
amplitude of the fatigue stress-strain loop) versus number of cycles to fracture for fatigue tests of 
SiMo cast iron and CN12 cast austenitic stainless steel isothermally fatigue tested at room 
temperature and at 700oC in air.  At 700 oC, the CN12 is approaching an endurance limit, and is 
significantly more resistant to fatigue than SiMo cast iron. 
 
 
 
 
 
 



15000120009000600030000
0

1

2

3

4

5

TIME  (h)

C
R

EE
P 

ST
R

A
IN

  (
%

)
creep rupture testing
850°C  35 MPa
(as-cast)

commercial 
CF8C

CAT/ORNL modified
CF8C

commercial
CN12

 
 
 
Fig. 3.  Creep-rupture curves of creep-strain versus rupture time for a commercial standard CF8C 
cast austenitic stainless steel and the best laboratory heat of modified CF8C cast austenitic 
stainless steel developed by ORNL and Caterpillar.  Creep-rupture testing of standard 
commercial CN12 shows that best modified CF8C steel has comparable creep-resistance at this 
point, and both tests will continue next quarter. 
 
 
 
 



Development of NOx Sensors for Heavy Vehicle Applications 
 

Timothy A. Armstrong 
Oak Ridge National Laboratory 

 
CRADA No. ORNL99-0566 

with Ford Motor Company and Visteon Automotive Systems 
 
Objective 
The purpose of this project is to develop a zirconia-based NOx sensor for improved engine and 
exhaust diagnostics in class 1-8 truck engines.   
 
Background 
Electrochemical sensors under development by the automotive suppliers are extremely complex 
devices.  This high degree of complexity leads to durability issues as well as low-end sensitivity 
problems.  There are also some problems of selectivity since these devices respond strongly to 
ammonia (urea) and can be affected by reducing species such as HCs.  Some of these problems 
arise because of the high processing temperatures (> 1500�C) required to fabricate the ceramic 
elements.  These high temperatures limit the use of more selective electrode materials.  To 
facilitate development of this sensor, new materials compatible with the base materials and 
processing temperatures need to be developed.  The successful development of catalytically 
selective electrode materials can be used to develop sensors that are selective to an individual gas 
species and would allow the development of more simplistic NOx sensors.  The difference in 
catalytic response between two different electrode materials exposed to the same gas mixture 
could provide a "differential electrode equilibria" that could be used to selectively measure NOx.  
 
Currently a few suppliers are working to develop NOx sensors which are compatible with the 
automotive exhaust environment. This has proved to be a difficult technology and only one 
Japanese supplier has demonstrated prototypes.  This type of sensor may eventually replace the 
oxygen lambda sensor as the most widely used exhaust gas sensor as more cars and trucks move 
toward diesel and lean-burn technologies both in the U.S. and Europe.  Clearly, there is a strong 
need for this technology. 
 
Results 
 
Materials 
A new sintering aid for alumina was developed to replace the current material used by the 
customer.  The new sintering aid was developed to decrease the sintering temperature and to 
improve the materials resistivity.  The new material allows alumina to be sintered to high density 
at temperatures above 1500°C, an improvement of 50°C.  Additionally, this new material does 
not dilute the resistivity of alumina.  That is, the measured resistivity over the temperature range 
200 to 800°C is identical to that of pure, unmodified alumina, an improvement of one order of 
magnitude over the current material (see Figure 1).   
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Figure 1.  Resistivity as a function of temperature for old and new sensor body 
compositions as compared to that of pure alumina. 

 
Testing 
A bench device was constructed at ORNL to evaluate sensor performance.  The bench rig 
designed to enable control of the gas chemistry and flow rate (temperature control was added 
later).  An air-actuated three-way valve was used to control the injection of the test gas in order 
to elucidate the transient behavior of the sensor.   
 
The major finding was that the transient test results showed that the NO response of the sensor 
was highly dependent on the temperature.  The time constant decreased with increasing gas 
temperature and achieved a constant valve of 610 ms for temperatures greater than or equal to 
350oC.    
 
The steady-state valves O2 and NOx pumping currents were measured under steady-state 
conditions using a picoammeter.  The measured pumping currents were extremely low and 
required an electrically quiet environment for accurate readings. 
 
The test results indicate that the influence of temperature on sensor performance will need to be 
taken into account when using these sensors especially at exhaust temperatures less than 200oC.  
In addition the very low pumping currents mean that the utilization of these sensors on engines 
would likely require additional shielding to avoid any electromagnetic interference with the 
sensor operation and performance.  



Cost-Effective Smart Materials for Diesel Engine Applications 
 

J. O. Kiggans, Jr., F. C. Montgomery, T. N. Tiegs, 
and L. C. Maxey 

Oak Ridge National Laboratory 
 
Objective / Scope 
 There are two objectives for this project. The first is to evaluate the cost-effectiveness and 
maturity of various “Smart Materials Technologies” which are under consideration for diesel 
engine applications, such as fuel injection systems.  The second is to develop “Smart 
Materials” to be incorporated into working actuators and sensors. 
 
Task 1 - Multilayer Electroded Laminates 
The purpose of this study is to find satisfactory methods for the preparation of PZT laminates 
with internal electrodes from tape cast materials.  This task is in progress with no new results 
to share in this report. 
 
Task 2 – Compositional Alteration of PZT-4 
A major task of this project is to develop cost-effective PZT compositions and processing 
methods that will give PZT powders that will sinter to high density at a temperature below      
960oC.  This goal is driven by the need to lower the cost of multilayer PZT actuators by reducing 
the cost of the interlayer electrodes.  Commercial hard PZT powders require sintering at 
temperatures exceeding 1200oC and, thus, multilayer devices must use costly Pd/Ag electrodes. 
 
In earlier progress reports we have provided data that supports our contention that small 
additions of several bismuth oxide compounds can lower the PZT sintering temperature 
sufficiently that Ag or Ag/Pd alloys (70/30) can be used as internal electrodes.  In a recent study 
we demonstrated that addition of 2 wt. % of a sintering aid consisting of Bi2O3 with 42 at. % SrO 
resulted in densities greater than 98% of the theoretical density after 24 h at 960oC.  In addition, 
good electrode bonding was obtained with several Metech,Inc. electrode materials.  The 
piezoelectric stain constant, d33, for the low temperature sintered samples was the same as 
samples sintered at 1275oC, thus indicating that any electrode-PZT interactions did not reduce 
this piezoelectric property.  However, Bi3+ is known to replace Pb2+(A-site in the PZT perovskite 
lattice), and because its valance is higher than that of Pb+2, it creates A-site vacancies by 
volatilization of PbO. For every two atoms of Bi3+ added, one Pb vacancy occurs.  A-site 
vacancies increase the piezoelectric stain constant but reduce the mechanical quality factor( Qm).  
Qm in commercial PZT-840 is around 400. We found in the latter study that the added bismuth 
oxide compounds lowered Qm to 80-100.  Qm is the quotient of strain in phase to stress divided 
by the strain out of phase to stress and is inversely related to mechanical damping.  Since 
mechanical damping will heat a vibrating actuator, a high value of Qm is desired unless active 
cooling can be applied to the actuator. 
 
Because of the undesired low Qm, we have initiated a new study on co-doped bismuth oxide 
sintering agents.  Over the last 50 years a great deal of compositional data has been reported in 
the literature and a consistent theory has developed which explains the effect of ion substitution.  
Positive ions with a crystal radius between about 1.2 to 1.7 A can substitute for the large lead 



ion, while those with a crystal radius within a range of 0.6 to 0.9 A can substitute for the smaller 
Zr4+ or Ti4+ (B-site).  When the substituting ion has a higher valence than the ion it replaces, it 
donates electrons to the lattice and causes A-site vacancies that result in an increase in the 
piezoelectric strain constant, but a reduction in Qm.  Conversely, when the substituting ion has a 
lower valance than the ion it replaces, it acts as an electron acceptor, reduces the number of A-
site vacancies, and creates oxygen vacancies. This has the opposite effect on the piezoelectric 
properties.  Since Bi3+ is a known donor, co-doping with an acceptor ion should improve the Qm 
value. 
 
In the first stage of this new study we have chosen to substitute acceptor ions for the B-sites in 
the PZT structure.  There are many known B-site acceptor ions such as Al3+, Fe3+, Cr3+, Mn2+, 
Mn3+, Sc3+, Cu1+, Mg2+, and Zn2+.  A review of Bi2O3 phase diagrams shows that the several 
binary and ternary mixtures have eutectics which melt below 800oC, and may be useful as low-
temperature sintering aids for PZT. 
 
Experimental 
Mixtures (see Table 1) containing commercial PZT-840 powder (American Piezo Ceramics, 
Inc.) with a constant 2.0 wt. % Bi2O3 (Alfa Products, 99.8%) were prepared with varying 
amounts additive A using standard ceramic powder techniques.  2 wt. % of a 1:1 mixture of 
Polyvinylpyrrolidone (Aldrich Chemical, average molecular weight ~ 10,000) and Carbowax 
8000 was added as a binder to aid in compact formation.  The weighed mixtures were 
homogenized by ball milling with 10 mm spherical ZrO2 in ethyl alcohol (200 proof Aaper ) for 
24 h.  After homogenizing, the slurries were dried, the powder cake was crushed and the powder 
was sieved through a No.100 U.S.A. standard testing sieve (Tyler equivalent 100 mesh). 
 
Table 1.  Composition of Sample Powders 

Weight Ingredients (g) Mole % in additive
Powder 

ID 
PZT-
840 Bi2O3 

Additive
A PVP 

Carbowax
8000 

Wt. % 
additive Bi2O3 

Additive 
A 

271 98.01 2.01 0.75 1.01 1.01 2.74 33.26 66.74 
74 98.01 2.01 0.38 1.00 1.00 2.38 49.85 50.15 
296 100.04 2.05 0.19 1.00 1.01 2.19 66.54 33.46 

 
Disks 1.2 mm thick by 28.7 mm diameter were obtained by cold compaction of the powers in a 
steel die at 103 MPa.  The organic binders were removed by heating in air to 600oC at 1oC/min. 
with a 1 h hold at 300oC and a 2 h hold at 600oC.  Dimensional and weight measurements 
showed that the samples after binder removal were between 59% and 62% of the theoretical 
density based on the reported value of 7.6 g/cm3 for PZT-840. 
 
The disks were sintered in closed alumina crucibles on a platinum setter with a mixture 
containing 10 wt. % ZrO2 and 90 wt. % PbZrO3 added to control the PbO vapor pressure above 
the samples.  After sintering, the density was measured using the Archimedes method by 
immersion in ethyl alcohol.  X-ray diffraction patterns (XRD) of the surface of the sintered disks 
were measured using CuK� radiation from a Scintag PADV diffractometer.  Analysis of the 
XRD spectra and refinement of the lattice constants was done using the program JADE (Material 
Data, Inc.). 



To measure the piezoelectric properties, Ag paste (Metech 3288) was screen printed on both 
sides of the sintered disks and the electrodes were cured at 600oC for 10 minutes.  The disks 
were poled at 2.5 kV/mm for 10 minutes in a silicone oil bath at 120oC.  The piezoelectric 
properties were measured at room temperature after a 24 h stabilization period.  Capacitances 
were measured at 1 kHz and the resonant frequencies of the radial mode were measured using an 
impedance gain phase analyzer (Agilent 4194A). 
 
Results and Discussion 
The results of this study are given in Table 2. 
 

Table 2.  Effects of adding Additive A to PZT-840 Doped with 2 wt. % Bi2O3. 

Sinter 
Conditions 

Sample 
ID 

%  
Additive 

A 
Temp 
(°C) 

Time 
(h) 

Density 
(%TD)* 

D33  
(x 10 –9 m/V) Kr Qm c/a 

281-A,B 0.78 955 3 70.58 n.d n.d n.d 1.008
289-A,B 0.78 955 24 78.29 0.22 0.26 314 1.004
89-A,B 0.38 945 3 93.78 0.32 0.53 963 1.016
86-A,B 0.38 945 24 93.91 0.36 0.51 900 1.019
10-A,B 0.19 945 3 96.05 0.21 0.30 163 1.012
8*A,B 0.19 945 24 98.80 0.29 0.42 129 1.011
115-B 0.0 960 24 86.91 0.13 0.22 98 1.021

 n.d:  not determined 
*based on 7.6 g/cm3 reported for PZT-840 
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 Figure 1. Densification of PZT-840 doped with 2 wt. % Bi2O3 and varying amounts of 
Additive A at approximately 945°C. 
 



Figure 1 shows the density of PZT-840 doped with 2 wt. % Bi2O3 and varying amounts of 
additive A as a function of the time that the sample was held at 945oC.  Increasing concentrations 
of additive A result in a lower density ceramic.  For an Additive A addition of 0.38 wt. % the 
reduction in density is only 3%.  The density after a 24 h dwell is somewhat lower than the 
density after heating for only 3 h.  When the concentration of Additive A is increased to         
0.75 wt. % the density after a 3 h dwell is about 27% less than if Additive A is not added.  In 
addition, at this concentration, a 24 h anneal results in an increase in the final density. 
 
As usual for a simple binary mixture with a low melting eutectic, the melting range for complete 
melting of the solid mixture broadens as the concentration deviates from the eutectic 
composition.  Thus, it is possible that the Bi2O3·0.75 wt. % Additive A is not completely melted 
at 945oC.  This would reduce the amount of liquid phase or increase its viscosity such that the 
rate of sintering would be slowed.  Sample disks from powder #271 sintered at 995oC for 24 h 
were 98.4% of the theoretical density, suggesting that at this temperature the amount of liquid 
phase is sufficient to allow easier particle rearrangement. 
 
X-Ray diffraction patterns were obtained from the surface of the sintered disks without 
pulverizing the disks into powders.  Shown in Figure 2 is an overlay of the diffraction patterns as 
a function of the amount of Additive A added to the samples.  The PDF d-I line pattern for PZT 
of similar composition to undoped PZT-840 and the Miller indices for the major reflections are 
given below the test samples patterns. 
 
Most of the samples containing Additive A are single phase within the limits of detection of 
XRD.  The small peaks at 2� 29o, 37o, and 43o are Wl lines caused by filament contamination on 
the XRD anode.  The XRD of the sample, which contains only Bi2O3 does show a few 
diffraction lines for a trace amount of an impurity, but its identity could not be unambiguously 
determined.  The sample containing 2 wt. % Bi2O3 0.19 wt. % Additive A which was heated for 
3 h at 945oC appears to have a minor amount of Pb3O4 or Ti4O7. 
 
By examining the splitting between 001/100, 002/200, or the 112/211 planes it is apparent that 
the amount of Additive A is changing the crystal lattice.  Furthermore, the relative intensities of 
those same reflections changes with differing amounts of Additive A which suggests that some 
preferential alignment has occurred. 
 
 
 
 
 



 
Figure 2.  X-Ray Diffraction Patterns for Samples of commercial PZT-840 and PZT-840 
Doped with 2 wt. % Bi2O3 and Varying Amounts of Additive A.  Patterns 1 = commercial 
PZT-840, 2 = 0 wt. % Additive A, 3 =  0 .19 wt. % Additive A, 4 = 0 .38 wt. % Additive A, 
and 4 = 0 .78 wt. % Additive A 
 
The profiles of each of the overlapping diffraction peaks were deconvoluted by using the pseudo 
voight fitting algorithm in JADE.  The profiles were refined to obtain the lattice constants.  A 
measure of the tetragonality of the samples is a ratio of the c-axis length to the a-axis length 
(c/a).  The tetragonality after sintering at 945oC for 24 h of PZT-840 doped with 2 wt. % Bi2O3 is 
strongly influenced by the amount of Additive A added to the powder mixure (Figure 3).  In 
commercial PZT-840, c/a is 1.021.  Adding 0.19 wt. % Additive A shortens the c-axis thereby 
reducing the tetragonality.  At the highest Additive A concentration we tested, the samples were 
close to a cubic structure.  However, the tetragonality was only slightly reduced when 0.38 wt. % 
Additive A was added. 



  
Figure 3.  The Effect that Added Additive A has on the Tetragonality, Piezoelectric 
Constants and Mechanical Q of PZT-840 doped with 2 wt. % Bi2O3. 
 
Our purpose in adding Additive A to PZT-840 doped with 2 wt. % Bi2O3 was to compensate for 
the bismuth ion which substitutes for lead in the PZT structure.  Also shown in Figure 3 is the 
effect that the added Additive A has on the piezoelectric constants and the mechanical Qm.  As 
Figure 3 demonstrates, these piezoelectric constants reach a maximum when the amount of 
Additive A is around 0.38 wt. %.  The results as published are not considered optimized.  Future 
studies will measure the effect of varying the amount of 2 wt. % Bi2O3 - 0.38 wt. % Additive A 
on the sintered densities and the electromechanical properties.   
 
Task 3 – Fabrication of Piezo amplifier device 
Space constraints in present fuel injector designs limit the size of piezoelectric actuators that 
may be utilized to open and close the fuel valve.  Due the small stroke (25 �m) delivered by a 
standard, commercial 25 mm long piezoelectric stack, stroke amplifier devices are needed to 
increase the overall valve stroke to >100 �m which is needed by the injector device.  The first 
prototype was fabricated using 7075 aluminum alloy, a grade of aluminum that is employed 
by the aircraft industry for areas of the plane that undergo repeated cyclical motion, for 
example the wings.  
 
Testing is in progress to determine the maximum speed and displacement for the piezoelectric 
amplifier assembly. 
 



Status of Milestones 
1) Evaluate and characterize commercially -available PZT materials. Seek methods to improve 
the properties of these materials through alternative processing and forming methods.  Fabricate 
new PZT compositions that allow sintering of the PZT materials at lower temperatures. 
Status:  The evaluation of new commercial materials and low temperature PZT materials are in 
progress.  
2) Fabricate new PZT compositions to seek improvement in the electrical and mechanical 
properties.  More specifically, research work will center on dopants that increase toughness of 
PZT materials. 
Status:  Work has not begun. 
3) Use ORNL expertise in motion amplifier devices to design and fabricate motion-amplifying 
fixtures for fuel injector assemblies.  A paper study will be conducted to compare the advantages 
of fluid-mediated diaphragm amplifiers versus machined, bending structures. 
Status:  Discussions underway with ORNL specialists who will conduct this study. 
 
Communications/Travel/Visits 
None 
 
Publications 
None 
 



Low-Cost Manufacturing Processes for Ceramic and 
Cermet Diesel Engine Components

D. E. Wittmer
Southern Illinois University

Objective/Scope
The purpose of this work is to investigate the potential of low-cost manufacturing processes for
ceramic and cermet diesel engine components.  The primary task is to develop cost-effective
processing, forming, and sintering methodologies for cermet and ceramic formulations used by
industrial diesel engine manufacturers.

Technical Highlights

Task 1. Collaboration with industrial partner(s).
This task involves the collaboration with industrial partners to assist them in processing and
sintering of their diesel engine components.  Our goal is provide assistance in processing and
sintering which may result in a reduction in surface reactions and part warping.  Moreover, this
may also provide an alternative sintering process that will allow improved throughput efficiency
and manufacturing economy.    Due to the proprietary nature of this task, any research data
generated from this task is normally controlled by the terms of each specific confidentiality
agreement.  The reporting of this data and any results are the responsibility of the industrial
partner(s).

Task 2. Cost Effective Processing and Sintering
During this reporting period, the primary objectives were to compare isopressing to not
isopressing, pre-alloyed to reaction sintering, and pre-sintering to no pre-sintering.  Both batch
sintering, with a vacuum-low pressure cycle, at ORNL and continuous sintering as SIUC were
used for sintering comparisons.  The formulations were all 40 vol % intermetallic with 60 vol %
TiC.  Two TiC powder sources were used, ultrafine grade from H.C. Starck and T2000 grade
from Kennametal.  Pellets were formed by uni-axial pressing and rods were formed by injection
molding.  The binder used for uni-axial dry pressing was PVP.  For injection molding, the binder
ratio was 55:44:1 (petroleum jelly:parafin wax: stearic acid) and the injection molding
temperature was 160�F at a pressure of 60 psi.  The density results, as a percent of theoretical,
are given in Tables 1 through 3.  Specimens with densities greater than 96% of theoretical are
currently being prepared for hardness and microstructure determination.

Isopressing vs. Not Isopressing
In previous work, isopressing was found to have negative effects on densification for milled
formulations.  This negative effect was aggravated by using finer starting materials.  It was
thought that bridging created more open structures during sintering. For these results, in general,
isopressing had little effect or did not improve the density of uni-axial pressed disks for any
intermetallic-TiC formulation, regardless of TiC source or sintering method.  The only situations
where isopressing appeared to have a marginal positive effect on sintered density were for uni-
axial pressed pellets and injection molded rods that were continuously sintered.



Pre-sintering
Pre-sintering was only explored for specimens that were to be continuously sintered.  Pre-
sintering was performed at ORNL using the same V-LHIP cycle; however, the specimens were
only taken to 1200�C for 30 minutes.  It was hoped that pre-sintering would remove some of the
surface oxygen and react some of the constituents to form a machinable body with better
sintering behavior.  Pre-sintered bodies would be easier to machine into near-net shape forms,
prior to final densification.  Pre-sintering was found to have a slight negative effect or no
observable effect on the density.  Hardness and microstructure results will help determine the
future of this task.

Pre-alloying vs. Reaction Sintering
In general, higher densities were obtained for pre-alloyed intermetallic-TiC cermets, compared
with the same formulations prepared by reaction sintering, regardless of the other parameters
investigated.  Only in isolated cases, the reaction sintered formulations that were continuously
sintered reached higher density than the pre-alloyed formulations.  This was observed more for
the injection molded rods than for the uni-axially pressed pellets.  The highest densities were
obtained for the NiCrFe-TiC and NiAlFe-TiC formulations.

Stark TiC vs. Kennametal TiC
This study is incomplete because we are still waiting to receive the lot of Kennametal TiC that
was recently ordered.  We still need to process the same formulations and injection mold rods to
complete the comparison.  For the pellets, it appears that for some those formulations sintered by
V-LHIP, marginally higher or the same density was obtained for the H.C. Starck TiC.  For some
formulations that were continuously sintered, the marginally higher density was obtained using
the Kennametal TiC, while for others higher density was produced using the Starck TiC.

Continuous Sintering vs. V-LHIP
It would appear from this limited data that for some NiCr-TiC and NiCrFe-TiC formulations that
higher or equivalent density was obtained for both pellets and injection molded rods, compared
with the same formulations sintered by the V-LHIP method.  More testing is required to
statistically confirm these observations, however these results indicate a window of potential
opportunity for specific cermet formulations.

Low Pressure Injection Molding
Work is continuing to try to optimize low pressure injection molding for processing simple
shapes.  Minimizing internal defects of injection molded rods has been a goal from the start of
this task.  We have made significant improvements in elimination of voids that form near the
centerline of the the injection molded rods.  The temperature control of the mix and the mold
appear to be the controlling factors.  We have recently purchased an in-line heater to better
control the hot water flow to both the injection molder mixer and the mold.

Extrusion
We have recently purchased a twin screw extruder that will allow us to retrofit it with a mold
similar to that used for injection molding.  Since the extruder has a continuous vacuum in the
front end, it is hoped that it can be modified to provide a horizontal injection action.  The
extruder will be installed during the next reporting period.



Table 1.  Density Results for Uni-Axial Pressed Pellets Using Kennametal TiC

Formulation Process Parameter V-LPHIP (ORNL) Continuous (SIUC)

Ni3Al-TiC (PA) Isopressed 100 96.8

Not Isopressed 100.2 96.6

Isopressed-Pre-S ---- 95.1

Pre-S ---- 95.4

NiCr-TiC (PA) Isopressed 87.5 99

Not Isopressed 100.2 97.1

Isopressed-Pre-S ---- 97.8

Pre-S ---- 95.8

NiCrFe-TiC (PA) Isopressed 99.8 99.8

Not Isopressed 100 99.1

Isopressed-Pre-S ---- 98.8

Pre-S ---- 97.5

Ni3Al-Fe-TiC (PA) Isopressed 99.9 96.5

Not Isopressed 99.4 96.1

Isopressed-Pre-S ---- 96

Pre-S ---- 97.0

NiCr-TiC (RS) Isopressed 95.5 93.2

Not Isopressed 95.3 92.7

Isopressed-Pre-S ---- 93.1

Pre-S ---- 92.6

NiCrFe-TiC (RS) Isopressed 98.4 99

Not Isopressed 98.0 98.7

Isopressed-Pre-S ---- 98.5

Pre-S ---- 98.8

NiAlFe-TiC (RS) Isopressed 100 97.1

Not Isopressed 99.9 96.8

Isopressed-Pre-S ---- 97.3

Pre-S ---- 97.1

PA = Pre-alloyed   RS = Reaction Sintered Pre-S = Pre-Sintered



Table 2.  Sintering Results for Uni-Axial Pressed Pellets Using H.C Starck TiC

Formulation Process Parameter V-LPHIP (ORNL) Continuous (SIUC)

Ni3Al-TiC (PA) Isopressed 100.4 98.6

Not Isopressed 100.5 98.5

Isopressed-Pre-S ---- 97.6

Pre-S ---- 97.2

NiCr-TiC (PA) Isopressed 99.7 95.6

Not Isopressed 99.5 94.6

Isopressed-Pre-S ---- 90.9

Pre-S ---- 91.0

NiCrFe-TiC (PA) Isopressed 100.3 98.5

Not Isopressed 100.3 97.4

Isopressed-Pre-S ---- 97.8

Pre-S ---- 96.5

Ni3Al-Fe-TiC (PA) Isopressed 99.4 96.7

Not Isopressed 99.4 97.0

Isopressed-Pre-S ---- 93.9

Pre-S ---- 95.4

NiCr-TiC (RS) Isopressed 95.5 90.6

Not Isopressed 95.3 88.5

Isopressed-Pre-S ---- 91.9

Pre-S ---- 90.4

NiCrFe-TiC (RS) Isopressed 98.7 99.3

Not Isopressed 98.4 97.5

Isopressed-Pre-S ---- 99.1

Pre-S ---- 98.0

NiAlFe-TiC (RS) Isopressed 98.9 95.0

Not Isopressed 99.0 92.6

Isopressed-Pre-S ---- 95.0

Pre-S ---- 91.7

PA = Pre-alloyed   RS = Reaction Sintered Pre-S = Pre-Sintered



Table 3.  Sintering Results for Injection Molded Rods Using H.C. Starck TiC

Formulation Process Parameter V-LPHIP (ORNL) Continuous (SIUC)

NiCr-TiC (PA) Isopressed 89.8 96.4

Not Isopressed 90.0 88.6

Isopressed-Pre-S ---- 82.0

Pre-S ---- 83.1

NiCr-TiC (RS) Isopressed 83.1 96.6

Not Isopressed 97.4 97.1

Isopressed-Pre-S ---- 97.3

Pre-S ---- 96.8

NiCrFe-TiC (PA) Isopressed 99.2 98.2

Not Isopressed 99.3 97.2

Isopressed-Pre-S ---- 98.1

Pre-S ---- 95.3

NiCrFe-TiC (RS) Isopressed 80.6 ----

Not Isopressed 97.6 96.9

Isopressed-Pre-S ---- 97.4

Pre-S ---- 97.5

NiAlFe-TiC (PA) Isopressed 99.5 97.5

Not Isopressed 99.2 96.1

Isopressed-Pre-S ---- 98.6

Pre-S ---- 93.8

NiAlFe-TiC (RS) Isopressed 99.5 94.7

Not Isopressed 99.2 90.9

Isopressed-Pre-S ---- 94.5

Pre-S ---- 90.9

PA = Pre-alloyed   RS = Reaction Sintered Pre-S = Pre-Sintered



Status of Milestones
1. Collaboration with Industrial Partners On Schedule
2. Cost Effective Processing and Sintering On Schedule

Communications/Visits/Travel
D. E. Wittmer to ORNL to discuss program objectives with D. Ray Johnson and T. N. Tiegs.

Graduate student, Jeffrey Hazelwood, completed  his internship at ORNL as part of the ORISE
program.

Problems Encountered
None

Publications and Presentations
“Low Pressure Injection Molding of Intermetallic Bonded TiC,” Jeffrey Hazelwood, SIUC
Seminar.



Low Cost-High Toughness Ceramics 
 

T. N. Tiegs, F. C. Montgomery, P. A. Menchhofer, and D. L. Barker 
Oak Ridge National Laboratory 

 
Objective/Scope 
Significant improvement in the reliability of structural ceramics for advanced diesel engine 
applications could be attained if the critical fracture toughness (KIc) were increased without 
strength 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 aluminide-bonded ceramics (ABC) are 
attractive for diesel engine applications and, consequently, development of these materials was 
started.  At the present time, TiC-40 vol. % Ni3Al composites are being developed because they 
have expansion characteristics very close to those for steel.  Preliminary wear testing indicated 
that improved wear resistance could be achieved by decreasing the grain size of the TiC.  
Achieving fine grain size with the high binder contents is difficult because of the large inter-
grain distances.  In addition, it was thought that changing the TiC grain shape from a highly 
faceted one to a more-rounded, equiaxed grain would reduce localized stress at sharp corners.  
This, in turn, would improve abrasion resistance from any wear debris.  Consequently, grain size 
refinement is presently being studied.  Several approaches can be used to control the final TiC 
grain size.  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 the initial TiC particle size.   
 
Large Batch Processing of TiC-Ni3Al Composites 
 
A series of large batches (≥2 kg) were fabricated to investigate batch-to-batch variations, milling 
conditions, use of alternate binders/dispersants, and addition of grain growth inhibitors.  The test 
samples and conditions are shown in Table 1.   
 
Multiple billets of the powder mixtures were uniaxially pressed and then sintered.  The sintering 
schedule was the standard cycle at ORNL using vacuum and low pressure HIP at 1400-1425°C.  
Because of the high liquid phase contents, densities achieved in all cases were >99% T. D.  The 
effects of the processing conditions on the flexural strength are also shown in Table 1.   
 
Comparison of batch #1 with batches #2 through #4 indicates that extended milling times (to 
reduce the starting TiC particle size) are not good for achieving high flexural strength.  
Consequently, the milling times were reduced for the latter compositions.  Possible batch-to-
batch variation that would be anticipated for large batches is illustrated by comparing batches #2 
and #2A.  These were both processed at nominally the same conditions, but at different times and 
by different operators.  The results indicate that closer control of the processing steps will be 
needed to minimize this type of variation.  Batches #5, #6, and #7 show that the use of PVP 
and/or oxalic acid are quite detrimental to the flexural strength.  Previous work had shown these 
additions were effective ways to reduce oxygen pickup, but the effect on the properties is too 
great to be considered.  Microstructurally, these composites showed no obvious differences with 



the other compositions, so the cause for the effect on the flexural strength is unknown.  
Comparison of batches #8, #9, and #10 show that Mo is effective at increasing the flexural 
strength.  However, preliminary results indicate that the Mo additions may have a detrimental 
effect on the composite hardness.  Further testing will be done.   
 
Status of Milestones 
On schedule. 
 
Communications/Visits/Travel 
None. 
 
Problems Encountered 
None. 
 
Publications 
None.  
 
 
 
 
 
 



 
 
Table 1. Summary of processing variables on samples to minimize oxygen pickup for different TiC-40 vol. % Ni3Al composites . 
 
Batch 
No. 

Ni3Al Content 
(vol. %) 

Grain Growth 
Inhibitor 
(wt. %)* 

Dispersant Addition 
(wt. %) 

TiC Milling 
Time 
(min) 

Metal Milling  
Time 
(min) 

Flexural Strength  
(MPa) 

#1 40 2% Mo --- 180 60 700±261 
#2 40 --- --- 60 10 930±207 
#2A 40 --- --- 60 10 1181±135 
#3 40 1% Mo --- 60 20 892±108 
#4 40 1% Mo --- 60 20 1111±186 
#5 40 1% Mo 1% PVP 60 20 791±46 
#6 40 1% Mo 1% PVP, 

1% Ox.Acid† 
120 60 885±78 

#7 40 2% Cr3C2 1% PVP, 
1% Ox.Acid† 

--- 180 641±57 

#8 50 2% Cr3C2 --- 60 60 941±104 
#9 50 1% Mo --- 90 30 1153±287 
#10 50 2% Mo --- 90 30 1247±104 
* Percent based on TiC content. 
† Polyvinylpyrrolidone; Oxalic acid.   
 
 



 
 
 



Utilization of Thermally Conductive Graphite Foam for Cooling Diesel 
Engine Blocks 

 
Ronald D. Ott and James W. Klett 

Oak Ridge National Laboratory 
 
Objective 
The objective of this effort is to determine the feasibility of using the high thermally conductive 
graphite foam, developed at Oak Ridge National Laboratory, as a cooling medium in a diesel 
engine block.  Cooling problems exist in certain areas of diesel engines that are not adequately 
cooled by water.  There are attempts to cool these areas by the lubricating oil but hot spots 
around the cylinder block and head still exist.  It may be possible to strategically place the 
graphite foam in these areas to aid in rapidly removing, or redistributing, the heat to the nearest 
cooling path, be it oil, coolant, or air. 
 
In recent years there have been efforts to study the performance of, and methods to improve, the 
cooling system of diesel engines.  For a diesel engine to operate at optimal performance, the 
thermal stability of the engine is critical.   Cooling of the engine block is accomplished by the 
coolant, lubricating oil, exhaust, and losses due to radiation and convection to the surroundings.  
Approximately 36% of heat removed is achieved by the coolant and the lubricating oil.  Almost 
half of that 36% of the heat removed is accomplished by lubricating oil passages that have been 
placed in areas where there are high levels of heat, due to inadequate cooling from the coolant.  
By effective controllable cooling, the life of the engine can be increased as can the fuel economy 
and performance of the diesel engine. 
 
Technical Highlights 
A meeting was held in July with Ron Ott and Dave Stinton from ORNL and Tim Theiss, Robert 
Wagner, Norberto Domingo, and Jim Conklin from the Advanced Propulsion Technology Center 
to discuss ways in which the graphite foam could be utilized in cooling diesel engine blocks.   
 
The initial discussion was focused on determining locations within the diesel engine where hot 
spots commonly occur.  One area under consideration was around the edges of the exhaust 
valves but consensus was that in order to incorporate a cooling device manufactured from 
graphite foam, considerable alterations to the manufacturing process would have to be 
undertaken.  Another area that could incorporate a device such as a heat pipe would be between 
siamese cylinder bores where there is no cooling.  Such a device could greatly reduce cylinder 
distortion, thus increasing engine life.   
 
Heat pipe configurations were discussed and it was discovered that this is not a new concept for 
engine cooling, but was evaluated in the 1980’s.  There were cracking issues, leading to sodium 
leaks, and the heat pipes were very expensive.  The group did not go into any depth discussing 
heat pipe configuration utilizing graphite foam.  The discussion continued with evaluating other 
areas in which the graphite foam could be utilized in the engine block.  Several ideas came up 
including oil pans, oil windage trays, transmission coolers and housings, radiator reservoir tanks, 
and torque converters. 
 



Contacts have been made at Thermacore/Modine, Caterpillar, and ArvinMeritor.  Each of these 
companies has the ability to contribute to the study considering their diverse areas of expertise.  
Thermacore is an industry leading company in thermal management with extensive background 
in heat pipe manufacturing.  Caterpillar would be an ideal partner to help in identifying the 
feasibility of introducing the graphite foam into the diesel engine block for cooling purposes.  
ArvinMeritor is a world leader in aftermarket products for the automotive and heavy truck 
industry and could contribute in evaluating add-on cooling components to diesel engines. 
 
In July, a meeting was held with James Klett, April McMillan, Nidia Gallego, and Ron Ott of 
ORNL and Stephen Memory of Modine and Jon Zuo of Thermacore.  Although this meeting was 
not geared toward evaluating the graphite foam in cooling engine blocks, interest was shown and 
the topic was discussed.  Jon Zuo is to contact Ron Ott with the appropriate person at 
Thermacore to investigate the feasibility in further detail. 
 
From that meeting a plan of action was laid out to effectively evaluate the performance of the 
graphite foam in a heat pipe configuration.  Thermacore is able to advise ORNL on how to tailor 
the graphite foam’s properties to better suit a heat pipe configuration and manufacturing.  A 
simplified version of a heat pipe utilizing the graphite foam can be manufactured to evaluate its 
performance.  In conjunction, discussions with Caterpillar and Advanced Propulsion Technology 
Center need to be ongoing in order to evaluate areas within the engine where heat pipes would be 
advantageous from the cooling aspect, as well as practicable from the manufacturing aspect. 
 
Mike Ready of Caterpillar visited ORNL in July and showed interest in assessing the feasibility 
of using the graphite foam in cooling diesel engine blocks, other than radiator applications.  The 
appropriate contact at Caterpillar will be identified to further investigate our interaction. 
 
Sam Ciray of ArvinMeritor visited ORNL in June and showed interest in developing the graphite 
foam for heat pipe applications.  ArvinMeritor was excited at the possibilities the graphite foam 
holds for heat management.  An appropriate contact at ArvinMeritor is to be appointed for 
further communication. 
 
Status of Milestones 
The first milestone, evaluating the possibilities of utilizing the graphite foam for cooling diesel 
engine blocks, has begun.  Significant industrial partners have been identified and the proper 
contacts within each organization are currently being determined. 
 
Communications/Visits 
On the week of September 3, 2001, James Klett had the opportunity to talk with Jon Zuo of 
Thermacore.  Their discussion was focused on their ongoing development of a thermosyphon 
utilizing the carbon foam, but discussion on heat pipes was also initiated.  Dr. Klett is waiting for 
further progress on the thermosyphon before opening development concerns on heat pipe designs 
utilizing the carbon foam.  A meeting, to be held at ORNL, is scheduled for November 7 for 
Thermacore to visit and discuss progress on the thermosyphon.  Questions concerning 
development of a heat pipe design utilizing the carbon foam will be communicated at this 
meeting. 
 



Publications 
No publications to report. 



Synthesis of TiC and Nickel Aluminide Powders  
 

Alan W. Weimer 
University of Colorado 

 
The initial stages of both tasks for the project involve the design of equipment and experiments.  
Although much of the capital equipment already exists to accomplish the tasks, certain 
modifications will be necessary before they can be used for the study of the TiC/NiAl system.  
Therefore, the first portion of the project involved few experiments. 
 
Task 1: Synthesis of Titanium Carbide 
Although we do not expect to begin rapid carbothermal reduction experiments to form TiC until 
next quarter, several issues concerning the transport tube reactor and finishing furnace are being 
addressed now.  Based on experience with other reactant systems, the feeding of the reactant 
particles will be critical to the extent of reaction and quality of the finished product.  A new 
particle feeder based on a vertical screw was designed and built to meter the feed into a gas 
entrainment stream that sweeps the particles to a soft right angle bend and then down the 
transport tube.  The concerns for the feeder include a consistent and controllable feed rate, as 
well as the prevention of the formation of particle agglomerates.  This feeder has functioned 
adequately for feeding particles of boron oxide and carbon black for the rapid carbothermal 
reduction synthesis of boron carbide.  However, it was found that the feeder was not as effective 
with more compressible feeds, as titanium dioxide and carbon black will likely be, or at higher 
feed rates, where the process lines become clogged with feed particles.  Therefore, another 
feeder is currently being designed.  This feeder will utilize a horizontal screw and be placed 
almost directly above the transport tube reactor.  The new feeder design should allow for higher 
particle feed rates with less clogging of the process lines. 
 
In addition to yielding higher production rates, high feed rates are probably necessary for 
complete conversion of the reactants.  For the rapid carbothermal reduction of boron oxide to 
boron carbide, recent work in our lab has shown that high concentrations of reactants in the feed 
stream are critical to driving the reaction to completion.  This is most likely due to the reaction 
intermediates, which include volatile boron suboxide species.  The volatilized species must be in 
high enough concentration to reduce mass transfer limitations for the reaction to proceed.  A 
similar reaction mechanism involving titanium suboxides is thought to occur in the synthesis of 
titanium carbide (Koc, 1997), so high feed rates will most likely be necessary to achieve 
complete conversion. 
 
The synthesis of TiC will most likely require post-processing of the product powder to further 
react and finish any unreacted titanium dioxide.  This will be accomplished using batch 
processing in a horizontal tube furnace.  Due to a lack of power lines and available electrical 
power in the entire University of Colorado Engineering Center, additional lines will need to be 
run to the lab, as well as the completion of a transformer upgrade project by the university.  To 
this end, we have been working with the university’s Facilities Management department to 
ensure that the power and lines become available to us as soon as possible.  Currently, that 
should be by January 2002.  As a safety precaution, the furnace will be moved into a walk-in 
fume hood.  In addition to allowing for the direct removal of the carbon monoxide generated by 



the reduction reaction, the hood will also prevent fine particles from contaminating the rest of the 
lab.  Due to the small size of the carbon black particles (<1 um), this has been a problem during 
the study of other carbothermal reductions. 
 
One additional utility upgrade is also being planned.  Both the transport tube reactor and the 
finishing furnace require chilled water for the cooling of the electronics and furnace elements.  
Currently this water is obtained from city lines and then expelled to the drain system.  In addition 
to wasting a large amount of water, the city water contains minerals that build up as scale, 
reducing the heat transfer efficiency.  To that end, a recirculating process water chiller will be 
purchased and installed to protect the production equipment.  Due to the heat load and noise 
associated with such a chiller, it will be installed on the roof of the Engineering Center, and 
water lines will be run down to the lab.  We have been coordinating with the university’s 
Facilities Management department to get the chiller installed.  
 
Finally, a comprehensive literature review for the synthesis of titanium carbide was performed.  
Most of the work in the current literature deals with the self-propagating high temperature 
synthesis (SHS) of TiC (Bowen and Derby, 1997).  This technique involves the packing of 
reactant materials into a bomb, initiating the reaction via a high temperature flame or resistively 
heated wire, and then the propagation of and exothermic reaction wave front through the reactant 
material.  SHS has been modified into reactive milling, where the elemental powders are milled 
together until the reaction spontaneously ignites and propagates through the mill (Kudaka et al., 
1999).  Few variations of the conventional carbothermal reduction have been studied.  In order to 
improve on the slow heating rates of a conventional arc furnace, microwaves have been used to 
heat the reactant mixtures to temperature in about 20 min. (Hassine et al., 1995).  While 
significantly faster than the times typically associated with an arc furnace, this process still 
resulted in product with residual oxygen and exaggerated particle growth.  Rapid carbothermal 
reduction allows even faster heating and cooling rates, as well as better control over particle 
growth. 

 
Task 2: Synthesis of Nickel Aluminide 
Nickel aluminide is an advanced intermetallic desired for wide usage due to its physical 
properties, such as high melting point, high thermal conductivity, and high thermal stability.  The 
properties lead to potential applications such as engine components.  Other properties like NiAl’s 
outstanding oxidation resistance has made it a choice for the coating of nickel based super alloys. 
Nickel aluminide possesses two common stoichiometric forms: NiAl and Ni3Al. In the following 
sections, NiAl refers to both ratios unless specified otherwise. 
 
Dunand produced an extensive paper on the topic of reactive synthesis (Dunand, 1995).  
Reactive synthesis is one of the more common ways of producing NiAl.  A majority of 
publications involving NiAl synthesis entail using some form of reactive synthesis.  This 
technique has been widely used and originated at the beginning of the 20th century with the 
thermite reaction.  The former Soviet Union then further developed the method in the 1970s for 
intermetallics.   
 
To synthesize an intermetallic by reactive processing one must start with a thorough mixture of 
the two or more metallic reactants.  The reaction is initiated and then, due to large enthalpy and 



free energy differences in products and reactants, proceeds in a self-sustained manner until 
completed.  Although the number of reactants or products may vary, a generalized form for the 
chemical reaction is as follows:  

yxBAyBxA ��  
The reactive synthesis process can also be used with non-elemental reactants in displacement 
reactions: 

yCABxBAC xy ���  
Reactive synthesis possesses many advantages over other intermetallic processes such as casting 
and powder metallurgy.  One of the largest advantages is the reduction of external energy added 
to the system.  Since the heat released by the reaction continues to drive it to completion, less 
outside energy must be supplied.  Short production cycles are another advantage of reactive 
synthesis.  The short cycles are attributed to rapid heating and cooling rates and result in a 
reduction of contamination due to reactions with surroundings and also produce finer grained 
structures within the product.  High temperatures reached during synthesis are also beneficial.  
High temperature serves to evaporate volatile impurities, leaving a high purity product.  
 
Reactive synthesis also carries some disadvantages.  Perhaps the largest is that once synthesis 
has begun it is very difficult to control the reaction kinetics.  This leads to the danger of thermal 
runaway.  The costs of powders used for reactive synthesis are also more expensive than melts 
used in other methods. An undesirable final porosity of the product can also be a concern.  
Lastly, any volatile reactants or products are lost through reactive synthesis. 
 
Three classes of reactive synthesis exist and are differentiated by the physical state of reactants at 
time of reaction.  Class (i) methods involve all reactants being solids.  Self-propagating High 
Temperature Synthesis (SHS) and Reactive Sintering are two common procedures that both 
involve heating pre-forms in local and uniform manners, respectively.  Class (ii) methods are 
categorized by some liquid phase reactants, such as reactive infiltration where a solid reactant is 
fully infiltrated with a liquid reactant.  Class (iii) reactions involve only liquid reactants.  All of 
the classes above are typically self-sustaining. 
 
The amount of melted synthesized product can be predicted.  The volume fraction of liquid 
formed under adiabatic equilibrium conditions can be determined using a simple mass balance.  
From this balance it is found that initial temperature of the reactant materials dictates the liquid 
volume fraction.  This information can be used to form experiments around desired amounts of 
liquid product.  It has also been observed through reactive synthesis that full reaction often takes 
place when heat losses are small.   
 
German et al., holds a patent on a method to produce solid shaped bodies of Ni3Al (German      
 et al., 1988).  Their method involves sintering a shaped, compacted mass of elemental powders 
in stoichiometric ratios.  The mass is then heated in a vacuum to a sintering temperature of 500-
700°C to initiate the exothermic reaction.  The method produces a densified, shaped body with a 
claimed porosity of about 8%, or a nearly fully densified structure when carried out under 
mechanical pressure.  This method indicates that NiAl formed without external pressure will be 
porous.  Focused research revolves around creating intermetallic powders, and unfortunately 
these solids are very difficult to comminute due to the same properties that make them attractive. 
 



Hu et al. patented a wet chemistry method for the production of NiAl (Hu and Chiou, 1995).  
This wet chemistry method claims to have a variety of advantages over reactive sintering.  Some 
advantages include less synthesis time, lower cost of equipment, fewer steps, and higher 
production rates.  The NiAl is produced through a series of chemical preparation steps followed 
by a final reducing step that reduces nickel ions so they may be deposited on aluminum particles. 
 
In a self-propagating reaction, the speed of the reaction may want to be controlled.  Shaw et al. 
developed a method for controlling the self-propagation (Shaw et al., 1997).  This method is 
based on controlling the boundary heat flux of the reaction.  The flux is controlled in such a way 
as to create reaction waves that travel through the particulate medium undergoing the reaction.  
This form of synthesis produces layers of alternating density. Their invention provides a way to 
produce powders by creating an easily ground log of product. 
 
Morsi et al. published a series of articles involving hot extrusion synthesis of NiAl (Morsi et al., 
1997; Morsi et al., 1998; Morsi et al., 2000).  Hot extrusion synthesis involves using high 
pressure and a temperature generally lower than required for SHS.  However, several problems 
became evident with this process.  Reaction was only found to occur at critical combinations of 
extrusion parameters and when reaction did occur, melting always occurred and the reaction was 
uncontrollable.  Another problem encountered during synthesis was the cracking of the Ni3Al 
products.  A proposed solution to their melting problem is the use of NiAl powders to dilute the 
nickel and aluminum reactant powders, much like is proposed for the current research 
experiments.  The follow-up papers to the initial publication investigate further limitations of the 
process and the effect of specimen size on composition. 
 
Finally, Morsi compiled a thorough review of reaction synthesis processing of NiAl intermetallic 
metals (Morsi, 2001).  This comprehensive paper entailed all aspects of reaction synthesis.  
Morsi covered a wide range of specific methods of SHS, such as the Exomelt process and others.  
The review is an excellent collection of research and information in nickel aluminide 
intermetallics and processes, and contains well over 100 references.  Most methods produced 
similar solid forms of final product and failed to focus on a targeted way to synthesize a powder 
or easily comminuted form of NiAl. 
 
Experimental Plan 
Initial experiments in the synthesis of nickel aluminide will be performed in a large capacity, 
high temperature thermogravimetric analyzer.  Scheduled nickel aluminide experiments have 
been planned around two parameters.  The first parameter to be tested will involve varying the 
nickel to aluminum powder ratios, using ratios of 1:1, 2:1, and 3:1.  This will be done to observe 
simple synthesis of nickel aluminide.  Through these experiments the behavior of NiAl in the 
TGA can be observed.  Along with reaction behavior, physical and chemical properties of the 
product will be measured.  These results will be used as reference for comparison with future 
experiments.   
 
The second set of experiments focuses on the formation of a powdered product instead of a 
nickel aluminide melt.  To accomplish this, coalescence of the reactant powders during the 
course of the reaction must be prevented.  Such coalescence has been prevented though the use 
of a carrier or diluent material (Weimer, 1997).  As the temperature of the reactant mixture 



increases, the aluminum will melt over the carrier material, and not over the nickel powder.  
When the reaction temperature is reached, the nickel will react with molten aluminum, forming 
nickel aluminide around the carrier material.  To eliminate the need for separation of the carrier 
material from the final product, the chosen carrier material will be either NiAl or Ni3Al, 
depending on the desired product.   
 
Nickel aluminide has been successfully used as heat absorption diluent in hot extrusion synthesis 
reactions (Morsi et al., 1997).  Therefore, its effect as a diluent should be twofold.  As the 
mixture reaches reaction temperature, the aluminum will melt at approximately 660°C and coat 
both nickel and nickel aluminum particles.  Then, as the exothermic reaction proceeds, molten 
nickel aluminum will begin to form but not coalesce as the diluent NiAl absorbs heat and 
provides a surface for the molten NiAl to coat.  If these expectations hold true, a powder or more 
easily comminuted form of nickel aluminum will be produced.  Diluent concentrations of 10, 30, 
and 50 mole percent will be tested to observe what impact the amount of diluent in a sample has 
on powder formation.  The level of success with these experiments will determine the route of 
investigation for further experiments. 
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Intermetallic-Bonded Cermets 
 

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

 
 
Objective/Scope 
The goal of this task is to develop materials for diesel engine applications, specifically for fuel 
delivery systems and wear components (e.g., valve seats and turbocharger components).  This 
will require materials which have a minimum hardness of 11 GPa and a thermal expansion 
coefficient of between 10 to 15 x 10-6/°C.  The material should also have excellent corrosion 
resistance in a diesel engine environment, flexure strength in excess of 700 MPa, and fracture 
toughness greater than 10 MPa√m to ensure long-term reliability.  The material should also be 
compatible with steels and not cause excessive wear of the steel counter face.  The upper 
temperature limit for fuel delivery systems applications is 540° C, and for the other wear 
applications, the limit is 815° C.  Finally, the total material processing costs for these advanced 
materials should be competitive with competing technologies such as TiN or other ceramic 
coatings on high-speed tool steels.  
 
 
Technical Highlights 
The microstructures and properties of  TiC-Ni3Al cermets, which incorporated various additives 
and fabricated in a collaborative project with CoorsTek, were characterized to aid CoorsTek in 
assessing the effects of such additives.  Subsequently, the densification response of cermets 
green pieces supplied by CoorsTek was evaluated to determine the effects of sintering 
temperature and furnace vacuum levels.   
 
Separate studies revealed that the use of Cr-based additives increased the hardness of the Ni3Al 
binder phase as compared to values obtained with the use of Mo additives.  Increases in the 
hardness represent increases in the yield stress of the Ni3Al phase.  Such increases in yield stress 
may well limit the contribution of plastic deformation to the overall toughness of the cermet.  As 
a result, molybdenum additions would be preferred for optimizing the processing and toughness 
of these cermets. 
 
Status of Milestones 
On Schedule 
 
Communication/Visits/Travel 
None 
 
Publications  
P. F. Becher, K. P. Plucknett, and C.-H. Hsueh, “Toughening and Strengthening Response in 
Ni3Al–Bonded Titanium Carbide Cermets," Zietschrift für Metallkunde, 92(8) 995-99 (2001). 
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Low-Cost Manufacturing of Precision Diesel Engine Components 
 

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

 
Objective/Scope 
To develop and demonstrate optimized, cost-effective fabrication processes for the production of 
precision components for use in diesel 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 
 
New Creep Feed Surface Grinder Procurement – A new creep feed surface grinder was 
procured from the K.O. Lee Company in Aberdeen, SD. The grinder arrived at ORNL in 
September, but had been seriously damaged during shipment and had to be returned to the 
manufacturer. The grinder has been completely repaired and is once again in-transit to ORNL. It 
is expected to be installed and operational by the end of October, at which time instrumentation 
will be added. The grinder will be used in a wide range of machining studies aimed at reducing 
the cost of manufacture of diesel engine components. 
 
Cummins CRADA – Technical activities have been completed on the CRADA with Cummins 
Engine Company and the completion report is being edited and reviewed for public release. 
Among the accomplishments to be reported are the development of improved methods for the 
measurement of grinding temperature and the use of wire-electrical-discharge-machining for 
diamond wheel dressing. 
 
Investigation of Non-Destructive Detection of Flaws in Ceramic Diesel Engine Fuel System 
Components – Work is continuing on this State Partnership Program funded project. The 150 
Zirconia specimens supplied by CoorsTek have been pre-ground into a rectangular shape with 
excess stock for producing MOR bars. Final grinding to deliberate induce varying degrees of 
machining damage to the specimens is under way. The scanning acoustic microscope has been 
powered up and the amount of effort required to complete repairs and make it fully operational is 
believed to be minimal. 
 
Communications/Visits/Travel 
Sam McSpadden attended a National Science Foundation sponsored workshop in Detroit on 
Environmentally Benign Manufacturing in the Transportation Industry. A significant portion of 
the workshop was devoted to the development of technology roadmaps. One of the areas of 
interest was the manufacture of non-metallic components. 
 
Sam McSpadden visited the K.O. Lee Company to inspect the repairs that have been made to the 
new creep feed surface grinder and to verify that the equipment is within specifications prior to 
shipment to ORNL. 
 



Cylindrical Wire Electrical Discharge Machining (EDM) and Temperature 
Measurement 

 
Albert Shih 

North Carolina State University 
 
Objective/Scope 
To develop precise, efficient, and cost-effective cylindrical Wire Electrical Discharge Machining 
(WEDM) process for cermet and other electrically conductive advanced engineering materials, 
and temperature measurement methods for grinding and diesel exhaust aftertreatment devices.     
 
Technical Highlights 
Two highlights in this quarter are the application of nanoindentation to investigate the surface 
and sub-surface mechanical properties of the WC-Co material, and the infrared spectrometry 
temperature measurements for SiC grinding MgO partially stabilized zirconia. 
 
1. Nanoindentation Measurement of the Surface and Sub-surface Cylindrical Wire EDMed WC-

Co Material  
 
1.1. Background 
Indentation has been widely used as an experimental tool to probe the hardness and modulus of 
materials by means of load-displacement behavior.  Nanoindentation applies very small load, at 
the mN level, to the specimen and generates indentation depths in the sub-�m or nm scale [1-4].  
The nanoindentation is suitable and effective in measuring mechanical properties of thin films 
and small volumes of material [3,4].  The microstructure and mechanical properties of metal 
matrix ceramics using the nanoindentation method has been studied by Gee et al. [5] and 
Zambrano et al. [6].     
 
The mechanical properties of the recast layer and heat-affected zone, usually less than 5 �m in 
thickness [7,8], are very difficult to measure using conventional methods.  The microscratch 
measurement has been used to characterize the influence of EDM process on the sliding contact 
response of cemented carbides [7].  In this study, the nanoindentation is applied to the polished 
cross-section of WC-Co surface machined by cylindrical wire EDM to investigate the 
mechanical properties (hardness and elastic modulus) of the bulk material, heat-affected zone, 
and recast layer.   
 
1.2. Nanoindentation Experiment Setup and Specimen Preparation 
The nanoindentation experiments were conducted at the High Temperature Materials Lab, Oak 
Ridge National Lab using the MTS Nanoindenter™ II with Berkovich diamond indenter.  The 
machine and set up are shown in Fig. 1.  The Nanoindenter™ II has the capability of operating at 
four load ranges, 0-4, 0-20, 0-100, and 0-650 mN.  This enables it to measure very thin films and 
surface layers.  A precise X-Y table with a calibrated distance from the indenter to an optical 
microscope permits accurate positioning of indents. 
 



The displacement of the indenter relative to the test surface of the specimen is constantly 
measured with a sensitive capacitance gage and the load applied to make the indent is monitored 
and recorded continuously as a function of the displacement.  Then, based on Oliver and Pharr’s 
method, the hardness and elastic modulus can be measured [1]. 
 

     
Fig. 1.  MTS NanoindenterTM II 

 
WC-Co metal matrix ceramic material was chosen as the work-material for cylindrical wire 
EDM experiment and is examined in this study.  The WC-Co composite consists of 1-2 �m size 
WC particles as the reinforcement and cobalt (10 vol. %) as the matrix.  It has hardness 92 Rc, 
transverse rupture stress 3.4 MPa, and specific density 14.5.  This material is difficult to be 
machined by conventional processes, but has proved to be machined by wire EDM process 
efficiently according to our previous study [8].  
 
1.3. Nanoindentation Measurement of Mechanical Properties of the Wire EDMed WC-Co  
In the experiment, multiple positions were probed by nanoindentation on the cross-section of the 
bulk material, heat-affected zone, and recast layer of the WC-Co part machined by cylindrical 
wire EDM.  Two sample sets of indents located in the bulk material and the recast layer heat-
affected zone, as shown in the SEM micrographs in Fig. 2. 
 

  
 (a) Indents located in bulk material (b) Nanoindents located in 
  recast layer and heat-affected zone 
 

Fig. 2. Nanoindentation on the cross-section of WC-Co part machined by wire EDM. 

 



1.4. Influences of Wire EDM Process on Mechanical Properties of WC-Co  
Table 1 shows the measured hardness and elastic modulus of the bulk material, heat-affected 
zone, and recast layer using the nanoindentation method.  Some preliminary observations are 
summarized below. 
 
�� The bulk material has higher elastic modulus than the heat-affected zone and recast layer.  
�� The heat-affected zone is the hardest region, probably because of the better support around 

the WC particles with the porosity filled by the cobalt. 
�� The hardness and elastic modulus of the recast layer are much lower than those of the bulk 

material and heat-affected zone. 
�� The mechanical properties of the three regions are non-homogeneous, with large standard 

deviations of both the hardness and elastic modulus.  The porosity, cobalt matrix, and cracks 
under load during nanoindentation in the bulk material, the cobalt filled porosity and thermal 
cracks extended from the recast layer in the heat-affected zone, and the thermal cracks and 
bubbles in the recast layer made the measured hardness and elastic modulus scatter in large 
ranges.  The heat-affected zone has smaller derivations of both the hardness and elastic 
modulus. 

 
Table 1. Mechanical properties of bulk material, heat-affected zone, and recast layer of the WC-Co part 
machined by wire EDM. 

Bulk material Heat-affected zone  Recast layer  (GPa) Hardness Modulus Hardness Modulus Hardness Modulus 
Ave. 14.1 445.3 17.7 394.6 12.5 278.8 
Dev. 3.9 70.1 2.0 57.2 3.8 79.3 

  
 
1.5. Further Investigation Based on Study of Individual Nanoindents 
Because of the non-homogeneous properties of the WC-Co composite, it is necessary to study 
the results of individual nanoindents.  SEM will be used to locate and examine the individual 
nano-scale indents on the bulk material, heat-affected zone, and recast layers.  Preliminary 
observations show that the recast layer looks very different to the bulk material and heat-affected 
zone, with the boundaries of carbide particles invisible.  EDS X-ray will be used to find the 
elements of the recast layer and to gain better understanding of influences of the EDM process. 
 
2. Grinding Temperature Measurements in MgO-PSZ Using Infrared Spectrometry 
 
2.1. Background 
A number of researchers have undertaken the task of determining the temperatures generated 
during grinding. These can be divided into two classes. The first uses detectors such as infrared 
cameras to measure the intensity of the source output without discriminating between different 
wavelengths. Calibration techniques are needed to correlate the absolute intensity with source 
temperature and this can be difficult. In contrast, other methods use the ratio of two or more 
intensities at specific wavelengths to determine temperature in conjunction with blackbody 
radiation curves. As long as emissivity and other parameters are independent of wavelength over 
the measurement range, these do not have to be determined independently. A spectrometer-based 
method of this kind was used for this research. 
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Figure 3. (a) Test setup. (b) Infrared images of the grinding contact zone in (a). 

 
2.2. Experimental Procedure 
Grinding tests were done on a Harig surface grinder.  The table speed was fixed at 150 mm/s. 
The wheel speeds used were 3500, 4000, and 4500 rpm (37, 42, and 47 m/s surface cutting 
speed, respectively).  Downfeeds (depths-of-cut) were 0.0025, 0.005, and 0.0075 mm. The 
grinding wheel was a specially selected SiC grit vitreous bond wheel with a 200 mm diameter 
[9]. Water-based Cimtech 500 synthetic coolant at 5% concentration was used during grinding. 
Temperature measurements were conducted using an Ocean Optics USB2000 near-infrared CCD 
array spectrometer. Since zirconia ceramics are transparent in the near infrared, a transmission 
technique was implemented. This permits measurements to be made with grinding coolant 
present. Light transmitted through the MgO-PSZ workpiece was collected and fed to a 600 µm 
diameter multi-mode optical fiber which is carried to the spectrometer aperture for intensity 
measurements. The test setup is shown in Figure 3(a). Figure 3(b) shows images of the grinding 
contact region taken using an infrared camera. These were not used for temperature 
measurement, but they do show the distribution of intense infrared radiation transmitted through 
the specimen during grinding.  The spatial resolution of the spectrometer was insufficient to 
resolve individual grinding grits and the spectrometer aperture will contain grinding grit-
workpiece hot spots distributed over a background.  The effective temperatures determined from 
the source spectra must therefore be interpreted with the aid of simulations. Further details of the 
testing procedure along with additional data will be published elsewhere [9]. 
 
2.3.Analysis Method and Results 
The measured source spectrum, R(�), is assumed to be emitted by a gray body source, hence, 
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where c1 is a constant accounting for the (unknown) emissivity, transmissivity, aperture constant, 
etc., and c2 = hc/k = 14390 µm*K. Assuming that c1 is independent of over the measurement 
range, Eq. (1) can be written as 
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where S is an adjustable scaling factor independent of and E(�T) is the blackbody function. For 
the temperatures and wavelengths of interest, exp(-c2/T) << 1 and Eq. (2) can be reduced to 
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This is the basis of the data-analysis technique. A “best fit” of R(�) to E(�,T) is obtained by 
treating S and T as adjustable parameters. A plot of ln (1/�5R) vs. 1/� should be a straight line. 
Using a linear least-squares fit over the wavelength measurement range adopted for the tests, 
0.75 µm � � �0.95µm, the temperature T and scale factor S can be determined from the slope 
and intercept, respectively. 
 
Figure 4 shows the results obtained for increasing grinding down feeds at 3500 rpm wheel speed.  
The top frame in each plot is the spectrometer output function, R(�), for the grinding conditions 
indicated while the bottom frame shows the least-squares fit (solid line) according to Eq. (3). The 
solid curve through the R(�) data is the fitted blackbody curve, E(�T), for the temperature and 
scale factor determined. Similar plots were obtained for other grinding conditions used in this 
study. The results for the temperatures are summarized in Table 2.  For each set of grinding 
conditions, the average values and standard deviations reported in Table 2 correspond to 4-5 tests 
using work pieces with different thickness. 
  
The temperatures in Table 2 are the order of 3000K for all conditions. No strong trends for the 
effect of grinding conditions on the temperature can be identified. There does appear to be a 
slight decrease in temperature when downfeed is increased at constant wheel speed or when 
wheel speed is increased at constant downfeed. However, these changes are close to the 
measurement standard deviations.  
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Figure 4. Spectrometer data and analysis results for the downfeeds indicated. 

 
Table 2. Summary of Temperature Measurements 

Speed (rpm) 3500 3500 3500 4000 4500 
Downfeed (mm) .0025 .005 .0075 .005 .005 
Average T (K) 3089 3045 2955 3019 2999 
Deviation (K) 13.2 23.2 22.6 11.9 27.1 

 
3. Temperature Measurement in Diesel Engine Exhaust Aftertreatment Filters  
Since the temperature in diesel engine exhaust aftertreatment filters varies from 673 to 1073 K, 
much lower than the order of 3000 K in the ceramics grinding process, the peak value of 
radiation spectrum in this temperature range moves away from near-infrared to the mid-infrared 
region.  In this 3 to 5 �m wavelength range, the Ocean Optics USB2000 infrared spectrometer is 
unable to acquire strong enough signal for the temperature measurement.  The method of 
temperature measurement in diesel exhaust aftertreatment filters is under development and visits 
have been made to Cummins and Industrial Ceramic Solutions on the diesel exhaust filter 
temperature measurements.   
 
Status of Milestones 
Milestone 1: Develop process technology to achieve high material removal rate in cylindrical 

WEDM of advanced engineering materials.   
Status: Nothing to report.  Experiments have been conducted to quantify the maximum material 

removal rate.  Results showed the maximum material removal rate in cylindrical wire 
EDM is higher than the conventional 2D wire EDM.   

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

cylindrical WEDM.   
Status: Nothing to report.  Experiments have been conducted at High Temperature Materials Lab 

at Oak Ridge National Lab to measure the surface finish.  The surface finish was as low 
as 0.68�m Ra, comparable to rough grinding, for the carbide materials.  

 
Milestone 3: Prototype needles, armature pins, and plungers for diesel engine fuel injectors. 
Status: Nothing to report.  Several prototype diesel injector plungers have been manufactured.  

Exploratory experiments to machine miniature shafts in the size under 0.1 mm diameter 
were conducted.   



Milestone 4: Develop mathematical models for material removal rate and surface finish of the 
cylindrical WEDM.  

Status: Noting to report.  The mathematical models for material removal rate and surface finish 
have been derived.  These results have been summarized in a technical paper.   

 
Milestone 5: Characteristics of the recast layer after WEDM and cylindrical WEDM and the 

surface condition after abrasive blasting.  
Status: Experiments were conducted at High Temperature Materials Lab at Oak Ridge National 

Lab to measure the mechanical properties of the bulk material, heat-affected zone, and 
recast layer of the WC-Co part machined by cylindrical wire EDM using nanoidentation.  
The SEM has been used to observe the surface and cross-section of cylindrical wire 
EDMed parts.   

 
Milestone 6: Development of optical fiber based temperature measurement method, with 

applications for grinding process and diesel exhaust aftertreatment filters. 
Status: The research results of the temperature measurement in grinding process have been 

summarized in two technical papers, which are submitted to the Journal of ACS. The 
temperature measurement method for diesel exhaust aftertreatment filters is under 
development. Albert Shih and John Kong have visited Nixdorf, President of Industrial 
Ceramic Solutions, LLC, in August and October 2001, and Cummins Inc. in October 
2001.  Two filters are now available for temperature measurement experiments. 

  
Communications/Visit/Travel 
John Kong worked at Oak Ridge National Lab. from June 1 to July 31, 2001, to conduct 
experiments on grinding temperature measurement.  
 
Albert Shih, Darrin Poirier, Craig Hardin, Scott Miller, and Ron Scattergood visited Oak Ridge 
National Lab on July 1-3, 2001.   
 
Jun Qu and Albert Shih visited Oak Ridge National Lab and Industrial Ceramic Solutions from 
July 29 to July 31, 2001. 
 
Jun Qu visited Oak Ridge National Lab. from September 10 to September 12, 2001, to analyze 
wire EDMed surfaces using the stereo SEM.   
 
Albert Shih, Jun Qu, and John Kong visited Cummins, Oak Ridge National Lab, and Industrial 
Ceramic Solutions on Oct. 15-16, 2001.   
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1. J. Qu, A. J. Shih, and R. O. Scattergood, “Development of the Cylindrical Wire Electrical 

Discharge Machining Process: Part I: Concept, Design, and Material Removal Rate,” ASME 
Journal of Manufacturing Science and Engineering (submitted).   

2. J. Qu, A. J. Shih, and R. O. Scattergood, “Development of the Cylindrical Wire Electrical 
Discharge Machining Process: Part II: Surface Integrity and Roundness,” ASME Journal of 
Manufacturing Science and Engineering (submitted).   



3. J. Qu and A. J. Shih, “Analytical Surface Roughness Parameters of an Ideal Profile 
Consisting of Elliptical or Circular Arcs,” Precision Engineering.   

4. A. C. Curry, A. J. Shih, R. O. Scattergood, S. B. McSpadden, “Grinding Temperature 
Measurements in MgO PSZ Using Infrared Spectrometry,” submitted to J. Am. Ceram. Soc.   

5. A. J. Shih, A. C. Curry, R. O. Scattergood, T. M. Yonushonis, D. J. Gust, M. B. Grant, S. B. 
McSpadden, “Grinding of Zirconia using the Dense Vitreous Bond Silicon Carbide Wheel,” 
submitted to J. Am. Ceram. Soc.  

6. J. Qu, A. J. Shih, R. O. Scattergood, and S. B. McSpadden, “Cylindrical Wire Electrical 
Discharge Machining Process Development,” 2001 ASPE Annual Meeting, Crystal City, VA. 

7. A. C. Curry, A. J. Shih, R. O. Scattergood, S. B. McSpadden, and R. B. Dinwiddie, “Infrared 
Spectrometry for Grinding Temperature Measurement,” 2001 ASPE Annual Meeting, Crystal 
City, VA.   

8. J. Qu, A. J. Shih, and R. O. Scattergood “Development of the cylindrical wire EDM process,” 
Symposium of Nontraditional Manufacturing Research and Applications, 2001 ASME IMECE 
New York, NY.   

 
References 

[1] Oliver, W.C., and Pharr, G.M., 1992, “An Improved Technique for Determining Hardness 
and Elastic Modulus Using Load and Displacement Sensing Indentation Experiments,” Journal 
of Materials Research, Vol. 7, No. 6, pp. 1564-1580. 

[2] Doerner, M.F., and Nix, W.D., 1986, “A Method for Interpreting the Data from Depth-
Sensing Indentation Instruments,” Journal of Materials Research, Vol. 1, No. 4, pp. 601-609. 

[3] Hay, J.C., and Pharr, G.M., 1998, “Critical Issues in Measuring the Mechanical Properties 
of Hard Films on Soft Substrates by Nanoindentation Techniques,” Thin Films Stresses and 
Mechanical Properties VII Materials Research Society Symposium Proceedings, Vol. 505, MRS, 
Warrendale, PA, USA, pp. 65-70. 

[4] Tsui, T.Y., and Pharr, G.M., 1999, “Substrate Effects on Nanoindentation Mechanical 
Property Measurement of Soft Films on Hard Substrates,” Journal of Materials Research, Vol. 
11, No. 1, pp. 292-301. 

[5] Gee, M.G., Roebuck, B., Lindahl, P., and Andren, H.O., 1996, ”Constituent Phase 
Nanoindentation of WC/Co and Ti(C, N) Hard Metals,” Materials Science and Engineering A: 
Structural Materials: Properties, Microstructure and Processing, Vol. 209, No. 1-2, pp. 128-136. 

[6] Zambrano, G., Prieto, P., Perez, F., Rincon, C., Galinda, H., Cota, A.L., Esteve, J., and 
Martinez, E., 1998, “Hardness and Morphological Characterization of Tungsten Carbide Thin 
Films,” Surface and Coatings Technology, Vol. 108, No. 1-3, pp. 323-327. 

[7] Llanes, L., Idanez, E., Martinez, E., Casas, B., Esteve, J., 2001, “ Influence of Electrical 
Discharge Machining on the Sliding Contact Response of Cemented Carbides,” International 
Journal of refractory Metals and Hard Materials, Vol. 19, No. 1, pp. 35-40. 

[8] Qu, J., Shih, A. J., and Scattergood, R.O., 2001, “Development of the Cylindrical Wire 
Electrical Discharge Machining Process,” Symposium on Nontraditional Manufacturing 
Research and Applications, 2001 ASME International Mechanical Engineering Congress and 
Exposition at New York, NY.   

[9] Curry, A.C., Shih, A.J., Kong, J., Scattergood, R., 2001, “Grinding Temperature 
Measurements in MgO-PSZ Using Infrared Spectrometry” submitted to J. Am. Ceram. Soc. 
 



NDE/C Technology for Heavy Duty Diesel Engines: 
Fuel Delivery and Insulating Materials 

 
W. A. Ellingson 

Argonne National Laboratory 
 
Objective/Scope 
The objective of the work in this task, part of the Testing and Characterization research area of 
the Heavy Vehicle Propulsion System Materials Program, is to develop enabling nondestructive 
evaluation/characterization (NDE/C)  technology for lower cost and high performance materials.  
Specifically, this project addresses development of advanced NDE/C technology for:  a)-
advanced fuel delivery systems (including injector nozzles) and b)-insulating materials for 
reducing heat losses in the combustion zone. Fuel delivery systems for heavy-duty diesel engines 
are complex, very expensive, and represent a significant portion of the cost of a heavy vehicle 
diesel engine. High pressures inside these fuel delivery systems contribute to poor fuel delivery 
and, hence, poor emissions. Materials development is part of Goal 3 of the Heavy Vehicle 
Propulsion Materials Program.  Insulating materials are also a significant materials development 
area because of the improvement in engine efficiency if reduced heat losses 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 
There are two highlights this period.  First is that we continue to advance the elastic optical back-
scatter experimental system through two new additions to the experimental set up: a)-the 
addition of an automated rotation stage so that data can be acquired automatically, and b)-the 
receipt of a new 6-axis robot arm that will allow very complex shapes to be scanned.  Second, we 
have begun to pursue development of an analytical model for the back-scattered laser effort so 
that we might begin to be able to predict effects of different subsurface defects on the resulting 
back-scattered laser data. 
 
Technical Progress 
All work this period again focused on NDE technology for the oxide monolithic ceramic fuel 
metering plungers under development by Cummins Engine Company of Columbus, IN.  The 
effort this period focused on advancing the fiber-optic experimental set up reported on last period 
as well as initial set up of the new 6-axis robot arm, which will be explored for use in this 
program. 
 
 Fuel Delivery Systems 
 
Fuel delivery systems are critical and impact many engine performance parameters.  Higher 
pressures required for advanced fuel systems are driving new designs and as with any design, 
material trade-offs become an area for evaluation.  Ceramic materials provide many advantages 
but only if there is a reduced cost with the same or better reliability of a metal component. High 
pressures and potential for erosion inside fuel metering systems usually call for hard tool steels 
in the design and, thus, costs immediately become a factor.  Ceramics offer a desirable option 
because they offer high hardness and erosion resistance.  As noted the last two reporting periods, 



Cummins Engine Company has optioned in their CELECTTM fuel injector system to use MgO 
materials in the metering plunger. 
 
Our efforts continue to be on study of the potential of non-contact polarized back-scattered laser 
light methods to detect subsurface machining damage in these plungers.  
 
We reported last period on our efforts to use angular incidence laser scattering to detect surface 
breaking cracks on these very translucent materials. We set up an experimental set up using 
optical fibers as shown in Figure 1. 
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Figure 1.  Schematic diagram showing incident angle scattering set up and the location of 
the new computer-controlled automated rotation stage. 

 
When this experimental arrangement was set up, the rotation of the test sample was all done 
manually so all data reported last period had some rotational position error due to the manual 
settings.  This period we have installed a computer-controlled rotational stage.  This will be 
interfaced to the virtual instrument software, LabView, which we are using.  
 
As noted in the highlights, we have begun an effort to model the back-scattered laser light NDE 
method.  The most promising published effort is the work by Madrazo and Nieto-Vesperinas (J. 
Opt. Soc. Am. A. Vol.14. No. 8, 1997) and Arias-Gonzalez, Nieto-Vesperinas, and Madrazo (J. 
Opt. Soc. Am. A. Vol.16. No. 12, 1999) who have been studying scattering of laser light from 
random rough surfaces.  In their work, see Figure 2, they have studied scattering of a dielectric 
body buried beneath a randomly rough surface.  They have shown that a strong correlation exists 
between scatter angle and presence of defects below the surface of randomly roughened 
dielectric surfaces.  We will be studying these different approaches relative to detection of 
defects below the surface.  These efforts will be reported on in subsequent reports. 
 
 



 
 
 

Figure 2.  Schematic diagram showing the various parameters utilized in the development 
of the analytical laser backscatter model 

 
In Figure 2, Z and X are the coordinate system, T is the correlation length of the surface 
roughness and sigma is the RMS surface roughness value.  D is the depth below the surface to 
the center of the subsurface defect and 2a is the average diameter of the defect below the surface.    
 
In addition this period, we have received and set up our new six-axis robot arm, see Figure 3.  
This six-axis robot arm is an ABB model 1RB-140.  The software that accompanies this device, 
RobotStudio, allows for import of various CAD files for contour following. 
 

NDE for Insulating Materials 
 

We continue work on developing this aspect of this effort. 
 
 

 
 

Figure 3.  Photograph of the new 6-axis computer-controlled robot arm in its temporary 
position on the fiber-optic lab table 



Meetings, Trips, Communications 
 
Meetings 
None 
 
Trips 
W. A. Ellingson was an invited consultant to the International Atomic Energy Agency, IAEA, in 
Vienna, Austria, as part of a specialists workshop on digital X-ray detectors.  The trip took place 
September 1-16, 2001. 
 
Communications 
Additional discussions were held with staff of Cummins Engine in Columbus, IN. 
  



 
  

NDE Development for Ceramic Valves for Diesel Engines 
 

J. G. Sun, W. A. Ellingson 
Argonne National Laboratory 

and 
M. J. Andrews  
Caterpillar, Inc. 

 
Objective/Scope 
Emission reduction in diesel engines designated to burn fuels from several sources has lead to the need to 
assess ceramic valves to reduce corrosion and emission.  The objective of this work is to evaluate several 
nondestructive evaluation (NDE) methods to detect defect/damage in structural ceramic valves for diesel 
engines.  One primary NDE method to be addressed is elastic optical scattering.  The end target is to 
demonstrate that NDE data can be correlated to material damage as well as used to predict material 
microstructural and mechanical properties.  There are three tasks to be carried out: (1) Characterize 
subsurface defects and machining damage in flexure-bar specimens of NT551 and SN235 silicon nitrides 
to be used as valve materials.  Laser-scattering studies will be conducted at various wavelengths using a 
He-Ne laser and a tunable-wavelength, solid-state laser to optimize detection sensitivity.  NDE studies 
will be coupled with examination of surface/subsurface microstructure and fracture surface to determine 
defect/damage depth and fracture origin.  NDE data will also be correlated with mechanical properties.  
(2) Assess and evaluate subsurface damage in ceramic valves to be run in bench test and in a single-
cylinder-engine test.  All valves will be examined at ANL prior to test, during periodic scheduled shut 
downs, and at the end of the planned test runs.  (3) Evaluate healing of subsurface damage by laser 
glazing on machined surfaces of GS44 ceramics.  ANL will perform laser-scattering characterization on 
machining surfaces at before and after glazing treatment.  NDE data will be correlated with glazing 
parameters and mechanical properties. 
 
Technical Highlights 
Work during this period (July-September 2001) focused on correlating laser scatter data with photo-
microscopy examinations to identify fracture origins in Si3N4 flexure-bar specimens. 
 
1. Elastic Optical Scattering NDE for Machining Damage 
 
During this period we continued correlating laser-scattering data with photomicrographs at fracture 
locations on tensile surfaces and on fracture surfaces for AS800, GS44, SN235, and CFI Si3N4 flexure-
bar specimens.  Figure 1 shows photos of tensile surfaces of all specimens.  It is seen that, for most of the 
AS800, GS44, and SN235 specimens, there are two fractures on each bar and the distance between the 
fractures is 20 mm.  This observation seems to suggest that the fractures occur near supporting locations 
of the fracture-test fixture where stress concentration may exist.  For CFI specimens, there is only one 
fracture on most of the flexure bars. 

 
Figure 2 shows correlations of photomicrographs with laser-scattering sum images on the tensile surfaces 
and photomicrographs on fracture surfaces at the two fracture locations in AS800 flexure-bar specimen 
#5.  At fracture location 1, Fig. 2a, the fracture line passes a large subsurface defect as indicated, and this 
defect can be clearly identified from the fracture-surface photomicrographs as the fracture initiation 
origin.  At fracture location 2, Fig. 2b, the fracture line starts from a large subsurface defect at the lower 
edge.  The photomicrographs of the fracture surfaces also indicate that this defect caused the fracture.  
 
 
 
 

 



 
 (a) (b) (c) (d) 

Figure 1.  Photographs of fractured tensile surfaces of (a) AS800, (b) GS44, (c) SN235, and (d) CFI 
flexure-bar specimens. 

 
Photomicrograph on tensile surface Photomicrographs on fracture surfacesLaser-scattering image on tensile surface

 
(a)  fracture location 1 

Photomicrograph on tensile surface Photomicrographs on fracture surfacesLaser-scattering image on tensile surface

 
(b)  fracture location 2 

Figure 2. Photomicrographs and laser-scattering sum images on tensile surface and 
photomicrographs on fracture surfaces at two fracture locations of AS800 specimen #5. 

 
Correlation for GS44, SN235, and CFI flexure-bar specimens was also conducted.  Figures 3-5 show 
correlations of photomicrographs with laser-scattering sum images on the tensile surfaces and 
photomicrographs on fracture surfaces at one fracture location in GS44 specimen #5, SN235 specimen 
#6, and CFI specimen #4, respectively.  At all fracture locations, the fracture origin can be clearly 
identified as a large subsurface defect that was detected by the laser scattering method.  



 
Photomicrograph on tensile surface Photomicrographs on fracture surfacesLaser-scattering image on tensile surface

 
Figure 3. Photomicrograph and laser-scattering sum image on tensile surface and photomicrographs on 

fracture surfaces at one fracture location of GS44 specimen #5. 

Photomicrograph on tensile surface Photomicrographs on fracture surfacesLaser-scattering image on tensile surface

 
Figure 4. Photomicrograph and laser-scattering sum image on tensile surface and photomicrographs on 

fracture surfaces at one fracture location of SN235 specimen #6. 

Photomicrograph on tensile surface Photomicrographs on fracture surfacesLaser-scattering image on tensile surface

 
Figure 5. Photomicrograph and laser-scattering sum image on tensile surface and photomicrographs on 

fracture surfaces at the fracture location of CFI specimen #4. 

 
 
 
 



The results showing in Figs. 2-4 are typical to almost all flexure-bar specimens of AS800, GS44, and 
SN235 Si3N4 ceramics.  However, the data showing in Fig. 5 are the only one with a good correlation for 
CFI ceramics.  For other CFI specimens, little or no features were detected by the laser scattering 
technique.   
 
To facilitate examination and interpretation of the NDE data, the laser-scattering images shown in Figs. 
2-4 are plotted as 3D gray-scale plots in Fig. 6.  The height of the peaks is proportional to the intensity of 
the detected scatter light.  It is evident that all fracture origins correspond to the spots with highest 
detected scattering light from within the surrounding areas, while a stronger light scattering usually 
indicates a "severe" defect/damage.  This correlation, although observed on many specimens, does not 
hold for all specimens.  For instance, the fracture origin showing in Fig. 2a does not correpond to a 
strong light scattering.  However, it is apparent from the laser-scattering data that this subsurface defect 
is large in size (and alined along the fracture line) and deeper beneath the surface.  To obtain a definitive 
conclusion, it is necessary to closely examine all fracture surfaces using a SEM (photomicroscopy does 
not show details!) so a positive correlation can be established between the laser-scattering NDE data and 
the configuration (depth, microstructure, etc) of the detected fracture-initiation defects. 
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Figure 6. 3D plots of laser-scattering sum images shown in (a) Fig. 2b for AS800 specimen #5, (b) Fig. 
3 for GS44 specimen #5, and (c) Fig. 4 for SN235 specimen #6. 

 
 
Status of Milestones 
Current ANL milestones are on or ahead of schedule. 
 
Communications/Visits/Travel 
J. G. Sun visited Caterpillar Technical Center in Mossville, IL, on July 17th to discuss project details. 
 
Problems Encountered 
None this period. 
 
Publications 
None this period. 
 



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

 
J. Sankar, A.D Kelkar, D. E. Klett, J. Muchai, and S. Yarmolenko 

North Carolina A & T State University 
 
Objective/Scope 
One of the major research topics of the present funding year is to investigate the effect of Yttria 
Partially Stabilized Zirconia (PSZ) thermal barrier coating on diesel engine performance through 
modeling. 
 
The required research was conducted under three (3) action item tasks: 
 
Task 1. Diesel Engine Piston Modification 
 
Engine piston modification has to be performed because the cost of individual pistons prohibits 
application of thermal barrier coating on each piston.  
 
Task 2. Plasma Sprayed Thermal Barrier Coating 
 
Eight custom made pistons for the Ricardo Hydra single cylinder DI diesel engine have been 
machined and ready for coating with lasma sprayed PSZ for evaluation of the coating thickness 
on diesel engine performance and emissions.   

 
Task 3.  Analytical Model Development 
 
Finite element model for each piston/coating combination has been has been developed for 
evaluation of thermal and structural effect of the coating thickness on the piston. 
 
Technical Highlights 
Zirconium oxide has been extensively used in thermal barrier coatings for many years. Yttria 
Stabilized Zirconia (YSZ) has very low thermal conductivity.  Therefore, it can be used to reduce 
heat transferred from engine combustion gases to the combustion chamber walls (cylinder head, 
piston face, and cylinder liners).  
 
Finite element model of the piston has been done for coating thickness ranging from 0.1 to 2.0 
mm.  The thermal barrier coat was modeled as Plasma Sprayed Yttria Stabilized Zirconia 
(PYSZ) applied on the piston face.  

  
Results and Discussion 

Temperature Distribution 
 
Finite Element Analysis (FEA) using ANSYS was used to systematically evaluate thermal and 
structural effect of the coating thickness on the piston.  To reduce computational time, a 2-d 
axisymmetric model was used.  Shown in Figure 1 is the uncoated piston temperature 



distribution after 140 cycles. Figure 2 shows a 1.5 mm coated piston temperature distribution 
after 140 cycles.   
 

 
 

Figure 1. Uncoated Piston Temperature Distribution 
 

 

 
 

Figure 2. 1.5 mm PSZ coated Piston Temperature Distribution 

 

The expanded temperature distribution result for the 3-d piston model is shown in Figure 3.  The 
maximum temperature reached for the 2.0 mm coat was 776 at the edge of combustion bowl. The 
2.0 mm coat increased the maximum temperature by 274 K relative to the uncoated piston after 
140 cycles.     
   



 
 

Figure 3. 2.0 mm PSZ coated Piston Temperature Distribution 

Thermal Mechanical Stresses 
To obtain the mechanical loads that the piston is subjected to during engine cycle, piston force 
balance was performed as indicated by Figure 4. 
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Figure 4. Piston Force Balance 
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m = mass of the piston (Kg) 
B = piston bore (m) 
P = Cylinder gas pressure (KPa) 
Fr = Conrod forces 
�  = Engine torque (N.m) 
Ff = Frictional forces 
� = Friction coefficient  
R = Crack arm length (m) 
 
The mechanical loads included the cylinder gas pressure, frictional forces, and connecting rod 
forces. Piston model results obtained previously from thermal analysis were loaded on the 
structural piston model together with the mechanical loads.  Figure 5 shows the relationship 
between the coating thickness and maximum stresses obtained.  It was evident, that coating 
thickness greater than 1.5 mm caused drastic increase in stresses.   
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Figure 5. Maximum Piston Von-Misses Stresses    

 
 
The results indicated that coating thickness of 0.3 to 1.5 mm would be optimal for the piston 
application.  The stresses on the piston crown were within the yield stress of the material.  
Figures 6 and 7 are the expanded results of the uncoated and 0.3 mm coated pistons.                



The 0.3 mm coated piston maximum stress was 311 MPa between the coating and the substrate.  
The high interface stresses between the coating and substrate could lead to spallation of the TBC 
system. 
  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6. Thermal Mechanical Stress Distribution on uncoated Piston 
 

 
 

Figure 7. Thermal Mechanical Stress Distribution on Uncoated Piston 
 



Communications/Visitors/Travel 
Communicated/ discussion with ANSYS scientists related to FEM modeling activities of the 
research. 
 
Problems Encountered 
None 
 
Status of Milestones 
Work on fatigue analysis of interfacial cracks between the coating and the piston substrate and 
heat transfer analysis is in progress. 
 
Publications 
Submitted a paper related to this activities in MRS-Boston, Nov 2001- Accepted 
Submitted a paper related to this activities in Cocoa Beach, Jan 2002- Waiting 
 
References 
 



  

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. 

 
Objective/Scope 
The valid prediction of mechanical reliability and service life is a prerequisite for the successful 
implementation of structural ceramics as internal combustion engine components.  There are 
three primary goals of this research project which contribute toward that implementation: the 
generation of mechanical engineering data from ambient to high temperatures of candidate 
structural ceramics; the microstructural characterization of failure phenomena in these ceramics 
and components fabricated from them; and the application and verification of probabilistic life 
prediction methods using diesel engine components as test cases.  For all three stages, results are 
provided to both the material suppliers and component end-users. 
 
The systematic study of candidate structural ceramics (primarily silicon nitride) for internal 
combustion engine components 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 goal of the program is to characterize the evolution and role of damage mechanisms, 
and changes in microstructure linked to the ceramic’s mechanical performance, at representative 
engine component service conditions.  These will be examined using several analytical 
techniques including optical and scanning electron microscopy.  Specifically, several 
microstructural aspects of failure will be characterized:  

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

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

 

  



 
Technical Highlights 
Studies of dynamic fatigue behavior in four point bending on NGK SN84 silicon nitride at 20 
and 1200°C at stressing rates of 30 and 0.003 MPa/s were accomplished during this reporting 
period in order to generate a complete set of data for life prediction.  Also, the objective of the 
addition of NGK SN84 silicon nitride into the exiting test matrix is to explore more silicon 
nitride resources for applications of diesel engine components.  Note that the NGK SN84 silicon 
nitride was developed for intermediate temperature applications by NGK Insulators, Ltd., Japan.  
Two SN84 silicon nitride billets were acquired from Dr. Aihara, NGK-Locke, Inc., Sunnyvale, 
CA.  The SN84 silicon nitride bend bars were longitudinally machined per ASTM C116 
standard.  Dynamic fatigue tests showed that the SN84 silicon nitride exhibited a comparable 
characteristic strength to those generated for both Kyocera SN235 and SN235P silicon nitride 
under the same test conditions employed at room temperature, as shown in Table 1 and Fig. 1.  
Results also showed that the characteristic strength of NGK SN84 silicon nitride tested at 
1200°C at 30 MPa/s exhibited minor strength degradation (3-8 %) with respect to those 
generated at 850 and 1000°C at 30 MPa/s in air, as shown in Table 1 and Figs. 2 and 3.  In 
addition, NGK SN84 silicon nitride still exhibited a relative high fatigue exponent (N ~52) at 
1200°C in air, indicative of little susceptibility to slow crack growth process, as shown in Fig. 4.  
Note that both Kyocera SN235 and SN235P silicon nitride materials revealed a substantial loss in 
characteristic strength (44-46%) when tested at 1000°C at 0.003 MPa/s in air.  Furthermore, both 
of the SN235 and SN235P exhibited a significant permanent deformation (curvature) at 1200°C 
due to the creep deformation, resulting further degradation in characteristic strength      (> 75%), 
as shown in Table 1.  Results suggest that the NGK SN84 can be employed for applications of 
diesel engine components at temperatures up to 1000°C without the concern of SCG and/or creep 
deformation. 

 
Fifteen SN84 MOR bars after 1000 h exposure to an oil ash environment at 850°C in air, similar 
to the exposure tests already carried out for Kyocera SN235 and Honeywell GS44 silicon nitride 
materials, have been received from Dr. Andrews at Caterpillar.  Dynamic fatigue tests at 850°C 
at 0.003 MPa/s will be conducted to evaluate the effect of 1000 h oil ash exposure to the 
mechanical properties of SN84 silicon nitride. SEM analysis will be also performed to provide 
insight into the effect of long-term oil ash exposure on the microstructure and chemistry of 
secondary phase(s).  The SN84 silicon nitride bend bars will be also transversely machined per 
ASTM C116 standard to provide understanding of the grinding orientation effect on the 
mechanical strength.   

 
Status of Milestones 
All milestones are on schedule. 
 
Communications / Visitors / Travel 
Dynamic fatigue results of SN84 at 20 and 1200°C were communicated with M. J. Andrews at 
Caterpillar. 

 
Fifteen SN84 MOR bars after 1000 h oil immersion test at 850°C in air were received from Mark 
Andrews at Caterpillar. 



 
Update of the status of initial bench test on Norton NT551 exhaust valves was held with M. J. 
Andrews at Caterpillar. 
 
Problems Encountered 
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. Lee, was submitted to J. 
Mater. Sci. 

 
"Silicon Nitride Ceramics for Valve Train Applications in Advanced Diesel Engines,” S. K. Lee, 
P. H. McCluskey, M. J. Readey, H. T. Lin, and A. A. Wereszczak, pp. 65-73 in "Ceram. Eng. 
and Sci. Proc. Vol. 22 [3] (2001). 
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Table 1. Summary of uncensored Weibull strength distributions for NGK SN84 (longitudinally 

machined) and Kyocera SN235 and SN235P (longitudinally and transversely 
machined) silicon nitride specimens per ASTM C1161. 

        ± 95% 
      ± 95% Uncens. Uncens. 
  # of Stressing  Uncens. Uncens. Chrctstic Chrctstic 
  Spmns. Rate Temp. Weibull Weibull Strength Strength 
 Material Tested (MPa/s) (°C) Modulus Modulus (MPa) (MPa) 

SN84 20 30 20 10.59 7.06, 
15.0 

858 818, 
898 

SN84 20 0.003 20 9.61 7.16, 
13.86 

761 718, 
803 

SN84 15 30 1200 13.36 8.34, 
19.83 

763 730, 
796 

SN84 15 0.003 1200 9.82 5.87, 
15.04 

650 606, 
693 

SN235 9 30 20 12.8 6.8, 
21.2 

999 937, 
719 

SN235P 9 30 20 32.6 18.8, 
49.6 

792 643, 
691 

SN235* 9 30 1200 22.4 12.6, 
34.8 

442 427, 
457 

SN235* 6 0.003 1200 10.3 5.6, 
16.7 

247 229, 
266 

SN235P* 8 30 1200 61.3 34.5, 
96.2 

338 334, 
342 

SN235P* 6 0.003 1200 18.5 9.0, 
31.5 

137 130, 
145 

 
* Note that specimens exhibited a significant permanent curvature due to creep 
deformation, thus the Weibull modulus obtained may nit be valid. 
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 Figure 1.  Characteristic strength of NGK SN84 silicon nitride tested at 20°C at 30 and 
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Figure 2.  Characteristic strength of NGK SN84 silicon nitride tested at 1200°C at 30 and 

0.003 MPa/s. 
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Field Emission Analytical Electron Microscopy for
Characterization of Catalyst Microstructures

L. F. Allard, D. A. Blom, and T. A. Nolan

Objective/Scope

The objective of the research is to use analytical and high resolution transmission
electron microscopy (TEM) to characterize the microstructures of emission control
catalysts.  Emphasis is placed on relating microstructural changes to performance of
diesel NOx reduction catalysts. The research is focussed on understanding these
changes through TEM studies of experimental catalysts materials reacted in an ex-situ
catalyst reactor system especially constructed to allow appropriate control of the reaction
conditions and the transfer of the sample between reactor and microscope.

Technical Progress

The following is a report on the microscopy of ultra-fine nanoclusters, specifically
5-atom osmium clusters, supported by MgO crystals.  It is work conducted with Prof.
Bruce Gates and his students at UCal-Davis, and forms the basis of future work planned
that will serve as a foundation for research on the structure and behaviour of
nanoclusters utilizing ORNL’s aberration-corrected TEM, due in mid-2003.  The full
(referenced) text has been submitted to Nano Letters for publication.  

Metal nanoclusters are present in many solid catalysts, being dispersed on stable,
high-area porous supports such as metal oxides and zeolites.  Conventional preparation
methods, whereby metal salts are deposited on supports and then calcined and reduced,
lead to nano-clusters and -particles of various sizes and shapes.  Because of their
nonuniformity, these are difficult to characterize incisively, and thus researchers have
been motivated to find methods to prepare uniform metal clusters on supports.  One
approach involves the high-yield synthesis (or adsorption) of molecular or ionic cluster
precursors on supports followed by treatment to remove their ligands without disruption
of the cluster frame.  Nanoclusters in catalysts prepared by such methods have been
inferred to be nearly uniform, but there are hardly any reports of images of the clusters
to provide a stringent test the uniformity.

Here we report the preparation of MgO-supported nanoclusters via the supported
precursor [Os5C(CO)14]2-, which was treated to remove the CO ligands.  Osmium was
chosen as the metal because synthetic methods offer the opportunity to make the
precursor in high yields on basic supports, and the heavy Os atoms offer high contrast
to the support for imaging by high-resolution transmission electron microscopy
(HRTEM).  MgO was chosen as the support because it is basic and allows the high-yield



synthesis of the precursor and has a low density to favor contrast with the heavy metal
nanoclusters in bright-field, phase contrast HRTEM images.  Although MgO undergoes
damage in the electron beam, the damage mechanisms proceed relatively slowly.
Furthermore, aggregates of MgO particles supported on holey carbon films are routinely
found to show good stability under the influence of the electron beam (charging effects
are minimal), so that particles dangling over the edge of a hole can be photographed with
short exposure times that allow the full resolution of the TEM to be achieved.  MgO
particles also showed similar stability in the scanning transmission electron microscope
(STEM), allowing high-angle annular dark-field images to be obtained that show the
osmium clusters in high contrast.  

For HRTEM experiments, the powder samples in an atmosphere of dry argon
were opened in a glove bag under an argon atmosphere and prepared for TEM by
dipping a 200-mesh copper grid supporting a holey carbon film into the powder and
shaking off the excess.  This technique generally provides samples with excellent
dispersions of powder aggregates over the surface, and eliminates the possibility of
contamination that might result from solvent dispersion techniques.   To protect the air-
sensitive samples from exposure to the atmosphere, each was placed into the HTML’s
ex-situ reactor holder that allowed transfer under a blanket of argon into the Hitachi HF-
2000 cold-field-emission TEM. 

A high-resolution TEM image of a typical aggregate of the bare MgO support
alone indicates nearly uniform contrast with no discrete strong scattering centers, as
shown in Figure 1a.    Figure 1b is a micrograph of the MgO-supported [Os5C(CO)14]2-

(containing 1 wt % Os).  The appearance of a uniform distribution of scattering centers
with diameters in the range of about 3–4 Å is consistent with the presence of the
supported nanoclusters.  Because the low-atomic-number carbon and oxygen atoms are
not resolved in such isolated clusters, the scattering centers are attributed to the osmium
cluster frames.  The data agree well with the average diameter of the Os5C moiety of
[Os5C(CO)14]2-, determined crystallographically to be 3.97 Å (second-shell radial
interatomic distance).

A micrograph of the sample containing 2 wt % Os is shown in Figure 2.  This
single crystal MgO support particle is oriented with the 2.44 Å (111) planes of the
structure in contrast, and shows clusters with a slightly greater range of diameters (about
2.5–4.5 Å) than observed in the micrographs of Figure 1.  The distribution of diameters
is attributed to the various preferential orientations of the adsorbed clusters and/or the
possible presence of pairs of clusters, which are expected preferentially for the sample
with the higher Os loading.  In view of the yield of [Os5C(CO)14]2- and the presence of
the slightly smaller triosmium and tetraosmium carbonyls as well, the expected size
range observable by HRTEM is in the range observed, 3–4 Å.  These images are
consistent with the EXAFS and IR data, and show that the nanoclusters were nearly
monodisperse and well approximated as [Os5C(CO)14]2-, with some tri- and tetra-



osmium carbonyl clusters also being present.

When MgO-supported [Os5C(CO)14]2- (with the slightly smaller clusters—
containing 1 wt % Os) was treated in helium at 573 K, the CO ligands were removed, as
shown by the IR spectra.  The cluster size range observed by high-resolution TEM was
still about 3–4 Å (Figure 3), matching that of the precursor [Os5C(CO)14]2-, and
consistent with an unchanged cluster frame after decarbonylation.  The EXAFS data
support this conclusion and also provide an indication that the carbido carbon atom was
retained in the clusters.  Thus, monodisperse clusters that are well represented as Os5C
were present on the MgO.  

This sample was also imaged with high-angle annular dark-field (or Z-contrast)
imaging techniques in a Hitachi HD-2000 dedicated STEM.  Figure 4a is bright-field
STEM image, in which the unambiguous determination of specific Os cluster locations is
difficult because of the phase contrast of the support structure.  Figure 4b is a Z-contrast
image of the same sample area, in which high-atomic-number areas are imaged in bright
contrast.  This type of image allows observation of the individual Os clusters, and several
are denoted with arrows in each image.  The high collection angle (0.3 steradian) of the
energy-dispersive spectrometer system on the HD-2000 instrument allowed acquisition
of an x-ray spectrum (not shown) from an area containing only a few clusters, and it
clearly showed the Os peak from the clusters, confirming their presence.

When supported [Os5C(CO)14]2- material was treated in H2 instead of helium, the
IR spectra showed that it was fully decarbonylated at 573 K.  The EXAFS parameters
show that this treatment led to an increase in the first-shell Os–Os coordination number,
from 3.2 to 5.9, and a decrease in the Os–Os bond distance, from 2.90 to 2.67 Å; the
latter value is characteristic of bulk elemental Os (2.68 Å).  The micrograph of the sample
formed after treatment in H2 at 573 K (Figure 5), in agreement with the EXAFS results,
shows larger nanoclusters, with a size range of about 4.5–7.5Å.  The near
monodispersity of the carbonyl precursor clearly was lost as a result of the H2 treatment;
the nonuniformity is typical of conventionally prepared supported metal catalysts. 

In summary, the data indicate that [Os5C(CO)14]2- (in the presence of some
smaller osmium carbonyl clusters) on MgO powder could be decarbonylated to give a
high yield of Os5C, which has been imaged by HRTEM.  The sample is one of the most
nearly monodisperse supported nanoclusters.



Fig. 1  a)  Bright-field TEM image of bare MgO support material; b) MgO-supported
[Os5C(CO)14]2- clusters in a  sample containing 1% Os by weight.  A relatively
uniform distribution of scattering centers in the 3-4Å size range is consistent with the
presence of 5-atom Os clusters.

1a 1b

Fig. 2  Os clusters in a sample containing 2% Os by weigt.  The MgO crystal
shows clear 2.44Å lattice planes (beam parallel to {111}), and clusters in the 2.5-
4.5Å range.  The range of sizes can be attributed to cluster orientation, or to the
greater possibility of pairs of clusters due to the higher Os loading.  

2
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4a 4b

Fig. 4  a)  1% Os decarbonylated sample imaged using the Hitachi HD-2000 dedicated
STEM.  The bright-field image (BF) shows dark contrast suggesting scattering centers
on the order of the same size as seen with the BF TEM;  b) Annular DF image showing
unambiguous bright contrast due to heavy metal scattering centers.  These can be
correlated to the BF image, as indicated e.g. by arrows.

Fig. 3  1% Os-containing sample after heating to 573 K in
helium to remove the CO ligands.  This decarbonylation
does not change the cluster framework, as the cluster size
remains in the 3-4Å range.



Fig. 5  1% Os-containing sample formed after treatment in H2 at 573 K to
decarbonylate the clusters.  In agreement with the EXAFS results, this sample shows
larger nanoclusters, with a size range of about 4.5–7.5Å.  The near monodispersity
of the carbonyl precursor clearly was lost as a result of the H2 treatment; the
nonuniformity is typical of conventionally prepared supported metal catalysts. 

5

Status of Milestones

On schedule.

Communications/Visits/Travel

None

Publications and Presentations

1. “Direct Imaging of Nearly Uniform Os5C Clusters Dispersed on MgO Powder,” L. F.
Allard,G. A. Panjabi,S. N. Salvi and B. C. Gates, submitted to Nano Letters, Sept. 2001





Durability of Diesel Engine Component Materials 
 

Peter J. Blau and Ronald D. Ott 
Oak Ridge National Laboratory 

 
Objective/Scope 
The objective of this effort is to enable the development of more durable, low-friction moving 
parts in diesel engines for heavy vehicle propulsion systems by conducting friction, lubrication, 
and wear analyses of advanced materials, surface treatments, and coatings.  The scope of 
materials and coatings is broad and includes any metallic alloy, intermetallic compound, ceramic, 
or composite material which is likely to be best-suited for the given application.  Parts of current 
interest include scuffing-critical components, like fuel injector plungers and EGR waste gate 
components.  Hot scuffing is a primary surface damage mode of interest.  Bench-scale 
simulations of the rubbing conditions in diesel 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 mechanical, thermal, and chemical factors on 
scuffing and reciprocating sliding wear are being determined.  Results will be used to refine 
material selection strategies and suggest materials for durability-critical engine components. 
 
Technical Highlights 
High-Temperature Scuffing Results.  A high-temperature, oscillating scuffing test system was 
designed and constructed. The basic geometric configuration consists of a horizontal, cylindrical 
specimen pivoting on a square, flat specimen with a central hole to avoid the center singularity. 
The cylindrical upper specimen diameter was 6.35 mm.  The results of unlubricated and 
lubricated baseline tests were given in the 2nd FY 2001 Quarterly report.  Replicate tests of each 
of 8 material combinations were conducted for 3600 cycles of oscillation at 600oC in air, and 
under a normal force of 10 N, and oscillating rate of 1 Hz.   Material combinations were selected 
based on a review of the literature in light of the application needs.  Figure 1 shows four worn 
test tiles indicating the bowtie-shaped wear scars typically produced by this test. 
 
The following criteria were used to analyze the test results and to rank the material pairs:  
 

a) average frictional torque, measured during a 30 second interval at the beginning and end of 
each run,  

b) standard deviation of the frictional torque at the beginning and end of each run,  
c) wear of the upper (cylindrical pin) specimen,  
d) post-tested roughness of the flat specimen tile.   

 
The wear volume for the pin specimens was determined from the length of the contact area along 
the cylindrical surface, and the average wear scar width.   
 

 



 
 

Figure 1. Post-test appearance of flat specimens: (upper left) 304 stainless steel (from pair 1), 
(upper right) Gall Tough (from pair 7), (lower left) IC-221M (from pair 8), and (lower right) GS-
44 silicon nitride (from pair 5).   Scale reference: central holes = 6.4 mm diameter. 
 
 
Table 1 shows the top-ranked material pairs of the eight tested, as well as the ratio of the 
hardnesses of the pin and flat specimens.  The best-performing composition had a significantly 
harder pin compared to the flat specimen, but the pin need not be harder than the tile to produce 
good results, as Table 1 shows.  Optical and scanning electron microscopy were used to study the 
mechanisms of high-temperature surface deterioration.  Cross-sectioning revealed no evidence 
for a shear-induced deformed layer below the contact area.  This substantiates the importance of 
shear within the wear-generated debris layer, rather than in the subsurface regions of the bulk 
material.  A journal article describing this work has been prepared and is under final review at 
ORNL prior to submission to the journal “Wear.”   Further work will investigate the effects of 
intermittent oscillation on the performance of the top four material pairs. 
 
 

Table 1. 
Top-Ranked Material Combinations, Based on Screening Tests Conducted at 600o C 

 

Cylindrical Pin 
Specimen Material 

Flat Specimen Tile 
Material 

HVpin / HV flat 
(See note below) 

Composite 
Ranking 

(1 = highest) 
Zirconia IC-221M 3.10 1 

Gall-Tough Gall-Tough 0.69 2 
Stellite 6B IC-221M 1.32 3 
Tribonic 20 IC-221M 0.66 4 

Note:  Ratio of the Vickers microindentation hardness numbers for the pin and tile specimens. 
 



Development of a Wear Test for Fuel Injector Components.  Work is progressing on fabrication 
of test fixtures to enable wear and friction testing of fuel injector plungers.  A cylinder on twin 
cylinder design has been selected for initial studies.  A schematic diagram of this geometry is 
shown in Figure 2.  All three specimens are cylinders, and have a diameter equal to that of fuel 
injector plungers that are currently in production by a diesel engine manufacturer.  There are 
several advantages to this geometry: (a) actual fuel injector plungers can be used, (b) the 
direction of oscillation along the twin cylinders is the same as would be experienced in operation, 
(c) the contact stress for this configuration can be computed from the standard Hertz equations, 
(d) two specimens can be wear tested simultaneously, (e) a current oscillatory tribotesting system 
at ORNL can be adapted to use with minimal additional investment, (f) the twin lower specimens 
provide advantages in alignment and mechanical stability, (g) multiple tests can be conducted on 
each set of specimens, and (h) the wear volume of upper and lower specimens can be computed 
by simple optical scar width measurements using a tool-maker’s microscope.   
 
 

 
 

Figure 2.  Schematic diagram of the cylinder-on-twin cylinders configuration to be used 
for fuel injector plunger wear tests. 

 
 
A set of specimen fixtures has been fabricated to fit ORNL’s Plint TE-77 testing machine.  This 
set-up will provide the additional advantage of being able to conduct elevated temperature tests 
and tests under lubricated conditions.   Tests on ceramic plungers (cylinders) will be conducted 
during the next quarter. 
 
Future Plans 
1. Continue metallurgical studies of scuff-tested specimens, and conduct additional tests to 

examine the effects of intermittent operation on the durability and frictional torque behavior 
of the four leading material pairs. 

 
2. Investigate the potential for improving high-temperature scuffing behavior still further using 

coated or modified surfaces. 
 



3.  Continue work on the development of a durability test for fuel injector plungers. 
Travel 
None. 
 
Status of Milestones 
1) Complete baseline scuffing tests at room and elevated temperature. (February 28, 2001 – 
completed.) 
 
2) Complete elevated temperature scuffing tests of leading candidate materials.  Submit report.  
(June 30, 2001.  Testing completed, journal article completed, for submission in October.) 
 
3) Complete design and construction of a fuel injector materials testing system capable of 
studying the effects of varying injector motions and loading cycles on material response.  
(September 30, 2001 – Nearly complete.  Fixture design has been completed and is being 
fabricated for installation in October.) 
 
Publication 
(1) P. J. Blau and R. D. Ott (2001) “High Temperature Scuffing Characteristics of Candidate 
Materials for Diesel Engine Applications,” to be submitted to Wear. 
 
 



Implementing Agreement For A Programme Of Research And Development On Advanced 
Materials For Transportation Applications  

 
M. K. Ferber 

Oak Ridge National Laboratory 
 
Objective/Scope 
The International Energy Agency (IEA) was formed via an international treaty of oil consuming 
countries in response to the energy crisis of the 1970s.  A major objective of the IEA is to 
promote secure energy supplies on reasonable and equitable terms.  The governing board of the 
IEA, which is composed of energy officials from each member country, regularly reviews the 
world energy situation. To facilitate this activity, each member country provides energy experts 
who serve temporary staff assignments at IEA headquarters. These staff or secretariat support 
the governing board by collecting and analyzing energy data, making projections in energy 
usage, and undertaking studies on specialized energy topics.  The governing board is also 
assisted by several standing groups, one being the committee on energy research and technology 
(CERT), which encourages international cooperation on energy technology.  Implementing 
agreements (IAs) are the legal instruments used to define the general scope of the collaborative 
projects.  There are currently 40 active implementing agreements covering research topics such 
as advanced fuel cells, coal combustion science, district heating and cooling, enhanced oil 
recovery, fluidized bed conversion, fusion materials, solar heating and cooling, pulp and paper, 
hydropower, heat pumping technologies, hybrid and electric vehicles, high temperature super 
conductivity, wind turbines, and high temperature materials.  A complete listing can be found at 
the IEA website, www.iea.org. 
 
This progress report summarizes recent activities in the implementing agreement entitled, 
“Implementing Agreement For A Programme Of Research And Development On Advanced 
Materials For Transportation Applications.” This implementing agreement currently consists of 
one active annex entitled “Annex II: Co-Operative Program on Ceramics for Advanced Engines 
and Other Conservation Applications.”  The motivation for this IA is the development of new 
and improved ceramic materials, brittle material design methods, and life prediction 
methodology.  The objective of Annex II is coordinated R&D on advanced ceramics leading to 
standardized methods for testing and characterization.   
 
The Executive Committee for the IA on Advanced Materials is also exploring the possibility of 
adding a new effort (Annex III) focusing on the characterization of materials for diesel engines.  
Possible topics include characterization of contact damage (fatigue) and novel methods for the 
assessment of the mechanical reliability of coatings. 
 
Technical Highlights 
 

General 
 
Planning for the next executive committee meeting was continued this reporting period.  The 
United States will host this meeting to be held in conjunction with the PAC RIM IV meeting 
which will be held 4-8 November 2001 in Wailea, Maui, Hawaii, at the Outrigger Wailea Resort.  

http://www.iea.org/


The major objectives of this meeting are to discuss progress in Annex II (Subtasks 11 and 12) 
and to propose new activities.  In support of the latter item, a representative of Natural Resources 
Canada (NRCan), a federal government department specializing in the sustainable development 
and use of natural resources, energy, minerals and metals, forests and earth sciences, will present 
an overview of appropriate material research activities for transportation applications. 
 

Annex II  
 
Annex II currently consists of two active efforts, Subtasks 11 and 12.  In Subtask 11, techniques 
for the measurement of thermal and mechanical fatigue of silicon nitride ceramics are being 
examined.  National efforts in Japan and the United States focus on the development of 
procedures for evaluating the mechanical fatigue behavior of silicon nitride ceramics using either 
uniaxial flexure or biaxial test specimens.  The national effort in Germany consists of the 
development of thermal fatigue procedures using the laser thermal shock equipment evaluated in 
Subtask 9.  The national effort in Sweden will focus on the evaluation of the fracture surfaces of 
specimens tested in Japan, the United States, and Germany. 
 
Subtask 11 will also include an international effort in which the thermal fatigue behavior of a 
single silicon nitride will be compared with the mechanical fatigue data generated at a 
temperature which is the same as that at the fracture point in thermal fatigue test.  Germany will 
be responsible for the thermal fatigue testing while both Japan and the United States will conduct 
mechanical fatigue testing.  Sweden will perform fractographic analysis of the specimens.   
 
The effort in Japan was initiated this reporting period.  Samples for the testing in Germany were 
machined at ORNL and sent to Rolf Wäsche who will be conducting the thermal fatigue tests. 
 
United States research activities in support of Annex II have involved the measurement of the 
cyclic fatigue of a commercial silicon nitride (GS44 manufactured by Honeywell Ceramics 
Components).   The rotary bend fatigue (RBF) machine shown in Figure 1 was used for this 
effort.  Normally in RBF testing a dead weight is applied to the free end of the specimen (Figure 
2).  In this work, a computer controlled pneumatic loading system was used to vary the applied 
load and thus the stress on the specimen. 
 
Preliminary testing has involved measuring the 850°C strength of RBF specimens which are not 
subjected to rotation as a function of loading rate.  The resulting data will be compared to 
existing flexural dynamic and static fatigue results obtained in a separate study [1]. 
 

Annex III 
 
To promote pre-competitive standard testing and characterization methods for diesel 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 existing Implementing Agreement (Advanced Materials For Transportation Applications), 
would focus on development and verification of advanced characterization techniques for diesel 
engine materials.   



To better define the needs in this area, a subcontract was initiated with Gateway Materials 
Technology.  During this reposting period a contact list for the diesel engine and ceramic coating 
community (engine manufacturers, coating suppliers, testing, government and academic research 
agencies) was created. A survey requesting information on characterization needs with respect to 
ceramic coatings was sent to these contacts via e-mail.  
 
Status of Milestones 
All milestones are on track. 
 
Communications/Visits/Travel 
None 
 
Publications 
None 
 
References 
[1] A. A. Wereszczak, T. P. Kirkland, H. -T. Lin, and S. K. Lee, “Intermediate Temperature Inert 
Strength and Dynamic Fatigue of Candidate Silicon Nitrides for Diesel Exhaust Valves,”  
Ceramic Engineering and Science Proceedings (4):497-508 (2000). 
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Standards For Reliability Testing Of Heavy Vehicle 
Propulsion Materials 

 
Said Jahanmir, James F. Kelly, and William Luecke 

National Institute of Standards and Technology 
 

Objective/Scope  
The objective of this project is to develop international standard test methods for assessing the 
reliability of ceramic components used in diesel engines and other heavy vehicle propulsion 
systems.  Advanced ceramics such as silicon nitride offer a unique combination of properties that 
include light weight, excellent high-temperature strength, and resistance to wear and corrosion. 
These properties make them particularly attractive for diesel engines, where their use as key 
engine components will allow the higher operating temperatures that lead to higher thermal 
efficiencies and environmentally cleaner propulsion systems. Reliability and cost-effectiveness 
are critical issues in implementing ceramics in the valve train of diesel engines.  Ceramic valve 
train components are subjected to demanding conditions that include high contact loading, 
elevated temperatures, and corrosive environments.  To ensure a reliable service life, standard 
test methods are needed to evaluate the performance of potential ceramics in highly loaded 
rolling and sliding contacts. This project will develop test methods for evaluating the contact 
damage behavior of ceramics under rolling and sliding conditions that simulate the cam roller 
followers, valves, and valve seats.  In support of this goal we will pursue four research thrusts:  
1) fundamental issues in the relation between ceramic microstructure and performance reliability, 
2) basic mechanisms that lead to formation and propagation of contact damage and the effect on 
reliability of residual stresses developed during machining and by contact, 3) effect of machining 
damage on contact reliability as well as the interactions between machining and contact damage 
that may lead to premature failure, 4) development of international standards for assessing 
contact damage 

Technical Highlights  

Standards for Rolling Contact Fatigue 
During this reporting period we developed a contact mechanics model for predicting the 
transition from mild wear to severe wear by microfracture under sliding contacts. This transition, 
at a material-specific critical load, from mild to severe wear is a common feature of sliding wear 
of structural ceramics Existing theories of ceramic wear focus on modeling the wear rate in the 
severe wear regime, where the wear rate is unacceptably high for engineering applications. First 
principles predictions of the transition from mild to severe wear by microfracture are necessary.  
 
Under a static, hertzian stress, materials fail by one of two mechanisms. For brittle failure, cone 
cracks form around the contact circle of the indenter. Some ceramics, depending on 
microstructure, can fail by a quasi-plastic mechanism under the indenter.  Recent work in many 
research groups has led to models for the critical load for the formation of cone cracks or quasi-
plastic deformation. However, the critical loads ( for cone crack formation and for 
quasiplastic deformation) predicted for the formation of damage are many times larger than the 
commonly observed critical loads for the transition from mild to severe wear under sliding 
contact. 

0
CP 0

YP



 
These models, of course, neglect the additional stresses that arise from friction. We have 
augmented the model of Chiang and Evans (J. Am. Ceram. Soc 66[1] 4-10, 1983) which showed 
graphically that the critical load, , for formation of cone cracks behind the sliding indenter 
decreases drastically with increasing friction. Although they did not demonstrate it explicitly, the 
critical load depends on the contact radius and takes the form 
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where B = B(ν) ≈ 8-10, and A = 7500. We have reanalyzed wear transition data from four structural 
ceramics, summarized in Table 1, and showed that the transition from mild to severe wear under 
sliding contacts in ceramics is driven by the critical load for brittle fracture (Eq. 1), rather than 
the critical load for quasi-plasticity. Table 1 shows that Equation 1 successfully predicts the 
critical load for the onset of severe wear by microfracture, when the effects of friction are 
considered. It is possible to extend the models for formation of quasi-plastic deformation below 
the indenter to include friction, but the predicted critical loads, , are still much larger than the 
observed transition loads, indicating that brittle fracture, rather than damage by quasi-plastic 
deformation, drives the transition to severe wear by microfracture in structural ceramics.  
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Table 1: Transition Loads for Brittle Fracture and Quasi-Plastic Behavior at Room Temperature 
 Transition 

Load Expt. 
(N) 
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f
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Alumina (99.8%)1 20 0.60 920 156 1500 8 0.6 19 
Alumina (99.5%)2 60 0.10 310 310 600 85 0.5 4 
Silicon Nitride (HIP)3 10 0.30 2570 2570 2300 23 1.1 111 
Silicon Carbide (Sint.)4 7 0.67 9240 924 1700 11 5.4 84 
1 Dong et al.," J. Am. Ceram. Soc. 74, 1036-1044 (1991). 
2 Deckman et al., Wear, 149, 155-168 (1991). 
3 Dong et al., Wear, 165, 169-180 (1993). 
4 Dong et al., Trib Int., 28, 559-572 (1995). 
 
During this reporting period we conducted extensive conversations with users of the NTN 3-ball-
on-rod machine to determine interest in developing standards. In general there was enthusiasm 
and willingness to participate in standards-oriented activities.  

Status of Milestones 
1. Complete final report for the first year effort on Subtask 12 (December 30, 2000) – 
Complete: Currently being reviewed within NIST and awaiting comments from national 
representatives. 
2. Initiate a new project direction and develop collaboration with diesel engine companies in 
the U.S. and IEA countries (February 28, 2001) completed 
3. Evaluate the feasibility of possible test methods for standardization (September 30, 2001) 
– complete 



Communication/Visits/Travel 
None 

Publications 
“Wear Transitions and Tribochemical Reactions in Ceramics” Said Jahanmir, to be published in 
a special issue of Journal of Engineering Tribology, 2001. 

References 
None  



Mechanical Property Test Development 
George Quinn 

National Institute of Standards and Technology 
 
Objective/Scope 
This task is to develop mechanical test method standards in support of the Propulsion Systems 
Materials Program.  Test method development should meet the needs of the DOE engine 
community but should also consider the general USA structural ceramics community as well as 
foreign laboratories and companies.  Draft recommendations for practices or procedures shall be 
developed based upon the needs identified above and circulated within the DOE engine 
community for review and modification.  Round robins will be conducted as necessary.  
Procedures will be standardized by ASTM and/or ISO.  
 
Technical Highlights 
1.   General  
Attention was focused on standards maintenance in this quarterly period.  A minor diversion into 
Knoop hardness was taken in order to investigate a curious problem with the method.  Knoop 
hardness may depend upon whether an indentation is cracked or not.  Major revisions in the key 
flexural strength standard ASTM C 1161 were balloted.  A second round of major changes was 
balloted for the fracture toughness standard, C 1421.   
 
2.   Fracture Toughness 
a. ASTM standard C 1421 revised again 
In previous quarterly reports, we reported on how lateral cracks could interfere with 
determination of fracture toughness by the surface crack method.  A remedy for the problem was 
balloted in ASTM along with a number of other editorial changes and clarifications.   In brief, if 
after the customary amounts of material are removed during the SCF test method, there are still 
traces of lateral cracks present, then additional material should be removed to fully eliminate the 
lateral crack remnants.  
 
A short paper on the lateral crack interference in the SCF method was presented at the European 
Ceramic Society conference in September 2001.  A full paper was accepted by the Journal of the 
American Ceramic Society.   
  
We are pleased that the three methods in the ASTM standard (surface crack in flexure (SCF), 
single-edged precracked beam (SEPB), and chevron notch in bending (CNB)) produce test results 



that concur within ~5% for the silicon carbide.  We previously had obtained agreements within 1% 
for silicon nitride.  All told, 19 corrections or refinements to C 1421 were balloted in the 
September of 2001.  
 
3.   Revisions to ASTM Standard C 1161, Flexural Strength of Advanced Ceramics  
After 11 years on the books, ASTM standard C 1161 was due for an overhaul.  Twenty-six 
revisions  were balloted by ASTM in September.  Key figures and illustrations were updated and 
revised and many editorial changes were balloted in ASTM Committee C-28 in September.    
Clarifications were added on what to do if fractures occur under a loading point or outside the 
inner gage section, on the differences between “semiarticulating” and fully-articulating” fixtures, 
on when to correct stress for oversized chamfers, and how to interpret fracture patterns in the 
specimens.  
 
Some major changes were also balloted and approved.   The old 1/8” x ¼” x 2” specimen on 
0.75” x 1.5” fixtures (Configuration “D”) was deleted and a major change to the “standard” 
machining procedure was approved.  This latter revision, which is a dramatic change, is due in 
no small part to the substantial amount of work that has been done at ORNL, NIST, and 
elsewhere in the last few years on the topic of machining ceramics. There is a trend to use finer 
grit wheels in preparation of both components and laboratory test pieces.  Many users now 
require components finishing with 400 grit or finer grinding wheels.  Some users were 
uncomfortable with flexure specimens prepared with only a 320 grit finish. They were concerned 
that the strengths may not adequately represent the finer grit finished components.  So although a 
320 grit final finish may be perfectly adequate for longitudinally ground bend bars in most cases, 
the trend has been to finer grits.   The new master drawing for bend specimens that will appear in 
the revised C 1161 is Figure 1 below.  Please note that this will supercede the similar drawing 
put into the last DOE quarterly report!  
 
The ballot closed out in the end of September and most revisions were approved.  A few negatives 
that were received will be discussed at the November 2001 meeting of Committee C-28.   Quite a 
few affirmative with comments were received from Jeff Swab, Sung Choi, Jonathan Salem, and 
Vic Tennery.   
 
4.    Upgrade Fractographic analysis equipment  
In the last quarterly period, we installed new digital cameras on the stereo binocular and research 
metallographic microscopes.  We are now able to generate improved images of ceramic fracture 
surfaces.  Time was spent in learning how to use the new software.  Figure 2 shows the fracture 



surface and origin of the author’s son’s automobile windshield, which broke when the car was 
damaged by a tornado in Maryland in September 2001.  The glass was tempered, but the impact 
was so severe that the impact cracks penetrated through the surface compression zone and 
triggered catastrophic fracture of the windshield.   
 

 ALL DIMENSIONS ARE IN MILLIMETERS    
UNLESS OTHERWISE NOTED. 

 
SCALE:  None 

 

  

ASTM C 1161- 
Standard “B” Flexural Strength specimen 

(and MIL STD 1942 and ISO 14704 with exceptions noted below)

Revisions 
Sym date Description 

   
   

NOTES 
 
1 The four long flat surfaces shall be ground longitudinally unless otherwise specified.  
 Blanchard or rotary grinding is not permitted during any phase of specimen preparation.  
 
 Specimens shall be ground in progressively finer stages in order to control the depth of machining damage and 

microcracking.  Grinding shall be in two or three stages.  
  
 All grinding shall be done with an ample supply of appropriate filtered coolant to keep work piece and wheel 

constantly flooded and particles flushed.   
 
 Coarse grinding, if necessary, shall be with a diamond wheel no coarser than 150 grit.    The stock removal rate 

(wheel depth of cut) shall not exceed 0.03 mm (0.001 in) per pass to the last 0.06 mm (0.002 in) per face.  Remove 
approximately equal stock from opposite faces. 

 
 Intermediate grinding, if utilized, should be done with a diamond wheel that is between 240-320 grit.  The stock 

removal rate (wheel depth of cut) shall not exceed 0.006 mm (0.00025 in) per pass to the last 0.020 mm (0.0008 in.) 
per face.   Remove approximately equal stock from opposite faces. 

 
 Finish grinding shall be with a  diamond wheel that is between 400 and 600 grit.  The stock removal rate (wheel 

depth of cut) shall not exceed 0.006 mm (0.00025 in) per pass.  Final grinding shall remove no less than 0.020 mm 
(0.0008 in.) per face.  The combined intermediate and final grinding stages shall remove no less than 0.060 mm 
(0.0025 in) per face.  Remove approximately equal stock from opposite faces. 

 
 Wheel speeds should not be less than 25 m/sec (~1000 inch/sec). 
 Table speeds should not be greater than 0.25 m/sec (45 feet/min).  
 
 Very deep skip marks or very deep single striations, which may occur due to a poor quality grinding wheel or due to a 

failure to true, dress, or balance a wheel, are not acceptable. 
 
  
2 A surface finish tolerance is not required in ASTM C 1161, MIL STD 1942, nor ISO 14704.  
 Nevertheless, with careful grinding control, the finish for a fully dense ceramic should be 0.2 rms micrometers (8 rms 

micro inches) or finer as measured length wise, or 0.4 micrometers (15 rms micro inches) or finer as measured 
transverse to the specimen long axis.  If the ceramic is porous, coarser finishes may be expected.  

   
3 Edge finishing must be comparable to that applied to the specimen surfaces.  
 In particular, the direction of machining shall be parallel to the specimen long axis. 
 All four edges shall be chamfered or rounded.   
 No chipping on the chamfers is allowed.  50X magnification may be used to verify the edge condition.  
 Alternatively, if a specimen can be prepared with an edge that is free of machining damage or chips, then chamfers or 

rounding are not required.   
 
4 Optional:  Inspect the surfaces for evidence of grinding chatter or scratches.  
 Mark the scratched surface if scratches are detected. 
 
5 The end faces do not require special machining.    
  
6 Bars shall be individually wrapped or packaged when delivered.   

ISO 14704 specifies a 320 – 800 grit wheel for final finishing. 
ISO 14704 has cross section tolerances of 0.20 mm, not 0.13 mm. 
 
MIL STD 1942 had a cross section tolerance of 0.03 mm, not 0.13 mm. 
MIL STD 1942 specified a 200 – 500 grit wheel for final finishing. 

 Original Date of Drawing:  July 18, 2001 
U.S. Dept of Commerce, NIST for ASTM C 1161 
Submitted by: G. Quinn 

 
 
 
Figure 1  ASTM standard C 1161 for flexural strength of advanced ceramics has been revised.   Among 

the important changes is a major revisions to the “standard” preparation procedure.  The 
engineering drawing below shows the new requirements.  The key change is the requirement 
for finish grinding to be with a 400-grit or finer wheel, rather than the former 320-grit wheel. 
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Figure 2   Fracture origin of a broken automobile side window.  (a) shows the pieces around the 
origin site.  (b) shows  the fracture surface and origin which is a severe impact crater on the window’s 
exterior surface.  The fractographs were taken while practicing with a new digital Spot Insight camera 
mounted on a Wild M10 stereo binocular microscope.



5. Flexure Testing of Cylindrical Ceramic Specimens 

The fracture mirror constants for Ceradyne SRBSN were reviewed.  Figure 3 shows the data 
collected from both rods and bars.   The square symbols represent individual specimens outcomes 
for rectangular bars and the circle represent outcomes for rods.  The curve fitted lines have slightly 
different slopes which are the mirror constants, Ao.   

A statistical analysis of the slopes of the lines was performed.  The mirror constants are 8.47 
MPa�m � .07 MPa�m for the rods and 7.78 MPa�m �  .02 MPa�m for the bars. The differences 
are statistically significant.  The same procedures and “eyeball” were used to measure the mirror 
sizes in each case, and the stresses in the rods were corrected slightly for the location of the 
fracture origins.  

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Fracture Mirror sizes were related to the fracture stress, but with slightly different trends for 
rods and bars.  The difference may be due to mirror elongation along the specimen’s surface if the origin 
was a transverse machining flaw as shown in the insert. 
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It is now believed that the difference is due to the elongation that mirrors may experience if the 
flaw at the origin is itself an elongated crack.  In such cases, instead of semicircular mirrors, one 

ens 

r.   
 
6. Knoop hardness mini-study 

pertaining to Knoop hardness of brittle materials.  In the course of our fracture toughness studies 
with artificial flaws created by Knoop micro indentation, we had noticed that cracking seemed to 
affect the hardness.  Although much has been written about hardness effects upon fracture, little 
has been written about the converse.  We were surprised that cracked Knoop indentations were 
often as much as 10 micrometers longer than identically made, but uncracked indentations.  Figure 
4 shows the effect of cracking in one of the glasses.  A 10 micron differential is significant if the 
indentations are of the order of 100 – 200 �m in size, and will create errors or differences of 10 –2 
0% since diagonal length is squared in the formula for hardness.  
 
If cracking affects hardness, then the world standards and measurements methodologies for 
determining Knoop harness may need to be refined.    Knoop hardness is starting to be used more 
often with ceramics, and is in fact the only allowed method for glasses as per ASTM, DIN, and 
ISO standards.  The Knoop hardness ASTM standards C 1326 for Advanced Ceramics sets some 
guidelines for acceptability of cracked indentations.   
 
The summer student investigated the Knoop hardness of 5 model glasses over a very broad range 
of indentation loads.  Glasses were used since it was easy to detect the ext nt of cracking 
underneath the indenter using a normal microhardness machine or microscope.    Cracking 
occurred in all five glasses at large loads, but quite surprisingly, the cracki g affected hardness in 
only three of the glasses.  There are several plausible explanations.  For ex ple, the glasses that 
were affected by cracking were harder glasses. The softer glasses seemed to be insensitive to 
cracking effects on hardness.   Alternatively, if cracking occurred during i denter removal (rather 
than during the loading portion of the cycle) then the cracking may not effect the tip locations and 
ence the diagonal; length. A full paper on the effect of cracking upon Knoop hardness was written 

e sub

obtains semi elliptical mirrors that are elongated along the tensile surface.   Many of the specim
had fracture origins that were long, shallow machining cracks created by transverse grinding.  It is 
possible that the extent of elongation of the mirror along the surface varies between the rods and 
bars.  Further analysis of the data may clarify this matte

A summer student was available this past summer and this enabled us to investigate a small topic 

e

n
am

n

h
and will b mitted to the Journal of the American Ceramic Society.   
 



We do not intend to investigate the hardness of glasses any further.  The glasses served as mo
brittle materials that a student could study in few weeks over the summer.  
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ize Effect” for glasses and 
eramics.   The dichotomy in the trend once cracking commences has not been heretofore recognized.  

Cracked indentations are usually discounted or the data lumped together at larger loads.  
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Figure 4  Knoop hardness depends upon whether indentations are cracked or not. (a) shows two 49 
indentations in an aluminosilicate glass made under identical conditions.   The indentation on the right i

approximately 10 �m longer that the uncracked indentation on the left.  (b) shows the hardness as a function 
of indentation load.  The decreasing trend is the customary “Indentation S
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7.  Other 
a.  Design of new Semi articulating flexure fixtures for rectangular specimens  

No activity this period 
.  ISO TC 206, Working Group 16, Fracture Toughness by SCF method 

he new draft 3a of this standard was formally balloted by the ISO secretariat.  The standard 
cludes major changes in light of the lateral crack problems and new research findings as 

iscussed in previous quarterly reports.   

us of Milestones
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ilestones were revised with the 2002 Annual Operating Plan.  Progress on the new milestones 
 listed below: 

12146   Ballot major revisions to ASTM C 1161 flexural strength   Sept. 2001,  
           Completed � 

12147     Prepare ballot revisions for ASTM C 1322, Fractographic Analysis April 2002 
412148     Prepare follow on specimen machining revisions to ASTM C 1161 April 2002 

  flexural strength if needed 
12149    Prepare ballot-ready first ASTM draft of cylindrical rod flexure  April 2002 

   strength test 
12150    Prepare paper on effect of machining on strength of SRBSN rods.  May 2002 
12151    Prepare review paper on flexural testing of cylindrical rods.  October 2002 

munications/Visits/Travel

M
is
 
4
 
4
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 draft position paper on the future of ASTM committe was prepared and sent to the new 
hairman, Prof. M. Jenkins of the University of Washington.  Prof. Jenkins visited NIST on 9 
ctober 2001.  

  
ublications

A e C-28 
c
O
 
P  
. G. D. Quinn and J. A. Salem, “Effect of Lateral Cracks Upon Fracture Toughness 

Determined by the Surface Crack in Flexure Method,” accepted by  J. Am. Ceram. Soc. 
July, 2001. 

1

2. G. D. Quinn, “Refinements to the Surface Crack in Flexure Method for Fracture Toughness 
of Ceramics,” pp 633-636 in Key Engineering Materials, Vol. 206-213, Proceedings of the 
7th European Ceramic Society Conference, Brugge, Trans Tech, Switzerland, 2002.  

3. S. W. Freiman and G. D. Quinn, “How Property Test Standards Help Bring New Materials 
to the Market,”  ASTM Standardization News, Oct. 2001, pp. 26-31.  



4.  G. D. Quinn, P. Green, and K. Xu, “Cracking and the Indentation Size Effect for Knoop 
Hardness of Glasses,” subm. to J. Amer. Ceram. Soc., Oct. 2001. 
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