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Objectives

e |dentify and catalog the materials operating conditions in homogeneous charge compression-ignition (HCCI)
engines and use computational design concepts to develop advanced materials for such applications.

e Interact with designers of HCCI engines and manufacturers of componentsin order to identify the components
that will be affected by the harsh operating conditions resulting from the HCCI design.

e I|dentify the highest-priority component(s) that are critical to the implementation of the HCCI concept.

Approach

e |dentify engine components, currently used materials, and current operating conditions and compare them with
the expected component operating conditions for HCCI engines.

o Demonstrate the feasibility of the “materials-by-design” approach for the highest-priority item. Improve material
performance for HCCI applications through computational modeling and experimental validation.

Accomplishments

o |dentified high-temperature fatigue as a critical property of interest in improving the performance of valve mate-
rials and identified weight percent (or volume fraction) of ¢ asacritical microstructural characteristic that
needs to be optimized.

o |dentified eight commercially available compositions of nickel (Ni) -based alloys as potential candidates for fur-
ther study in developing correlations between microstructure and properties.

e Completed thermodynamic calculations on all seven alloys and initiated microstructural characterization and
mechanical property testing.

e Through discussions with suppliers of Ni-based alloys, identified one major supplier who has expressed interest
in tracking progress in the project with regard to aloy properties and interest in active collaboration in the fu-
ture.
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e Based on computational approach for alloy design, obtained funding for a Work-For-Others project from ama-
jor automobile manufacturer to optimize compositions of cast irons for exhaust manifold applications.

Future Direction

e Communicate with automotive companies, Diesel Cross-Cut Team, FreedomCAR, and 21st Century Truck on

the progress made through computational design.

e Develop data on mechanical properties of selected Ni-based alloys and correlate microstructure with properties.
Thiswill validate the computational design concept for design of advanced Ni-based alloys.

I ntroduction

There has been an increasing interest in HCCI
combustion in recent years because of its potential
to increase engine combustion efficiency and reduce
emissions. However, the use of HCCI combustion
will subject the engine components to significantly
higher temperatures and pressures. The temperatures
for diesel engineswill reach over 1600°F, and pres-
sure may reach > 2000 psi, which is approximately
four times that of the normal combustion engine.
Such severe engine operating conditions will require
asignificant improvement in materials performance
in order to take advantage of the HCCI engine con-
cept. This project deals with identifying materials
reguirements for HCCI engines for automotive and
truck applications and the devel opment of advanced,
yet cost-effective, materials through computational
design.

“Materials-by-design” is an Oak Ridge National
Laboratory (ORNL) concept that encompasses a
collection of materials-related techniques including
modeling, correlation, and materials modification.
The premise behind materials-by-design is that me-
chanical properties are correlated to microstructure
and phase chemistry. The phase composition and
microstructure can be achieved through thermody-
namic equilibrium or through non-equilibrium tech-
niques such as quenching, rapid casting solidifica-
tion, or mechanical working. These characteristics
can then be correlated to desired mechanical proper-
ties through equilibrium thermodynamics or through
avariety of correlation techniques. The correlations
allow untested compositions or treatmentsto be
modeled so that desired trends can be rapidly estab-
lished. Small heats of targeted materials can then be
processed to confirm the modeled properties and to
broaden the correlation data base.

Finally, there are several techniques, such as
magnetic processing or low-temperature carburiz-
ing, that can be applied to alow further modifica-

tion and optimization of desired properties. Materi-
als-by-design isideally suited to cast materials and
heavily thermally processed materials (e.g., stainless
steels, Ni alloys, cast irons, alloy steels, and brazed
wrought aluminum alloys), and the concept has been
successfully applied in such diverse areas as high-
temperature furnace components, exhaust valves,
exhaust manifolds, and tube fittings. Figure 1 and
Table 1 provide an outline of the materials-by-
design approach and a summary of the techniques
that can be applied.

o PREDICTION ay
Develop New
Compositions

o, VALIDATION ay
Understand Behavior of
Existing Materials

Property
Measurements

Microstructural
Characterization

Microstructural
Characterization

Figure 1. Overall approach for materials-by-design.

In our approach, we examined critical heavy-
duty diesel engine materials and identified means to
reduce their cost for acceptance in HCCI applica-
tions. This was accomplished through the following
tasks:

Task 1. Identify critical material requirements
for HCCI engines based on their operating con-
ditions. Thistask will be accomplished through in-
teractions with advanced engine and component de-
signers. The interactions will include personal visits
to six companies: Caterpillar, Cummins Engine,
Deer, International Truck, Eaton Corp., and General
Motors. Visits will be supplemented by aliterature
search, areview of advanced engine design studies,
and follow-up discussions afterward. The key out-
comes from this task will include (1) identifying
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Table 1. ORNL materials by design toolbox

M odeling

Experimentation

Characterization

Thermodynamic modeling of
material properties vs aloy
composition

Neural-network modeling of
diverse, nonlinear materials

properties and process varia-
tions

Detailed microstructure
based empirical modeling

Non-equilibrium modeling of
solidified structures

Ultra-high-gauss magnetic sta-
bilization of alloy steels

Low-temperature gas carburi-
zation of finished components

Ability to produce small quan-
tities of materials and fabricate
them into test bars for property
measurements and production
of prototype components by a
variety of methods, including
sand and die casting, extrusion,
forging and rolling

Advanced microscopy tech-
niques

X- ray and neutron scattering

Surface and bulk property
measuring techniques

Extrapolation of properties
from simple alloy systemsto
complex systems using inter-
action parameters

operating conditions for advanced engine concepts, with
afocus on the HCCI concept; (2) identifying compo-
nents most affected by these operating conditions; (3)
identifying currently used materials, new requirements,
and performance targets; and (4) ranking the highest-
priority items for study by the materials by design ap-
proach.

Task 2. Demonstrate the feasibility of materials-
by-design approach for the highest-priority item. In
thistask, we will identify the details of the currently
used material for the highest-priority item. Specifically,
we will examine material compositions, processing
methods, mechanical properties, corrosion properties,
and cost.

Based on the available mechanical properties data,
microstructural analysis, and thermodynamic phase sta-
bility calculations, we will identify the underlying
mechanism that delivers the current properties.

Task 3. Improve materials performance for
HCCI application through computational modeling
and experimental validation. In thistask, we will use
computational modeling (key basis for the material -by-
design concept) to identify compoasitions that will de-
liver the desired phases for two purposes: (1) improving
property performance and (2) finding alternatives to re-
duce cost for both current and improved performance.
The outcome of the analysis will be validated through

experimentation. The validation will be carried out in

the following steps:

1. Prepare compositions identified based on computa-
tional design in 1-Ib heats for microstructural analy-
sisand very limited property determination; com-
pare the results with output based on computational
analysisfor validation.

2. Scale up the validated composition into 20-Ib to
100-1b heats and cast them into ingots for processing
trials. In most cases, the material is expected to be
used in the wrought condition. However, if it isto
be used in the cast condition, we will save part of
theingots for analysis of as-cast properties.

3. Subject cast ingots to processing steps that are cur-
rently used by industry. Devel op optimum process-
ing and heat-treatment conditions to obtain the de-
sired microstructure.

4. Carry out microstructural analysis and mechanical
properties analysis on the material processed and
heat-treated with optimum conditions.

5. Prepare autotype components for HCCI engine tests.

Extensive interaction with industrial partners will
occur during all three tasks. This collaboration is ex-
pected to result in the rapid transfer of materialsim-
provement from this project to industry for usein HCCI
and other advanced engine concepts.
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Results

Materials Development through Computational
Design

Ni-based alloys have been identified as potential
candidates for improved valve materias. Thereis par-
ticular interest in increasing the operating temperature
of exhaust valvesto about 1600°F (870°C). High tem-
perature fatigue strength has been identified as a critical
factor in determining the performance of these alloysin
the valve application. An evaluation of the microstruc-
ture of various Ni-based alloys and correlation with lim-
ited information on the fatigue properties that are avail-
able show that the volume fraction of they’ phaseis
likely to be a dominant factor in determining the per-
formance of these aloys at high temperatures. Since the
size of the strengthening precipitatesis also critical, it is
anticipated that the kinetics of coarsening this phase
would also beinfluential in the long-term performance
of the alloysin this application. Based upon discussions
with various users and suppliers, arange of Ni-based
alloys with potentially varying weight fractions (or vol-
ume fractions) of ¥ have been identified in effortsto
correlate the fatigue properties with the microstructure
of the alloys. Table 2 shows asummary of these aloys
and the compositions of specific heats procured for this
study. IN 751 isthe alloy currently used, and it has been
added to the matrix as areference.

To obtain initial information on the microstructures
of these alloys at equilibrium, thermodynamic calcula-
tions have been carried out using JMatPro V4 for all the
alloys shownin Table 2. Figures 2 to 9 show the phases
present in the alloys as a function of temperature.

Comparison of the results of the calculations shown
in Figures 4 to 9 shows that all alloys have a matrix of vy
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with the major strengthening phase asy’. One or more
carbide phases such as M23C6, MC, and M7C3 may
also be present in different alloys. The primary differ-
ence between the microstructures of the various alloysis
in the weight percent of they phase at a given tempera-
ture and the highest temperature at which they’ phaseis
stable in the different alloys. Table 3 shows a summary
of the type and phases present at 900°C in the different
aloys. Thevariation iny phase content iswell illus-
trated in the table.

A survey of the data available on the high-
temperature fatigue properties of these alloys was con-
ducted. Results show that such data are available not for
specific compositions of the alloys but for a broad range
of compositions that could be associated with a particu-
lar grade. Thermodynamic calculations show that sig-
nificant variations in the phase contents occur over this
composition range. Thusit is not feasible to develop
relationships between the microstructures of the alloys
and their mechanical properties based on data available
in the literature. The required high-temperature fatigue
property datawill be obtained as a part of the project,
and equipment for testing has been assembled as out-
lined below.

M echanical Property M easur ement

To conduct fatigue tests on the selected Ni-based al-
loys, an existing material test system servohydraulic
closed loop control material test facility has been up-
graded to include high-temperature, low-cycle-fatigue
testing capability for round bar type specimens. Test
results will be reported next quarter.

Table 2. Compositions of various alloys selected for studying the correlation between microstructure and mechanical

properties

Alloy C Si Mn Al Co Cr Cu Fe Mo Nb Ni Ta Ti w Zr
X750 003 0.09 008 068 0.04 157 008 803 - 08 Ba 001 256 - -
Nimonic 008 01 006 144 0.05 196 003 053 - - B4 - 253 - -
80A

IN 751 003 009 008 12 004 157 008 803 - 08 Ba 001 256 - -
Nimonic90 0.07 018 007 14 161 194 0.04 051 0.09 0.02 B4 - 24 - 007
Waspaloy 003 0.03 003 128 125 193 0.02 156 42 - B4 - 297 - 005
Rene 41 006 001 001 16 106 184 0.01 02 99 - B4 - 32 - -
Udimet520 0.04 0.05 001 20 117 186 001 059 635 - B4 - 30

Udimet720 0.01 0.01 001 25 148 159 001 012 30 001 B4 - 514 123 003
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e Potential commercial Ni-based alloys that need
to be evaluated for use in higher temperature
exhaust valves were identified.

Thermodynamic cal culations show that the
variation in the major strengthening phase spans
asignificant range and hence is appropriate for
devel oping correl ations between microstructure
and mechanical properties.

High-temperature fatigue data were identified as
essential in the selection and/or development of
Ni-based alloys for this application.
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Table 3. Calculated major phase contents of various

alloysat 900°C

Alloy Wt % Wt % Wt % Wt %

Y Y carbides  OtNef

X750 99.8 0.2

Nimonic 93.9 5.0 11

80A

IN 751 94.5 5.3 0.2

Nimonic90 89.8 8.9 13 -

Waspaloy 84.7 14.7 0.6 -

Rene 41 72.1 20.7 24 4.8

Udimet 520 77.6 21.6 0.8 -

Udimet 720 59.6 40.0 0.4 -
Conclusions Publications/Presentations

Bruce Bunting, Govindaragjan Muralidharan, V.
K. Sikka, presentation at Cummins
International.

Govindarajan Muralidharan, Steve Weber, Mi-
chael Pollard, and Haydn Chen, “ Coarsening of Co-
herent Precipitates in Multi-Component Ni-Based
Alloy Systems: Experiment vs Theory,” a poster
presentation at the Gordon Research Conference on
Physical Metallurgy, July 23-28, Holderness
School, Plymouth, NH.



