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. i Develop and demonstrate an emissions compliant engine system for Class 7-8 highway
21CTP Technical Goal: trucks that improves the engine system efficiency from ~42% today to 50% by 2010.

Project Objectives

Quantify, model, and prevent surface damage in diesel
engine components like EGR valve actuators and fuel
injector plungers that must operate in low S fuels.

FY 2005 Focus

Test the durability of advanced materials and surface
treatments, and develop a multi-stage model for the initiation
and propagation of scuffing in fuel injectors.

Planned Duration

October 2001 to September 2005

DOE Funding/Industry Cost Share

FY04: $200K; FY05: $180K

High-performance fuel injectors
require precise plunger-bore
clearances (cannot tolerate scuffing
damage) and must avoid seizure
(maintain low sliding friction).

Plunger

Courtesy of Cummins Engine Co.

Principal Investigator(s)

Peter Blau, Oak Ridge National Laboratory/UT-Battelle
(865) 574-5377;

(with J. Qu, ORNL, and J. J. Truhan, U. of Tennessee)

Technology Development Manager
Sid Diamond, DOE/OFCVT
(202) 586-8032; sid.diamond@ee.doe.gov

Accomplishments

« Applied thermal oxidation to greatly reduce the wear of
titanium alloys for use in diesel engine components. (3/2005)
« Based on test data, developed a multi-stage scuffing model
that includes the role of surface finish and lubricant films in the
localized initiation and propagation of surface damage.
(9/2005)

Significant Future Milestones

Project will be completed in FY 2005. Planned follow-on effort
to enhance energy-efficiency of valve train components (valve
seats and guides) through the use of advanced materials.
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Objectives

Approach

« Improve the durability and performance of selected

moving parts in diesel engines using of advanced
materials like ceramics and composites.

Understand the fundamental nature of surface
damage and its propagation in specific engine
components.

Provide guidance for selecting materials and surface
finishes for energy-efficient, durable diesel engine
parts.

Identify areas in diesel engines where durability significantly
impacts fuel-efficiency / emissions.

Determine the primary failure modes of key components.
Develop test methods and analyses based on a multi-
disciplinary understanding of both materials and lubricant
behavior.

Apply the specially-designed tests, analyses, and models to
current and candidate materials / surface treatments that have
the potential to improve durability.

Summarize, analyze, and distribute findings to U.S. industry
and other interested parties.




Lowering friction and wear between moving
parts in diesel engines offers opportunities to
improve fuel-efficiency and durability

Relevance to 21 CT Goals

Main bearings =7
Cam shaft

Piston rings / cylinder liners
Cam roller followers

Fuel injector plungers

EGR system components*

Ce® @ B

Valve guides / seats

Prior research
. This project
O Planned

J Caterpillar C-15
- Diesel Engine

* Not all engine manufactures use EGR

21 CT Technology Goals:

— Develop and demonstrate an emissions compliant engine system for Class 7-8 highway
trucks that improves the engine system fuel efficiency by 20% by 2010.

— Research and develop technologies which will achieve a stretch thermal efficiency goal
of 55% in prototype engine systems in 2012.

Impact: Developed new test methods for scuffing, in addition to data and analyses
to support the selection and use of advanced materials, surface treatments, and
coatings to reduce friction and increase durability in both fuel and EGR systems.

Roles of 21 CT partners:
— Provided certain fuel system components for comparative, baseline testing (Cummins)
— Held periodic discussions (Caterpillar, Cummins, DDC).
— Came to ORNL to use our unique testing equipment for EGR studies (DDC)

Additional Benefits:
— Insights into the mechanisms and progression of surface damage on bearing surfaces
sensitive to scuffing and wear.

— Revealed benefits of a new, inexpensive surface treatment for Ti alloys to significantly
reduce wear in cylinder liner environments.




Emphasis has been on EGR system
components and fuel injector plungers

FY 2001- 3. Developed a high-temp
scuff testing apparatus and evaluation
criteria to quantify mat'l performance.

FY 2003- 5. Worked with DDC and
then Stellite Corp. in evaluating
candidate materials.

FY 2002- 4. Developed a pin-on-twin
test apparatus and conducted tests.

FY 2003- 5. Developed scuffing
transition maps and a model for the
evolution of scuffing damage.

Technical Accomplishments/
Progress/Results

1) Waste Gate Bushings. Brief summary of the work
on high-temp scuffing of EGR components (arising
from previous FY).

2) Fuel Injector Scuffing. Method for characterizing
and modeling the scuffing characteristics of
promising new fuel injector materials.

3) Recent highlight: Promising new surface treatment
for Ti alloys in bearings — thermal oxidation




What is scuffing, and why is it important for
energy-efficient operation of diesel engines?

Scuffing is a form of surface damage that can
degrade engine performance.

In valve guides, fuel injectors, waste-gate
bushings, scuffing can cause seizure or
produce unstable motion.

It can alter surface roughness and reduce the

’ s 052 o. effectiveness of lubrication, thus

4= oscillation increasing friction and lowering energy
efficiency.

Can change the fit between mating surfaces,
causing leakage or loss of compression.

Its on-set is very hard to predict, and when it
starts it can spread like a cancer from one

Sliding distance 60 m part of a surface to another.

Sliding distance 6.m .

Progressive scuffing of 52100 steel

Waste Gate Bushing (ry 2003-05)

« Developed a ‘bow-tie’ test apparatus (600° C)
and analysis method that weighs 6 or more
separate criteria to rank overall high-
temperature performance.

* Test method used by DDC and they
recommended it to their material supplier
Deloro Stellite Corp. under the HTML User
Program.

« Developed a high-temp. scuffing map to help

in material selection.

* Methodology now under
consideration for use by
a major waste-gate
actuator manufacturer.
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Fuel lubricity produced different levels of surface

Fuel Injector SCUffmg (FY 2003-05) damage on 52100 steel (typ. Injector bore)

Designed a test geometry to enable the use of plungers or test specimens
Modified an existing friction testing machine

Developed measurement methodology to characterize the extent of scuffing
Tested candidate materials (metals, ceramics, cermets, coatings)

Developed graphical and analytical methods to describe the initiation and
progression of surface damage

Applied Loadl Non-Rotational Sliding

Crossed cylinders ‘Pin-on-Twin’
Test

Applied Luadl Non-Rotational Sliding

. Jet A . #2 Diesel
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The onset of scuffing was detected by comparing
digital friction records for individual strokes

Hardened 52100 Steel (Jet A, 50 N, 5 Hz)
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The initiation period for scuffing varied depending

on material combination and surface finish

Lower Specimen Material (Ra (pm))
CERMET 3-27 b (0.21;
CERMET 3-27 a (0.21;

ZIRCONIA b (0.22,
ZIRCONIA a (0.22;
CERMET 1-20 b (0.20;

CERMET 1-20 a (0.20;
CERMET C-10b (0.20,
CERMET C-10a (0.20;

ZIRCONIA b (0.04]
ZIRCONIA a (0.04)
52100 STEEL (0.22)
TiN COATING (0.10
TiN COATING (0.05
52100 STEEL (0.05]

50 N, 5 Hz, 10 mm stroke
52100 Steel Upper Specimen
Low-S fuel (Jet A)

1 1 1 1 L 1

00 05 10 15 20 25 30 35 40
INITIATION PERIOD (in 10° strokes)
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3D Friction Transition Maps

Portrays the change in friction coefficient relative to the first stroke and enables
the onset and progression of scuffing to be determined.
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The optimum surface finish to lengthen the damage
propagation period can be represented
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The scuffing model includes effects of lubricant
and material characteristics

The 3 regimes account for a transition from liquid film control to interface shear
strength control by the properties of the solids.
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Fuel Injector Scuffing (Fy 2003-05)

Developed a ‘pin-on-twin’ scuffing test.
Conducted tests on metals, ceramics, cermets, and hard

coating in various fuels including low-S fuels.

Developed a data collection and reduction method to
identify the on-set and propagation of scuffing.

Developed scuffing transition maps and a multi-disciplinary
3-stage model.

| Operating conditions

Material pairing

Characteristics of
the most scuffing-
prone partner

Lubricity of media |

Surface finish
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Highlight —Thermal Oxidation (TO) Process Can
Enable Ti Alloys to be used as Bearing Surfaces

Simple heat treatment grows oxide films on Ti alloy reduces friction by 70%
and wear rate (ring and liner test) by from 40,000 to 100,000 times!

Bare T-6Al-4V

130 N, 11 min.
il

TO Ti-6Al-4V
240 N, 6 hours!

Bare Ti does not react with or
benefit from anti-wear additives
in formulated diesel oil, but the
TO surface layers do!

Ti
EDS Spectrum

3 advanced materials [
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Technology Transfer

Continuing information exchange via dialogs and visits

with engine companies and their suppliers.

Presentation and publication of results.
Working with diesel company engineers and suppliers

under the HTML User Program.

Problem
‘definition‘

4

Develop test methods
and metrics

Apply research tools
for understanding

Provide data on

- Offer test methods ]
to industry =

or design tools

Supply new models
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Future Work

Publications and Presentations (1 of 2)

» Project ends in FY 2005 with a final report containing

the scuffing model, discussion of optimized injector
plunger surface finishes, and guidance for anti-
scuffing material selection (under preparation).

A new project to address valve train friction and
durability issues in diesel engines has been planned.
Would like to explore the benefits of thermal oxidation
treatment to enable use of Ti in engines.
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