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ADMINISTRATIVE INFORMATION

1. Project Name: Low-Temperature Surface Carburizing of Stainless Steels

2. Lead Organization: Swagel ok
29500 Solon Road
Solon, OH 44139

w

Principal Investigator: SunnivaR. Collins
440-349-5934 x4128
440-349-5806 fax
sunniva.collins@swagel ok.com

o

Project Partners: Case Western Reserve University
Arthur H. Heuer
216-368-3868
216-368-8932 fax
heuer@cwru.edu

Oak Ridge National Laboratories
Vinod K. Sikka

865-574-5112

865-574-4357 fax
sikkavk@ornl.gov

5. DateProject Initiated: 1 January 2004

6. Expected Completion Date: 31 December 2006

PROJECT RATIONALE AND STRATEGY

7. Project Objective:

This research program has applied a commercial patented technology, currently used for conformal
surface hardening AISI 316 components, to other austenitic stainless steel compositions and components.
Austenitic stainless steels that have been treated by this technology, called low-temperature colossal
super-saturation (L TCSS), show increased surface hardness, improved wear resistance, improved erosion
resistance, and improved corrosion resistance. The research will enable substantial reduction of the
service-induced wear of austenitic stainless steel partsin avariety of applications, including, for example,
bearing surfaces and wear surfaces.

8. Technical Barrier(s) Being Addressed:

Austenitic stainless steels are the primary materials of choice for applications when one needs corrosion
resistance in agueous solutions at ambient temperatures. While austenitic stainless steels are excellent for
their corrosion resistance, they possess low hardness values and cannot be heat-treated to increase their
hardness like the ferritic steels. Thus, when used for applications such as pumps for liquids and slurries
in chemical, petrochemical, pulp and paper, steel, and other industries, they undergo wear of the pump
impellers and the pump casings. The wear causes the pumps to operate with decreasing efficiency.
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9. Project Pathway:

Swagelok has processed a group of commercially available austenitic stainless steels, and performed
initial characterization, including metallography, microhardness depth profiles, carbon depth profiles, and
some screening corrosion testing. CWRU has characterized the carburized specimens using materials
characterization techniques such as TEM, SEM, and XRD, and has performed mechanical tests as
required. CWRU has also developed thermodynamic modeling to evaluate the effects of different alloying
elements on the results of the LTCSS process. ORNL has performed corrosion and tribological testing
(erosion, wear, abrasion) of a subset of the treated alloys. ORNL has produced four test heats of
austenitic alloys designed to optimize the results of the LTCSS process (depth of treatment and hardness
of case).

With the results of these studies, the project team has contacted potential end users of the technology for
field service testing opportunities. Currently, components are in field service testing at two pulp and paper
facilities. Component validation testing is al'so being performed by end users in oil and gas, chemical,
semiconductor and biopharmaceutical applications.

The project milestones and stage gates are shown below.
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10. Critical Technical Metrics:

Extend the LTCSS technology to other stainless steels: Approximately thirty candidate alloys have been
treated and evaluated. These aloys are readily available, commercially important in a wide range of
industries, and also represent arange of compositions. Alloys were considered successfully treated when
the following parameters were achieved:

= At least double the hardness of untreated material: verified by microhardness profiles

= Uniform treatment (complete activation): verified by metallographic evaluation

» No carbide precipitation: verified by TEM and XRD analyses

= Performance improved over untreated material: verified by testing

Create pedigreed data on performance characteristics of treated alloys: When possible, standard ASTM
test methods were used, and metric rather than subjective data were generated.

Develop understanding of effects of alloying elements on LTCSS results: By optimizing the composition
of the stainless steel, much higher levels of carbon super-saturation can be reached, and these higher
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carbon concentrations will result in an even more impressive increase of the surface hardness and the
wear- and corrosion-resistance. This concept has been examined using thermodynamic modeling.

Develop understanding of process to enable treatment of other austenitic alloys: Based on the results of
the thermodynamic modeling and the wide range of compositions selected for evaluation, a model was
developed to predict the treatment of other austenitic aloys, including iron-based superalloys, nickel-
based alloys, and cobalt-based alloys. The experimental heat results, and the results from the commercial
aloys, were used to verify this model.

PROJECT PLANS AND PROGRESS

11. Past Accomplishments:

Manufacture/procure alloys and specimens: complete

Process alloys. complete

Initial evaluations: complete

Microstructural characterization: complete

Thermodynamic modeling: complete

Corrosion testing: treated and untreated specimens. complete

Mechanical Testing: 90% complete, some fatigue results still pending
Tribological evaluations: 90% complete, some wear/corrosion results still pending
Component testing: 90% complete; componentsin field service, calculations of energy savingsto be
completed

= Design and manufacture of experimental alloy: complete

Swagelok is the recipient of the 2006 ASM Engineering Materials Achievement Award for the
development of this technology. The award will be presented in October 2006 at the MS& T ' 06 meetings
in Cincinnati, OH.

12. FuturePlans: This project is nearing completion. We still have some work in Mechanical
Testing, Tribological Evaluations and Component testing. In particular, the use of field
testing data to calculate energy savings is underway and needs to be completed.

13. Project Changes: Two project partners, Energy Industries of Ohio and Spirax Sarco, have not
participated in the project and are no longer included in the project partner listing.

14. Commercialization Potential, Plans, and Activities:

Swagelok owns the original intellectual property (IP) through several issued patents (US Patents
6,093,303, 6,165,597, and 6,461,448) and others pending, and will retain ownership. Swagelok has
developed a business plan for commercialization of this technology. Inputs from the research from this
IMF project were pivotal and enabled the development of this commercialization plan. In June 2006, a
proposal was submitted to the Ohio Department of Development in response to The Third Frontier Fiscal
Years 2007 Request for Proposal, Research Commercialization Program in Engineering and Physical
Sciences. The project will begin January 1, 2007 and will be 3 yearsin duration. Swagelok will undertake
technology and business development efforts, and Case will continue research study on expanding the
technology to other commercialy important alloys for future business development. ODOD will
announce project awards in November 2006.

15. Patents, Publications, Presentations;
» G. M. Michd, F. Erngt, H. Kahn, Y. Cao, F. Oba, N. Agarwal, A. H. Heuer, “Carbon
supersaturation due to paraequilibrium carburization: Stainless steels with greatly improved
mechanical properties,” ActaMateridia, Vol 54, January 2006, pp 1597-2006.
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G. M. Michal, F. Ernst and Y. Cao, “ Surface Hardening of Austenitic Steels by Low Temperature
Colossal Supersaturation,” presented at the Symposium on Engineered Steel Surfaces:
Nanotechnology, Hardness and Wear Resistance, MS& T’ 04 in New Orleans, September 2004
and published inthe MS& T’ 04 Volume || — Engineering Steel Surfaces: AIST/TMS
Proceedings.

P. J. Blau, J. Qu, and B. C. Jally, “Wear Reduction of Austenitic Stainless Steels using a Novel,
Low-Temperature Carburization Process,” World Tribology Congress 11, Washington, DC,
September 2005, and published in the proceedings.

G.M. Michal, F. Erngt, H. Kahn, Y. Cao, F. Oba, and A. H. Heuer, “Impressive Carbon
Supersaturation due to Paraequilibrium Carburization of Austenitic Stainless Steel,” under review
for publication

Peter J. Blau, Jun Qu, and B. C. Jolly, “ Surface Engineering of Stainless Steel to Improve Wear
Resistance without Sacrificing Corrosion Resistance.” presented at the 19th International
Conference on Surface Modification Technologies (SMT 19), St. Paul, MN, August 2005, and
published in the proceedings.

MS& T 2005, September 2005, Pittsburgh, PA (4 presentations)

Frank Ernst, presentation at Materials and Processes for Medical Devices, November 2005,
Boston, MA

Sunniva Collins, Peter Williams, and Steven Marx., “Enhanced Corrosion Resistance of L ow-
Temperature Carburized Stainless Steel (LTCSS).” presented at the 19th International Conference
on Surface Modification Technologies (SMT 19), St. Paul, MN, August 2005



