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1. Executive Summary

1.1 Research and Development

A recent review by the U.S. Advanced Ceramics Association, the Aluminum Association, and the
U.S. Department of Energy’s Office of Industrial Technologies (DOE/OIT) described the status of
advanced ceramics for aluminum processing, including monolithics, composites, and coatings. The
report observed that monolithic ceramics (particularly oxides) have attractive properties such as
resistance to heat, corrosion, thermal shock, abrasion, and erosion [1]. However, even after the
developments of the past 25 years, there are two key barriers to commercialization: reliability and
cost-effectiveness. Industry research is therefore focused on eliminating these barriers. Ceramic
coatings have likewise undergone significant development and a variety of processes have been
demonstrated for applying coatings to substrates. Some processes, such as thermal barrier coatings for
gas turbine engines, exhibit sufficient reliability and service life for routine commercial use.

Worldwide, aluminum melting and molten metal handling consumes about 506,000 tons of refractory
materials annually. Refractory compositions for handling molten aluminum are generally based on
dense fused cast silica or mullite. The microstructural texture is extremely important because an
interlocking mass of coarser grains must be bonded together by smaller grains in order to achieve
adequate strength. At the same time, well-distributed microscopic pores and cracks are needed to
deflect cracks and prevent spalling and thermal shock damage [2].

The focus of this project was to develop and validate new classes of cost-effective, low-permeability
ceramic and refractory components for handling molten aluminum in both smelting and casting
environments. The primary goal was to develop improved coatings and functionally graded materials
that will possess superior combinations of properties, including resistance to thermal shock, erosion,
corrosion, and wetting. When these materials are successfully deployed in aluminum smelting and
casting operations, their superior performance and durability will give end users marked
improvements in uptime, defect reduction, scrap/rework costs, and overall energy savings resulting
from higher productivity and yield. The implementation of results of this program will result in
energy savings of 30 trillion Btu/year by 2020.

For this Industrial Materials for the Future (IMF) project, riser tube used in the low-pressure die
(LPD) casting of aluminum was selected as the refractory component for improvement. In this LPD
process, a pressurized system is used to transport aluminum metal through refractory tubes (riser
tubes) into wheel molds. It is important for the tubes to remain airtight because otherwise, the
pressurized system will fail. Generally, defects such as porosity in the tube or cracks generated by
reaction of the tube material with molten aluminum lead to tube failure, making the tube incapable of
maintaining the pressure difference required for normal casting operation. Therefore, the primary
objective of the project was to develop a riser tube that is not only resistant to thermal shock, erosion,
corrosion, and wetting, but is also less permeable, so as to achieve longer service life. Currently, the
dense-fused silica (DFS) riser tube supplied by Pyrotek lasts for only 7 days before undergoing
failure.

The following approach was employed to achieve the goal:

* Develop materials and methods for sealing surface porosity in thermal-shock-resistant
ceramic refractories



* Develop new ceramic coatings for extreme service in molten aluminum operations, with
particular emphasis on coatings based on highly stable oxide phases

* Develop new monolithic refractories designed for lower-permeability applications using
controlled porosity gradients and particle size distributions

*  Optimize refractory formulations to minimize wetting by molten aluminum, and characterize
erosion, corrosion, and spallation rates under realistic service conditions

* Scale up the processing methods to full-sized components and perform field testing in
commercial aluminum casting shops

1.2 Accomplishments

Two cost-effective coating formulations that offered excellent thermal shock properties and resistance
to molten aluminum attack were identified as promising candidates for application on DFS riser
tubes. One coating formulation, called “XL" glaze, is a zircon-based coating material system
developed at Pyrotek, Inc. The other glaze, referred to as “glaze 1,” is a lithium-silicate-based coating
system that was investigated at Oak Ridge National Laboratory (ORNL). In addition to coating
formulations, a computer model suggesting optimized particle packing or particle size distribution
(PSD) that would minimize permeability in monolithic fused silica castables was developed at the
University of Missouri—Rolla (UMR). Another outcome that evolved out of the research efforts at
UMR was development of a permeability measuring apparatus that can accommaodate a full-scale
DFS riser tube. Currently, DFS riser tubes coated with Pyrotek’s XL glaze are routinely manufactured
and supplied by Pyrotek to its customers. The XL-coated DFS tubes are reported to last 3 to 5 weeks,
as compared to uncoated DFS tubes, which last only 7 days, indicating that the XL coating extends
the life of the DFS tubes up to 300-400%. Additionally, four full-scale fused silica castables that
were formulated on the basis of the PSD computer model were designed and manufactured at Pyrotek
and are now undergoing field testing at General Aluminum, Wapakoneta, Ohio. Preliminary test
results have shown that the silica castables lasted for 8 weeks during the aluminum casting
operations, indicating an increase in the life of the riser tubes of 700%. The potential national energy
savings by replacing the older riser tube with this improved riser tube is estimated to be 206 billion
Btu/year.

1.3 Commercialization

Pyrotek, Inc., is currently leading the commercialization efforts in promoting the new riser-tube
castables as well as the new glaze systems through its own clientele. Pyrotek is one of the world’s
leading suppliers of consumable products and melt treatment solutions for the aluminum industry and
has about 60 manufacturing sites, sales offices, and warehouses worldwide. Pyrotek has already sold
about 1200 of their XL-coated DFS riser tubes and has reported an increasing number of inquiries
since 2003 that suggests growing awareness of these enhanced riser tubes within the refractory and
aluminum industrial community. Pyrotek is projecting better sale numbers with the production of
their fused silica castables, which have been shown to increase the life of riser tubes by 700%.

1.4 Recommendations

It is recommended that use of coatings and castable formulations similar to those studied in this
project be extended to other refractory components within the aluminum casting industry (such as
troughs, metal handling ladles, spouts and pins), as well within other industries, including glass,
chemical, petrochemical, steel, agriculture, mining, and forest products.



2. Introduction

2.1 Current Status of Refractories in Industrial Processing

Refractories are used in many industries, including glass, aluminum, chemical, metalcasting,
petrochemicals, steel, agriculture, mining, and forest products. Refractory materials are used
primarily in applications requiring corrosion resistance at high temperatures. Thus, they are generally
used as insulation or containment linings for various furnaces, boilers, and reactor vessels used in
different industries. The purpose of refractories is generally to contain heat, melts, or chemicals, and
therefore they play a vital role in all energy-intensive industries. A recent study performed by
DOE/OIT; ORNL; Metals Manufacture, Process, and Controls Technology, Inc.; and R. E. Moore
and Associates, presented a detailed discussion of the refractory issues and challenges for various
energy-intensive processing industries [3]. Several opportunities for energy savings through
refractory improvements have been identified, and various cross-cutting R&D pathways for achieving
high energy efficiency have been suggested. The research conducted through this project is a perfect
example of identifying and overcoming one such cross-cutting refractory problem with a potential to
provide substantial energy savings to both the aluminum and the metal casting industry.

2.2 Benefits to the Domestic Aluminum and Metal Casting Industry

The aluminum and metal casting industries are energy-intensive industries. According to the 1998
DOE Manufacturing Energy Consumption Survey (MECS) [4], 90% of the total energy consumed by
these two industries is affected by refractories. Thus, it is extremely important to identify areas of
refractory improvements if significant energy savings are to be realized. It has been estimated that
improvement of refractory systems for the aluminum and metal casting industries could lead to
energy saving opportunities up to 29.2 trillion and 8.5 trillion Btu/ year, respectively [3]. The current
report discusses the energy savings that could be achieved by improving the performance of the DFS
riser tubes used in the LPD casting process for the production of aluminum components. Some of the
problems associated with current riser tubes are their inability to hold pressure due to high porosity
and material degradation due to chemical attack from molten aluminum. Improving the performance
of riser tubes will help reduce the quantity of scrap produced in the casting operation and, thus, save
the energy associated with remelting of the metal scrap. Section 2.4 provides an example of how
improvement in riser tubes can help the aluminum industry save 206 billion Btu of energy annually.

A multipartner research team consisting of representatives from industry (Pyrotek and its customers),
a national laboratory (ORNL), and a university (UMR) conducted a systematic study to address the
issues related to riser tubes and develop improved materials that would enhance the casting operation
and increase production yield. Pyrotek participated by supplying the raw materials, in-process
components, and finished components for experimental modification at ORNL. Pyrotek also
conducted field testing, validation, scale-up, and economic analysis of the improved products. ORNL
and UMR maodified the refractory materials and developed new materials and processes, characterized
these materials, and performed post mortem analyses in collaboration with industry. Pyrotek and its
customers provided overall guidance and direction for the project by establishing R&D priorities and
by monitoring research progress and deliverables. The project was very successful. Two new
refractory tube formulations were developed, and one of these has been commercialized by Pyrotek.



2.3 Project Objectives

The cost-effective ceramic and refractory components for handling molten aluminum developed in
this project are expected to reduce downtime through longer life, reduce scrap through lower rates of
erosion and particulate generation, and reduce overall energy use by improving casting operations.
These components were developed through a focused program designed to identify, develop, and
understand new refractory materials; quantify their performance in molten metal service; and validate
these findings through actual field testing and postmortem analysis.

The following efforts were part of this project:

* Development of autogenous materials and methods for sealing surface porosity in thermal
shock-resistant fused silica refractories

* Development of new ceramic coatings for extreme service in molten aluminum operations,
with particular emphasis on coatings based on YAG and other highly stable oxide phases

* Development of new monolithic refractories for creep and erosion resistance with emphasis
on liquid-phase sintered mixed-oxide systems with controlled porosity gradients

e Optimization of refractory formulations to minimize wetting by molten aluminum, and
characterization of erosion, corrosion, and spallation rates under realistic service conditions

* Scaleup of processing methods to full-sized components and field testing in commercial
aluminum casting shops

The major issue for this project was the inability of current ceramics/refractories to maintain gas
pressure in the delivery tubes for aluminum metal casting. The project focused on porosity, which can
be closed either by surface modification or by changes in the bulk refractory chemistry. Both
approaches were evaluated in this project. Samples of refractory materials in both finished (sintered)
and green (unsintered) states were provided by Pyrotek. Both ORNL and UMR initiated efforts to
formulate coatings and bulk materials. Formulation and sintering of coatings and microstructural
characterization for test coupons was done at ORNL whereas formulation and sintering of coatings
for full-sized components was done at Pyrotek. UMR designed new formulations, prepared fused
silica castables (in the form of smaller discs) using slip casting, and conducted permeability and
reactivity tests of newly formulated castables. Full-scale silica castables were manufactured at
Pyrotek, while field testing and validation were performed at a commercial aluminum casting shop.
Pyrotek provided advice and guidance on cost and manufacturability issues.

2.4 Assumptions and Detailed Calculations of Energy Savings (Btu) to the
Domestic Aluminum Industry

Aluminum is the material of choice for many components, especially in the vehicle industry.
According to Aluminum R&D for Automotive Uses and the Department of Energy’s Role, a study
performed by ORNL and DOE’s Office of Transportation Technologies (OTT) in March 2000 [5],
engines, transmissions, heat exchangers, and wheels account for over 83% of the aluminum currently
used in vehicles in North America. Castings account for more than 75% of aluminum material used,
with almost 35% of these castings produced using low-pressure methods (both low-pressure die and
low-pressure permanent mold castings). Now assuming that the production demographics of 1999
represents a typical year, from a total of 3.8 billion pounds of aluminum products produced for the
automotive industry each year, 1.3 billion pounds of aluminum is processed using low-pressure
casting techniques. Data from Pyrotek’s end users report that about 3% of the total low-pressure



castings produced are scrapped each year due to the improper performance of riser tubes during the
low-pressure casting operation. The energy consumed in remelting this scrap and the energy lost in
the associated dross formation account to an annual savings of 203 billion Btu. In addition,
replacement of the original DFS tubes with improved, longer-lasting, castable tubes is estimated to
provide additional annual energy savings of up to 2.19 billion Btu. Longer-lasting riser tubes suggest
fewer replacements and fewer tubes consumed per year. With fewer tubes consumed per year, fewer
tubes have to be produced. This additional 2.19 billion Btu in energy savings relates to the energy
associated with the reduced DFS riser tube production. Table 2.1 shows the detailed calculation of the
energy savings. It is important to note that these energy calculations do not incorporate the sources of
energy losses outside the casting process, such as die preheating and heating of the holding furnace
during the downtime involved with tube replacement. Adding these losses will further help enhance
the energy savings in the casting operation.

Table 2.1. Energy savings in the low-pressure casting of aluminum components due to
improved riser tubes

Item Item

no.

1 Annual production of aluminum automotive components produced using 1.33 x 10°
low-pressure casting processes, Ib &

2 Annual production of scrap metal (3%) due to improper functioning of the 3.99 x 10’
riser tube, Ib

3 Annual natural gas energy consumption in remelting scrap, Btu® 8.78 x 10

4 Annual loss of metal in dross formation during remelting (4%), Ib 1.6 x 10°

5 Annual energy losses due to dross formation, Btu® 1.16 x10™

6 Annual consumption of riser tubes by low-pressure casters in U.S., Ib 9.0 x 10°

7 Annual natural gas energy consumption during firing of riser tubes, Btu® 2.5x10°

8 Annual energy savings due to reduced riser tube production, Btu® 2.19 x 10°

9 Total energy savings (adding Item 3 + Item 5 + Item 8) 2.06 x 10"
Total energy savings 2.06 x 10"

a Data from Ref. [5].

b Typical energy consumed by a reverberatory aluminum-melting furnace with an efficiency of 23%
is 2200 Btu/lb [3].

¢ According to the 1997 energy and environmental profile of the U.S. aluminum industry [6], the
energy required to produce aluminum from ore is about 72500 Btu/Ib.

4 Natural gas consumption is 2778 Btu/lb of refractory material fired (Pyrotek).

¢ With Pyrotek’s castable riser tubes lasting 8 weeks longer, the annual production of riser tubes
decreases by a factor of 8.






3. Background

The goal of this multipartner research project was to develop and validate new classes of cost-
effective refractory components for handling molten aluminum in casting environments. This was
done by emphasizing candidate materials and processes based on scientifically sound applications of
new ceramic compositions and novel processing capabilities. The project was built on ORNL’s
expertise in ceramic forming (particularly gelcasting), mixed-oxide refractories and coatings, and
rapid thermal processing. It also benefited from ORNL’s state-of-the-art materials characterization
facilities.

Oxide refractories for handling molten aluminum are generally made from either fused silica or
mullite. The components are usually not sintered to full density because experience has shown that
some porosity contributes to high thermal shock resistance. For many applications, particularly in
pressure casters, it is also essential that, in addition to having high thermal shock resistance, the
materials not be easily wetted by the molten aluminum. The nonwetting characteristics prevent metal
buildup and eventual failure in the refractory tube.

3.1 Major Project Tasks

The primary focus of this project was to develop new families of refractory ceramics, following a
logical progression from low- to high-risk materials systems in the following order:

1. Autogenous coatings on fused silica, designed to seal or minimize surface porosity and gas
permeability while maintaining excellent thermal shock resistance

2. Advanced ceramic coatings on fused silica, to seal surface porosity and provide exceptional
resistance to erosion, corrosion, or chemical attack

3. Advanced monolithic refractories based on optimized particle packing and pore size
distribution

3.1.1 Autogenous Coatings

The first major activity of the project consisted of designing cost-effective treatments to modify the
surface of fused cast silica tubes. The goal was to seal surface porosity while preserving the thermal
shock resistance of the bulk material. In order to make the refractory surface less permeable while
keeping it resistant to molten aluminum attack, it was necessary to maintain the amorphous structure
inherent in Pyrotek’s fused silica refractory. This required rapid solidification of the melted surface of
the refractory without allowing any crystallization to occur. ORNL’s high-density plasma arc lamp
was used to achieve melting and rapid solidification of fused silica. The surface-modified fused silica
was examined for thickness, phase changes, and wetting by molten aluminum; the degree of porosity
was estimated by measuring the gas permeability under service conditions.

3.1.2 Advanced Ceramic Coatings

The second phase of the work largely emphasized the development of mixed-oxide coatings by in situ
reactions. In earlier work [7], it was found that yttrium aluminum garnet (Y3:AlsO12 , or YAG) was
exceptionally stable, as evidenced by its ability to withstand direct contact with molten lithium. YAG



is an intermediate phase (line compound) in the Y20s-Al.0s system [8] with eutectics on either side of
the compound.

The existence of these eutectics has profound implications for the processing of this material. The line
compound itself is very refractory and difficult to sinter if YAG powder is used as the starting
material. But if the pure oxides are mixed and heated to a temperature above the eutectics but below
the melting point of YAG, transient liquid phases form and these significantly enhance the sintering
process. Once all the material has been converted to YAG, it is refractory, creep-resistant, and
chemically inert.

Building on the previous results, it was proposed that YAG or YAG-like compounds formed on th