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ABSTRACT

Sulfur hexafluoride (S§ will not be allowed for use in magnesium casting after January 1, 2013
given its high global warming potential of 23,900, and the magnesium casting industry needs to
find a suitable replacement. This study explored the use of Novec 612 on dry sand, green sand
and investment magnesium casting as a replacement alternative. Three facilities with different
melting and pouring practices participated in this investigation. The levels of Novec 612 gas

used were high to determine feasibility and but not optimal parameters. Castings were
subsequently processed per customer specifications and attrition rates due to gas cover related
defects were assessed. Novec 612 provided adequate protection as a cover gas for the production
of magnesium castings in sand and investment casting applications. The scrap rates were not
higher than with the use of &&as protection. Mechanical properties were unchanged.

Novec 612 requires the purchase of gas evaporating, mixing and metering equipment. The price
depends on the features necessary to successfully use the Novec 612 given operational
differences. Based on the results of this study in today’s prices there would be a net increase in
production costs to the foundries from tens of thousands of dollars per year depending on the gas
usage and specific equipment purchases related to the switch. However, it is important to note
that this comparison is being made from optimizegdas delivery systems with non-optimized
Novec 612 systems. It is expected that lower quantities of Novec 612 would produce successful
castings, but these quantities are not yet known.
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EXECUTIVE SUMMARY

Background:
Magnesium sand and investment casting requires a protective gas due to the very high reactivity

of molten magnesium with atmospheric oxygen. Over the last few decades the protective or
cover gas of choice has beensSHowever, Skis a very powerful greenhouse gas with a
Greenhouse Warming Potential of 23,900 due to its high infrared absorption and long life in the
atmosphere. For these reasons, a replacement technology is sought. Ideally, a new cover gas
that has the advantages ofsSHnolten metal protection, mold gas purging, non-toxicity, non-
flammability, ease of use, and reasonable cost — can be found.

Cover gasses consist of an active gas and a carrier agent such ash€@as blends are used in
three distinct functions: to cover the molten metal in the furnace during melting, to cover the
molten metal during transportation and pouring, and lastly to purge the mold of atmospheric air
with cover gas. Molten magnesium forms an oxide layer that is brittle and cracks and thus is
permeable to further oxidation with atmospheric oxygen. Since magnesium oxidation is a very
powerful exothermic reaction, if left unchecked the reaction will continue very violently. The
cover gas reacts with the exposed liquid surface of the magnesium and thus limits the oxidation
and violent reactions.

Historically two other technologies have been used to protect molten magnesipoov80gas

and fluxes. S@is used in the same capacities ag, 8fat is, during melting, transportation and
pouring of the molten metal as well as purging of the mold. The main drawback isft&al it

is a criteria air pollutant under the Clean Air Act. Thus, it needs to be regulated and controlled.
Fluxes are salt based granular materials that are used to cover the surface of the molten metal.
Thus, they can be used during melting and pouring on the ladle. However, they can’t be used for
purging of atmospheric air in the mold. For these reasonsa&fluxes are less than ideal
substitutes.

Fluorinated ketones, specifically Novec 612 and HFC-134a have been explored for some
applications as a replacement fos,SNovec 612 is being successfully used as a cover gas for
ingot casting and die casting of magnesium. In addition, it is non toxic, non flammable, and has
a Greenhouse Warming Potential of approximately 1 due to its short life in the environment.
Novec 612 is more reactive thang2ind will break down faster at the processing temperatures

of molten magnesium. There are significant differences between sand and investment casting
and die and ingot casting. The first one is higher casting temperatures used in sand and
investment casting which cause the Novec 612 to break down much faster. Thus, it is possible
that the Novec 612 will not survive long enough to successfully protect the metal. The second
difference is significantly higher exposure to the open atmosphere by the metal during melting
and pouring than in the other processes. Thus, it will be necessary to use much higher levels of
cover gas in sand casting than in die casting and ingot casting, greatly affecting the economics of
the process.

The main objective of the project is to evaluate the possibility and implications of switching SF
with Novec 612 for sand and investment magnesium casting.
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Methods:

The experiment was designed to incorporate the various methods of magnesium melting and
pouring in dry and green sand and investment casting as practiced in California. The intent was
to change the existing processes as little as possible in order to use Novec 612 as a replacement.

On the melting side, Novec 612 was used to protect during metal melting, pouring and mold
flushing, and in combination with flux use according to existing practice. In melting, Novec 612
was used as a cover gas in conjunction with a covered crucible with a distribution manifold.
These crucibles were also used to pour into the molds. A second method was used where the
metal was melted under a cover of flux. Then the flux was removed and the gas was used to
cover the metal during pour in a crucible without a lid. The third method used flux to protect the
metal in the furnace and during pour, and the gas was used only to flush the mold.

39 molds were poured and 66 castings were produced. The pour weight per mold ranged from
4.5Kg (10 Ibs) to 163 Kg (360 Ibs). The alloys used included AZ91and AZ91E (alloyed with
aluminum and zinc) and ZE41 (alloyed with zinc, zirconium and rhenium) which due to
containing rare earth elements are more susceptible to cover gas related defects. Castings were
then processed and evaluated using standard methods.

Results:

All molding methods, both alloys, and all casting weights could be successfully poured with
Novec 612 as cover gas. The only defective castings were due to lack of proper gas cover due to
an assignable cause that would be expected to produce the same problems. witbvmiiver,

the different melting and metal handling practices need to be addressed separately.

The amount of Novec 612 used was conservatively high to test the possibility of casting with this
gas. The crucibles that used lids and manifolds worked very well, and in fact it may be possible
to lower the Novec 612 concentration in the gas in the future. For mold flushing, the
concentration may be able to be significantly reduced as well. The crucible that was open to the
atmosphere without flux presented more operational difficulties. While the castings from this
process were acceptable, the metal smoked and slightly flared as some of the magnesium did
oxidize more than desired. For this practice an improved method of delivery to the metal surface
needs to be developed and/or a higher concentration of Novec 612 needs to be used.

At current prices of Novec 612, §Rnd mixing equipment required for the Novec 612, there is

a net increase in production cost for all facilities studied. The increase in operational cost can be
in the order of tens of thousands of dollars per year. However, it should be noted that the
comparison is between optimizedsSfelivery vs. non-optimized Novec 612 delivery. Lower

Novec 612 quantities could alter this equation.

Conclusions:

Novec 612 can be used as a replacement fgpm3and and investment casting. Future work is
necessary to optimize gas concentrations and delivery methods. The process economics are very
sensitive to changes in the cost of the Novec 612 gagiaSFusage patterns and equipment

cost. Any changes in this area could lead to an overall significant increase in process cost.
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INTRODUCTION

Background

The California Global Warming Solutions Act of 2006 (AB 32) creates a comprehensive, multi-
year program to reduce greenhouse gas (GHG) emissions in California. As part of this
commitment, the California Air Resources Board (ARB or Board) has developed a regulation to
reduce sulfur hexafluoride (gFa greenhouse gas with a global warming potential of 23,900,
from non-semiconductor and non-utility applications. In February 2009, the regulation was
approved by the Board. Included in the restrictions in the regulation, sulfur hexafluoride may no
longer be used in magnesium casting after January 1, 2013.

There are four major types of magnesium casting: die, sand, and investment casting (producing
parts), and ingot (primary and secondary pure magnesium and alloys used in the other part
production). There are two types of magnesium casting in California: sand casting and
investment casting. In the US, the most common magnesium casting process is die casting, but
this process is no longer being done within California. All magnesium casting involves melting
magnesium and pouring it into molds to create an end product such as an automotive or aircraft
part. However, the strength and complexity needed in the final product requires different
processes be used in the casting of different parts.

In die casting, the molten metal is not exposed to the open atmosphere (air) and is delivered to
the mold under high pressure via a closed furnace system. The die pressure is maintained until
the cast is solid.

In typical sand and investment casting, metal is melted in a crucible, which is then transported to
the mold area where the molten metal is exposed to atmospheric air as it is poured into a mold.
The purpose of the cover gas in magnesium casting is to protect molten magnesium from this
atmospheric exposure. Due to gating systems (in-mold metal channeling systems) used in both
sand and investment casting there is an opportunity for air entrainment and oxidation of the
metal within the mold. Thus, it is necessary for the cover gas protection of the metal not only
during the melting phase of the process, but also during molten metal handling including travel
through air and within the mold. Due to the longer process and mold filling times, the
temperatures also tend to be much higher for sand and investment casting than for die casting.

Ingot manufacturing is similar to the open processes of sand and investment casting but the final
product does not require complex shapes or strength, which may necessitate different
manufacturing parameters.

Most of the research on cover gas alternatives has been done in the context of die casting and
ingot casting. Although the success in those industries is promising, there are some differences
between those two processes and the sand and investment casting typical in California. Sand and
investment casting involve higher temperatures (€83 815C [1450F to 1500F] compared to

582°C [108CF] for die casting) and a process more open to the atmosphere, which means not all
options for alternatives available for die-casting are available for sand and investment casting.



In the sand and investment magnesium casting industry, the cover gas mixture contains
approximately 0.2% to 0.5% by volume of¢3fixed with air and/or C@ Based on results of

an ARB survey with a 100% response rate, emissions in California from magnesium casting are
estimated at approximately 0.05 MMTgE'

Protection Mechanism of Sk

SFKs is used in magnesium casting as a cover gas to prevent the rapid oxidation (burning) of
molten magnesium in the presence of air. This is accomplished when a small portion @f the SF
reacts with the magnesium to form a thin molecular film of mostly magnesium oxide and
magnesium fluoride. Without an effective cover gas, molten magnesium oxidizes with
atmospheric oxygen, producing a lower quality product and increasingly, the risk of a fire
incident. The magnesium reacts with atmospheric oxygen and forms a magnesium oxide layer
that is permeable allowing magnesium vapor to escape and oxidize. The fluorine §roppSF
decomposition mixes with the remainder of the surface and “seals” the permeable parts of the
oxide layer (figures 1 and 2). In figures 3 and 4, the difference between protected and
unprotected pouring and melting operations is very evident.

Thick,
cracked, |
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MgO film /
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Figure 1: Surface of liquid magnesium.
SF Protection of Molten Mg

Mgﬂ s SFG —_ "Mng”

Figure 2: Development of film protection on the surface of magnesium?®



Figure 3: Examples of unprotected and protected magnesium pouring. The figure on the left has significant
amounts of magnesium oxide formation (smoke and flaring) and the figure on the right shows properly protected
pouring. Courtesy Dean Milbrath.

Figure 4: Surfaces of molten magnesium showing oxidation. On left, surface film on molten magnesium with bright
spotsindicating minor oxidation. On the right, molten magnesium without protection in a small pan.

It is important to note that only a fraction of thes8Bed in current practice is broken down to

form the Mgk film, most of it remains unchangédne significant operational difference is that

the available excess & able to continue protecting should a disruption of the protective

blanket occur. This makes the use of 8fgas that is easy to work with and that makes the

process quite reliable. Open casting generally uses 1-@¥o8€entration where 95% of the

gas is emitted unchanged. Closed melting furnaces use a lower concentration of 0.2-1% but also
emit over 90% of the SFrunchanged. Emissions for both cases depend upon specific conditions
of gas distribution, alloy, humidity and other environmental conditions.



Alternative Analysis

Alternative cover gases that have been tested and proven effective within magnesium casting as a
whole include sulfur dioxide (S§) Noved" 612 (a fluorinated ketone ¢&:,0), HFC-134a

(C,F4H»), and frozen carbon dioxide (G0 The alternative gases react in a similar manner as

SFKs in the presence of magnesium, producing a protective surface film. Although most testing
has occurred in die-casting facilities, there have been limited successful tests in sand casting
facilities for both S@and the fluorinated ketone. Prior to this testing unfortunately only one of

the tests has been documented and made public. The single documented test was done in Asia
and there is no data on temperatures, use of cores, complexity of the casting, number of castings
poured, and other critical variables. No documented tests using fluorinated ketone have been
done for investment casting. However, tests with Novec 612 in other molten magnesium
applications have been carried out successfully.

Historically two technologies have been used to protect molten magnesium prior to the advent of
SKs: SO, cover gas and fluxes. $@ used in the same capacities ag, 8fat is, during melting,
transportation and pouring of the molten metal as well as purging of the mold. The main
drawback of S@is that it is a criteria air pollutant under the Clean Air Act. Thus, it needs to be
regulated and controlled. Fluxes are salt based granular materials that are used to cover the
surface of the molten metal. Thus, they can be used during melting and pouring in the ladle.
However, they can’t be used for purging of the mold. For these reasom@n&@uxes are less

than ideal substitutes.

As mentioned earlier, sand and investment casting have different operating conditions that may
limit the viability of available alternatives but $@nd the Novec 612 appear to be options for
those facilities. HFC-134a may also be an option for some sand casting, though it is not
examined in this project.

The alternatives are expected to produce at least a 98% reduction in greenhouse gas emissions.
Table 1 provides the average emissions and reductions by alternative cover gas, based on a 2007
U.S.EPA measurement study at a die-casting facility.

Table 1 - Reduction of Greenhouse Gas Emissions for the Magnesium Die-Casting Industry

Cover Gas Mixtures | Average GHGs by cover gas Reduction from S§(%)

g COE/hr MTCO.E/yr
SKswith CDA 381,309 3340 -
Novec 612 with CQ 2,790 24 99
HFC-134a with CDA 8,557 75 98
SO, with CDA 3 0.03 >99.9
Frozen CQ 8,460 74 98

Note: CDA stands for Clean Dry Air



Operational requirements for a replacement are also a significant consideration. First, the
replacement should have a competitive performance wiglnSErms of its protection
effectiveness. It should be preferably non-toxic, and non-hazardous. It must alse be non
flammable®

The data available from die and ingot casting strongly suggest that the two practical alternatives
to consider are S{and Novec 612, fiuorinated ketoné’

Technical Considerations for SQ

SO, is cited in a patent from 1934. It was extensively used with a combination of salt based
fluxes until the advent of SF Sk was preferred because S®toxic and corrosive. Due to its
history, SQ is a proven and reliable technology. It also has the advantage that it does not
contribute to global warming and it may be a cost effective solution.issalso widely

available and its cost is less volatile thag,Skce it is used in many applications such as food
preservative, refrigerant, bleaching agent, disinfectant’etc.

SO, protects magnesium by the formation of a protective layer due to the following reaction:

Mg(1)+SOx(9)+0(9)>MgSO,
MgSOy(s)+Mg(l)>MgO(s)+MgS(s) and this is the protective ldyer

However the disadvantages include toxicity (2 ppm occupational exposure limit for 8 hours) and
corrosiveness with potential acidic precipitatibh$0s).>*> These issues lead to the need for
personal protective equipment for workers and add training costs as well as environmental
controls. In addition, S@s regulated by local agencies (in the Los Angeles area by the South
Coast Air Quality Management District - SCAQMD) and there are significant regulatory issues
since it is a criteria air pollutant under the Clean Air Act. There are broader environmental
issues such as contribution to acid rain and generally an unpleasant odor in the working
environment. S@is also more difficult to use than SFSQG, has a very low vapor pressure at

room temperature so it requires external heating be effectively deployed, which is a challenge
particularly in areas with cold weather. It also tends to freeze valves and condense in the lines.
Lastly, SQ requires corrosion resistant materials making its implementation more expensive.

For these reasons, the project members wanted to look for a better alternative {tere80
though it has been successfully used in the past.

Technical Considerations for Novec 612

The physical and Environmental Health and Safety (EHS) properties of Novec 612 are given in
Table 2:


https://H2SO4).13
https://ketone.10

Table 2: Physical and EHS Properties of Novec'612

Physical Properties: EHS Properties
Boiling Point fC) 49 Atmospheric Lifetime (days) <10
Freezing Point°C) -108 | Global Warming Potential | ~1
Vapor Pressure @ 20 (kPa) 32.6 | Flash Point None
Liquid Density @ 26C (g/mL) 1.61 | PEL (ppmV) 150
Gas Density @ 8C, 1 Atm (g/mL)| 0.011| Acute LC 50 (ppmV) >100,000

Reactions of Novec 612:

Novec 612 is a fluorinated ketone;Fg;0, which reacts more rapidly and completely with
molten magnesium than §Fit thermally decomposes on the molten magnesium surface
producing Mgk and CQ with few by products. This efficient reactivity also produces more
surface protection since each molecule contains twice as many fluorine atorgs @suUSF
Novec 612 can be used at a much lower concentration tha0.8E5 to 0.4 volume % or 150 to
4000 ppmV compared to 0.7 to 6%epF

However, because of the very high reaction efficiency of Novec 612, one area where it does not
perform as well as Sfs in the accidental case of runaway oxidation. That is, when for any
reason the molten metal begins to oxidize, it heats the environment around it. Typically, at the
beginning of such a reaction it is easy to smother wighb®8€ause there are more molecules
available given the higher concentration use. In additiogisSfiore stable at higher

temperatures so enough molecules are able to remain unchanged as they approach the surface of
the magnesium. In the case of Novec 612, the molecules will break down faster at the higher
temperatures and given the lower concentration of gas there will be less available for direct
contact with the metal. The significantly higher amounts of Novec 612 needed to bring a
runaway reaction under control are well beyond normal operating parameters (an emergency
supply of flux is normally available for such situations).

The high efficiency of Novec 612 also requires tighter process control (precise Novec 612
concentration and uniform cover gas delivery) thag'8fn an operational sense it is “less
forgiving”.

Environmental considerations:

Emitted gases and byproducts of the thermal breakdown of Novec 612 in casting applications
include Novec 612, CO and traces of HEF§ and GFs. These have been detected in closed
casting applications such as die casting and iogsting™® Sand casting and investment casting
being far more open are expected to yield very low concentrations of these gases in the
environment.

Novec 612 Gas Preparation:

Novec 612 is a liquid at room temperature. In order to gasify it, dry air is typically passed
through a bubbler with the Novec 612 liquid. This vaporizes Novec 612 which is then metered
and mixed with a bulk carrier gas, typically §£@nd sent to the casting lite The composition

of the gas is typically C&bulk carrier gas with 5-20% dry air and Novec 612 in amounts from
150 ppmV (die casting) to 4000 ppmV (open casting) depending on the application. It is
possible to use nitrogen as a carrier gas but it results in higher consumption of Novec 612 and

6
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can result in higher formation of HE. This gas bubbler method has the additional advantage of
containing no moving parts. This is shown schematically on figure 5 and the actual mixing
equipment used in the experiment in on figure 6.

Liquid to Gas System to
Generate Cover Gas System

———

\J

Flow l To Casting
Control Line <
Carrier Gas
FK Liquid FK Gas

Concentrate

Pressure Flow
Gauge Control

DryAirerCO;  iead Space Evaporation

Figure 5: Schematic representation of the gasification process for Novec 612.

Figure 6: Experimental Novec 612 mixing and metering equipment.

Mixing equipment can range from fixed orifice, to volumetric, to compensated volumetric to
massic (mass controlled) mixers. These mixing options increase in order of price and also in the
accuracy of their mixing. The tight process controls desired to maintain optimum performance
of the Novec 612 cover gas while minimizing usage require a massic® For this reason,

the mixing and metering equipment can be very expensive, in the range of $55,000-$100,000
estimated for the sand and investment casting applications.
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MTG Shield is a magnesium melt protection system that used Novec 612 as the primary
protection agent. It used premixed Novec 612 i €@rier gas at concentrations of 1400 ppm
in a system requiring no capital mixieguipment® The system was sized for smalll

applications and most of the demand was for large installations. MTG has since discontinued
this product line for lack of interest in the market.

Delivery to molten metal:

The faster thermal breakdown of Novec 612 requires superior distribution compared 8FSF

can travel longer distances to fully cover the molten metal because it is not as reactive as Novec
612. Thus, it is possible to use a single point source foinSRe furnace and it will protect the
entire melt. For more reactive gases like Novec 612, the breakdown of the gas is faster, thus by
the time it reaches the edges of the crucible there is insufficient protective gas. This is
schematically illustrated in figure 7.

pactive Cover

SF, Cover Gas:
Single Point
Addition

Figure 7: Single point addition effect of cover gas. The diagram indicates zones of adequate coverage (green,
darker better) and inadequate coverage (red, darker worse). Single point addition is possible for S-¢ because there
is sufficient protective gas reaching the edges of the crucible to protect the surface of the molten metal because it
breaks down more slowly than reactive gasses. For the reactive gas, not enough molecules survive to the edge of
the crucible to provide adequate protection.

Reactive gases thus require even distribution of the gas on the entire surface. This also leads to
the opportunity to use less molecules as they are not being sacrificed to survive the travel to the
edge of the crucible. This also leads to the possibility of using lower gas concentrations. This is
schematically shown on figure 8.
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Reactive Cover Gas: Multiple Point Addition

Figure 8: Multiple point addition of cover gas. With multiple points of addition the cover gas needsto travel less
distance, thusit is possible to provide full coverage. The green areas indicate adequate coverage (darker, better).
The white areas show overlap of protective gas for more successful cover.

Magnesium melting crucibles in foundries are predominantly round. A simple solution that
allows for adequate gas distribution in this geometry is the use of a distribution manifold pipe in
the shape of a ring. In addition to this, holes drilled at regular intervals should also be drilled at
different angles to provide for full protection. In this manner multiple source points are provided
over the entire melt allowing for supericoveragé® This is shown schematically on figure 9.

Ring Cover Gas Distribution over a Melt Furnace Ring Cover Gas Distribution over a Melt Furnace

Even Distribution for

efficient and economical
melt protection

. N ) “‘“\, Multiple Directional Holes (A
Q Single Direction Holes C (_// p! Q
Spotty Protection ‘ Even Protection and lower use rates ‘

Figure 9: Comparison of ring type manifold coverage for protective gas. On the left, single angle holes provide
inadequate coverage for reactive gasses since they form a ring of coverage, and as the gas travels across the
surface of the molten metal it breaks down prior to fully covering all the metal. Thus, some of the metal is not
protected. On theright, multiple directional holes provide more complete coverage of the melt by executing a
distributed multipoint coverage pattern.

The ring manifold is applicable to crucibles with a fixed, unhinged lid. However, some facilities
use hinged lids in their practice and a ring manifold is not practical. In this case, as part of the
experiment a “D” shaped manifold with more holes aiming to the hinged portion of the crucible
was used. In addition, a different practice is to pour with an open crucible. This was tested with
an inverted funnel with a diffuser in it to direct the gas and help distribute it more uniformly
across a wider area.


https://coverage.21

Delivery to mold:

Magnesium casting molds are flushed with £ a period of time prior to filling with molten
metal. The goal is to continue having the protective atmosphere of the cover gas within the
mold. The same practice works with Novec 612, and no changes would be required.

Project Objectives

The overall objective of the project is to determine the viability of promising cover gas
alternatives through testing at California facilities. In addition, the research will result in best
practices that can be communicated to and used by the industry as a whole. The project will test
fluorinated ketone in various sand casting and investment casting situations, and determine
settings for the key operational parameters.
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PROCEDURE
Facilities participating in experiment:

Consolidated Precision Products - Pomona:
Address: 4200 West Valley Boulevard, Pomona, CA 91769.

Consolidated Precision Products (CPP) is a manufacturer of highly-engineered components and
sub-assemblies, supplying the commercial aerospace, military and industrial markets with small
to-large "function" critical products. CPP-Pomona is the corporate headquarters for
Consolidated Precision Products.

The Pomona facility is a leading manufacturer of medium to large dry sand Aluminum and
Magnesium castings for the aerospace and military industries. CPP—Pomona’s processes
include Green Sand and Dry Sand Castings in aluminum and magnesium alloys.

CPP—Pomona’s common aluminum alloys poured are: A201, A328, A356, A357, B201, B203,
B206, B224, D357, C355, and Pure Al. Common Magnesium Alloys poured are: Pure Ingot
25#, ZE41 Ingot, AZ91E Ingot, WE43 Ingot, QE22, AZ91, AZ92, EZ33. The size range of
products are up to 8 feet cubic envelope, and up to 2,000 Ibs. net weight.

Magparts:
Address: 1545 Roosevelt Street, Azusa, CA 91702.

Magparts, operating in Azusa, is a manufacturer of high strength aluminum and magnesium
castings, primarily for the aerospace industry. The company produces sand castings, permanent
mold castings and investment castings.

Magparts has over 33,000 square feet of manufacturing space with melting capacity of up to
20,000 pounds per day. Molding systems include both dry sand and green sand molding
systems. Other features are an automated dry sand conditioning and delivery systems. Core
making capabilities include no-bake, cold box, and shell core methods. Castings as heavy as 125
pounds net weight and up to 6 feet in length or width can be produced.

Magparts casts many different aluminum alloys that include A201, A206, A356, 356, A357,
C355, 319 and 535, and have developed significant mechanical strength advancements in the
A201 alloy. For magnesium alloys, they cast AZ91C, AZ91E, AZ92A, EZ33A, and ZE41A.
Magparts’s services offered include integrated design support, in-house pattern and tooling
construction, contour machining, anodize, paint and sub-assembly, heat treat, producing high
guality ready to use products all certified to SO/AS9100/NADCAP and customer unique
requirements.

(Note: Magparts was purchased by Consolidated Precision Products during the duration of this
project.)
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Magnesium Alloy Products
Address: 2420 N Alameda Street, Compton, CA 90222-2895

Magnesium Alloy Products (a.k.a. Magalloy) is located in Compton California. They produce
complex, high strength aluminum and magnesium castings in the typical alloys for the military

and aerospace industries. Their molding systems include both Dry Sand and Green Sand casting.
Magnesium Alloy employs approximately 57 people. Casting sizes range from a few pounds to
over 200 Ibs net weight.

Experimental design:

* The study focused on establishing feasibility of Novec™612 as @dr8-in substitute.

* Process: The processes tested included green sand, dry sand and investment casting.

0 Sand casting uses a replica of the part, called a permanent pattern that is placed
inside a flask (akin to a box) where sand is then compacted and assumes the shape
of the pattern. Then, the pattern is removed and leaves a cavity behind in the
shape of the part to be produced. Then, metal is poured into this cavity obtaining
the desired shape. In green sand casting the sand is a mixture of sand, clay, water
and other additives that when compacted retain the shape of the pattern. Dry sand
casting uses sand that is mixed with chemical adhesives that glue the sand grains
together and in this manner they retain the shape of the part. Green sand and dry
sand molds are shown in figure 10. The largest molds are made with dry sand
exclusively as shown in figure 11 which shows the mold for the largest part in the
trials.

Figure 10: Sand molds used in the experiment. Green (the black onesin color) sand molds on the left and dry sand
(tan in color) molds on the right.
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igUre 11: Largest mold pouredintrials.

o0 Investment casting, also known as lost wax casting, begins with an expendable
part replica, called a wax pattern, that is coated with ceramic slurry which then
hardens. Then the wax is melted out leaving a cavity in the shape of the part.
Then the ceramic mold is heated to facilitate metal flow in very thin sections, the
mold is filled with molten metal and this produces the part.

» The molds poured included typical geometric complexity and pour size. Design extremes
were not targeted in this study.

* The alloys poured were AZ91 (alloyed with aluminum and zinc) and ZE41 (alloyed with
zinc, zirconium and rhenium). The heats were a combination of 60% remelt and 40%
ingot. Figure 12 shows a furnace charged with ingot and some material ready to be
remelted.

Figure 12: Furnace charged with inot and remelt alloy ready to load in furnace.

* The starting concentration of Novec™612 was based on the equipment manufacturer’'s
recommendations, but was to be adjusted as deemed appropriate as the trials progressed.
Cumulative information obtained from one trial was incorporated into the next trial.

« The pouring temperature for each/mold alloy was betweetC?®45C (1300F-
1500F), based on current values used for these parts.
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* Melting and molten metal handling procedures: Magnesium melting was performed in
typical form with the exception that SF6 gas was replaced with Novec 612. Where fluxes
are used in melting protection or for additional gas supplements during metal treatment
such as during the addition of grain refiners, they continued to be used in the same
manner. Flux melting is shown in figure 13.

Figure 13: Furnace with flux protection.

» Two different molten metal cover gas techniques were used at various parts of the
process: Hinged crucible lid with “D” shaped ring, and inverted funnel with diffuser
plates. Figure 14 shows a closed crucible with a hinged lid and an inverted funnel with
diffuser plates.

Figure 14: Crucible with hinged lid and open crucible with inverted funnel and diffuser.
* Mold gas protection was done as typical with SF6 with the only difference that when

possible the molds were flushed with ten volumes of protective gas within the mold
cavity. Figures 15 and 16 show this procedure.
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Figure 15: golds being purged with cover gas. When only one or few molds are poured ét onetime, itispossible
to flush the molds shortly before pouring.

Figure 16: Arow of 18 molds being poured from a single heat. Note that the mold flushing was done just ahead of
the pour.

» The gating/rigging system that governs the metal flow rate in the mold was the existing
system. The foundries’ customers own the patterns that were used in the experiment,
thus the foundries do not have the authority to change the pattern and the owners are very
unlikely to allow changes to a successful pattern. In addition, current magnesium gating
practice is already optimized to minimize metal turbulence which will help in the success
of the new cover gas.

* SF6 was available as a backup gas for safety considerations. The facility safety
requirements and respective staff were relied upon to provide authority on whether or not
to utilize a backup gas. As it turned out, this was not necessary.

Indicators of feasibility:

This study was a feasibility study to give an indication of whether the alternative is viable for the
magnesium industry. These results are the first step to answering the question: Can
Novec™®612 provide proper coverage and protection in the magnesium sand or investment
casting process? Indicators of viability were based on the following:
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» Scrap rates after using the SF6 replacement are of similar magnitude or less than
historical scrap rates for the castings. All testing was done using existing
customer/facility procedures and specifications.

» Final alloy chemistry on heats/parts as appropriate to pass existing customer/facility
requirements.

» Visual and dye penetrant evaluation were performed on all castings and measured
against existing customer/facility procedures.

* Where appropriate, per customer specifications, mechanical and physical properties
were examined and measured with existing customer/facility criteria.

Since this was a feasibility study and the sample size of molds was small, a definitive answer
with statistically significant results was not the anticipated outcome. For example, scrap rates
may be higher due to changing the operational parameters throughout the testing. However, the
overall testing gave an indication of whether this will work and what changes need to be made to
the delivery system or other components to ensure a successful transition.

This report was reviewed by the participants to make sure nothing proprietary (information or
photos) is inadvertently included in the report. This is important because the magnesium
facilities make flight critical components, aerospace parts, and other national defense
components. Items and/or processes may be confidential to the facility or their customers.
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RESULTS AND DISCUSSION

The function of the cover gas in magnesium melting and pouring is to prevent and minimize
oxidation of the metal. The cover gas has no other function. Thus, mechanical properties such
as strength, ductility, hardness, or other properties such as microstructure, chemical composition,
or corrosion resistance are not directly affected by the use of gas. They are only enhanced by the
prevention of defects due to the gas. Thus, it was expected that the mechanical properties would
be satisfactory as long as there were no defects. In fact, the measured properties were typical.

Molding method analysis:

The sand molding methods used were green sand, dry sand and green sand in combination with
dry sand. For the purposes of analysis they were separated as dry sand exclusively and molds
that had green sand components. The third molding method is investment casting which uses a
completely different ceramic system and thus will be treated separately. Tables 3, 4, and 5
separate the parts by the different processes. It is possible to see in these tables that there is no
difference in the amount or concentration of cover gas by mold type.

Dry sand and green sand processes:

The green sand molding process uses clay and water to bind the sand grains together while the
dry sand molding process uses a chemical binder to bond the sand grains together. Thus, the
main difference is the presence of water in the green sand process. Dry sand is stronger than
green sand, so the larger molds will tend to be made exclusively of dry sand. Also, parts that
need greater dimensional accuracy or geometric intricacy will be molded exclusively with dry
sand as well. Otherwise, both processes exhibit similar mold cavities and molten metal
pathways. For this reason, the analysis will separate the molds that are dry sand and those that
have green sand (and moisture) within them.

Table 3 presents the data for the production of magnesium castings in dry sand and table 4 in
green sand. As can be seen, Novec 612 can provide adequate protection for dry sand and green
sand molds as there were no rejects in either sample. In addition, the gas concentration and flow
did not change between mold types.
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Table 3: Results for dry sand molds.

Part | Number | Mold Molding | Alloy | Melt Gas Pour Mold Rejects
of Pour Process Protection | Distribution | Protection Protection | due to
Molds/ Weight On Melt gas
Parts (Kg/

Ibs)
E 4/4 17/37 Dry ZE41 | Flux NA Novec 612, | Novec 612,| Zero
Sand 2400 ppmV, | 3000
112 LPM, ppmV, 85
inverted LPM
funnel with
diffuser
D 3/3 27/60 Dry ZEA41 | Flux NA Novec 612, | Novec 612,| Zero
Sand 2682 ppmV, | 2682
57 LPM, ppmV, 57
inverted LPM
funnel with
diffuser
B 1/1 35/76 Dry ZE41 | Novec 612, | D Ring in Novec 612, | Novec 612,| Zero
Sand 3426 ppmV,| crucible 2682 ppmV, | 2682
57 LPM, 57 LPM ppmV, 57
closed closed LPM
crucible crucible
C 1/1 55/122 | Dry ZE41 | Novec 612, | D Ring in Novec 612, | Novec 612,| Zero
Sand 3426 ppmV,| crucible 2682 ppmV, | 2682
57 LPM, 57 LPM ppmV, 57
closed closed LPM
crucible crucible
G 1/1 150/330 | Dry ZEA41 | Flux NA Novec 612, | Novec 612,| Zero
Sand 2600 ppmV, | 4280
112 LPM, ppmV, 62
inverted LPM
funnel with
diffuser
A 1/1 163/360 | Dry ZE41 | Novec 612, | D Ring in Novec 612, | Novec 612,| Zero
Sand 4342 ppmV,| crucible 2682 ppmV, | 2682
58.5 LPM, 57 LPM ppmV, 60
closed closed LPM
crucible crucible

In green sand processes there is moisture present in the mold, and the castings also tend to be
smaller and less intricate. It is also a cheaper process and is used whenever possible. In this case
it is possible to see in Table 4 that the Novec 612 can provide adequate protection. No scrap
castings were produced with green sand and a similar gas coverage was used as with dry sand
molds.
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Table 4: Results for molds with green sand.

Part | Number | Mold Molding | Alloy Melt Gas Pour Mold Rejects
of Pour Process Protection | Distribution | Protection | Protection | due to
Molds/ Weight On Melt gas
Parts (Kg/

Ibs)
H 18/18 5.2/11.4 | Green AZ91 Flux NA Novec 612, | Novec 612,| Zero
Sand 2300 ppmV,| 2360
112 LPM, ppmV, 54
inverted LPM
funnel with
diffuser
L 1/1 4.5/10 Dry AZ91E | Novec 612,| D Ring in Novec 612, | Novec 612,| Zero
Sand in 2200 crucible 2200 ppmV,| 2200
Green ppmV, 52 30 LPM ppmV, 30
Sand LPM LPM
F 4/4 17/37 Dry ZE41 | Flux NA Novec 612, | Novec 612,| Zero
Sand in 2600 ppm, | 4500 ppm,
Green 72 LPM, 60 LPM
Sand inverted
funnel with
diffuser
M 1/1 18/40 Dry AZ91E | Novec 612,| D Ring in Novec 612, | Novec 612, Zero
Sand in 3050 crucible 3050 ppmV, | 3050
Green ppmV, 52 30 LPM ppmV, 30
Sand LPM LPM
K 1/1 23/50 Dry AZ91E | Novec 612,| D Ring in Novec 612, | Novec 612, Zero
Sand in 2200 crucible 2200 ppmV,| 2200
Green ppmV, 52 30 LPM ppmV, 30
Sand LPM LPM

Investment Casting:

Table 5 shows the results of the two investment casting molds produced. This is the only process
that produced scrap castings due to gas cover issues. The scrap castings were the result of
inadequate cover gas in the mold. For investment casting the molds are preheated in a furnace
and are then taken to a pouring station. There they are poured as quickly as possible to minimize
mold cooling. In magnesium casting, where it is necessary to flush the mold with cover gas

while it is cooling it is imperative to have a high flow rate of cover gas. The nature of the
equipment was unable to deliver that much gas in the first of the three molds poured, but had
stabilized for the second and third molds. Thus, even though there was scrap in this process, the
reasons for it can be overcome and ap®@mparison with the same difficulties would have

yielded similar results.
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Table 5: Results for investment casting molds:

Part | Number | Mold Molding Alloy Melt Gas Pour Mold Rejects
of Pour Process Protection | Distribution | Protection | Protection | due to
Molds/ Weight On Melt gas
Parts (Kg/

Ibs)
1/10 5.4/12 Investment| AZ91E | Flux NA Flux Novec 612,| Zero
2200
ppmV, 30
LPM
J 2/20 5.4/12 Investment| AZ91E | Flux NA Flux Novec 612,| 3/20
2200 15%*
ppmV, 20
LPM

*Mold movement was rushed and this led to the rejects. This same problem would have occurregl with SF

Alloy:
Alloys AZ91 and the minor variant AZ91E as well as ZE41 were poured. This was done to test

the conditions with the more robust alloy (AZ91 and AZ91E) and with more sensitive rare earth
containing alloys (and ZE41). While there are other alloys that are more sensitive, they were not
used in this study but the facilities feel that these alloys could be successfully used with these
techniques. Tables 6 and 7 present the parts separated by alloy type poured. As can be seen in
these tabes, there is no pattern to the amount of gas required that is determined by alloy.
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Table 6: AZ91 and AZ91E alloy results.

Part | Number | Mold Molding Alloy Melt Gas Pour Mold Rejects
of Pour Process Protection | Distribution | Protection | Protection | due to
Molds/ | Weight On Melt gas
Parts (Kg/

Ibs)
H 18/18 5.2/11.4 | Green AZ91 Flux NA Novec 612, | Novec Zero
Sand 2300 612, 2360
ppmV, 112 | ppmV, 54
LPM, LPM
inverted
funnel with
diffuser
L 1/1 4.5/10 Dry Sand | AZ91E | Novec D Ring in Novec 612, | Novec Zero
in Green 612, 2200 | crucible 2200 612, 2200
Sand ppmV, 52 ppmV, 30 | ppmV, 30
LPM LPM LPM
M 1/1 18/40 Dry Sand | AZ91E | Novec D Ring in Novec 612, | Novec Zero
in Green 612, 3050 | crucible 3050 612, 3050
Sand ppmV, 52 ppmV, 30 | ppmV, 30
LPM LPM LPM
K 1/1 23/50 Dry Sand | AZ91E | Novec D Ring in Novec 612, | Novec Zero
in Green 612, 2200 | crucible 2200 612, 2200
Sand ppmV, 52 ppmV, 30 | ppmV, 30
LPM LPM LPM
I 1/10 5.4/12 Investment| AZ91E | Flux NA Flux Novec Zero
612, 2200
ppmV, 30
LPM
J 2/20 5.4/12 Investment| AZ91E | Flux NA Flux Novec 3/20
612, 2200 | 15%*
ppmV, 20
LPM

*Mold movement was rushed and this led to the rejects. This same problem would have occurregl with SF

The ZE41 alloy is the most common rare earth alloy poured. As can be seen in table 7, they can
be successfully protected by Novec 612, with no difference in the gas cover requirement with

respect to AZ91.
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Table 7: ZE41alloy results.

Part | Number | Mold Molding | Alloy | Melt Gas Pour Mold Rejects
of Pour Process Protection Distribution | Protection Protection | due to
Molds/ Weight On Melt gas
Parts (Kg/

Ibs)
F 4/4 17/37 Dry Sand| ZE41 | Flux NA Novec 612, | Novec 612,| Zero
in Green 2600 ppmV, | 4500
Sand 72 LPM, ppmV, 60
inverted LPM
funnel with
diffuser
E 4/4 17/37 Dry Sand| ZE41 | Flux NA Novec 612, | Novec 612,| Zero
2400 ppmV, | 3000
112 LPM, ppmV, 85
inverted LPM
funnel with
diffuser
D 3/3 27160 Dry Sand| ZE41 | Flux NA Novec 612, | Novec 612,| Zero
2682 ppmV, | 2682
57 LPM, ppmV, 57
inverted LPM
funnel with
diffuser
B 11 35/76 Dry Sand| ZE41 | Novec 612, | D Ring in Novec 612, | Novec 612,| Zero
3426 crucible 2682 ppmV, | 2682
ppmV, 57 57 LPM ppmV, 57
LPM, closed LPM
closed crucible
crucible
C 1/1 55/122 Dry Sand| ZE41 | Novec 612, | D Ring in Novec 612, | Novec 612, | Zero
3426 crucible 2682 ppmV, | 2682
ppmV, 57 57 LPM ppmV, 57
LPM, closed LPM
closed crucible
crucible
G 11 150/330 | Dry Sand| ZE41 | Flux NA Novec 612, | Novec 612,| Zero
2600 ppmV, | 4280
112 LPM, ppmV, 62
inverted LPM
funnel with
diffuser
A 1/1 163/360 | Dry Sand| ZE41 | Novec 612, | D Ring in Novec 612, | Novec 612,| Zero
4342 ppm, | crucible 2682 ppmV, | 2682
58.5 LPM, 57 LPM ppmV, 60
closed closed LPM
crucible crucible

Cover gas composition:

The gas used in the trials was a mixture of 95%,G& dry air, and between 2000 and 4500

ppmV of Novec 612. The trials were initially conducted with high levels of Novec 612 and as
success was seen, the concentration was dropped in subsequent heats with the intent to find the
limits at which the gas began to be unsuccessful. Of all the conditions tested only the open ladle
configuration with reverse funnels and diffusers proved to reach marginal conditions. Thus, for
this practice either a higher concentration of gas, or higher flow rate (both of which would place
more Novec 612 on the magnesium) or significantly improved distribution of the gas would be
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necessary. In all other cases, the gas distribution was more than sufficient and it may be possible
to further reduce the amount of gas utilized.

With regards to molding process, for investment casting better coordination of the pouring
process will be required. If this does not prove sufficient, it may be aided by increasing the
amount of Novec 612 in the mold (either by increasing concentration and/or flow rate). At this
point it seems that the defective parts were due to testing anomalies rather than process
performance.

Part size:

Parts studied in this project ranged from small with pour weights of 5.2 Kg (11.4 Ibs) for 10 parts
to 163 Kg (360 Ibs) per part. The Novec 612 cover gas performed adequately in all instances,
with the exceptions noted in the tables due to procedural failures..

Gas distribution method:

Two operational differences were tested for the gas distribution method on the crucible: One was
with a crucible covered with a hinged lid and a “D” shaped distribution diffuser under the lid.

The other one was with an open crucible. The results of each method are shown in tables 8 and
9. Note that the covered crucible required significantly lower gas flow rates and concentrations
of Novec 612.

In figure 17 an illustration of a covered crucible with an internal “D” manifold. Note that there
is no smoke emitting from the crucible.

Figure 17: Crucible with hinged lid. Note the lack of smoke.

As can be seen in table 8 using a covered crucible with a D ring diffuser produces acceptable
results. Figure 17 also shows the lack of smoke produced with this protection method. Table 8
shows that it is possible to drop the concentration of Novec 612 gas down to as little as 2200
ppmV. In addition, note that total cover gas flow was also successful as low as 30 LPM.
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Table 8: Molds poured with a covered crucible with a hinged lid and a D ring manifold.

Part | Number | Mold Molding | Alloy Melt Gas Pour Mold Rejects
of Pour Process Protection | Distribution | Protection | Protection | due to
Molds/ Weight On Melt gas
Parts (Kg/

Ibs)
L 1/1 4.5/10 Dry AZ91E | Novec 612, | D Ring in Novec 612, | Novec 612,| Zero
Sand in 2200 crucible 2200 2200
Green ppmV, 52 ppmV, 30 | ppmV, 30
Sand LPM LPM LPM
M 1/1 18/40 Dry AZ91E | Novec 612, | D Ring in Novec 612, | Novec 612,| Zero
Sand in 3050 crucible 3050 3050
Green ppmV, 52 ppmV, 30 | ppmV, 30
Sand LPM LPM LPM
K 1/1 23/50 Dry AZ91E | Novec 612, | D Ring in Novec 612, | Novec 612,| Zero
Sand in 2200 crucible 2200 2200
Green ppmV, 52 ppmV, 30 | ppmV, 30
Sand LPM LPM LPM
B 1/1 35/76 Dry ZE41 | Novec 612, | D Ring in Novec 612, | Novec 612,| Zero
Sand 3426 crucible 2682 2682
ppmV, 57 ppmV, 57 ppmV, 57
LPM, LPM closed| LPM
closed crucible
crucible
C 1/1 55/122 | Dry ZE41 | Novec 612, | D Ring in Novec 612, | Novec 612,| Zero
Sand 3426 crucible 2682 2682
ppmV, 57 ppmV, 57 ppmV, 57
LPM, LPM closed| LPM
closed crucible
crucible
A 1/1 163/360 | Dry ZE41 | Novec 612, | D Ring in Novec 612, | Novec 612,| Zero
Sand 4342 crucible 2682 2682
ppmV, 58.5 ppmV, 57 ppmV, 60
LPM, LPM closed| LPM
closed crucible
crucible

As can be seen in figure 18 (and contrasting with figure 17) casting without a lid and with

funnels to provide protection cover gas produced a lot of smoke and magnesium oxide. This
indicates that the protection was at the lowest acceptable operational limit. In fact, it was a
surprise that none of these castings were scrapped. This can be remedied by designing the
delivery equipment to deliver more gas to the crucible resulting in even higher gas consumption

or modifying the process for improved delivery distribution.
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Figure 18: Open crucible with inverted funnels with diffusers. On the left, note the smoke emanating from the
molten metal indicating less than optimal coverage. On the right, pouring the metal in the mold. Note the bright
spots indicating oxidation on the surface of the metal.

As can be seen in Table 9 Novec 612 can provide adequate coverage when used without a lid or

manifold. However, note that the amount of gas used was the maximum possible with the
experimental mixing equipment, resulting in higher Novec 612 consumption.
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Table 9: Molds poured with an open crucible.

Part | Number | Mold Molding Alloy Melt Gas Pour Mold Rejects
of Pour Process Protection | Distribution | Protection | Protection | due to
Molds/ | Weight On Melt gas
Parts (Kg/

Ibs)
H 18/18 5.2/11.4 | Green AZ91 Flux NA Novec 612, | Novec 612,| Zero
Sand 2300 2360
ppmV, 112 | ppmV, 54
LPM, LPM
inverted
funnel with
diffuser
F 4/4 17/37 Dry Sand | ZE41 Flux NA Novec 612, | Novec 612,| Zero
in Green 2600 4500
Sand ppmV, 72 | ppmV, 60
LPM, LPM
inverted
funnel with
diffuser
E 4/4 17/37 Dry Sand | ZE41 | Flux NA Novec 612, | Novec 612,| Zero
2400 3000
ppmV, 112 | ppmV, 85
LPM, LPM
inverted
funnel with
diffuser
D 3/3 27/60 Dry Sand | ZE41 | Flux NA Novec 612, | Novec 612,| Zero
2682 2682
ppmV, 57 | ppmV, 57
LPM, LPM
inverted
funnel with
diffuser
G 1/1 150/330 | Dry Sand | ZE41 | Flux NA Novec 612, | Novec 612,| Zero
2600 4280
ppmV, 112 | ppmV, 62
LPM, LPM
inverted
funnel with
diffuser
| 1/10 5.4/12 Investment| AZ91E | Flux NA Flux Novec 612, Zero
2200
ppmV, 30
LPM
J 2/20 5.4/12 Investment| AZ91E | Flux NA Flux Novec 612,| 3/20
2200 15%
ppmV, 20
LPM*

*Mold movement was rushed and this led to the rejects. This same problem would have occurregl with SF

Mold flushing:

Mold flushing varied with the molds being poured each heat. Foundries will run standard heats
of a certain amount of molten metal given their equipment. This may be enough to fill only one
large mold, or several smaller molds. The range of molds poured per heat ranged from one mold
per heat, in which case there was plenty of time to flush the mold to 18 molds per heat, in which
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case the molds were flushed immediately ahead of pouring. Lastly, investment casting molds
require very careful coordination to be fully flushed while minimizing the amount of time
between taking them out of the preheat furnace and pouring them.

Economic Analysis:

There are several variables that need to be taken into account to evaluate the economic impact of
switching from SEto Novec 612 cover gas. They include the cost of the gas which is

determined by supply and demand fog 8f&d by production costs and pricing policies of the

only producer for Novec 612. Also, the amount of cover gas used, which is determined by the
process that each facility uses. This process dictates the duration of cover gas application as well
as the concentrations used. Lastly, the cost of the gasification and mixing equipment required

for Novec 612. Other considerations, such as new piping that would be required are considered
to be small and negligible in the analysis.

Cost of gas:

Sk is a commodity and the prices are determined by market forces. As such, over the last few
years the cost of $as varied from $13.20/Kg to $44.00/Kg ($6-$20/Ib). Currently,cdBt

was quoted to Cal Poly Pomona at $23.14/Kg ($10.324imd one of the facilities at $25.50/Kg
($11.59/Ib). The economic analysis will hinge on what direction prices take in the future, but as
this is unknowable, current range of recent prices will be used in the analysis.

Novec 612 is a gas that is produced exclusively by 3M. 3M provided a cost range of Novec 612
is in the $44-55/Kg ($20-25/Ib) range for the USA, affected by the volume demands for each
customer. They also indicated that pricing is impacted by the cost of electricity, HF and nickel
and hydrocarbofeedstock$® The price used for comparative analysis was the midpoint of the
range given $49.50/Kg ($22.50/Ib).

Amount of gas used by each facility:

The amount of gas used by each facility is directly related to their process. There are three
stages at which cover gas can be used: Melting protection, metal transportation and pouring, and
mold flushing.

For melting protection flux can be used instead of cover gas and one facility exclusively used

flux at melting (no cover gas usage), another facility used flux in some instances and cover gas in
other instances, and the last facility used cover gas exclusively. Thus, for the facility that used
flux exclusively for melting there is no gas usage at this stage. The facilities that use gas cover
during melting take from 70 to 150 minutes to melt the metal under the cover of gas for each
batch produced. During this time the metal is in a crucible with a lid and there is a steady stream
of gas going into it.

For transportation and pouring all facilities used cover gas for metal protection. Transportation
is the act of moving the crucible with the metal to the pouring location in the foundry. Pouring is
actually transferring the liquid metal from the crucible to the mold, a step where the stream of
molten metal requires protection. In this case there were two methods used at the facilities: a
crucible with a lid and a crucible that is open to the atmosphere. The crucible with a lid keeps
the gas within the crucible, preventing it to freely escape to the atmosphere. The open crucible
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allows for more gas to dissipate to the atmosphere and thus requires a higher amount of the
active cover gas to provide adequate protection. The facilities that used a crucible with a lid use
a 2% Sk mixture with CQ carrier which resulted in a usage of 0.129 Kg/hr (0.283 lbs/hr) of SF
[from purchasing and production records]. The open crucible facility used a §&tix@&re in

CQO, at a higher flow rate to compensate for the difference in techniques and this resulted in a
consumption of 0.906 Kg/hr (1.994 Ibs/hr) ofs$fFom purchasing and production records].

These values will be used for the low and high consumption comparisons.

The values of Novec 612 in the experiment for the crucibles that used a lid ranged from 2200
ppm and 52 SLPM to 4342 ppm and 60 SLPM. The lower values will be used in the economic
analysis as the castings were successful and these yield a Novec 612 flow rate of 0.127 Kg/hr
(0.280Ibs/hr).

For the open crucible, the Novec 612 concentrations ranged from 2300 ppm at 112 SLPM to
4500 ppm at 54 SLPM and this range proved to be marginal coverage. The number that will be
used in the analysis is 4342 ppm at 60 SLPM, which was the highest amount of Novec 612 used
and equaled 0.205 Kg/hr (0.450 Ibs/hr) of gas consumed because the protection is marginal and
higher levels of gas usage would have been used had the experimental equipment been capable
of it. It is important to note that the experiment was set to determine feasibility of the Novec 612
for protection, not optimization of the parameters.

Mold flushing with cover gas is typically begun a few minutes prior to pouring with a sequence
beginning when the metal is ready to be transported to the pouring site. The mold flushing is
done with the same equipment that is used to protect the metal during transportation (same
concentrations and flow rates). In the experiment, when the Novec was used simultaneously to
protect the metal and flush the mold, the gas supply was split for each function. Thus, for the
economic analysis the time component for the mold flushing will be the same as that for
transportation and pouring of the metal. The gas concentrations and flow rates were also the
same.

Gasification and mixing equipment:

The implementation of Novec 612 into the production system of these foundries would require
the purchase of at least one gasification and mixing piece of equipment at a cost per unit of
$55,000 to $5,000%* The range is dependent on the various features that the facility would like
to implement in the unit. It is noteworthy that a unit was quoted to one of the participant
facilities in 2009t $100,006° It seems that at this point it may be possible to have one mixer
per facility, with some perhaps needing two. Currently iSFrgely moved around in cylinders
prefilled by the supplier but this option will not be available for the Novec 612 because it is not
possible to bottle the gas at the required concentrations.

Cost comparison:

The amount of gas used depends on the concentration rate, the flow rate, and the amount of time
that each facility uses cover gas. The economic estimate will be developed in dollars of cost of
active cover gas per hour of use. In this way it will be possible to incorporate the different
amounts of time in different steps of the process and at different concentrations and flow rates at
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which the various facilities would use the gas. The net present worth (NPW) was then calculated
in terms of how many hours the facilities would expect to run the gas per year per the formula:

NPW=PW (future savings or expenses) — Initial Cost of Equipment
Note: For simplification purposes, positive values will be savings or income and negative values
will be expenses.

For the crucible with a lid, the Novec 612 gas usage of 0.127 Kg/hr at $49.50/Kg of gas results in
a cost per hour of $6.29/hr. &fras at a usage of 0.129 Kg/hr and a cost of $25.50/kg, gives a
cost per hour of $3.29/hr. Thus, using Novec 612 would result in an increased expense of
$3.00/hr of application with a covered crucible. It is necessary to note that the comparison will
suffer from the fact that the $practice has evolved and improved over a long time. The Novec
612 values are based only on feasibility, not optimized values. It is anticipated that as the Novec
612 is used, it will also be optimized. At this point it is not possible to know what these usage
levels will be. The foundry that uses a 100% gas process uses gas for approximately 8000 hrs/yr
(4 furnaces per shift/one shift per day). This gives an annual increased gas expense of $24,000.
Given the different possible estimates of the cost of equipment a present worth value was
calculated at each equipment price threshold. The interest rate used is 7% with an amortization
period of seven ye&isof depreciable life.

The present worth values obtained are presented in Table 10. Note that the results for the net
present worth calculation are also presented at recent high and low priceg for SF

Table 10: Present Worth for covered crucible and high gas volume foundry at 7% interest and 7
year amortization.

Equipment| Sk Cost @ $13.20 Kg| SRk Cost @ $25.50 Kg | Sk Cost @ $44.00 Kg
Cost ($) | (recent low) (current price) (recent high)
Annual Net Annual Net Annual | Net
Increased | Present Increased | Present Increased Present
Gas Cost | Worth ($) | Gas Cost | Worth ($) | Gas Cost| Worth ($)
$) (SK@ $) (SK@ (%) (SK@
$13.20/KQ) $25.50/KQ) $44.00/Kg)
55,000 36,704 -252,801 24,000 -184,441 4935 -81,596
75,000 36,704 -272,801 24,000 -204,441 4935 -101,596
100,000 36,704 -297,801 24,000 -229,441 4935 -126,596

Thus, the switch to Novec 612 would result in an increase in operating costs ranging from
$184,441 to $229,441 over seven years, at curregpr8fes and the Novec 612 levels used in
this study. Note that even at the historical high price fers@fings are not realized. Again,
further optimization of the use of Novec 612 is likely in order to reduce the amount of gas
necessary for successful magnesium casting.

For the open crucible, the Novec 612 gas usage of 0.205 kg/hr would result in a cost of

$10.07/hr. The Sfat a usage rate of 0.906 kg/hr would result in a cost of $29.96/hr. The
savings by using Novec 612 instead of 8fe $19.89/hr. However, this facility uses flux

29



melting and has a much lower production volume. Thus, they only use gas for an estimated 173
hrs/year. This yields a savings in the gas cost of $2261/yr. The net present worth analysis is
presented in Table 11. Note that the results for the net present worth calculation are also
presented at recent high and low prices fay. S%gain, improvements in practice are likely to

reduce the amount of Novec 612 required for successful casting in this method.

Table 11: Present Worth for open crucible and lower gas volume foundry at 7% interest and 7
year amortization.

Equipment| Sk; Cost @ $13.20 Kg| Sk Cost @ $25.50 Kg | Sk Cost @ $44.00 Kg
Cost ($) | (recent low) (current price) (recent high)
Annual Net Annual Net Annual | Net
Increased | Present Savings in | Present Increased Present
Gas Worth ($) | Gas Cost | Worth ($) | Gas Cost| Worth ($)
Savings | (SK@ (%) (SFR@ (%) (SFR@
$) $13.20/Kg) $25.50/KQg) $44.00/KQ)
55,000 328 -53,232 2,256 -42,838 5158 -27,201
75,000 328 -73,232 2,256 -62,838 5158 -47,201
100,000 328 -98,232 2,256 -87,838 5158 -72,201

Thus, the switch to Novec 612 would result in lower annual operating costs of 2,256 per year.
However, this is insufficient to pay for the initial equipment cost, and thus, the net present worth
results in a net increase in expenditures ranging from $42,838 to $87,838 over seven years, at
current Sk prices and the Novec 612 levels used in this study. Again, even at the historical high
prices for SEthe net result is still a net increase in production cost.

(Authors note: In conversations with the open crucible facility, based on the observations during
the experiment, opportunities to greatly reduce their use of&Fwere observed. Since, this

facility indicates changes in their process for a preliminary drop in use;@ff &pproximately

60%. The same techniques could be used to reduce Novec 612, but the economic effect is
unclear due to lack of exact data. However, as the overall gas usage would be decreased for both
practices, the amount of gas savings would decrease, thus making it harder to pay back the
original equipment cost.)

Magnesium casting facilities outside of California are not required to comply with a bag of SF
Thus, they are not subject to the increase in cost associated with the transition to other cover
gasses. This could give California foundries an incentive to leave the state. However, the
International Magnesium Association has been actively pursuing replacemenggtobaiy

which could affect this incentive.
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CONCLUSIONS

Based on the experimental results Novec 612 has the potential of substitutingifor SF
magnesium sand casting and investment casting applications. Novec 612 provided adequate
protection as a substitute for SHn the case of dry and green sand molds, no scrap was
produced that was due to cover gas issues. The only problem presented itself with investment
casting in one of three molds, and it is felt that this can easily be overcome with adequate
equipment and procedures. There was no difference on the gas cover practice for the two alloy
families tested, AZ91 & AZ91E and ZE41. Castings from one kilogram to over 160 kilograms
were successfully produced. Scrap rates were at or below historical rates.

The gas cover method provided a significant difference in the amount of gas used. The covered
crucible with an internal manifold required much lower gas flow rates and Novec 612 gas
concentrations than the open crucible method. However, both produced successful castings.

The values for flow rates and concentrations of cover gas can still be improved. This study was
a feasibility study not an optimization study. As such, the amount of gas cover used was
conservative in that it aimed to overprotect the castings. It may be possible with additional
research to reduce the amount of Novec 612 used in the operation, perhaps by separately
optimizing the concentrations and flows of the individual process steps (melting, transport and
pouring), though this may require the use of additional equipment at extra expense.

Significant operational and equipment changes need to be made to switch to Novec 612 and the
transition will likely significantly increase the production costs of magnesium castings. The

main driver of this cost increase depends on how the facility uses the cover gas: for the facility
that used the gas 8000 hours per year, they already had a relatively optimized process for the use
of Sk, and thus, the change in the cost of the gas was the main driver. However, the gasifying,
mixing and metering equipment added significantly to this expense. In the case of the foundry
that used an open crucible, the gas cost was driven down with the use of Novec 612. However,
the need to purchase gasifying, mixing and metering equipment erased any savings and resulted
in a net increase in cost. While optimization values for the use of Novec 612 are yet to be
determined, it is unlikely that they will be low enough to justify switching cover gas purely on
economic benefits. In fact, the switch to Novec 612 will result in increases in production costs

of tens of thousands of dollars per year. This will make California based foundries less
competitive in the open market versus other foundries that are not required to switch cover
gasses.

The purchase price estimates of gasifying, mixing and metering equipment ranged from $55,000
to $100,000. This cost is a major driver of the increase in cost for the process. The foundries
can lower the overall cost increase of conversion by carefully evaluating what equipment needs
they really have and purchasing very basic equipment. However, these savings are unlikely to
offset the economics of the switch from a net increase in cost to a net saving.
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1)

2)

3)

4)

RECOMMENDATIONS:

Pursue optimization of gas concentration and total flow rate required for casting
production. It is possible that significant savings are possible in the processes that used a
covered crucible by simply changing the concentrations and flow rates of the gas. In the
open crucible, better delivery methods will be necessary to lower the consumption of
Novec 612, and these should be pursued.

Optimize manifolds used in gassing molds and in crucibles to reduce the use of gas and
improve the protection it provides.

Carefully determine necessary characteristics required and desired in gas mixers in order
to potentially reduce cost. This cost is a significant economic driver hampering the
implementation of Novec 612.

Directly measure, not estimate or calculate, the current use; oisBig flow meters to

get a very accurate analysis of the true costs and a more accurate comparison of the
economic aspects versus the use of Novec 612.

32



References:

! Scheele, E., Lead Author, Mahdavi, R. and Motallebi, N., Contributing Authors, 2009, “Proposed Regulation for
Reduction of Sulfur Hexafluoride Emissions from Non-Semiconductor and Non-Utility Applications” Appendix C,
California Air Resources Board, January 9, 2009.

2 Meridian Technology Center, 2006,”"Magnesium Melt Protection with&®leridian Recycling Operations™"4
International Conference on &&nd the Environment (EPA Conference 2006), San Antonio, TX, November 28-30
2006.

% Milbrath, Dean S., 2002, “Development of 3 Novec 612 Magnesium Protection Fluid as a SubstitugefeerSF
Molten Magnesium”, In International Conference or &kd the Environment, November 22, 2002.

* Milbrath, Dean S., 2002, “Development of 3 Novec 612 Magnesium Protection Fluid as a SubstitugefeerSF
Molten Magnesium”, In International Conference or &kd the Environment, November 22, 2002.

® Milbrath, Dean S., 2004, “3M Novec 612 Magnesium Protection Fluid”, International Conferencganfd3Re
Environment, Scottsdale, Arizona, December 1-3, 2004.

® Bartos, Scott C., 2008, “Characterization of Cover Gas and Byproduct Emissions from Secondary Magnesium
Ingot Casting”, EPA 430-R-08-00, October 2008.

" Hillis, James E., 2002, “The International Program to Identify AlternativesdfoBMagnesium Melt Protection”,
International Conference on &&nd the Environment, San Diego, California, November 22, 2002.

8 Scheele, E., Lead Author, Mahdavi, R. and Motallebi, N., Contributing Authors, 2009, “Proposed Regulation for
Reduction of Sulfur Hexafluoride Emissions from Non-Semiconductor and Non-Utility Applications”, California
Air Resources Board, January 9, 2009.

° Hillis, James E., 2002, “The International Program to Identify Alternatives¢foSMagnesium Melt Protection”,
International Conference on §&nd the Environment, San Diego, California, November 22, 2002.

YDesaulniers, Sylvain, 2006, “Magnesium Melt Protection Alternatives, Conversion Case Studi€s”, in 4
International Conference on §&nd the Environment (EPA Conference 2006), San Antonio, TX, November 28-30
2006.

! Desaulniers, Sylvain, 2006, “Magnesium Melt Protection Alternatives, Conversion Case Studi8s”, in 4
International Conference on §&nd the Environment (EPA Conference 2006), San Antonio, TX, November 28-30
2006.

12 Meridian Technology Center, 2006,”"Magnesium Melt Protection with&8®eridian Recycling Operations™"4
International Conference on §&nd the Environment (EPA Conference 2006), San Antonio, TX, November 28-30
2006.

13 Norsk Hydro, 2000, “Handling and Use of Sulfur Dioxide for Magnesium Melt Protection”. siar@Fthe
Environment: Emission Reduction Strategies, November 2-3, 2000.

4 Milbrath, Dean S., 2002, “Development of 3 Novec 612 Magnesium Protection Fluid as a SubstitugeieerSF
Molten Magnesium”, In International Conference o &kd the Environment, San Diego, California, November
22, 2002.

15 Milbrath, Dean S., 2004, “3M Novec 612 Magnesium Protection Fluid”, International ConferencganfdsfRe
Environment, Scottsdale, Arizona, December 1-3, 2004.

18 Milbrath, Dean S., 2004, “3M Novec 612 Magnesium Protection Fluid”, International Conferencganfd3fe
Environment, Scottsdale, Arizona, December 1-3, 2004.

*I'US EPA, SINTEF Materials Technology Final Report availableval.epa.gov/magnesium-SF6/resources

7 Milbrath, Dean S., 2002, “Development of 3 Novec 612 Magnesium Protection Fluid as a SubstitutefeerSF
Molten Magnesium”, In International Conference onr &kd the Environment, San Diego, California, November
22, 2002.

18 Milbrath, Dean S., 2004, “3M Novec 612 Magnesium Protection Fluid”, International ConferencganfdshRe
Environment, Scottsdale, Arizona, December 1-3, 2004.

¥ Desaulniers, Syvain, 2004, “Save Money While Protecting the Environment — Advanced Cover Gas Mixing and
Management”nternational Conference of $&nd the Environment, Scottsdale, Arizona, December 1-3, 2004.

2 Geib, Ron and Everett, Sherry, 2006, “MTG Shield Magnesium Melt Protection Systémterhational
Conference on SFand the Environment (EPA Conference 2006), San Antonio, TX, November 28-30 2006.

2 Milbrath, Dean S., 2004, “3M Novec 612 Magnesium Protection Fluid”, International Conferenceamid3fe
Environment, Scottsdale, Arizona, December 1-3, 2004.

2 pAjrgas quote to Barry Brinker, Cal Poly Pomona, August 3, 2011.

33


www.epa.gov/magnesium-SF6/resources

% Correspondence with Craig Martin, 3M, July 2011.

%4 Telephone interview with Roger Desaulniers, Polycontrols, July 2011.

% Correspondence with Dan Reeves, August 2011.

% Newnan, D. G., Lavelle, J. P., and Eschenbach, T. G., (2000) “Engineering Economic An&Isiitiod”,
Engineering Press, Austin, Texas, pp 378.

34



