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ABSTRACT

Sulfur hexafluoride (S§f will not be allowed for use in magnesium castfigr January 1, 2013
given its high global warming potential of 23,9@@d the magnesium casting industry needs to
find a suitable replacement. This study exploheriuse of Novec 612 on dry sand, green sand
and investment magnesium casting as a replacertemtaive. Three facilities with different
melting and pouring practices participated in thigestigation. The levels of Novec 612 gas
used were high to determine feasibility and butopitmal parameters. Castings were
subsequently processed per customer specificadiothsittrition rates due to gas cover related
defects were assessed. Novec 612 provided adgoaddetion as a cover gas for the production
of magnesium castings in sand and investment ¢aapiplications. The scrap rates were not
higher than with the use of §§as protection. Mechanical properties were ungédn

Novec 612 requires the purchase of gas evaporatingag and metering equipment. The price
depends on the features necessary to successsellyhe Novec 612 given operational
differences. Based on the results of this studpday’s prices there would be a net increase in
production costs to the foundries from tens of #amds of dollars per year depending on the gas
usage and specific equipment purchases relatde: tewitch. However, it is important to note
that this comparison is being made from optimizBgdas delivery systems with non-optimized
Novec 612 systems. It is expected that lower quesibf 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 requirestagtive gas due to the very high reactivity

of molten magnesium with atmospheric oxygen. Qhkerast 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 toigfis imfrared absorption and long life in the
atmosphere. For these reasons, a replacemenbteghins sought. Ideally, a new cover gas
that has the advantages ofsSHnolten metal protection, mold gas purging, naxieity, non-
flammability, ease of use, and reasonable cosh-begound.

Cover gasses consist of an active gas and a cagasit such as GO The gas blends are used in
three distinct functions: to cover the molten matahe furnace during melting, to cover the
molten metal during transportation and pouring, kastly to purge the mold of atmospheric air
with cover gas. Molten magnesium forms an oxigerdhat is brittle and cracks and thus is
permeable to further oxidation with atmosphericgety. Since magnesium oxidation is a very
powerful exothermic reaction, if left unchecked thaction will continue very violently. The
cover gas reacts with the exposed liquid surfadge@mMmagnesium and thus limits the oxidation
and violent reactions.

Historically two other technologies have been usegrotect molten magnesium: $€bver gas
and fluxes. S@is used in the same capacities ag, 8fat is, during melting, transportation and
pouring of the molten metal as well as purginghef tmold. The main drawback of §®that it

is a criteria air pollutant under the Clean Air Adthus, it needs to be regulated and controlled.
Fluxes are salt based granular materials thatsee to cover the surface of the molten metal.
Thus, they can be used during melting and pourmthe ladle. However, they can’t be used for
purging of atmospheric air in the mold. For thesssons, S©and fluxes are less than ideal
substitutes.

Fluorinated ketones, specifically Novec 612 and HRB2a have been explored for some
applications as a replacement fos,SNovec 612 is being successfully used as a covefaga
ingot casting and die casting of magnesium. Iritamhd it is non toxic, non flammable, and has
a Greenhouse Warming Potential of approximatelyd td its short life in the environment.
Novec 612 is more reactive thang&id will break down faster at the processing teatpees

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

The main objective of the project is to evaluate phssibility and implications of switching SF
with Novec 612 for sand and investment magnesiustinga
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Methods:

The experiment was designed to incorporate th@wannethods of magnesium melting and
pouring in dry and green sand and investment gassrpracticed in California. The intent was
to change the existing processes as little aslplessi order to use Novec 612 as a replacement.

On the melting side, Novec 612 was used to prateghg metal melting, pouring and mold
flushing, and in combination with flux use accoglio existing practice. In melting, Novec 612
was used as a cover gas in conjunction with a eaverucible with a distribution manifold.
These crucibles were also used to pour into thelsnoh second method was used where the
metal was melted under a cover of flux. Then the Was removed and the gas was used to
cover the metal during pour in a crucible withoulida The third method used flux to protect the
metal in the furnace and during pour, and the gaswsed only to flush the mold.

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

Results:

All molding methods, both alloys, and all castingights could be successfully poured with
Novec 612 as cover gas. The only defective castiveye due to lack of proper gas cover due to
an assignable cause that would be expected to peatle same problems with SHHowever,

the different melting and metal handling practineed to be addressed separately.

The amount of Novec 612 used was conservatively tigest the possibility of casting with this
gas. The crucibles that used lids and manifoldskeaavery well, and in fact it may be possible
to lower the Novec 612 concentration in the gathéfuture. For mold flushing, the
concentration may be able to be significantly reduas well. The crucible that was open to the
atmosphere without flux presented more operatidiffstulties. While the castings from this
process were acceptable, the metal smoked andlglitsined as some of the magnesium did
oxidize more than desired. For this practice aprowed method of delivery to the metal surface
needs to be developed and/or a higher concentratibiovec 612 needs to be used.

At current prices of Novec 612, §Rand mixing equipment required for the Novec Gh2re is

a net increase in production cost for all facifitetudied. The increase in operational cost can be
in the order of tens of thousands of dollars parydiowever, it should be noted that the
comparison is between optimizeds3Rfelivery vs. non-optimized Novec 612 delivery. weay

Novec 612 quantities could alter this equation.

Conclusions:

Novec 612 can be used as a replacement fgpmSfand and investment casting. Future work is
necessary to optimize gas concentrations and dgliaethods. The process economics are very
sensitive to changes in the cost of the Novec &E? §k gas, usage patterns and equipment
cost. Any changes in this area could lead to amallsignificant increase in process cost.
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INTRODUCTION

Background

The California Global Warming Solutions Act of 200%B 32) creates a comprehensive, multi-
year program to reduce greenhouse gas (GHG) emsssidCalifornia. As part of this
commitment, the California Air Resources Board (A&Board) has developed a regulation to
reduce sulfur hexafluoride (§Fa greenhouse gas with a global warming poteatidaB,900,

from non-semiconductor and non-utility applicatiolmsFebruary 2009, the regulation was
approved by the Board. Included in the restricionthe regulation, sulfur hexafluoride may no
longer be used in magnesium casting after Jany&9113.

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

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

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

Ingot manufacturing is similar to the open processesand and investment casting but the final
product does not require complex shapes or stremditich may necessitate different
manufacturing parameters.

Most of the research on cover gas alternativedbban done in the context of die casting and
ingot casting. Although the success in those itréssis promising, there are some differences
between those two processes and the sand andmrer@stasting 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 tatim®sphere, which means not all
options for alternatives available for die-castamng available for sand and investment casting.



In the sand and investment magnesium casting inguke 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, emissio@slifornia from magnesium casting are
estimated at approximately 0.05 MMTGE'

Protection Mechanism of Sk

SFKs is used in magnesium casting as a cover gas vemréhe rapid oxidation (burning) of
molten magnesium in the presence of air. Thiseem@mplished when a small portion of thesSF
reacts with the magnesium to form a thin molecfiliar of mostly magnesium oxide and
magnesium fluoride. Without an effective cover gaslten magnesium oxidizes with
atmospheric oxygen, producing a lower quality pratdund increasingly, the risk of a fire
incident. The magnesium reacts with atmosphengenr and forms a magnesium oxide layer
that is permeable allowing magnesium vapor to esespol oxidize. The fluorine from S&pon
decomposition mixes with the remainder of the sigfand “seals” the permeable parts of the
oxide layer (figures 1 and 2). In figures 3 and, difference between protected and
unprotected pouring and melting operations is estiglent.

Thick,
cracked, |
unprotective

MgO film /

AIR { {
| &_—‘_Pr‘—i—‘ ‘L} xidation :1_.-5 aration { ,(f:'- é M
Y { InT

LIQUID Mg

Figure 1: Surface of liquid magnesium.?
SF4 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
spots indicating minor oxidation. On the right, molten magnesium without protection in a small pan.

It is important to note that only a fraction of {88 used in current practice is broken down to
form the Mgh film, most of it remains unchangédne significant operational difference is that
the available excess &5 able to continue protecting should a disruptibthe protective

blanket occur. This makes the use of 8fgas that is easy to work with and that makes the
process quite reliable. Open casting generallg 4s&% Sk concentration where 95% of the
gas is emitted unchanged. Closed melting furnases lower concentration of 0.2-1% but also
emit over 90% of the SRunchanged. Emissions for both cases depend ygsmifis conditions

of gas distribution, alloy, humidity and other evimental conditions.



Alternative Analysis

Alternative cover gases that have been tested mmweip effective within magnesium casting as a
whole include sulfur dioxide (S Noved™ 612 (a fluorinated ketone gE;,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 pretestirface film. Although most testing
has occurred in die-casting facilities, there hlagen limited successful tests in sand casting
facilities for both S@and the fluorinated ketone. Prior to this testinfortunately only one of
the tests has been documented and made publisiidle documented test was done in Asia
and there is no data on temperatures, use of ayewlexity of the casting, number of castings
poured, and other critical variables. No documemésts using fluorinated ketone have been
done for investment casting. However, tests witlvé¢ 612 in other molten magnesium
applications have been carried out successfully.

Historically two technologies have been used tdgmtomolten magnesium prior to the advent of
SKs: SO, cover gas and fluxes. 2@ used in the same capacities ag, 8fat is, during melting,
transportation and pouring of the molten metal a as purging of the mold. The main
drawback of S@is that it is a criteria air pollutant under thee@h Air Act. Thus, it needs to be
regulated and controlled. Fluxes are salt basadulgr materials that are used to cover the
surface of the molten metal. Thus, they can bd dseing melting and pouring in the ladle.
However, they can’t be used for purging of the mdtdr these reasons, $a@nd fluxes are less
than ideal substitutes.

As mentioned earlier, sand and investment castivg kifferent operating conditions that may
limit the viability of available alternatives buOgand the Novec 612 appear to be options for
those facilities. HFC-134a may also be an optiorstome sand casting, though it is not
examined in this project.

The alternatives are expected to produce at le@8%@reduction in greenhouse gas emissions.
Table 1 provides the average emissions and redhschip alternative cover gas, based on a 2007
U.S. EPA measurement study at a die-casting facilit

Table 1 - Reduction of Greenhouse Gas EmissionthéoMagnesium Die-Casting Industry

Cover Gas Mixtures Average GHGs by cover gas Remlutrom Sk (%)

g CQE/hr MTCQOE/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 arealsgnificant consideration. First, the
replacement should have a competitive performantteS¥ in terms of its protection
effectiveness. It should be preferably non-toaitd non-hazardous. It must also be non-
flammable®

The data available from die and ingot casting gfipeuggest that the two practical alternatives
to consider are S£and Novec 612, a fluorinated ketofie.

Technical Considerations for SQ

SO, is cited in a patent from 1934. It was extengiweded 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 alsotha@sadvantage that it does not
contribute to global warming and it may be a cdigative solution. S@is also widely
available and its cost is less volatile thag,Skce it is used in many applications such ad foo
preservative, refrigerant, bleaching agent, disitzfet, etc*

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

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

However the disadvantages include toxicity (2 ppacupational exposure limit for 8 hours) and
corrosiveness with potential acidic precipitatieh$0s)."® These issues lead to the need for
personal protective equipment for workers and aagidihg costs as well as environmental
controls. In addition, SEs regulated by local agencies (in the Los Angales by the South
Coast Air Quality Management District - SCAQMD) athetre are significant regulatory issues
since it is a criteria air pollutant under the @iédar Act. There are broader environmental
issues such as contribution to acid rain and gégena unpleasant odor in the working
environment. S@is also more difficult to use than SFSQ has a very low vapor pressure at
room temperature so it requires external heatingfteetively deployed, which is a challenge
particularly in areas with cold weather. It alsads to freeze valves and condense in the lines.
Lastly, SQ requires corrosion resistant materials makingnfgementation more expensive.

For these reasons, the project members wantedkddo a better alternative than §@ven
though it has been successfully used in the past.

Technical Considerations for Novec 612

The physical and Environmental Health and SafetyJproperties of Novec 612 are given in
Table 2:



Table 2: Physical and EHS Properties of Novec612

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 magnesiurface
producing Mgk and CQ with few by products. This efficient reactivitisa produces more
surface protection since each molecule containset@s many fluorine atoms assSHus,

Novec 612 can be used at a much lower concentrtaanSFk (0.015 to 0.4 volume % or 150 to
4000 ppmV compared to 0.7 to 6%epF

However, because of the very high reaction efficyeof Novec 612, one area where it does not
perform as well as Sfs in the accidental case of runaway oxidatiohatTis, when for any
reason the molten metal begins to oxidize, it hteenvironment around it. Typically, at the
beginning of such a reaction it is easy to smotbithr SK; because there are more molecules
available given the higher concentration use. digiteon, Sk is more stable at higher
temperatures so enough molecules are able to ramalranged as they approach the surface of
the magnesium. In the case of Novec 612, the mtdsaevill break down faster at the higher
temperatures and given the lower concentratiorasftijere will be less available for direct
contact with the metal. The significantly highem@unts of Novec 612 needed to bring a
runaway reaction under control are well beyond rebroperating parameters (an emergency
supply of flux is normally available for such sitiges).

The high efficiency of Novec 612 also requires tiggtprocess control (precise Novec 612
concentration and uniform cover gas delivery) t8& "> In an operational sense it is “less
forgiving”.

Environmental considerations:

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

Novec 612 Gas Preparation:

Novec 612 is a liquid at room temperature. In otdegasify it, dry air is typically passed
through a bubbler with the Novec 612 liquid. Twagporizes Novec 612 which is then metered
and mixed with a bulk carrier gas, typically §@nd sent to the casting lihe.The composition
of the gas is typically C&bulk carrier gas with 5-20% dry air and Novec @iiamounts from
150 ppmV (die casting) to 4000 ppmV (open castdepending on the application. It is
possible to use nitrogen as a carrier gas busitlt®in higher consumption of Novec 612 and
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can result in higher formation of H&. This gas bubbler method has the additional achggnof
containing no moving parts. This is shown scheradlyi 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
Dry Air or CO,

Head 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, tolwmetric, to compensated volumetric to
massic (mass controlled) mixers. These mixingomgtincrease in order of price and also in the
accuracy of their mixing. The tight process colstaesired to maintain optimum performance
of the Novec 612 cover gas while minimizing usagmguire a massic mixef. For this reason,

the mixing and metering equipment can be very esigenin the range of $55,000-$100,000
estimated for the sand and investment casting Gijans.
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MTG Shield is a magnesium melt protection systeat tised 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 mixing equipn@nhe system was sized for small
applications and most of the demand was for lamgtailations. MTG has since discontinued
this product line for lack of interest in the marke

Delivery to molten metal:

The faster thermal breakdown of Novec 612 requstgeerior distribution compared to SFSK

can travel longer distances to fully cover the mwltnetal because it is not as reactive as Novec
612. Thus, it is possible to use a single points® for Sk in the furnace and it will protect the
entire melt. For more reactive gases like Novez, @ie breakdown of the gas is faster, thus by
the time it reaches the edges of the crucible tisaresufficient 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 SF¢ 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®fjis on the entire surface. This also leads to
the opportunity to use less molecules as they atréeing sacrificed to survive the travel to the
edge of the crucible. This also leads to the bdggiof using lower gas concentrations. This is
schematically shown on figure 8.



Reactive Cover Gas: Multiple Point Addition

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

Magnesium melting crucibles in foundries are preighamtly round. A simple solution that
allows for adequate gas distribution in this geaynistthe use of a distribution manifold pipe in
the shape of a ring. In addition to this, holalledt at regular intervals should also be drilled a
different angles to provide for full protectiom this manner multiple source points are provided
over the entire melt allowing for superior coverdé his 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 the right, multiple directional holes provide more complete coverage of the melt by executing a
distributed multipoint coverage pattern.

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



Delivery to mold:

Magnesium casting molds are flushed withy &FF a period of time prior to filling with molten
metal. The goal is to continue having the protectitmosphere of the cover gas within the
mold. The same practice works with Novec 612, mmdhanges would be required.

Project Objectives

The overall objective of the project is to deterenthe viability of promising cover gas
alternatives through testing at California facaigi In addition, the research will result in best
practices that can be communicated to and usedeomdustry as a whole. The project will test
fluorinated ketone in various sand casting andstient 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, CA6917

Consolidated Precision Products (CPP) is a marwfcof highly-engineered components and
sub-assemblies, supplying the commercial aerospaitiegry and industrial markets with small-
to-large "function" critical products. CPP-Pomasi#he corporate headquarters for
Consolidated Precision Products.

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

CPP—Pomona’s common aluminum alloys poured are1A2328, A356, A357, B201, B203,
B206, B224, D357, C355, and Pure Al. Common MagmasAlloys poured are: Pure Ingot
25#, ZE41 Ingot, AZ91E Ingot, WE43 Ingot, QE22, AZRZ92, EZ33. The size range of
products are up to 8 feet cubic envelope, anad®@A00 Ibs. net weight.

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

Magparts, operating in Azusa, is a manufacturdngt strength aluminum and magnesium
castings, primarily for the aerospace industry. Etpany produces sand castings, permanent
mold castings and investment castings.

Magparts has over 33,000 square feet of manufagtspace with melting capacity of up to
20,000 pounds per day. Molding systems includé dog sand and green sand molding
systems. Other features are an automated dry settitioning and delivery systems. Core
making capabilities include no-bake, cold box, ahdll core methods. Castings as heavy as 125
pounds net weight and up to 6 feet in length orthvighn be produced.

Magparts casts many different aluminum alloys thatude A201, A206, A356, 356, A357,
C355, 319 and 535, and have developed significaethanical strength advancements in the
A201 alloy. For magnesium alloys, they cast AZ9AZI1E, AZ92A, EZ33A, and ZE41A.
Magparts’s services offered include integratedgtesupport, in-house pattern and tooling
construction, contour machining, anodize, paint sunotassembly, heat treat, producing high
guality ready to use products all certified to SGPA00/NADCAP and customer unique
requirements.

(Note: Magparts was purchased by Consolidated $toecProducts during the duration of this
project.)

11



Magnesium Alloy Products
Address: 2420 N Alameda Street, Compton, CA 9022252

Magnesium Alloy Products (a.k.a. Magalloy) is l@htn Compton California. They produce
complex, high strength aluminum and magnesiummgsin the typical alloys for the military

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

Experimental design:

» The study focused on establishing feasibility ovBo™612 as an $klrop in substitute.

* Process: The processes tested included greendsgrghnd and investment casting.

0 Sand casting uses a replica of the part, callesrmanent pattern that is placed
inside a flask (akin to a box) where sand is thengacted and assumes the shape
of the pattern. Then, the pattern is removed aadds a cavity behind in the
shape of the part to be produced. Then, metalusaal into this cavity obtaining
the desired shape. In green sand casting theisanalixture of sand, clay, water
and other additives that when compacted retaishlpe of the pattern. Dry sand
casting uses sand that is mixed with chemical adbgs$hat glue the sand grains
together and in this manner they retain the shafeeqart. Green sand and dry
sand molds are shown in figure 10. The largestimmate made with dry sand
exclusively as shown in figure 11 which shows th@dior 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.

0 Investment casting, also known as lost wax cashbagins with an expendable
part replica, called a wax pattern, that is coatgd ceramic slurry which then
hardens. Then the wax is melted out leaving agavithe shape of the part.
Then the ceramic mold is heated to facilitate mida¥ in very thin sections, the
mold is filled with molten metal and this produdks part.

* The molds poured included typical geometric comipyeand pour size. Design extremes
were not targeted in this study.

* The alloys poured were AZ91 (alloyed with aluminand zinc) and ZE41 (alloyed with
zinc, zirconium and rhenium). The heats were alioation of 60% remelt and 40%
ingot. Figure 12 shows a furnace charged withtagol 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 basetthe® equipment manufacturer’s
recommendations, but was to be adjusted as deeppedpaiate as the trials progressed.
Cumulative information obtained from one trial wasorporated into the next trial.

« The pouring temperature for each/mold alloy wasvbeh 704C- 815C (1300F-
1500F), based on current values used for these parts.
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» Melting and molten metal handling procedures: Msgsimm melting was performed in
typical form with the exception that SF6 gas wadaeed with Novec 612. Where fluxes
are used in melting protection or for additionas gapplements during metal treatment
such as during the addition of grain refiners, tbegtinued 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 techniquesawesed at various parts of the
process: Hinged crucible lid with “D” shaped rimgnd inverted funnel with diffuser
plates. Figure 14 shows a closed crucible witingéd 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 SFhthe only difference that when

possible the molds were flushed with ten volumegrofective 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 metaV flate in the mold was the existing
system. The foundries’ customers own the pattéraiswere used in the experiment,
thus the foundries do not have the authority tongeahe pattern and the owners are very
unlikely to allow changes to a successful pattdmaddition, current magnesium gating
practice is already optimized to minimize metabtuence which will help in the success
of the new cover gas.

» SF6 was available as a backup gas for safety ceradidns. The facility safety
requirements and respective staff were relied upgrovide authority on whether or not
to utilize a backup gas. As it turned out, thiswiat necessary.

Indicators of feasibility:

This study was a feasibility study to give an iradion of whether the alternative is viable for the
magnesium industry. These results are the fiegt &1 answering the question: Can
Novec™612 provide proper coverage and protectidghemmagnesium sand or investment
casting process? Indicators of viability were basedhe following:
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» Scrap rates after using the SF6 replacement aiendfr magnitude or less than
historical scrap rates for the castings. All tggtivas done using existing
customer/facility procedures and specifications.

» Final alloy chemistry on heats/parts as appropt@fess existing customer/facility
requirements.

* Visual and dye penetrant evaluation were perfororedll castings and measured
against existing customer/facility procedures.

* Where appropriate, per customer specifications has@cal and physical properties
were examined and measured with existing custoawlitf criteria.

Since this was a feasibility study and the samizie af molds was small, a definitive answer
with statistically significant results was not #aticipated outcome. For example, scrap rates
may be higher due to changing the operational patensthroughout the testing. However, the
overall testing gave an indication of whether thi work and what changes need to be made to
the delivery system or other components to enssreeessful transition.

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

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

Molding method analysis:

The sand molding methods used were green sandadd/and green sand in combination with
dry sand. For the purposes of analysis they wegparated as dry sand exclusively and molds
that had green sand components. The third moldietipod is investment casting which uses a
completely different ceramic system and thus weltieated separately. Tables 3, 4, and 5
separate the parts by the different processas.ptissible to see in these tables that there is no
difference in the amount or concentration of cayas by mold type.

Dry sand and green sand processes:

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

Table 3 presents the data for the production ofmasigm castings in dry sand and table 4 in
green sand. As can be seen, Novec 612 can prag&bpate protection for dry sand and green
sand molds as there were no rejects in either sanipladdition, 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 ZEA1 | 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 ZE41 | 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 praesém mold, and the castings also tend to be
smaller and less intricate. Itis also a cheapecgss and is used whenever possible. In this case
it is possible to see in Table 4 that the Novec &2 provide adequate protection. No scrap
castings were produced with green sand and a sigakcoverage 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 ZEAl 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 investmertirgasolds produced. This is the only process

that produced scrap castings due to gas coversissilee scrap castings were the result of
inadequate cover gas in the mold. For investmastirgy the molds are preheated in a furnace

and are then taken to a pouring station. Thengdhe poured as quickly as possible to minimize

mold cooling. In magnesium casting, where it isgssary to flush the mold with cover gas
while it is cooling it is imperative to have a hifjbw rate of cover gas. The nature of the
equipment was unable to deliver that much gasarfitht of the three molds poured, but had

stabilized for the second and third molds. Thuspehough there was scrap in this process, the

reasons for it can be overcome and agp@parison 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 Novet? | Zero
2200
ppmV, 30
LPM
J 2/20 5.4/12 Investmerit AZ91E Flux NA Flux Nove@6 | 3/20
2200 15%*
ppmV, 20
LPM

*Mold movement was rushed and this led to the teje®his same problem would have occurred with SF

Alloy:

Alloys AZ91 and the minor variant AZ91E as wellZ841 were poured. This was done to test

the conditions with the more robust alloy (AZ91 &P 1E) and with more sensitive rare earth

containing alloys (and ZE41). While there are o#iys that are more sensitive, they were not

used in this study but the facilities feel thats@lloys could be successfully used with these
techniques. Tables 6 and 7 present the partsagepdry alloy type poured. As can be seen in
these tabes, there is no pattern to the amourdofeguired 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
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 teje®his same problem would have occurred with SF

The ZE41 alloy is the most common rare earth ghloyred. As can be seen in table 7, they can

be successfully protected by Novec 612, with nted#hce 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 ZE4l Flux NA Novec 612, Novec 612, | Zero
2400 ppmV, | 3000
112 LPM, ppmV, 85
inverted LPM
funnel with
diffuser
D 3/3 27/60 Dry Sand ZE41 Flux NA Novec 612, Novec 612, Zero
2682 ppmV, | 2682
57 LPM, ppmV, 57
inverted LPM
funnel with
diffuser
B 1/1 35/76 Dry Sand ZE41 Novec 612,D Ringin 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 ZE4[L Novec 612,D Ringin Novec 612, | Novec 612,| Zero
3426 crucible 2682 ppmV, | 2682
ppmV, 57 57 LPM ppmV, 57
LPM, closed LPM
closed crucible
crucible
G 1/1 150/330| Dry Sangd 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 ZE4l Novec 612,D Ringin 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 coroted with high levels of Novec 612 and as
success was seen, the concentration was droppetsequent heats with the intent to find the

limits at which the gas began to be unsuccesghlall the conditions tested only the open ladle

configuration with reverse funnels and diffusersved to reach marginal conditions. Thus, for
this practice either a higher concentration of gasigher flow rate (both of which would place
more Novec 612 on the magnesium) or significamtigrioved distribution of the gas would be
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necessary. In all other cases, the gas distributes more than sufficient and it may be possible
to further reduce the amount of gas utilized.

With regards to molding process, for investmentingdetter coordination of the pouring
process will be required. If this does not prov#isient, it may be aided by increasing the
amount of Novec 612 in the mold (either by incregsioncentration and/or flow rate). At this
point it seems that the defective parts were duedting anomalies rather than process
performance.

Part size:

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

Gas distribution method:

Two operational differences were tested for thedjsisibution method on the crucible: One was
with a crucible covered with a hinged lid and a “€)ffaped distribution diffuser under the lid.
The other one was with an open crucible. The tesiileach method are shown in tables 8 and
9. Note that the covered crucible required sigaifitly lower gas flow rates and concentrations
of Novec 612.

In figure 17 an illustration of a covered cruciktéh 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 cruwiltkea D ring diffuser produces acceptable
results. Figure 17 also shows the lack of smokeyred with this protection method. Table 8
shows that it is possible to drop the concentrabioNovec 612 gas down to as little as 2200
ppmV. In addition, note that total cover gas flaas also successful as low as 30 LPM.
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Table 8: Molds poured with a covered crucible vathinged 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 Ringin 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 Ringin 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 wgghré 17) casting without a lid and with
funnels to provide protection cover gas producéat af smoke and magnesium oxide. This
indicates that the protection was at the lowest¢piable operational limit. In fact, it was a
surprise that none of these castings were scrapped.can be remedied by designing the

delivery equipment to deliver more gas to the dilecresulting in even higher gas consumption

or modifying the process for improved delivery disition.
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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 providguade coverage when used without a lid or

manifold. However, note that the amount of gaslwsas the maximum possible with the
experimental mixing equipment, resulting in highlmvec 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 61 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 612Novec 612,| Zero
2600 4280
ppmV, 112 | ppmV, 62
LPM, LPM
inverted
funnel with
diffuser
1/10 5.4/12 Investment AZ91E Flux NA Flux Novet2 | Zero
2200
ppmV, 30
LPM
J 2/20 5.4/12 Investment AZ91E Flux NA Flux Novd@6| 3/20
2200 15%
ppmV, 20
LPM*

*Mold movement was rushed and this led to the teje@his same problem would have occurred with SF

Mold flushing:

Mold flushing varied with the molds being pouredleaeat. Foundries will run standard heats
of a certain amount of molten metal given theiripment. This may be enough to fill only one

large mold, or several smaller molds. The rangaalfls poured per heat ranged from one mold

per heat, in which case there was plenty of timiguh the mold to 18 molds per heat, in which
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case the molds were flushed immediately ahead wiipgp. Lastly, investment casting molds
require very careful coordination to be fully fleshwhile minimizing the amount of time
between taking them out of the preheat furnacepauding them.

Economic Analysis:

There are several variables that need to be tadteraccount to evaluate the economic impact of
switching from SEto Novec 612 cover gas. They include the cosh®fgas which is

determined by supply and demand fog 8Rd by production costs and pricing policies @f th

only producer for Novec 612. Also, the amountofer gas used, which is determined by the
process that each facility uses. This processt#istthe duration of cover gas application as well
as the concentrations used. Lastly, the costefésification and mixing equipment required

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

Cost of gas:

SFKs is a commodity and the prices are determined hkebdorces. As such, over the last few
years the cost of $fas varied from $13.20/Kg to $44.00/Kg ($6-$20/IQurrently, SEcost
was quoted to Cal Poly Pomona at $23.14/Kg ($1MhB2/And one of the facilities at $25.50/Kg
($11.59/Ib). The economic analysis will hinge omatvdirection prices take in the future, but as
this is unknowable, current range of recent prgiisbe used in the analysis.

Novec 612 is a gas that is produced exclusivelgMy 3M provided a cost range of Novec 612
is in the $44-55/Kg ($20-25/Ib) range for the US#ected by the volume demands for each
customer. They also indicated that pricing is intpd by the cost of electricity, HF and nickel
and hydrocarbon feedstocks. The price used for comparative analysis wasrtitgoint 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 dirextlgted to their process. There are three
stages at which cover gas can be used: Meltinggtioh, metal transportation and pouring, and
mold flushing.

For melting protection flux can be used insteadayer gas and one facility exclusively used

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

For transportation and pouring all facilities useder gas for metal protection. Transportation
is the act of moving the crucible with the metathe pouring location in the foundry. Pouring is
actually transferring the liquid metal from the @hle to the mold, a step where the stream of
molten metal requires protection. In this casedleere two methods used at the facilities: a
crucible with a lid and a crucible that is opernie atmosphere. The crucible with a lid keeps
the gas within the crucible, preventing it to fyeescape to the atmosphere. The open crucible

27



allows for more gas to dissipate to the atmospaedethus requires a higher amount of the
active cover gas to provide adequate protectidme facilities that used a crucible with a lid use
a 2% Sk mixture with CQ carrier which resulted in a usage of 0.129 Kgth283 Ibs/hr) of S§
[from purchasing and production records]. The ogrewrible facility used a 6% SFixture in
CQO; at a higher flow rate to compensate for the déifiee 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 oomgion comparisons.

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

For the open crucible, the Novec 612 concentratianged from 2300 ppm at 112 SLPM to
4500 ppm at 54 SLPM and this range proved to bgimarcoverage. The number that will be
used in the analysis is 4342 ppm at 60 SLPM, whiahk the highest amount of Novec 612 used
and equaled 0.205 Kg/hr (0.450 Ibs/hr) of gas corelibecause the protection is marginal and
higher levels of gas usage would have been usethkagkperimental equipment been capable
of it. Itis important to note that the experimeras set to determine feasibility of the Novec 612
for protection, not optimization of the parameters.

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

Gasification and mixing equipment:

The implementation of Novec 612 into the producBgatem of these foundries would require
the purchase of at least one gasification and migiece of equipment at a cost per unit of
$55,000 to $75,008). The range is dependent on the various featuatshh facility would like
to implement in the unit. It is noteworthy thatirit was quoted to one of the participant
facilities in 2009 at $100,000. It seems that at this point it may be possibleaee one mixer
per facility, with some perhaps needing two. Cuitlse SFK; is largely moved around in cylinders
prefilled by the supplier but this option will nbé available for the Novec 612 because it is not
possible to bottle the gas at the required conaBats.

Cost comparison:

The amount of gas used depends on the concentratmrthe flow rate, and the amount of time
that each facility uses cover gas. The economimate will be developed in dollars of cost of
active cover gas per hour of use. In this wayilithre possible to incorporate the different
amounts of time in different steps of the procestat different concentrations and flow rates at
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which the various facilities would use the gas. Tbepresent worth (NPW) was then calculated
in terms of how many hours the facilities would egipto run the gas per year per the formula:

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

For the crucible with a lid, the Novec 612 gas esafy0.127 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 $&&ghQives a

cost per hour of $3.29/hr. Thus, using Novec 6b2ld/result in an increased expense of
$3.00/hr of application with a covered crucibléisinecessary to note that the comparison will
suffer from the fact that the $practice has evolved and improved over a long.tiffitee Novec
612 values are based only on feasibility, not ojzted values. It is anticipated that as the Novec
612 is used, it will also be optimized. At thisqdt is not possible to know what these usage
levels will be. The foundry that uses a 100% gasgss uses gas for approximately 8000 hrs/yr
(4 furnaces per shift/one shift per day). Thisegian annual increased gas expense of $24,000.
Given the different possible estimates of the cbstquipment a present worth value was
calculated at each equipment price threshold. ifteeest rate used is 7% with an amortization
period of seven ye&isof depreciable life.

The present worth values obtained are present&dhbte 10. Note that the results for the net
present worth calculation are also presented antdigh and low prices for $F

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

Equipment| SK; Cost @ $13.20 Kg| Sk Cost @ $25.50 Kg | Sk Cost @ $44.00 Kd
Cost ($) | (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 ($)

$) (SKR@ $) (SFR@ (%) (SF@

$13.20/Kg) $25.50/KQ) $44.00/Kg)

55,000 36,704 -252,801, 24,000 -184,441 4935 -81,59
75,000 36,704 -272,801 24,000 -204,441 4935 -1@1,59
100,000 36,704 -297,801 24,000 -229,441 4935 5005,

Thus, the switch to Novec 612 would result in acrélase in operating costs ranging from
$184,441 to $229,441 over seven years, at curfienpi&es and the Novec 612 levels used in
this study. Note that even at the historical tpglee for Sk savings are not realized. Again,
further optimization of the use of Novec 612 ilikin order to reduce the amount of gas
necessary for successful magnesium casting.

For the open crucible, the Novec 612 gas usage206kg/hr would result in a cost of
$10.07/hr. The Sfat a usage rate of 0.906 kg/hr would result inst of $29.96/hr. The
savings by using Novec 612 instead of &Fe $19.89/hr. However, this facility uses flux
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melting and has a much lower production volumeusTlthey only use gas for an estimated 173
hrs/year. This yields a savings in the gas co$2@61/yr. The net present worth analysis is
presented in Table 11. Note that the resultshiemet present worth calculation are also
presented at recent high and low prices fay. Skgain, improvements in practice are likely to
reduce the amount of Novec 612 required for suéglesasting in this method.

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

Equipment| Sk; Cost @ $13.20 Kg| Sk Cost @ $25.50 Kg | Sk Cost @ $44.00 Kd
Cost ($) | (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/KQ) $44.00/KQg)
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 lowenual operating costs of 2,256 per year.
However, this is insufficient to pay for the inltequipment cost, and thus, the net present worth
results in a net increase in expenditures rangmy 542,838 to $87,838 over seven years, at
current Sk prices and the Novec 612 levels used in this st#yain, even at the historical high
prices for Skthe net result is still a net increase in producttost.

(Authors note: In conversations with the open itrecfacility, based on the observations during
the experiment, opportunities to greatly reducér tiiee of Sk gas were observed. Since, this
facility indicates changes in their process forgiminary drop in use of SFof approximately

60%. The same techniques could be used to redoeed\612, but the economic effect is
unclear due to lack of exact data. However, a®¥eeall gas usage would be decreased for both
practices, the amount of gas savings would decréase making it harder to pay back the
original equipment cost.)

Magnesium casting facilities outside of Califorai@ not required to comply with a ban ofsSF
Thus, they are not subject to the increase inassbciated with the transition to other cover
gasses. This could give California foundries aeimtive to leave the state. However, the
International Magnesium Association has been dgtpersuing replacements to Sglobally
which could affect this incentive.
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CONCLUSIONS

Based on the experimental results Novec 612 hagdtential of substituting for Sn
magnesium sand casting and investment castingcapipls. Novec 612 provided adequate
protection as a substitute forSHN the case of dry and green sand molds, n@ sces
produced that was due to cover gas issues. Tlygooblem presented itself with investment
casting in one of three molds, and it is felt tid can easily be overcome with adequate
equipment and procedures. There was no differenthe gas cover practice for the two alloy
families tested, AZ91 & AZ91E and ZE41. Castingsy one kilogram to over 160 kilograms
were successfully produced. Scrap rates werelatlow historical rates.

The gas cover method provided a significant difieeein the amount of gas used. The covered
crucible with an internal manifold required mucklvér gas flow rates and Novec 612 gas
concentrations than the open crucible method. hWewdoth produced successful castings.

The values for flow rates and concentrations oec@as can still be improved. This study was
a feasibility study not an optimization study. #igh, the amount of gas cover used was
conservative in that it aimed to overprotect th&tiogs. It may be possible with additional
research to reduce the amount of Novec 612 ustkioperation, perhaps by separately
optimizing the concentrations and flows of the undiual process steps (melting, transport and
pouring), though this may require the use of adddl equipment at extra expense.

Significant operational and equipment changes nebde made to switch to Novec 612 and the
transition will likely significantly increase thegduction costs of magnesium castings. The
main driver of this cost increase depends on h@afahility uses the cover gas: for the facility
that used the gas 8000 hours per year, they alteadla relatively optimized process for the use
of Sk, and thus, the change in the cost of the gas leamsain driver. However, the gasifying,
mixing and metering equipment added significardlynis expense. In the case of the foundry
that used an open crucible, the gas cost was ddoem with the use of Novec 612. However,
the need to purchase gasifying, mixing and metexqgpment erased any savings and resulted
in a net increase in cost. While optimization esldior the use of Novec 612 are yet to be
determined, it is unlikely that they will be lowaugh to justify switching cover gas purely on
economic benefits. In fact, the switch to Nove® @ill result in increases in production costs
of tens of thousands of dollars per year. Thi$mvdke California based foundries less
competitive in the open market versus other fowewdtiat are not required to switch cover
gasses.

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

2)

3)

4)

RECOMMENDATIONS:

Pursue optimization of gas concentration and faial rate required for casting

production. It is possible that significant sasraye possible in the processes that used a
covered crucible by simply changing the concerdratiand flow rates of the gas. In the
open crucible, better delivery methods will be rssegy to lower the consumption of
Novec 612, and these should be pursued.

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

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

Directly measure, not estimate or calculate, theecit use of S§using flow meters to

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