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ABSTRACT

Research described in this dissertation covers two topics. Part-I is focused on in-
situ determination of neutral lipid content of microalgae using a lipophilic fluorescent dye.
The traditional Nile red stain-based method for detecting microalgal intracellular lipids is
limited due to varying composition and thickness of rigid cell walls. In this study, the
addition of dilute acid and heating of solution, were found to greatly enhance staining
efficiency of Nile red for microalgal species evaluated. Oil-in-water (O/W)
microemulsion stabilized by a non-ionic surfactant was employed as a pseudo-standard
that mimics lipid-bearing microalgal cells suspended in water. The average neutral lipid
contents determined were very close to the results obtained by traditional gravimetric

method and solid phase extraction.

Part 11 of the dissertation explores thermo-physico-chemical properties of
polymeric pattern materials, including expanded polystyrene (EPS) foam, polyurethane
foam, and epoxy stereolithography (SLA) patterns, that are used in investment casting.
Density, elastic modulus, expansion coefficient, thermal degradation behavior, etc. were
experimentally investigated for their effects on metal casting quality. The reduction in
toxic hydrogen cyanide (HCN) generated during thermal decomposition of polyurethane
pattern was achieved by increasing either oxidant level or residence time in heated zone.
Thermal degradation kinetics of the pattern materials were examined with a
thermogravimetric analysis and activation energies were determined by Kissinger and

Flynn-Wall-Ozawa methods.
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SECTION
1. INTRODUCTION

1.1. WHAT IS MICROALGAE

Any organism with chlorophyll a and a thallus not differentiated into roots, stems
and leaves is regarded as an alga’. Algae are photosynthetic organisms that use energy
from the sun to combine water with carbon dioxide (CO) to produce biomass.
Macroalgae, or seaweed, are found in both marine and freshwater environments and can
grow to considerable size up to 60m in length. Microalgae, known to biologists as
phytoplankton, refer to microscopic algae. Microalgae are primarily distributed in not
only aquatic but also terrestrial environmental conditions because they have either a
unicellular or a simple multicellular structure. A large variety of microalgal species
(50,000) exists in the world today. Of these 50,000, approximately 30,000 have been
studied and analyzed?. With an increased emphasis on the production of natural oil for
biodiesel, microalgae has become the exclusive focus of research as it offers many
advantages over other available feedstocks®*?.

Microalgae can be classified into the following four categories (in terms of
abundance) according to their pigmentation, life-cycle, and basic cellular structure:

e Diatoms (Bacillariophyceae) Algae dominate the phytoplankton found in the
ocean. Some can even be found in both fresh and brackish water. These
unicellular organisms exhibit a very conspicuous number of golden brown colors.
The storage product is chrysolaminarin (B-1.3-lined glucn). Lipids are also

present.



e Green algae (Chlorophyceae) Green algae form one of the largest groups of
algae (approximately 7500 species). These algae are abundant in freshwater.
They contain chlorophyll a and chlorophyll b pigments, giving the algae green
color. Their primary storage compound is starch (a-1,4-linked glucan). They can
also produce a considerable amount of lipids under certain growth conditions.

e Blue-green algae (Cyanophyceae or Cyanobacteria) The presence of
phycocyanin and phycoerythrin in the blue-green algal structure mask the
chlorophyll pigmentation. The primary storage product is glycogen (a-1,4-linked
glucan). These algae play an important role in fixing nitrogen from the
atmosphere.

e Golden algae (Chrysophyceae) Golden algae exist primarily in freshwater,
particularly in oligotrophic water that is low in calcium. These algae can appear
either yellow, brown, or orange in color. Their storage products are

chrysolaminarin (B-1.3-lined glucan) and lipid, which is similar to the diatoms.

1.2. ADVANTAGES OF USING MICROALGAE FOR BIODIESEL
PRODUCTION

As the world’s transportation and energy consumption continue to increase, the
environmental damage produced by the emission of greenhouse gas (GHG) becomes
even more severe™. GHG contributes not only to global warming but also to the
environmental contamination and human being life’s threat. Energy security is another
important driving force behind the development of biofuels technology. Petroleum cost
continues to increase due to reduction of crude oil reserves and difficulties in their

extraction and processing'. The United States currently imports approximately two-



thirds of its petroleum and the U.S. Department of Energy (DOE)’s Energy Information
Administration paints a dismal picture of growing dependence on foreign 0il>*>. These
issues reveal the importance and urgency of deploying renewable fuels for the entire
society.

Biodiesel and bio-ethanol are the two most common biofuels available today that
can replace diesel and gasoline, respectively. Biodiesel in the EU represents 82% of total
biofuels production and is still growing in Europe, Brazil, and United States based on
political and economic objectives®. As the same as other oilseed crops such as rapeseed
(in Europe) and soybean oil (in the U.S.), the natural oil made by algae is in the form of
triacylglycerols (TAGs), which have three long chains of tatty acids attached to a glycerol
backbone. The modification of TAGs through chemical reaction (transesterification) into

biodiesel is described as in the following reaction (Fig. 1.1):

n R—O—C—R
H,C—0—C—R; 1
‘ o Catalyst @ OH
HC—0—C—R, + ROH — > R—0—C—R, + HO_A_OH
| Q 0
HQC_O_C_R3 R_O_&_R3
Triglyceride Alcohol Fatty acid esters Glycerol

Fig. 1.1 Transesterification process of TAGs to produce biodiesel

After reaction of triglyceride with an alcohol in the presence of either an acid or a
base catalyst, fatty acid esters are formed. These fatty acid esters are known generically

as biodiesel, whose properties are very close to those of petroleum-based diesel fuel.



Algal biomass may offer significant advantages over other traditional feedstocks
toward producing these biofuels. They require much less cultivation land area than other
biodiesel feedstocks that have an agricultural origin; up to 49 or 132 times less when
compared to rapeseed or soybean crops, respectively, for a 30% (w/w) of oil content in
algal biomass®. Oleaginous microalgae have also demonstrated much higher growth rates
and productivity, producing higher oil yields than that from oilseed crops (see Table 1.1).
Certain algal species could produce at least 60 times higher oil yields than soybean can

produce per acre of land on an annual basis®.

Table 1.1 A comparison of oil yields from biomass feedstocks

Crop Oil Yield (Gallons/Acre/Yr)
Soybean 48
Camelina 62
Sunflower 102
Jatropha 202
Oil palm 635
Algae 1,000-6,500

Microalgae as a renewable biofuel feedstock has several unique advantages

toward producing advanced biofuels:

e Microalgae have high growth rates with requirements of only sunlight and simple
nutrients and can produce significant biomass yields per acre of cultivation'®*2,
e Microalgae can grow in a variety of environmental conditions, including harsh

conditions. Thus they can minimize and possibly even avoid competition with



arable land and nutrients used for conventional agriculture, independent of
seasonal changes.

e Microalgae can utilize NH,", NO3’, and PO,% in waste water, produced water, and
saline water as nutrients to accumulate biomass during the removal treatment
process™ %,

e Microalgae can recycle carbon as CO; through biofixation during growth from
industrial flue gases (e.g., from power plants) and thus reduce greenhouse gas
emissions?".

e Microalgal biomass provides various high-value biological derivatives with many
possible commercial applications, including biofuels, cosmetics, pharmaceuticals,

nutrition and food additives, aquaculture, and pollution prevention®?.

1.3. MICROALGAL SPECIES SCREENING

The development of a simple screening procedure to estimate the lipid contents of
microalgal cell is used to determine which strains have the best potential as biofuel
production organisms. It is also critical to apply a significant effort toward microalgal
isolation and screening in order to identify and maintain promising algal specimens for
cultivation and strain development. Several factors must be considered in the sampling
and selection process, including growing rate, lipid content, resistance to environmental
condition changes, nutrient availability, and possibility of obtaining other valuable
chemicals®®?®, For commercial-scale biodiesel production, a high productivity of desired

biofuel feedstocks such as lipids (primarily triacylglycerols), is an essential



characteristic”®. The term “high lipid productivity” refers two main important factors: a
high lipid content and a high growth rate of selected microalgal strains.

A number of studies have investigated applicable methods for lipid determination
of microalgae. The most commonly used method for total lipid quantification is
gravimetric measurement, which involves solvent extraction and weighing according to
the Bligh and Dyer method or modified by Kates and Volcani or Folch method**>**. Each
of these methods requires at least 10-15 mg of dry algal biomass for extraction so that a
sufficient amount of lipid is extracted for accurate weighing. In addition to being both
time consuming and labor intensive, these methods extract not only neutral lipids but also
other lipids, including glycolipids, phospholipids, and sterols, which are not suitable for
biodiesel production. Thin layer chromatography (TLC) has been reported as a rapid and
reproducible semi-quantitative method to separate major lipid into several fractions, such
as triglycerides, waxes, and free fatty acids ** 3. Other quantitative analysis methods,
such as high performance liquid chromatography (HPLC), gas chromatography (GC), and
the combination of these methods with mass spectrometry, have also been used to
analyze lipid molecular species®>’. However, these separation techniques still have
numerous steps and are time-consuming and not suitable for high-throughput screening.
In an attempt to develop a rapid, easy-to-use, and reproducible screening procedure to
identify microalgal strains with high lipid content, Cooksey introduced a direct
spectrophotometric measurement using lipophilic dye Nile Red (9-diethylamino-5H-
benzo[a]phenoxazine-5-one) as an ideal stain for detecting neutral lipids in microalgal
cells®®. Greenspan and Fowler first isolated Nile red from Nile blue and found that the

Nile red would only fluoresce in a nonpolar environment at a yellow-green range



(excitation, 450-500 nm; emission, > 528 nm)®. Nile red staining was originally
established for microalgae to provide either a qualitative or semi-quantitative
determination of neutral lipid content***. Nile Red staining method is most useful
during rapid screening of microalgae for their neutral lipid content since the method is
quick.

The average lipid content varies between 1 and 70% for many microalgae. Some
can even reach 90% of dry weight under certain conditions®* ®*%. Table 1.2 illustrates
the lipid content and lipid productivities of different marine and freshwater microalgal
species. Most common microalgae (Chlorella, Cylindrotheca, Dunaliella, Isochrysis,
Nannochloris, Nannochloropsis, Neochloris, Nitzschia, Phaeodactylum, Porphyridium,
Schizochytrium, and Tetraselmis) have a lipid content ranging from 20 to 50%. They also
have a higher lipid productivity. Although Botryococcus braunii can reach a higher lipid
level (75%), it is associated with low productivity. Therefore, lipid content, lipid
productivity, and others factors, such as nutrient availability and cultivation conditions,
should be considered simultaneously in the selection of either microalgal species or

strains for biodiesel production.

Table 1.2 Lipid content and productivities of different microalgal species? * © % 18 4352

Marine and freshwater Lipid content Lipid productivity
microalgal species (% dry weight biomass) (mg/L/day)
Ankistrodesmus sp. 24.0-31.0 -
Botryococcus braunii 25.0-75.0 -
Chlorella emersonii 25.0-63.0 10.3-50.0
Chlorella sorokiniana 19.0-22.0 44.7

Chlorella vulgaris 5.0-58.0 11.2-40.0




Table 1.2 Lipid content and productivities of different microalgal species (cont.)

Chlorella sp.
Chlorella pyrenoidosa
Chlorella
Chlorococcum sp.
Dunaliella salina
Dunaliella primolecta
Dunaliella tertiolecta
Dunaliella sp.
Ellipsoidion sp.
Euglena gracilis
Haematococcus pluvialis
Isochrysis galbana
Isochrysis sp.
Monodus subterraneus
Nannochloris sp.
Nannochloropsis oculata.
Nannochloropsis sp.
Scenedesmus obliguus
Scenedesmus quadricauda
Scenedesmus sp.
Skeletonema sp.
Skeletonema costatum
Spirulina platensis
Spirulina maxima
Tetraselmis suecica

Tetraselmis sp.

10.0-48.0
2.0
18.0-57.0
19.3
6.0-25.0
231
16.7-71.0
17.5-67.0
274
14.0-20.0
25.0
7.0-40.0
7.1-33.0
16.0
20.0-56.0
22.7-29.7
12.0-53.0
11.0-55.0
1.9-18.4
19.6-21.1
13.3-31.8
13.5-51.3
4.0-16.6
4.0-9.0
8.5-23.0

12.6-14.7

42.1
18.7
53.7

116.0

335
47.3

37.8
30.4
60.9-76.5
84.0-142.0
37.6-90.0
351
40.8-53.9
27.3
174

27.0-36.4
43.4




1.4. MICROALGAL PROCESSING

A number of additional stages must be followed after microalgal species
screening is complete before biofuels can be produced (Fig. 1.2). These processing steps

are presented and discussed in the following subsections.

Microalgae species isolation
and screening

Light, water ﬂcoz, Nutrients

[ Cultivation J

Harvesing and Drying

ﬂ.

Lipid extraction

. J

ﬂLipids and free fatty acids

[ Biodiese production ]

Fig. 1.2 Schematic of processing steps of microalgal biofuels

1.4.1. Cultivation. Several factors impact microalgal growth: light, temperature,
nutrient concentration, O,, CO,, pH, salinity, and biological contaminants (other
microalgae, bacteria, fungi, yeast, mould, and viruses). Operational factors, such as shear
produced by mixing, dilution rate, depth, harvest frequency, and the addition of

bicarbonates, can also affect their growth®*>*. For biomass production, microalgae
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require a sufficient supply of a carbon source and light to carry out photosynthesis. The
energy conversion efficiencies from incoming sunlight to biomass can reach as high as
5%. This high yield, combined with different growing conditions, is why many
researchers refer to microalgae as the “third generation biomass™"".

1.4.1.1 Metabolisms. Broadly speaking, microalgae can be cultivated via either
autotrophic (or phototrophic), heterotrophic or mixotrophic metabolisms; and are capable
of a metabolic shift as a response to changes in environment conditions, including pH**.

Autotrophic metabolism is the most commonly used cultivation condition for
microalgal growth*® >> *¢. This metabolism occurs when microalgae use light (e.g.,
sunlight) as the energy source and convert inorganic carbon dioxide (the carbon source)
to glucose through photosynthetic reactions®. The requirement of using only CO, as a
carbon source for both cell growth and oil production is the major advantage of using this
cultivation method for microalgae. Autotrophic cultivation also experiences fewer
contamination problems than do other types of cultivation. It is easy to scale-up and has
a potential to utilize CO, from flue gases of factories, like power plant®.

Heterotrophic metabolism is another microalgal cultivation method, in which
organic carbon is used as both energy and carbon source for biomass growth and lipid
production without light™. A variety of organic carbon sources, such as glucose, acetate,
glycerol, fructose, sucrose, lactose, galactose, and mannose, can be utilized for
microalgal growth®. This type of cultivation method can avoid the problems associated
with limited light that hinder high cell density in large-scale photobioreactors during
autotrophic cultivation®’. It yields a higher biomass productivity and higher lipid content

than that obtained under autotrophic cultivation condition®. However, cost of an organic
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carbon source is the main concern not only from commercial aspect, but also the
exploitation of organic substrate (e.g., lignocellulosic sugars) is competing for feedstocks
with other biofuel technologies. Heterotrophic cultivation can also be contaminated very
easily, particularly in open systems>.

Mixotrophic metabolism is a cultivation method in which microalgae
simultaneously use light for photosynthesis and both an organic and an inorganic carbon
source (CO,) for growth. As a result, microalgae can grow under either autotrophic
conditions or heterotrophic conditions, or both**. Although lipid productivity is higher
than other cultivation methods when mixotrphic cultivation is used, it is rarely used in
microalgal oil production®® ¢,

1.4.1.2 Cultivation systems. Microalgal cultivation systems are broadly
classified into open systems (such as lakes or ponds) and closed systems (known as
photobioreactors; PBRs). Open ponds or raceways are the most common cultivation
systems used worldwide to commercially produce microalgae.

In open ponds systems, an algal culture is directly exposed to the environment.
Here, paddle wheels are used to mix and circulate the microalgal culture (Fig.1.3). This
culture system is typically less expensive to build and operate than are photobioreactors.
United States Department of Energy has extensively evaluated the large-scale production
of microalgal biomass in raceway ponds for the purpose of making biodiesel®. Although
they may produce large quantities of microalgal biomass, these large-scale productions
require an extensive amount of land. The cultures are also easy to be contaminated by
unwanted algae or bacteria. Open ponds are more susceptive to weather conditions, thus

making it difficult to control water temperature, evaporation, and light.
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Fig. 1.3 Open ponds/raceways used for microalgal cultivation®®

Both closed ponds and PBRs are closed to the atmosphere (Fig.1.4). Thus, they
can to some extent protect microalgal culture. They can either greatly reduce or in some
instance eliminate the contamination and water evaporation of the culture. PBRs are
flexible systems that offer better control of culture conditions and growth parameters (e.g.,
pH, temperature, mixing, CO,, and O,). They also allow for higher microalgal densities
(cell concentrations) and volumetric productivities. The application of PBRs in
commercial plants and tested pilot level has been described elsewhere® ®. However,

very few PBRs have been developed for large-scale microalgal biomass production for a
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number of reasons, including overheating, bio-fouling, oxygen accumulation, difficulty in
scaling-up, high cost of construction and operating, cell damage by shear stress, and the

deterioration of materials used for the photo-stage**.

Fig. 1.4 Closed photobioreactors used for microalgal cultivation®®

Many believe that a combination of PBRs and open ponds will promote
microalgal bulk cultivation ***. Open pond technology cannot provide a sustainable
production of microalgal species although it has the advantage of industrial-scale

cultivation. Closed-system PBRs allow users to control sterility while also permitting the
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continuous cultivation of a wide variety of species. However, their application has been
limited to small-scale industrial production. The coupled PBRs and open ponds
cultivation systems could resolve these issues.

1.4.2. Harvesting and Dewatering. Microalgae harvesting involves biomass
recovery from a culture media, which is an essential component for the production of
almost all microalgal products. The harvesting process may contribute to 20-30% of total
biomass production costs®®. The cell concentration of a microalgal culture is very low; it
generally lies within the range of 0.1-4.0g/L ash free dry weight®’. An efficient
harvesting method is needed to remove the large quantities of water from the microalgae
culture. This method may involve one or more steps of applying physical, chemical or
biological ways. Depending on particles properties (size, specific gravity, zeta-potential),
fluid properties (i.e. composition, nutrients, ionic strength, salinity and pH) and desired
product quality, a suitable harvesting method should be selected. The harvesting method
includes sedimentation, centrifugation, filtration, ultra-filtration, and sometimes with an
additional flocculation step or with a combination of flocculation-flotation.

Flocculation is used to aggregate the microalgal cells and thus increase the
effective particle size. Doing so then enhances sedimentation efficiency, centrifugal
recovery, and filtration®. Flocculation leading to sedimentation occurs naturally in many
older algal cultures. In some cultures, however, forced flocculation is necessary to
promote sedimentation during harvest. Many different flocculation methods have been
studied, including chemical additives (i.e., cellulose, polyacrylamide polymers,
surfactants, chitosan, and other man-made fibers), autoflucculation, bioflocculation and

electroflocculation® . Centrifugation is suitable for rapidly and effectively
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concentrating any type of microorganisms. It widely used in recovery of high-value
products such as for food or aquaculture applications. The employment of centrifugation
as a harvesting method must be considered in conjunction with the product’s scale and
values due to high capital and operational costs. Filtration processes operate under
gravity, pressure, or vacuum for recovering large quantities of microalgal biomass.
However, when the particles are slimy or very fine, the filtration can be relatively slow
due to the formed dense and impermeable cake plug the filter media. Therefore, filtration
is better suited for larger size of microalgae®. Filamentous microalgae, including
Spirulina, are often recovered by filtration under either gravity or low pressure®’. Other
alternative recovery methods, such as membrane microfiltration and ultra-filtration, are
more suitable for fragile cells and small-scale production.

1.4.3. Drying. In general, 75-90% of water remains in the microalgal biomass
when the mechanical dewatering processes are completed. For the requirement of higher
biomass concentration, such as the production of biofuel, additional drying is needed
prior to biomass processing. The biomass solid concentration can then reach higher than
85% after drying. Several systems, including spray-drying, drum-drying, freeze-drying,
and sun-drying have been employed to dry the microalgae, such as Chlorella,
Scenedesmus, and Spirulina2. Higher water content within the microalgal biomass
makes sun-drying difficult. The sun-drying also requires both extra space as well as a
considerable amount of time. Spray-drying is a rapid and continuous drying process.
Small biomass droplets with a high surface area are brought into continuous contact with
hot air in a large chamber. Freeze-drying (lyophilization) is the most gentle drying

method available for microalgal biomass. This method involves the process of direct
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sublimation of ice crystals to vapor from the frozen microalgal biomass by slight
warming without thawing. The application of lyophilization at the commercial level may
be considered for high market-value products only because of the high capital and energy
costs.

1.4.4. Lipid Extraction and Biodiesel Production. Lipids or oil must be
extracted from a microalgal biomass for biodiesel production. Lipid extraction is largely
within the realm of laboratory-scale processes, such as physical methods, chemical
methods, and supercritical methods.

Solvent extraction is fast and efficient and has proved to be the most approachable
method. Several organic solvents such as hexane, ethanol, hexane-ethanol mixture,
hexane-isopropanol mixture, and a chloroform-methanol-water co-solvent were used to
extract lipids from microalgae®*°. The principles of organic solvents extraction can be
explained as “like dissolving like”. The ideal solvent be volatile (for easy water removal),
free from toxic or reactive impurities (to avoid reaction with the lipids), able to form a
two-phase system with water (to remove non-lipids), and ineffective for the extraction of
undesirable components (e.g., proteolipid protein)’®. Two critical factors must be
considered when a co-solvent system is chosen for lipid extraction. First, the more polar
co-solvent has the ability to disrupt the cell membrane, making it sufficiently porous.
Second, a less polar co-solvent needs to match the polarity index of the lipids being
extracted. When ethanol is used in lipid extraction, it can also extract cellular
contaminants, such as sugars, amino acids, salts, hydrophobic proteins, and pigments,
which are not desirable for biofuel production. The Bligh and dyer method, which uses a

ternary system (chloroform: methanol: water in a ratio 1:2:0.8; v/v/v), is the most reliable
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and commonly employed system for the extraction of total lipids from microalgae at an
analytical level. The yield recovery of total lipids could reach to above 95% when the
Bligh and Dyer method is applied during extraction’”. The extracted lipids (primarily the
TAGS) are subjected by transesterification to produce biodiesel (discussed in detail in
Section 1.2).

Recent studies investigated the direct transesterification of wet and dry microalgal
biomass to produce fatty acid methyl ester (biodiesel) without employing the initial
extraction step’®. Direct transesterification involves both lipid extraction and
transesterification process to be catalyzed by acid in a single step. This method reduces
cost and operating time compared to lipid extraction followed by transesterification,
although more intensive operating conditions are employed (1h at 60 C or 8 h at room
temperature).

The biodiesel from a renewable resource is miscible with petroleum based diesel
at certain blend levels, reduce the most regulated exhaust emissions, is biodegradable and
has little or no sulfur and aromatics content. Biodiesel is an excellent alternative to

conventional petroleum-derived diesel fuel.

1.5. INVESTMENT CASTING PROCESS

Investment casting, or lost wax casting, is one of the most widely used methods in
the automotive, aerospace and biomedical industries for the production of complex metal
shapes®®°. The investment casting process can be dated back to 4000-6000 BC when
Early Man employed the method to produce rudimentary tools™. It is a cheaper

alternative than forging and machining since the waste material is kept to a minimum®.
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In investment casting process, a die as the permanent tooling for a cast component
is produced first. The die material could be steel, brass, aluminium alloy, polymer,
plasters or rubber. Then a molten wax is introduced into the die from an injection
machine. In this step, a full replica of wax pattern is produced. The wax patterns are
attached to a sprue and feeder system, with the result of known as a pattern cluster. Then
the cluster is coated with a layer of refractory slurry or primary slurry by spraying,
dipping or pouring. This primary layer is used to give a smooth surface of the casting.
The coated pattern is dried and stuccoed by applying a fluidized bed or rainfall sender to
build up multiple layers of a mold shell. After the coating drying, the wax pattern is
removed by steam autoclave or flash firing in a furnace, leaving a hollow shell. The
shells are fired in an oven to build strength and remove any residue volatiles. In the
casting stage, molten metal is poured into the heated shells and solidified inside the shells
to form the castings. The ceramic shell is removed by mechanical or chemical methods
during knockout process.

The wax pattern could be replaced by a polymer pattern due to the latter’s lower
creep under self-loading, lower tooling cost for low production quantities and in some
cases ease of handling due to lighter weight than wax®. Several alternative polymer

patterns those can be used in investment casting will be discussed in the following section.

1.6. ALTERNATIVE PATTERN MATERIALS FOR INVESTMENT CASTING

1.6.1. Expanded Polystyrene (EPS) Foam. Expanded polystyrene (EPS) is the
most common polymer used for production of a casting. Polystyrene is a long chain

hydrocarbon and can be obtained from the polymerization of styrene monomers through
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four different chain-growth initiations, including free radical, cationic, anionic or
coordination.

Figurel.5 shows the schematic of polymerization of styrene monomers. Typically,
a chain of polystyrene comprises a few thousand monomers and gives a molecular weight
of 100,000- 400,000. EPS is a closed-cell, light weight and rigid plastic foam®*. It is
usually produced by a process known as steam molding. In the process, expandable
polystyrene beads are loaded into a pre-expander and heated by steam until soft. The
entrapped blowing agent is expanded to reduce density of EPS beads. After pre-
expansion, the beads are filled in a mold to be heated again by steam to further expand
into voids and fuse together into a rigid pattern. The rigid EPS pattern material can be
easily shaped, machined and fabricated by gluing to form any desired complex shapes
and used in an investment casting process as a casting pattern. For a larger volume EPS

foam pattern, it can be made by injection molding method.

Polymerization

Styrene Polystyrene

Fig. 1.5 Schematic of polymerization of styrene monomers to polystyrene
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1.6.2. Polyurethane (PU) Foam. Polyurethane (PU) foam has also been
developed in investment casting but to a much smaller extent. PUs are thermosetting
polymers those are produced by the reaction of isocyanate (R-N=C=0), such as
diphenylmethane diisocyanate (MDI), toluene diisocyanate (TDI), hexamethylene
diisocyanate (HDI) or isophorone diisocyanate (IPDI) with polyester or polyether polyols,
which containing at least two active hydroxyl groups (R-OH-). Other additives including
catalyst, blowing agent, and surfactant are necessary for production of PU foams. This
material has low thermal conductivity, high strength, and no shrinkage®. Typically a PU
foam pattern is produced by foaming in a metal die. PU foam pattern used in investment
casting can produce high quality castings of good surface finish. PU foam pattern also
provides dimensional stability over a range of temperatures and removability by ashless
burnout from the shell mold formed thereon without cracking the shell mold®.

1.6.3. Epoxy Resin. An epoxy based thermosetting polymer is another polymer
pattern that can be employed in investment casting. Most common and important class of
epoxy resins in industry are diglycidyl ethers of bisphenol A, which are formed from a
reaction between epichlorohydrin and bisphenol A. Epoxy resin may be cured (cross-
links and polymerizes) either by themselves (homopolymerization) or with a curing agent.
The common used curing agents include polyfunctional amines, acids (and acid
anhydrides), phenols, alcohols, and thiols.

Epoxy resin pattern used in investment casting can be built precisely by the
Stereolithography process (SLA) - one of modern rapid prototyping (RP) technologies.

Its capabilities of high accuracy and good surface finish make it a preferred choice for

designer models. SLA makes use of laser-induced polymerization for building of solids
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objects starting from three-dimensional CAD models. The process involves a laser beam
drawing cross section of the model onto the surface of liquid UV-curable epoxy resin.
The three main steps of the process include CAD design, interface with software
equipment and stereolithography build process®’. By using SLA machine, QuickCast 2.0
build styles create a quasi-hollow epoxy resin pattern with an internal architecture of
hexagonal honeycombs® . The solid SLA geometry with a honeycomb structure
removes up to 90 percent of the mass and makes a drop in material costs and lead time®.
The hollow structure allows the pattern to collapse inward during the pattern removal

process and thus prevents expansion forces from cracking the shell*

. The mostly hollow
build style also makes the pattern’s burnout to occur more easily in investment casting.

1.6.4. Bio-based Polymers. Advances in petroleum-based polymers have
benefited mankind in numerous ways. However, due to the limitation of petroleum
resources thus resulting in continuous price rising of the petroleum and greenhouse gas
(CO,) emission from process of fossil fuel combustion, it is critical to find alternative
ways for sustainable world development. Bio-based materials from renewable resources
are possible to partially replace petroleum-based products. This can reduce materials
dependence on petroleum and enhance global sustainability. In addition, bio-based
materials can biodegrade or be recycled, and be beneficial to the environment.

Three major renewable resources, protein, oil and carbohydrates have great
potential to produce bio-based polymers in industry. This section only focuses on oil-
based polymers derived from renewable resources. The oil (lipid) is mainly made up of

triglyceride (glycerol esters of fatty acids), which have the structure shown in Fig.1.6. In

triglyceride structure, three fatty acids chains varying from 14 to 22 carbons in length
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with 0 to 3 double bonds per fatty acid are joined at a glycerol backbone. The double
bonds of the triglyceride are used to functionalize the triglyceride with various chemical

groups to form polymers.

stearic acid (C18:0)

Ho)m

oleic acid (C18:1)

HO)J\/\/\A/W\/\

linoleic acid (C18:2)
@)

HO
linolenic acid (C18:3)

Fig. 1.6 Triglyceride and fatty acids molecule structures

Figure 1.7 illustrates three main pathways for functionalization of triglyceride to
synthesis polymers, which are possible to be considered as patterns in investment casting.
The unsaturation part (double bonds) from the triglyceride structure can be converted to
epoxy”* ™. The epoxy resin from soybean oil shows relatively low strength and

elongation while epoxidized linseed oil can give somewhat harder materials with glass
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transition in the range 40-60 C, and of higher tensile strength®. The epoxidized
triglycerides have been successfully employed for production of polyols used for
polyurethane foams, whose mechanical and thermal properties are comparable to those of
petroleum-based PUs*. The transformation from epoxy functional triglyceride with
acrylic acid makes it possible to produce acrylated epoxidized polymers®. These
acrylated polymers can be used as substitution of petroleum-based polyacrylates or
blended with various amount of styrene to produce polymers with desired properties,
such as different moduli and glass transition temperature to reach a range acceptable for

structural applications.

acrylation
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Fig. 1.7 Synthetic pathways leading to polymers from triglyceride molecule®®

Microalgae have demonstrated a higher oil yield besides their higher growth rates
and productivity, as discussed in previous sections. Most microalgal oils are mainly

composed of triglyceride, which can be utilized for production of all of those bio-
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polymers through functionalization of the double bonds. Therefore, microalgae are great
alternative resource for making bio-based polymers those may be applicable in

production of polymer patterns for investment casting.

1.7. THERMAL DEGRADATION OF PATTERNS IN INVESTMENT CASTING
PROCESS

In investment casting process, a polymer pattern undergoes thermal degradation
when it is removed by steam autoclave or flash firing in a furnace. The thermal
degradation of patterns may involve both combustion and pyrolysis processes in
investment casting. The heating temperature and atmospheric environment around the
polymer pattern can significantly affect its decomposition, including degradation rate,
degree, and products; and then influence casting quality in investment casting.

Several thermal analysis methods have been employed in study of thermal
degradation of polymers. Thermogravimetric analysis (TGA) is one of the most common
used techniques to determine degradation temperature, thermal stability, residual levels,
moisture and volatiles content, and decomposition Kinetics of a polymer or composite
material. Differential scanning calorimetry (DSC) is another widely used
thermoanalytical technique for polymeric materials to determine their thermal transitions,
such as melting points, glass transition temperature, crystallization, polymer curing, and
sample purity. Some other furnaces or heating devices may also be used for study of
thermal degradation behaviors (decomposition products and kinetics) of polymers under a

wide range of temperatures.
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2. OBJECTIVE OF THIS RESEARCH

2.1. RESEARCH OBJECTIVE-PART 1

A direct spectrophotometric measurement using Nile red dye provides the simple
method to determine the oil content of microalgae and allows the rapid identification of
high oil-bearing microalgae. However, the applications of Nile red lipid staining in a
number of green algal species has been hindered due to the composition and structure of
the thick and rigid cell walls resulting in the permeation difficulty of Nile red through the
cell walls and subsequently dissolving in the intracellular neutral lipid. Various physical
and chemical treatments, including adding DMSO, ethanol as stain carrier and
combination of DMSO and microwave irradiation have been studied to improve the
fluorescence intensity of the lipid. Nevertheless, the organic solvent was included and
several steps were involved in microwave-assisted staining.

This part of the dissertation focused on optimization of the conventional Nile red
method with two assisted methods, including heating and diluted H,SO, treatment to
enhance the staining efficiency and improve the fluorescence intensity of microalgal lipid.
Optimum procedures were successfully applied to five different green microalgal species.
These two fast and simple methods to determine the microalgal neutral lipid content
could potentially be used in the investigation of large scale lipid production from other
microalgal biomass.

The spectrophotometric measurement using Nile red provided a qualitative or
semi-quantitative analysis data in the determination of lipid content. One limitation of
using this fluorescence method is the fluorescence intensity, which is relative to compare

or estimate the intercellular lipid contents in microalgae; it is not an absolute content.
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Staining of lipid standards and staining of algal cells resulting in different fluorescence
responses due to the different hydrophobicity and size are other drawbacks.

This dissertation also involves the employment of a series of oil-in-water
microemulsion standards stabilized by a non-ionic surfactant. This prepared pseudo
standards can mimic microalgae cells suspended in water. The fluorescence intensity of
neutral lipid from microalgae species was obtained by comparing with the O/W
microemulsion standards curves and then the actual neutral lipid contents of microalgae
were calculated. The established calibration standards method provided a reliable and
fast way in the determination of the neutral lipid in microalgae. It can be used as a
sensitive, quantitative, and high throughput method for screening of cellular neutral lipid

content in green algae as well as other classes of algae.

2.2. RESEARCH OBJECTIVE-PART 2

This part of the dissertation was to explore polymers’ thermal and chemical
properties which affect application of different polymer patterns materials in the
investment casting process. Three polymeric materials, including EPS foam produced
from expanded polystyrene using a blowing agent; FOPAT foam pattern made from a
water blown polyurethane and an epoxy resin based SLA pattern with an internal
honeycomb structure were characterized in the research. Thermal degradation behavior
and glass transition temperatures of these polymers were characterized by using TGA and
DSC techniques, respectively. Generation of HCN from thermal decomposition of
FOPAT pattern under different experimental conditions in lab-scaled muffle furnace and

tube furnace was discussed.
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Thermal degradation kinetics of epoxy resin pattern material were investigated by

using various kinetic models (differential and integral) based on TGA data. These kinetic

equations were applied to studies concerning the epoxy resin pattern’s reaction to fire

(ignition process, flame propagation, evaluation of amount of toxic products generated,

etc.) and to the reactor design and optimization of the operating conditions in the

thermochemical processing of the material. Flynn-Ozawa-Wall and Kissinger methods

were used to calculate kinetic parameters of thermal decomposition of the epoxy resin

pattern. Degradation mechanisms were estimated by Coates-Redfern analytical fitting

method.

10.
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ABSTRACT

The Nile red fluorescence method has been employed to determine the amount of
neutral lipid in microalgae. Several physical and chemical treatments, including addition
of organic solvents and microwave assistance for lipid staining by Nile red have been
applied to the thick and rigid cells. These cells are difficult to be quantified with the
conventional unmodified Nile red method. In this study, the two optimization methods,
heating and diluted acid treatments, were introduced into the microalgae staining process
to improve the staining efficiency of Nile red. Four different microalgal species
(Botryococcus braunii, Chlorella pyrenoidosa, Haemetococcus pluvialis, and
Scenedesmus quadricauda) were included in this research. First, the heating treatment
was employed to improve the fluorescence intensity of lipid from microalgae. The Nile
red staining process was found to be affected by both temperature and durations of the
heat applied. The optimum staining temperature and time were 60 C and 5 min,
respectively for both Botryococcus b. and Chlorella p.. The fluorescence intensity of

Botryococcus b. was improved more than ten times with the assistance of a heating
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treatment at 60 C for 5 min. Moreover, the fluorescence microscopic images revealed
that the neutral lipid with the heating treatment produced a stronger bright-yellow
fluorescence than those without any treatment. The second method used was a treatment
with addition of diluted sulfuric acid (H,SO,) during the Nile red staining process. With
the assistance of H,SO,, the Nile red staining achieved a higher staining efficiency. The
lipid fluorescence intensity for Botryococcus b. increased approximately 12 times at
concentrations as low as 0.002% of H,SO, comparing with the untreated one.

Key words: Nile red, Neutral lipid, Fluorescence, Algae, Heating treatment, Diluted acid

treatment

1. INTRODUCTION

Microalgae have been widely investigated as an alternative feedstock for biodiesel
production due to their great diversity, rapid growth rate, high lipid content, and carbon
recycling potential™ 2. Large numbers of algal strains and their growing conditions have
been evaluated at various scales in an attempt to develop an economically feasible
process for microalgae-based biodiesel production®®.  Traditional lipid extraction,
combined with either the gravimetric or chromatographic method, is used for quantitative
analysis of lipid composition. However, these methods can be both labor intensive and
time-consuming® .

A direct spectrophotometric measurement using lipophilic dyes is a simple
method that can be used to determine the oil content of microalgae. This method also

9

allows the rapid identification of high oil-bearing microalgae® °. Greenspan and Fowler

reported that Nile red as a stain on cultured aortic smooth muscle cells and peritoneal
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macrophages™. They demonstrated Nile red fluoresces strongly only in a hydrophobic
environment at yellow-green range (excitation, 450-500nm; emission, > 528nm). Nile
red is preferred over other lipophilic dyes (i.e., Luminor 490PT, Sudan black B and Nile
blue) in the determination of intracellular lipid**. When Nile red is used as a fluorescence
probe, both smaller amount of sample and less time are needed than when gravimetric
determination is used. Nile red has been frequently used in guantification of lipids from
mammalian and microorganism cells (i.e., yeasts, zooplankton, and bacterial)****.
Cooksey et al. introduced Nile red into the determination of neutral lipid of
microalgae by using fluorescence microscopy, flow cytometry, and spectrofluorometry®.
A qualitative or semi-quantitative analysis of lipid content from microalgae stained by
Nile red has been reported” ® **. Chen et al. reported that the applications of Nile red
lipid staining in a number of green algal species has been hindered due to the
composition and structure of thick and rigid cell walls®. This can result in the permeation
difficulty of Nile red through the cell walls and subsequently dissolving in the
intracellular neutral lipid. Variations in the fluorescence measurement of neutral lipid in
microalgae are significantly affected by the algal species, environmental conditions, and
Nile red staining process. Chen applied several physical and chemical treatments, such
as the addition of DMSO, the use of ethanol as a stain carrier, and a combination of
DMSO and microwave irradiation on improving the fluorescence intensity of the lipid®.
Nevertheless, the organic solvent was included and several steps were involved in the
microwave-assisted staining. Recently, a green lipophilic fluorescence dye, BODIPY
505/515 (4,4-difluoro-1,3,5,7-tetramethyl-4-bora-3a,4adiaza-s-indacene) was introduced

to the lipid fluorescence determination. BODIPY has high oil/water partition coefficient,
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which allows it to cross cell membranes easily*® *’.

However, Siegler et al. concluded
that the BODIPY 505/515 was unsuitable for the quantification of algal lipid because the
binding of BODYPY 505/515 to the neutral lipid was either not proportional to the lipid
content or the fluorescence background of BODIPY was too high®.

In this study, the conventional Nile red method was optimized with two assisted
methods, including heating and diluted H,SO, treatments to enhance the staining
efficiency and then improve the fluorescence intensity of algal lipid. Optimum
procedures were successfully applied to five different green microalgal species. These
two fast, simple methods that are used to determine the microalgal neutral lipid content

could, potentially, also be used in the investigation of large scale lipid production from

other microalgal biomass.

2. MATERIALS AND METHODS

2.1. ORGANISMS AND CULTURE CONDITIONS

Botryococcus braunii was purchased from the Integrated Energy Solutions
Company. Both Chlorella pyrenoidosa (MC63AF2) and Scenedesmus quadricauda
(MCF1) were obtained from the Lincoln University Culture Collection. Haemetococcus
pluvialis was purchased from the Culture Collection of Algae at the University of Texas
at Austin. Chlorella p. was maintained in BG-11 medium; other algal species were
grown in /2 culture medium. All of the algal strains were cultured in wide-mouth culture
flasks at room temperature on a VWR orbital shaker that had an agitation speed of

100rpm.
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The microalgae were harvested by decanting most water from the flask. The
microalgal sediment was then placed in a tube to be centrifuged with an SNYO
MISTRAL 3000i centrifuge at a speed of 2500 rcf for 10 minutes at the room
temperature, so that the solids could be separated from with liquid. Finally, the
dewatered microalgae slurry was dried with a Freeze Dryer (Refrigerated Vapor Trap,
SAVANT). This drying process took approximatly one week for each ~3g dry weight
sample. The dried microalgal pellets were stored in a desiccator for future use.

The Nile red (9-diethylamino-5-benzo[a] phenoxazinone) dye used in this study
was purchased from the Acros Organics Company. Acetone (with an analytical grade)
was purchased from Fisher Scientific. Sulfuric acid (with an analytical grade) was

purchased from a commercial supplier.

2.2. STAINING OF MICROALGAE USING NILE RED

A Nile red stock solution of 0.1 mg/mL, prepared in acetone was stored in a
refrigerator. Nile red, the concentrations ranging from 0.1 to 0.9 pg/mL was studied in
the experiment in order to obtain the optimization concentration of Nile red in the lipid
staining process. Optical density of all of the cell suspensions used for the analysis was
0.175 (ODggonm) if the OD value was not mentioned specifically. A 35 pL Nile red stock
solution was added to 5 mL of a microalgae culture. This culture was agitated vigorously
on a vortex mixer for one minute and then placed in a dark area at room temperature.
After 5 minutes, the solution was mixed for another one minute before it was measured.
All of the experiments were performed at least three replicates. The background of the

Nile red fluorescence in the medium was subtracted from the results.
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2.3. HEATING TREATMENT OF NILE RED STAINING

After 35 L Nile red was added to a 5 mL culture, the microalgal cells were
placed in a preheated water bath. Nile red staining temperatures between room
temperature and 70 C were maintained for 5 minutes. Various durations of the staining
maintained at 55 ‘C for Botryococcus b. were also performed to optimize the staining
time. After the heating treatment was complete, the microalgal cells were agitated on a
vortex mixer for one minute and then cooled to room temperature for fluorescence
measurement.

2.4. FLUORESCENCE SPECTROPHOTOMETER

The fluorescence signals of Nile red-stained lipid from microalgae was measured
on a Perkin-Elmer LS-5 fluorescence spectrophotometer. The excitation and emission
wavelengths of 480 nm and 575 nm, respectively were selected, and both slits were set at
10nm. The spectrophotometer was warmed up for half an hour before measurement. The

tested cuvette for placing sample is made of quartz material.

2.5. DILUTED ACID TREATMENT OF NILE RED STAINING

Diluted H,SO,4 solutions with concentrations ranging from 0.001 to 1.0% (v/v)
were introduced into the microalgae cells. The 5 mL acid treated microalgal cultures
were stained by 35 L Nile red and then agitated for one minute on a vortex mixer. The

fluorescence emissions were recorded immediately.
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3. RESULTS AND DISCUSSION

3.1. OPTIMIZATION OF NILE RED DYE CONCENTRATION

The microalgae Scenedesmus g. with an optical density of 0.66 (at 680 nm) was
stained with Nile red with a heating treatment of 45 C for 20 minutes. Fig.1 indicates
that the fluorescence intensity for Scenedesmus g. increased with the Nile red
concentration. Then it decreased when the Nile red concentration was higher than 0.7
po/mL. The optimal concentration of Nile red of 0.7 pg/mL was applied to all of the
experimental analysis. These results were found to be similar to the experimental values

reported by Chen®.

70
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Fig. 1 The effect of Nile red concentration on the fluorescence intensity of the stained
microalgae Scenedesmus g. with the heating treatment of 45 C for 20 minutes. The OD
of microalgae was 0.66 at 680nm. The excitation and emission wavelengths were 480
nm and 575 nm, respectively. Three replicate determinations were performed for each
sample.
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3.2. NILE RED STAINING WITHOUT TREATMENT

The same procedures described in section 2.2 were followed here. Based on the
studies conducted here, optimized concentration of Nile red is 0.7 pg/mL. Four species
of green microalgae, representing different classes, including Botryococcus b., Chlorella
p., Haemetococcus p., and Scenedesmus g. were investigated to evaluate the conventional
Nile red fluorescence method. Three species, Botryococcus b., Chlorella p., and
Scenedesmus g. yielded very weak fluorescence signals (Fig.2). These low fluorescence
emissions were indicative of either low neutral lipid contents or thicker cell walls that
made the penetration of Nile red difficult during the current growth state. In contrast, the

stained Haemetococcus p. exhibited a strong fluorescence intensity of 48 a.u..
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Fig. 2 Fluorescence intensity of Nile red stained microalgae without any treatment. The
excitation and emission wavelengths were 480nm and 575nm, respectively. Three
replicate determinations were performed for each sample.
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3.3. NILE RED STAINING ASSISTED BY HEATING TREATMENT

The above conventional Nile red method was optimized with a heating treatment
to determine whether or not the three algae species examined either had a low lipid
content or thicker, rigid cells. Heating treatments between room temperature (control)
and 65 'C were applied to the algae species. Heating durations were also considered.
3.3.1. Effects of Temperature and Time on Fluorescence Intensity

The fluorescence intensity of the algal cultures stained with Nile red were

significantly affected by the staining temperature, as indicated in Fig. 3.

W Botryococcus b. (@5min) W Chlorella p. (@5min) m Scenedesmus q. (@20min)
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|

Control 35 45 55 60 65
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Fig. 3 The effect of staining temperature on fluorescence intensity of microalgae with
various heating time. The excitation and emission wavelengths were 480 nm and 575 nm,
respectively. Three replicate determinations were performed for each sample.
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All of the algae species exhibited a higher fluorescence intensity as the heating
temperature increased. The fluorescence signal of both Scenedesmus g. and
Botryococcus b. with Chlorella p. decreased when the applied temperature exceeded 55
and 65 C, respectively. The fluorescence emissions of stained Scenedesmus q. reached
the highest level when the species was treated at 45 C for 20 minutes. The optimum
staining temperatures were approximately 60 C for both Botryococcus b. and Chlorella p.
The intensities were enhanced approximately 8 times for the Botryococcus b. comparing
with the results from the conventional Nile red method. Therefore, the treatment of Nile
red staining at a higher temperature (45- 55 C) will accelerate the Nile red penetration
rate of the Botryococcus b. cells. The heating treatment will also prompt the Nile red to
penetrate the rigid and thick cell walls of the algae, as previously hypothesized.

Various staining time periods for Botryococcus b. stained with Nile red were
examined to obtain the optimum heating treatment conditions. The effect of heating time
on the staining efficiency of Nile red is illustrated in Fig. 4. A staining temperature of
55 'C was selected; the staining time varied between 5 and 50 minutes. The fluorescence
intensity of stained Botryococcus b. reached the highest level when the heating duration
was 10 minutes (see Fig. 3). The fluorescence intensity of Botryococcus b. then
decreased gradually as the heating time increased, which may be due to the Nile red
quenching in a culture solution for a longer time. When the heating temperature was set
at 60 C, the fluorescence intensity of Botryococcus b. dropped significantly when the

heating time exceeded 5 minutes.
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Fig. 4 The effect of staining time on fluorescence intensity for Botryococcus b.
maintained at 55 C. The excitation and emission wavelengths were 480nm and 575nm,
respectively. Three replicate determinations were performed for each sample.

Overall, the penetration of Nile Red molecules into the microalgae cells and
further disolved in the neutral lipid became slowly and difficultly for Botryococcus b.,
Chlorella p., and Scenedesmus g. due to their thick and rigid walls. A heating treatment
with optimum conditions was employed to assist the Nile Red to penetrate through the
cell walls. This simple and easy method was quite efficient in improving the
fluorescence signal of the microalgae at their current growth status. Both temperature
and time periods of the applied heat were also found to influence the Nile red staining
efficiency of the algal species. These two factors must be controlled when this modified
Nile red method is applied to the algae neutral lipid determination in order to obtain the
maximum fluorescence intensity of the algal lipid.

3.3.2. Epifluorescent Microscopic Images of Algae
To verify the heating treatment did indeed improve the staining efficiency, the

fluorescent microscopic images of Botryococcus b. were obtained from a Nikon Eclipse
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E800 fluorescence microscope that had a TRITC filter set. Fig. 5a and 5b exhibited the
microscopic image of Scenedesmus stained with Nile Red assisted by heating at 45 C for
20 min at red range and bright range, respectively. After heating, the nuetral lipid

staining with Nile Red illuminated strong yellow-golden fluorescence signal at red range.

20pum

Fig. 5 Epifluorescent microscopic images of Nile red stained Scenedesmus g. with the
heating treatment conditions of 45 C for 20 minutes at red range (a) and bright range (b)

Figure 6a and b indicated the microscopic images of Botryococcus b. stained with

the conventional method and the heat-treated Nile red method at 55 C for 5 minutes,
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respectively. It was observed that the Nile red-stained nuetral lipid assisted with heating
treatment illuminated a stronger yellow-golden fluorescence than that without any
treatment. This verified that the fluorescence intensity of neutral lipid from the

microalgae was enhanced after a heating treatment.

Fig.6 Epifluorescent microscopic images of Nile red stained Botryococcus b. by a)
without a heating treatment and b) with a treatment at 55 C for 5 minutes

3.4. NILE RED STAINING ASSISTED BY ACID TREATMENT

A series of different concentrations of diluted sulfuric acid (H,SO,) solution was
added to three algae species (Botryococcus b., Chlorella p., and Scenedesmus q.) to

improve the staining efficiency of Nile red and then enhance the fluorescence signal of
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the stained neutral lipids. The H,SO,4 concentration varying from 0.001 to 1.00% were
considered in the present study

Figure7 illustrates changes in the microalgal fluorescence signals when the H,SO4
concentrations were varied. The Nile red staining efficiency of all three algal species
improved. The Botryococcus b. treated by an H,SO, solution exhibited 12 times increase
of fluorescence intensity when the concentration of H,SO,4 was as low as 0.002% as
compared to the control. The H,SO, treated Chlorella p. gave a significant rise of the
fluorescence intensity when the concentration of diluted acid increased to 0.01%.
Thereafter, the fluorescence intensity remained the same. Berglund reported that the
lichen algal cells experienced stresses from sulfuric acid™®. These cells treated at a pH of
4.5, had the highest mean fluorescence intensity. Cells treated with 5.5, 3.5, and 2.5
appeared to have a lower fluorescence intensity. The experimental results obtained
during this study exhibited in the similar trends of fluorescence intensity of an algal

culture treated by diluted H,SO,.
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Fig. 7 The effect of H,SO4 concentrations on fluorescence intensity of the Nile red
stained microalgae. Three replicate determinations were performed for each sample.
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4. CONCLUSIONS

Nile red molecules penetration into microalgal cells and further disolving in
neutral lipid was slow and difficult due to thick and rigid walls of microalgae. The
optimized heated and diluted H,SO, treated methods of lipids staining with Nile red
successfully improved the fluorescence intensity of nuetral lipids for microalgae species
of Botryococcus b., Chlorella p., and Scenedesmus q.. The fluorescence intensity of
Botryococcus b. was enhanced more than ten times by the assistance of a heating
treatment at 60 C for 5 minutes as compared to the values obtained from the specie
without any treatment. The lipid fluorescence intensity of the Botryococcus b. increased
approximately 12 times at a concentration as low as 0.002% of H,SO, when the specie
was treated with H,SO4. These two optimized Nile red staining methods may have a

potential to determine the neutral lipid content in other algal species and biomasses.
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ABSTRACT

A direct spectrophotometric measurement using lipophilic dyes such as Nile Red
provides a simple method to determine oil content of microalgae and allows a rapid
identification of high oil-bearing microalgae. However, the application of this method on
varying microalgae strains is limited and yields only qualitative results due to lack of
appropriate standards necessary for an accurate neutral lipid quantification. In this paper,
oil-in-water (O/W) microemulsions were prepared in varying oil concentrations and
employed as calibration standards for direct measurement of Nile Red-stained neutral
lipids in microalgae using a fluorescence spectrophotometer. Four different microalgae
species, including Botryococcus braunii, Chlorella pyrenoidosa, Haemetococcus
pluvialis and Scenedesmus quadricauda were analyzed for neutral lipid contents through
the O/W microemulsions standards. The average neutral lipid contents calculated from
the O/W microemulsion calibration standards were very close to the results obtained by
using gravimetric method and followed by SPE fractionation for Botryococcus braunii,

Haemetococcus pluvialis and Scenedesmus quadricauda. This fast and reliable method
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through the combination of lipophilic dye process and O/W microemulsions standards in
order to determine an actual microalgal neutral lipid content could potentially be used in
investigation of large scale lipid production from microalgal biomass.

Key words: Micoralgae, Oil-in-water microemulsion, lipid, SPE fractionation

1. INTRODUCTION

Accumulated natural lipid in microalgae has potential to be an ideal resource of
alternative biofuel or biodiesel due to their rapid growth and high neutral lipid contents™>.
Utilization of greenhouse gas CO, and wastewater to grow microalgae
photoautotrophically is another advantage for application of microalgae. Besides as
energy sources, microalgae also can be used as source of pharmaceuticals and food for
both human consumption and aquacultural use®. While intracellular lipid content varies
with different environmental conditions and algal species, a rapid and on-site
measurement of large scale neutral lipid in commercial production is required.

Traditional determination of intracellular lipid content involves solvent extraction
and gravimetric determination. It requires large amounts of algal samples, and must
ensure extraction is completed without decomposition and/or oxidation of the lipid.
Time-consuming and labor-intensive are other major drawbacks for the traditional
method. More accurate techniques are employed to determine FAME deriviations using
gas chromatography-flame ionization detector (GC-FID) and gas chromatography-mass
spectrometry (GC/MS). However, these separation techniques still have numerous steps
and are time-consuming and not suitable for high-throughput screening. Therefore, one

cost-effective and in situ measurement of cellular lipid content needs to be developed. A
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direct spectrophotometric measurement using lipophilic dyes provides a simple method to
determine the oil content of microalgae and allows a rapid identification of high oil-
bearing microalgae. Greenspan and Fowler demonstrated Nile red fluoresces strongly
only in hydrophobic environment and at yellow-green range (excitation, 450-500 nm;
emission, > 528 nm)’. Cooksey et al. used Nile red for determination of neutral lipid of
microalgae by using fluorescence microscopy, flow cytometry, and spectrofluorometry?®.
A qualitative or semi-quantitative analysis data in determination of lipid content from
Nile red stained microalgae has been investigated®°. However, the limitation of using
this fluorescence method is the fluorescence intensity, which is relative to compare or
estimate the intercellular lipid contents in microalgae; it does not provide an absolute
content of the lipid. Staining of lipid standards and staining of algal cells resulting in
different fluorescence responses due to the different hydrophobicity and size are other
drawbacks.

In this study, a series of oil-in-water microemulsion standards stabilized by a non-
ionic surfactant (Tween 80) were prepared as pseudo standards that mimic microalgae
cells suspended in water. The fluorescence intensity of Nile red stained neutral lipids in
four different microalgae species was compared with the O/W microemulsions standards
curves for determination of neutral lipid contents of microalgae. The established
calibration standards method provided a reliable and fast way in determination of the

neutral lipid in Botryococcus b., Haemetococcus p. and Scenedesmus g.
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2. MATERIALS AND METHODS

2.1. MATERIALS

Botryococcus braunii was purchased from the Integrated Energy Solutions
Company. Chlorella pyrenoidosa (MC63AF2) and Scenedesmus quadricauda (MCF1)
were obtained from the Lincoln University Culture Collection. Haemetococcus pluvialis
was from the Culture Collection of Algae at the University of Texas at Austin. Chlorella
p. was maintained in BG-11 medium and the other microalgal species were grown in f/2
culture medium. All of the microalgal strains were cultured in wide-mouth culture flasks
at room temperature on a VWR orbital shaker that had an agitation speed of 100rpm.

The microalgae were harvested by decanting most water from the flask. The
microalgal sediment was then placed in a tube to be centrifuged with an SNYO
MISTRAL 3000i centrifuge at a speed of 2500 rcf for 10 minutes at the room
temperature, so that the solids could be separated from with liquid. Finally, the
dewatered microalgae slurry was dried with a Freeze Dryer (Refrigerated Vapor Trap,
SAVANT). This drying process took approximately one week for each ~3g dry weight
sample. The dried microalgal pellets were stored in a desiccator for future use.

Nile red (9-diethylamino-5-benzo[a] phenoxazinone) dye used in this study was
purchased from the Acros Organics Company. All of the organic solvents with certified
ACS grade were purchased from Fisher Scientific. Polysorbate 80 (Tween 80) with
analytical grade was obtained from ICI Americas, Inc.. Soybean oil was purchased from
local grocery store with brand name of Crisco®. Silica gel (Activated) and FAMEs
standards (35022/AOCS#1) were obtained from the Forcoven Products, Inc., TX and

Pestek Corporation, PA, respectively.
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2.2. PREPARATION OF OIL-IN-WATER (O/W) MICROEMULSIONS

A series of triglyceride standards were prepared to calibrate neutral lipid content
in microalgae. The oil stock, Tween 80 stock and Nile red stock solutions were all
prepared in acetone and their concentrations were 1.983 mg/mL, 2.000 mg/mL and
0.100mg/mL, respectively. Series of O/W microemulsion standards, which
concentrations ranging from 0.001 to 0.100 mg/mL were prepared in the experiment.
Table 1 showed the formulations of the O/W microemulsions standards. The mixture of
oil, Tween 80 and water was agitated on a vortex mixer for two minutes at room
temperature to form microemulsions. 25.00 L Nile red stock solution was added to a 5
mL microemulsions and the mixture was agitated on the vortex mixer for another one
minute to stain the lipid drops of the microemulsions before it was measured using

fluorescence spectrophotometer.

Table 1 Formulations of O/W microemulsions standards

Oil weight (mg) Tween 80 stock sol. (mL)  Water (mL) Oil Conc. (mg/mL)

1 0.030 0.10 30.00 0.00099
2 0.595 0.10 30.00 0.01957
3 1.487 0.10 30.00 0.04821
4 1.983 0.10 30.00 0.06376

5 2.974 0.10 30.00 0.09413
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2.3. FLUORESCENCE SPECTROPHOTOMETER

The fluorescence signals of Nile red-stained lipid from microalgae and lipid
standards were measured on a Perkin-Elmer LS-5 fluorescence spectrophotometer. The
excitation and emission wavelengths of 480 nm and 575 nm were selected and both slits
were set at 10nm. The spectrophotometer was warmed up for half an hour before

measurement. The tested cuvette for placing sample is made of quartz material.

3. RESULTS AND DISCUSSION

3.1. GRAVIMETRIC DETERMINATION OF TOTAL LIPIDS

In gravimetric extraction method, solvent mixtures containing a polar (methanol)
and a non-polar (chloroform) solvent extracted a great amount of lipids. In these cases,
the polar solvent released the lipids from their protein-lipid complexes, and the lipids
subsequently dissolve in the non-polar solvent,

The Fig.1 indicated the total lipids content of the dry biomass of four different
microalgae, Botryococcus b., Chlorella p., Haemetococcus p., and Scenedesmus g. by
using the gravimetric extraction method. Both of Chlorella p. and Scenedesmus g. have
about 18-19% total lipids of the dry biomass and Haemetococcus p. has about 8% total

lipids.
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Fig. 1 Extracted total lipids content by using gravimetric method for four green
microalgae, Botryococcus b., Chlorella p., Haemetococcus p., and Scenedesmus q. Three
replicate determinations were performed for each sample.

3.2. SPE FRACTIONATION OF TOTAL LIPIDS

SPE fractionation method was applied to the extracted total lipids obtained from
the gravimetric method to determine non-polar lipid from microalgae. After subjecting
with the SPE fractionation process of the total lipids, the percentages of neutral and polar
lipids of the total lipid of microalgae were obtained and the results were showed in the
Table 2.

The neutral lipids in Haemetococcus p. were 54.52%, which is higher than that in
Botryococcus b., Chlorella p., and Scenedesmus g. containing 30.30%, 27.16%, and
26.00% of neutral lipids, respectively. The neutral and polar lipids compositions were
found to be very similar with the results reported in a literature, whereas the neutral lipids
occupied approximately 15-40% of the total lipids for most animal and microbial cellular

lipids™2.
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Table 2 Neutral and polar lipid compositions of microalgal species obtained from
gravimetric extraction followed by SPE fractionation. Triplets determination were
performed for each sample.

Neutral lipids,%  Neutral lipids, %  Polar lipids,% Polar lipids, % of

of dry biomass of total lipids of dry biomass total lipids
Botryococcus b. 3.2640.47 30.30 7.5040.40 69.70
Chlorella p. 6.2840.72 27.16 16.8440.09 72.84
Haemetococcus
4.6440.96 5452 3.8740.80 45.48
p.
Scenedesmus g. 6.2640.43 26.00 17.82+1.05 74.00

The neutral lipid content will be used to compare with the value that obtained
from the prepared O/W microemulsions. This can be utilized to verify the efficiency of
the O/W microemulsions as standards in the neutral lipid quantification of microalgae.

3.3. O/W MICROEMULSIONS STANDARDS

Surfactants have a characteristic molecular structure consisting of a chemical
group that has very little attraction for the solvent (solvent-repellent), known as a
lyophobic group, together with a group that has a strong attraction for the solvent
(solvent-loving), called a lyophilic group. This is known as an amphipathic structure.
Surfactant has the property of adsorbing onto the surfaces (interfaces when two
immiscible phases are present) of the solution and decreasing the surface tension of the
solution. In general, the HLB (hydrophile-lipophile balance) values of s surfactant ranges
between 8 and 18 is recommended to make an oil-in-water emulsion and a value of 3-6 is
the recommended range for water-in-oil emulsions®. Polysorbate 80 (Tween 80)

possessing a HLB value at 15, is a nonionic surfactant and is often used in food and other
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products as an emulsifier. In addition, Tween 80 is considered to be inherently
biodegradable and would not be expected to persist indefinitely in the environment. The
hydrophilic groups in Tween 80 are polyoxyethylene groups, which are also known as
hydrophilic heads, have highly polarity and are in contact with water. The alkyl chain as
hydrophobic or lipophilic tail in this compound assembles into an oil-like core to form an
oil-in-water micelle. The aggregates of micelles in agueous solution form
microemulsions.

The O/W microemulsions in presence of a surfactant or emulsifier reduce the
interfacial tension once it is formed. Fig.2 showed the prepared five O/W
microemulsions standards, which were thermodynamically stable; and their
concentrations ranged from 0.001 to 0.01 mg/mL. The microemulsions solutions were

persistence and stable over several months from visual appearance.

Fig. 2 Prepared O/W microemulsions standards solutions. (The oil concentrations
increased from the left side to the right side)
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The fluorescence intensity of the O/W microemulsions standards was measured
on a fluorescence spectrometer. The results gave rise to a very excellent linear
relationship (R?=0.9991) between fluorescence intensity and lipid standard solutions with
high accuracy (Fig.3). This illustrated that the fluorescence spectrometer is applicable to

the fluorescence emissions of Nile red stained-O/W microemulsions.
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Fig. 3 Fluorescence intensity of the O/W microemulsions standards stained by Nile red.

The fluorescence excitation was 480nm and fluorescence emissions were determined at

575nm. Both slits were set at 10nm. Three replicate determinations were performed for
each standard.

3.4. COMPARISON OF NEUTRAL LIPID CONTENT DETERMINED BY O/W
MICROEMULSIONS STANDARDS AND GRAVIMETRIC METHOD-SPE
FRACTIONATION

The established O/W microemulsions standards were used to quantify the actual

neutral lipid from microalgae in the experiment. The combination of gravimetric
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extraction and SPE fractionation provides a reliable determination of neutral lipid content.
The applicability and efficiency of the O/W microemulsions in determination of neutral
lipid were demonstrated by comparing with the neutral lipid content obtained by using
gravimetric extraction and followed by SPE fractionation method for four microalgal
species Botryococcus b., Chlorella p. Haemetococcus p., and Scenedesmus g..

The fluorescence intensity of neutral lipid from microalgae was measured under
each optimized treatment condition for different microalgae species using fluorescence
spectrometer. The treatment conditions for the microalgae have been discussed in the
previous paper™*. Before the measurement, Botryococcus b. was treated by 0.005%
H,SO.; Chlorella p. and Scenedesmus q. were subjected heating at 55 'C for 5min and
45 C for 20min, respectively. At last, the concentrations of neutral lipid from the
microalgae were calculated according to the counterparts of the fluorescence intensity
that obtained from the prepared O/W microemulsions standards.

The compared results of neutral lipid percentage of dry microalgal biomass from
the two quantification methods, O/W microemulsion calibration standards method and
gravimetric method followed by SPE fractionation method were given in the Fig.4.

The average neutral lipid contents calculated from the O/W microemulsion
calibration standards were very close to the results obtained by using the gravimetric
method followed by SPE fractionation for all of the microalgal species except Chlorella
p.. Therefore, it illustrated that O/W microemulsions calibration method had abilities to
provide an applicable and reliable way for a direct determination of actual neutral lipid
contents from the microalgal species. The O/W microemulsions standards method may

have the potential to be employed on other microalgal species or biomasses in
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quantification of actual neutral lipid content if the fluorescence intensity of the sample

was reached the maximum level.

m O/W microemulsion standards B Gravimetric-SPE fractionation

Neutral lipid content [%)

Botryococcus b. Chlarella p. Hoemetococcus p.  Scenedesmus g.

Fig. 4 A comparison of neutral lipid contents obtained with the O/W microemulsions
calibration standards and with the gravimetric method followed by SPE fractionation for
four microalgal species

Chlorella p. gave a significant difference of the neutral lipid content with using
these two methods. The presented discrepancy could be due to the difficult penetration
of Nile Red through the thick and rigid cell walls of Chlorella p.. This discrepancy may
be reduced or eliminated by enhancing the fluorescence intensity of Nile red-stained lipid

through other pretreatments.



4. CONCLUSIONS

Nile Red fluorescence allowed an in situ measurement of neutral lipid content

with semi-quantitation of microalgae. In this study, a series of O/W microemulsions
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standards using triglyceride stabilizing with a non-ionic surfactant were prepared. It was

demonstrated there was a linear fitting of the Nile Red fluorescence intensity vs. the O/W

microemulsions standards with varying concentrations. It has been successfully

employed to the determination of actual neutral lipid from microalgae under their

optimized Nile red staining conditions. The pseudo-calibration standards had potential to

be used as a sensitive, quantitative, and high throughput method for screening of cellular

neutral lipid content in green algae as well as other classes of biomass.
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ABSTRACT

Thermal and chemical characteristics of three different polymer pattern materials
for investment casting, expanded polystyrene foam (EPS), polyurethane foam (FOPAT)
at three densities of 0.12, 0.15 and 0.17 g/cm®, and epoxy resin (SLA) were
experimentally investigated. Thermal degradation behaviors of polymers were
investigated by thermal gravimetric analysis (TGA). Glass transition temperatures of
polymers were studied by differential scanning calorimetry (DSC). The TGA results
indicated that the FOPAT pattern was decomposed completely at 700 ‘C under air
atmosphere while there was about 20% residual remaining at 800 C under N, atmosphere.
Both of the EPS and SLA patterns were degraded more readily than the FOPAT pattern.
The FOPAT pattern showed two glass transition temperatures (Tgs) at 56 Cand 140 C.
The EPS and SLA pattern showed a T4 at 106 “C and 55 C, respectively. The potential
generation of toxic gas, hydrogen cyanide (HCN) from thermal degradation of the

FOPAT pattern was examined in a lab-built heating system. The HCN level depended on
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the decomposition conditions, such as oxidant level and residence time. The
experimental findings indicated that both of a higher oxidant level around the FOPAT
sample and a longer residence time of the HCN in a hot zone of the furnace could reduce
the HCN level.

Key words: EPS, Polyurethane, Epoxy, Thermal degradation, Hydrogen cyanide,

Investment casting

1. INTRODUCTION

Investment casting, known as a lost-wax casting, has been widely employed to
manufacture of high quality metal components due to its ability to produce accurate and
complex castings. In investment casting, a wax pattern is dipped in ceramic slurry and
stucco is applied by a rainfall sander or fluidized bed to build up multiple layers of a
mold shell and then the pattern is removed by heating in an autoclave or flash firing in a
furnace to create a mold. The mold shell is then fired to burn out residue and sinter.
Liquid metal is poured in the mold and solidified to form a casting. Finally the ceramic
shell is destroyed to release the metal part. While there are some limitations of wax
pattern, such as distortion when storing and handling issues due to weight and brittleness.
As dictated by technological or production level requirements, wax pattern could be
replaced by a polymer foam pattern or printed pattern. The polymer foam pattern can
provide lower tooling cost or the SLA pattern can provide low density printed structure
for low production quantities and in either case ease of handling for low production

dipping due to weight.
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Expandable polystyrene (EPS) foam can be used in investment casting
processing®. Polystyrene is a long chain hydrocarbon resulting from the polymerization
of styrene monomers. EPS foam has a closed-cell foam structure. A rigid pattern can be
manufactured by steam molding and can be modified by CNC (Computer Numerical
Control) machining for rapid prototyping or very low quantity production without hard
tooling. The small polystyrene beads are expanded to a desired density with a blowing
agent. These expanded and/or machined pieces of foam pattern with complex geometry
can be assembled into any desired shapes.

The SLA (Stereolithography apparatus) polymer pattern is a thermosetting
polymer made from curing reaction (crosslinking) between epoxy resin and curing agent
or “hardener”. The diglycidyl ether of bisphenol A (DGEBA) structure, which is made
from the reaction of bisphenol A and epichlorohydrin, is the most common, commercially
available epoxy resin. SLA can be built precisely by a Stereolithography process- one of
the modern rapid prototyping (RP) technologies. This overcomes the cost and lead time
limitations of hard tooling for limited quantities of complicated castings®. The SLA
pattern, having a honeycomb core structure, has the property of low density, which can
produce less decomposition products and lead the SLA pattern to burn away readily
during firing”.

FOPAT (a FOam PATtern material) is a water blown polyurethane foam, which
has been developed for investment casting process to produce high quality castings with
good surface finish. This material offers many advantages, for example, lower cost per
pattern, increased dimensional accuracy, increased temperature stability °. Polyurethanes

are thermosetting polymers that are produced by the reaction of a hard segment,
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isocyanate (R-N=C=0) with a soft segment that consists of compounds containing at
least two active hydroxyl groups (R-OH-). Typically a FOPAT pattern is produced by
foaming in metal die but a softer die (wood or rubber) or CNC machining could be used
for low production volume.

It is well known that materials containing nitrogen in their chemical structure can
be thermally degraded into highly toxic hydrogen cyanide (HCN), which is about thirty
times more toxic than carbon monoxide (CO) on a volume basis®. Thus since 1970’s
much public attention has been directed toward the potential dangers of HCN to life and
health, and numerous research studies were conducted to determine HCN which was
released from the combustion of furnishings and structural materials containing nitrogen”
12 FOPAT pattern contains approximately 6 wt% of nitrogen in its chemical structure.
Thus HCN could be produced during the pattern removal process in investment casting
and could pose a hazard to workers especially when HCN reaches a certain concentration
level in a working area. It has been suggested that decomposition of polyurethane
includes three different reaction mechanisms (see scheme 1)**’. The first one is the
reversed reaction of formation of urethane group, giving isocyanate and alcohol. The
second one is dissociation to amine, carbon dioxide, and olefin through a six-membered
ring transition state. The last one is dissociation to secondary amine and carbon dioxide
through a four-membered ring transition sate.

The objective of the current study was to explore the polymer pattern materials’
thermal and chemical properties affecting the application in investment casting
processing. Thermal degradation behavior and glass transition temperatures were

characterized by using TGA and DSC techniques, respectively. Limiting the generation
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of HCN from thermal decomposition of the FOPAT pattern material is also discussed in

this paper.

H O—R

2 —  » R—N—Cc—O + R —OH (1)
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Scheme 1 Reaction mechanism of polyurethane decomposition

2. MATERIALS AND METHODS

2.1. MATERIALS

EPS foam (density, 0.025 g/cm®) was purchased from the Austin Group LLC
(Montgomery, AL). FOPAT (three densities, 0.12, 0.15 and 0.17 g/cm®) patterns were
provided by the Production Inc. (Miamisburg, OH). A commercial grade of WaterShed
XC 11122 SLA patterns (density, 0.2 g/cm®) with honeycomb structure were from the
DSM Somos Company (Elgin, IL). Examples of investment casting patterns made from

these three different polymeric materials are given in Fig. 1(a-c).
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Fig. 1 Examples of investment casting patterns made from different polymeric materials:
a) EPS foam, b) FOPAT foam, and c¢) SLA with honeycomb internal structure

2.2. CHN ELEMENTAL ANALYSIS AND ASH CONTENT ANALYSIS

Elemental analysis of C, H, and N elements for EPS, FOPAT and SLA patterns
were performed on a Perkin Elmer 2400 machine. Ash content of EPS, FOPAT and SLA
patterns was analyzed according to the ASTM D5630-06 standard method. The
temperature of the muffle furnace was set at 800 ‘C and the duration was 5min.

2.3. THERMOGRAVIMETRIC ANALYSIS (TGA)

Thermogravimetric analysis of EPS, FOPAT and SLA patterns were carried out
using a TGA instrument (TA-1000, New Castle, DE, USA) under both air and N,
atmospheres. The scanning temperature ranged from room temperature to 600 C (EPS

and SLA patterns) or 800 C (FOPAT pattern) at a heating rate of 25 C/min.
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2.4. DIFFERENTIAL SCANNING CALORIMETRY (DSC) ANALYSIS

A pre-weight sample was first preheated from room temperature to 180 C at
20 "C/min to remove any previous thermal history, and then quenched to -40 C. Heat
flow was measured using DSC instrument (TA- Q2000, New Castle, DE, USA) over a
temperature range from -38 C to 210 C at a heating rate of 20 C/min under a nitrogen
atmosphere. The glass transition temperatures of EPS, FOPAT and SLA patterns were
obtained from the inflection temperature of the DSC curve.

2.5. ANALYSIS OF HCN RELEASED FROM FOPAT PATTERN DURING
THERMAL DEGRADATION PROCESS

The generation of HCN from thermal decomposition of FOPAT patterns in a
muffle furnace was studied. The procedures were performed according to the ASTM
D7295-06 standard method. The FOPAT sample was coated with slurry to form a thin
permeable refractory shell and an alumna tube was attached to the FOPAT (Fig. 2). The
FOPAT samples without refractory shell were also studied in order to investigate the

effect of oxidant/fuel ratio on the generated HCN level.

Fig. 2 Prepared FOPAT sample used for HCN analysis during thermal degradation
process. The FOPAT sample was coated with a thin refractory layer. An alumina tube
was attached to the sample and used to collect the HCN that formed inside of the shell.
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2.5.1 Thermal Decomposition of FOPAT Pattern in Muffle Furnace

FOPAT samples (three densities, 0.12, 0.15 and 0.17g/cm®) with dimensions of
2in (L) x 2in (W) x 1in (H) were studied. A HCN testing system was set up in the lab
(Fig. 3). The generated HCN gas was trapped in an impinger vessel, which contained a
100mL of 0.1N sodium hydroxide (NaOH) solution. A 0.45 micron pore nylon filter was
placed before the impinger vessel to remove any particulate products. A vacuum pump
was connected to the impinger vessels to draw the HCN product at a flow rate of
160mL/min. The FOPAT sample was heated in the furnace at a temperature range of 25~
800 C. After one hour of decomposition, the trapping solution was titrated with a 0.01M
silver nitrate (AgNO3) standard solution to determine the HCN content. Each experiment

was performed in triplicate.

Fig. 3 Muffle furnace system (Thermolyne 47900) used for decomposing the FOPAT

sample. Two long alumina tubes on top of the furnace were used to collect HCN gas

generated from decomposition of the FOPAT sample. Two impinger solution vessels
attaching with a vacuum pump were used to collect and trap the formed HCN gas.
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In order to investigate the effects of oxidant level around the sample and
residence time of the decomposition product in a hot zone on the HCN level, three

different decomposition conditions were studied (Fig. 4-6),

Inlet

Pump

Impinger solution @

FOPAT

Furnace

Fig. 4 FOPAT pattern coated with refractory shell and no air entering the shell from the

inlet but by permeation only. One of the long alumina tubes was attached to the inlet of

the FOPAT sample. This was used to collect HCN gas generated inside of the refractory

shell of the FOPAT. The other long alumina tube was placed next to the FOPAT sample
to collect the HCN gas penetrated from the shell of the FOPAT.

Inlet

Pump

Impinger solution @

FOPAT

Furnace

Fig. 5 FOPAT pattern coated with refractory shell and air entering the shell from the
inlet and gas extracted by permeation. Both of the two long alumina tubes were placed
next to the FOPAT sample. They were used to collect the HCN penetrated from the shell
of the FOPAT sample. The short alumina tube that attached to the FOPAT sample was
left open so more air entered in the shell.
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Impinger solution FOPAT :@

Furnace

Pump

Fig. 6 FOPAT pattern no refractory shell. Both of the two long alumina tubes were
placed next to the FOPAT sample to collect the HCN generated from the decomposition
of FOPAT.

2.5.2. Quantification of Cyanides (CN) by Titration Using AgNO3

The quantification of cyanides trapped in the impinger solutions was performed
according to the ASTM D2036-09 standard method. In general, the CN™ was titrated by
using a 0.01N standard AgNOs solution. The end point of the titration was indicated as
the color change of solution from yellow to salmon pink when the Rhodanine (p-
dimethylaminobenzylidene) in acetone was used as an indicator. The concentration in
milligrams of CN per litre in the original sample (impinger solution) was then calculated
using the following equation:
mg CN/L = [(A — B)*N AgNO;*0.052/mL original sample]*(250/mL aliquot used)*10°
where:

A= AgNO;s solution to titrate sample, mL, and

B= AgNO; solution to titrate blank, mL.
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3. RESULTS AND DISCUSSION

3.1 ELEMENTAL AND ASH CONTENT ANALYSIS OF EPS, FOPAT, AND SLA
PATTERNS

Table 1 shows the results of C, H, and N elemental analysis of EPS, FOPAT
(three densities, 0.12, 0.15 and 0.17g/cm®), and SLA patterns. The composition of
remaining content of the polymers could be approximated as oxygen. The FOPAT
pattern contained approximately 6% of nitrogen of the total weight. The ash content of
all of three polymer patterns after burning at 800 C for 5min in muffle furnace was

negligible. Each sample was analyzed in triplicate.

Table 1 Elemental analysis of EPS, FOPAT and SLA patterns

C% H% N%
EPS 91.64.3 5.44).5 1.940.1
FOPAT" 64.440.1 6.34.4 6.340.3
SLA 64.040.2 9.440.3 0.14.0

* FOPAT patterns with three different densities all have the same elemental compositions

3.2 TG ANALYSIS OF EPS, FOPAT, AND SLA PATTERNS

It is very important to understand thermal stability of patterns in order to reduce
or avoid casting defects in investment casting. During pattern removal by flash firing, the
pattern experiences both combustion and pyrolysis. In this study, TG analysis of EPS,

FOPAT, and SLA patterns were studied in atmospheres of both air and N,.
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TGA curves of the polymer patterns are indicated in Fig. 7. The EPS patterns
were decomposed completely at 450 “C in both air and N,. The SLA patterns were fully
degraded at 600 C in both air and N,. The FOPAT patterns at three different densities
degraded completely at 700 C in air; and two distinct degradation stages were shown in
the TGA curves. However, the FOPAT patterns had about 20% residue remaining at
800 T in N,. As a consequence, casting defects resulting from the residue could be
possible when the FOPAT pattern is applied to investment casting if the atmosphere is
not adequately oxidizing. A high firing temperature (700 C or higher) and excess
oxygen may be necessary to reduce or avoid defects of the castings during the FOPAT

pattern removal.

100 A
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Fig. 7 TGA results of EPS, SLA, and FOPAT (three densities, 0.12, 0.15 and 0.17g/cm3)
patterns under both air and N, atmospheres at a heating rate of 25 C/min.
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Fig. 7 TGA results of EPS, SLA, and FOPAT (three densities, 0.12, 0.15 and 0.17g/cm?)
patterns under both air and N, atmospheres at a heating rate of 25 <T/min (Cont.).

3.3 DSC ANALYSIS OF EPS, FOPAT, AND SLA PATTERNS

Glass transition temperatures (Tg) of the polymer patterns were obtained by using
DSC. Ty is atransition of an amorphous material from a hard or glass-like non-
crystalline state to a molten or rubber-like state during heating. Fig. 8 indicates the Tgs of
the EPS, FOPAT and SLA polymer patterns. The T4 of the EPS pattern was at about
106 C. The FOPAT pattern exhibited two glass transition temperatures at 57 and 140 C.
The first Ty at 57 "C was the glass transition temperature of the polyurethane; and the one
at 140 C was resulted from the state transition of the isocyanate segment present in the
polyurethane. The SLA pattern gave a T, at about 55 C as indicated at the inflection
point of the DSC curve. The glass transition temperatures of the three polymer patterns

corresponded to the temperatures at which the patterns’ thermal expansion occurred,



which has been discussed in the previous published papers'®*°. This is because the

coefficient of thermal expansion shows a discontinuous change at this temperature?.
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Fig. 8 DSC curves of EPS, FOPAT, and SLA polymer patterns. The T4 was shown at

the inflection temperature of the DSC curves.
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3.4 ANALYSIS OF HCN CONTENT FROM THERMAL DEGRADATION OF
FOPAT PATTERN

Table 2 shows the results of the HCN levels (wt% of the FOPAT sample)
generated from the decomposition of the FOPAT patterns (three densities, 0.12, 0.15 and
0.17g/cm?®) under different decomposition conditions. About 0.05-0.11% HCN was
produced from the decomposition of the FOPAT patterns with shell when only air
entered the shell by permeation (Fig. 4). The HCN level was not significantly affected by
density differences of the FOPAT pattern. The FOPAT pattern without shell (Fig. 6)
produced about 0.017% of HCN, which was less than that obtained from the FOPAT
pattern with shell. It was explained the FOPAT pattern without a shell had a larger
contact area with air in the muffle furnace and thus less HCN was produced. When the
FOPAT pattern was coated with shell and air can enter the shell through the inlet (Fig. 5),
no significant HCN content was found. This was attributed to a higher level around the
FOPAT sample because more air entered through the open inlet of the sample. And also
a longer residence time of the products inside of the shell could be attributed to extraction
of gaseous products being limited by permeation through the shell. The longer residence
time enhanced decomposition of the HCN after its formation in the hot zone. Gordon
found that HCN content produced from pyrolysis and combustion of polyacrylonitrile
decreased when the oxidant/fuel ratio increased®!, which was in agreement with the
experimental observations in the study.

The required minimum ventilation volume in cubic meters for 1kg FOPAT
pattern decomposed was calculated according to the NIOSH Exposure limits (Table 2).
Based on decomposition of 1 kg FOPAT pattern was under a less oxidant level (Fig.4), it

would be harmful to human being’s skin and health if the ventilation volume were
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smaller than 108-270m?® and 10-20m°, respectively. At a higher oxidant level (Fig.6), the
required minimum ventilation volumes were only 34m?® and 3m? to safety for people’s
skin and health per 1kg FOPAT decomposed. Thus the volume of air change required for
a safe workplace can be estimated. The ventilation rates depend on the burnout rate used,
but safest practice could be greater than 227m? ventilation air for 1kg of foam burned out.
Table 2 HCN content (wt% of the FOPAT sample) from decomposition of the FOPAT

pattern and required ventilation volume in m® for 1kg FOPAT pattern decomposed under
three decomposition conditions. Each sample was performed in triplicate.

. Required ventilation volume
Decomposition . 3 HCN% (wt) of 3
condition Density, kg/m FOPAT (m?) for 1kg FOPAT
decomposed
a. FOPAT 130 (REL)
120 0.0650.003
with shell and 12 (IDLH)
air entered 108 (REL)
1 .05440,
through 50 0.054:0.003 10 (IDLH)
permeation of 227 (REL)
the shell 170 0.11340.005 20 (IDLH)
b. FOPAT 120 ) )
with shell and
air entered 150 - -
through inlet of
the shell 170 ) )
c. FOPAT 34 (REL)
without shell 170 0.0170.001 3 (IDLH)

Note: “-*“ means the HCN content was negligible.

NIOSH (National Institute for Occupational Safety and Health) Exposure Limits:
REL (Recommended exposure limits): 5mg/m? or 4.7ppm [skin] in air

IDLH (Immediately dangerous to life or health): 55mg/m? or 50ppm in air
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4. CONCLUSIONS

The properties which affect the applicability polymer pattern materials used in
investment casting were experimentally investigated. The TGA study of the FOPAT
pattern demonstrated that casting defects resulting from the residue was possibly formed
if the atmosphere is not adequately oxidative in investment casting. The generation of
toxic HCN gas from decomposition of FOPAT patterns under different decomposition
conditions was studied. It indicated that HCN concentration could be reduced by

increasing both oxidant level and residence time of the HCN in a hot zone of the furnace.
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IV. THERMAL DEGRADATION KINETICS OF EPOXY
STEREOLITHOGRAPHY PATTERN FOR INVESTMENT CASTING PROCESS

Hongfang Zhao, Paul Ki-souk Nam®, Von L. Richards?, Simon N. Lekakh?

'Department of Chemistry
’Department of Materials Science and Engineering

Missouri University of Science and Technology, Rolla, MO 65409, USA

ABSTRACT

Thermal degradation behavior of epoxy stereolithography (SLA) pattern materials
used in investment casting were studied by a conventional dynamic thermogravimetric
analysis (TGA) at different heating rates between 5 and 40 C/min under nitrogen purge.
The kinetics parameters of thermal degradation of the SLA pattern were determined by
two different kinetics models, differential (Kissinger) and integral (Flynn-Wall-Ozawa)
methods. A model-fitting method (modified Coats-Redfern) was used to evaluate the
degradation mechanism of the epoxy SLA pattern. The activation energy corresponding
to the mechanism D3 (diffusion) obtained from the fitting method was in good agreement
with the value obtained by using the two kinetics models. The solid-state thermal
degradation mechanism of the epoxy resin system was a diffusion process.

Key words: Epxoy resin, Investment casting, Kinetics, Thermal decomposition
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1. INTRODUCTION

Investment casting, known as a lost-wax casting, has been widely employed to
manufacture of quality metal components in automobile, aerospace and biomedical
industries because of its ability to produce accurate and complex castings. In investment
casting, a wax pattern is dipped in ceramic slurry and stucco is applied by a rainfall
sander or fluidized bed to build up multiple layers of a mold shell and then the pattern is
removed by heating in an autoclave or flash firing in a furnace to create a mold. The
mold shell is then fired to burn out residue and sinter. Liquid metal is poured in the mold
and solidified to form a casting. Finally the ceramic shell is destroyed to release the
metal part. While there are some limitations of wax pattern, such as distortion when
storing and handling issues due to weight and brittleness. As dictated by technological or
production level requirements, wax pattern could be replaced by polymer pattern due to
the latter’s lower creep under self-loading, lower tooling cost for low production
quantities and in some cases ease of handling due to lighter weight than wax™.

Expanded polystyrene (EPS) foam is one of the most common pattern materials
used in commercial practice. EPS experiences thermal degradation through chain
scission during the pattern removal process. Thermal degradation behaviors of EPS
pattern have been studied under oxidative and/or inert gas atmospheres®*. However, EPS
pattern may have distortion or even breaks during the dipping process in slurry due to
low strength and density of the foam®. Epoxy is one novel candidate pattern material and
can overcome the above issues in both iron and aluminum castings. Epoxy is a
thermosetting epoxide polymer and photosensitive, which can be cured (cross-links and

polymerizes) with a curing agent or “hardener”. Stereolithography (SLA) Rapid
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Prototyping process is mostly used to manufacture epoxy resin parts with high
dimensional stability and low cost for Investment Casting. The Rapid Prototyping
process is used to build three-dimensional epoxy pattern parts and developed to provide
dimensional accuracy and surface finish of epoxy resins. Most common and important
class of epoxy resins are formed from a reaction between epichlorohydrin and bisphenol-
A to form diglycidyl ethers of bisphenol A.

For Investment casting, one important aspect concerning the behavior of epoxy
resin during its thermal decomposition is the Kinetic studies. The kinetic equations can
be applied to studies concerning its reaction to fire (ignition process, flame propagation,
evaluation of the amount of toxic products generated, etc.) and to the reactor design and
optimization of the operating conditions in the thermochemical processing of the
material®>. Thermogravimetric analysis (TGA) has been extensively employed for study
of thermal degradation kinetics of different polymers and copolymers®’. Experiments are
usually performed under nonisothermal conditions. The kinetics parameters such as
activation energy, preexponential factor, and reaction order may be obtained. The
objective of our work is to study the thermal degradation kinetics of epoxy resin pattern
using two kinetic models, Kissinger model (differential method) and Flynn-Ozawa-Wall
model (integral method). The two methods were used to calculate the kinetic parameters
of thermal decomposition of epoxy resin pattern. The degradation mechanisms were

estimated by Coates-Redfern analytical fitting method.
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2. THEORETICAL BACKGROUND

2.1. KISSINGER’S METHOD

Kissinger method is another common non-isothermal and model-free technique.
It is used to determine the activation energy for a simple decomposition reaction
regardless of reaction order from differential thermal analysis for a series of experiments
at different heating rates. The Kissinger method is based on the study of the rate equation
at the maximum reaction rate. This method allows obtaining the kinetic parameters from

aplot of In (ﬁ/sz) against 1/T,. The equation is the following,
Eon( 2By _E
In(T%)—In( 5 ) Py

where £ is the heating rate, A is the pre-exponential factor, E is the activation energy. R
is the gas constant. Ty, is the temperature at the maximum rate occurs.

2.2. FLYNN-WALL-OZAWA METHOD

This method is derived from the integral iso-conversional method which the
kinetic parameters can be determined without knowledge of reaction model. The Flynn-
Wall-Ozawa method is useful to interpret the kinetics with complex reactions obtained
from the TGA data. By Doyle approximation, the integration equation after taking

logarithms is given as follows,

log § = log [% ] 2.315- 0.4567 —

where « is the extent of conversion, g(a) is the integral function of extent of conversion
(o), T is the absolute temperature. S, A and E have the known meanings as mentioned

above.
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The activation energy could be obtained by the calculation from the slope of the
straight lines when log £ is plotted against 1/T at a fixed degree of conversion with
different heating rates. If the determined activation energy varies with conversion, the
complex reactions could be presented in the sample degradation. Otherwise the existence
of a single-step reaction can be concluded.

2.3. COATS-REDFERN ANALYTICAL FITTING MODEL

To study the degradation mechanisms of the polymeric materials, Coats-Redfern
method was employed to calculate the kinetic parameters of the process. Modified
Coats-Redfern method, proposed by Burnham and Braun’, is based on an approximate
integrated form of a first-order reaction for a constant heating rate . The equation is

given as,

2RT

gle) _ AR 2RT . E
In T2 In[ﬁ’f(l E J RT

When using an asymptotic approximation, 2RT/E<<12, the equation is written as

AR | E
&9 = n (25 ) - —
2 (.»'3’5 ) RT

Table 1 give various expression of integral, g(a), models of the different solid
state mechanisms. The model matching a given set of TGA data can specify the

mechanism and yields the relevant kinetic parameters of thermal degradation of polymers.
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Table 1 Kinetic mechanisms and expressions of solid-state processes®™*

Model Symbol g(a)
Nucleation and nuclear growth
Mampel unimolecular law Al - In(1-a)
Avrami-Erofe’ev equation A2 [ - In(1-0)]"?
Avrami-Erofe’ev equation A3 [ - In(1-o)]*?
Avrami-Erofe’ev equation A4 [ - In(1-a)]**
Diffusion
Parabolic law D1 o
Valenci equation D2 a+ (1- o) In(1- a)
Jander equation D3 [1- (1- )]
Brounshtein-Ginstling equation D4 1- 2 a/3)- (1- o)*®

Phase boundary controlled equation

One-dimensional movement R1 a
Contracting area R2 1- (1- a)*?
Contraction volume R3 1- (1- )™

3. EXPERIMENTAL

3.1. MATERIALS

BPA-based epoxy resin for stereolithography (SLA) pattern was a commercial
grade Somos® WaterShed XC 11122 from DSM Company (Elgin, IL). The SLA pattern
with honeycomb structure had a density of 0.20 g-cm™.

3.2. THERMOGRAVIMETRIC ANALYSIS (TGA)

TGA measurements of SLA pattern were carried out using a TA Instruments TA-

1000 analyzer ( New Castle, DE) to study the non-isothermal degradation kinetics.
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Approximately, 5mg pieces of polymer patterns were placed in a platinum pan and heated
from room temperature to 600 ‘C with nitrogen purge at a flow rate of 40 ml/min.
Different linear heating rates of 5, 10, 25 and 40 C/min were applied and the

corresponding sample weigh loss was recorded.

4. RESULTS AND DISCUSSION

The weight loss versus temperature curves from dynamic thermal degradation of
the SLA pattern under various heating rates (5, 10, 25 and 40 C/min) are shown in Fig. 1.
The results indicate that the major decomposition of the epoxy polymer starts above
300 C and completed at 475 C for all heating rates. The TGA curves corresponded to a
single-stage decomposition reaction. Shifting of curves to the higher temperatures with
increasing heating rates was observed due to the shorter time required for a sample to

reach a given temperature at faster heating rates.

100 -
— 5% /min
— o i
80 - 10°C/min
25°C/min
60 - = 40%C/min
g
= 40
20 -
D T T T T T -I
0 100 200 300 400 500 600
Temperature (°C)

Fig.1 TGA curves of SLA pattern at different heating rates
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The decomposition kinetic of SLA pattern was evaluated by Kissinger and Flynn-
Wall-Ozawa methods. The Kissinger method allowed the activation energy to be
determined by plotting In (8/T%y) versus 1/Tn. T is the inflection point temperature on
the TGA curves obtained from different heating rates. The resulting curve was a straight
line as shown in Fig. 2. The activation energy of 203.43kJ/mol was obtained from the

plot.

-9 -
-9.5 4
& -10 4
S
£ -10.5 -
¥ = -24.468x+ 26 68
-11 - R* =0.9982
'11.5 T T T T 1
1.46 1.48 1.5 1.52 1.54 1.56
1000/T,, (K?)

Fig.2 Kissinger plot of In (B/sz) against 1/T, at different heating rates

The activation energy using Flynn-Wall-Ozawa analysis was obtained from a
linear fitting of log B vs. 1000/T at different conversions (Fig. 3). The conversion values
from 0.10- 0.90 were applied for the thermal decomposition of SLA pattern sample. The
fitted straight lines for various heating rates were nearly parallel, which indicated the
suitability of the method in the conversion range investigated. Activation energies

corresponding different heating rates were calculated from the slope of these plots and
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shown in Table 2. A mean value of 217.22kJ/mol was obtained. The increasing
activation energy with the higher conversion values was observed. It has been reported
that increasing dependencies of the activation energy on conversion are quite common for
degradation of polymers, including epoxy materials'?. The Flynn-Wall-Ozawa method
yielded a slightly lower (13.79 kJ/mol) activation energy when compared with the value

determined by Kissinger’s method.
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1000/T (K1)

Fig.3. Flynn-Wall-Ozawa plots of log  vs. 1000/T at conversion in the range of 0.10-
0.90 in steps of 0.10

Both the Kissinger and Flynn-Wall-Ozawa models do not require the previous
knowledge of the reaction mechanisms in order to evaluate the activation energy.
Kissinger method only uses one point (the point of maximum rate) to calculate the
activation energy. Flynn-Wall-Ozawa method is applicable to the whole conversion

range. Therefore, it is regarded as a more satisfactory mathematical approach to establish
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the Kkinetic parameters for the thermal degradation of SLA pattern as well as other

materials.

Table 2 Activation Energies Obtained Using the Flynn-Wall-Ozawa Method

a E, (kJ/mol) R?
0.10 195.32 0.9957
0.20 195.88 0.9991
0.30 206.57 0.9972
0.40 212.45 0.9984
0.50 217.69 0.9987
0.60 221.26 0.9993
0.70 226.72 0.9994
0.80 235.00 0.9997
0.90 24454 0.9983

Average 217.27 -

In order to determine the most probable degradation model of SLA pattern, a
modified Coats-Redfern analysis with corresponding degradation mechanisms(Table 1)
was employed. The activation energies and correlations at constant heating rates can be
obtained by fitting In [g(ct)/T?] versus 1/T plots. The conversion range of 10~90% and
heating rate values of 5, 10, 25 and 40 <C/min were used in this method. Table 3 shows
the calculated energies and correlations by using the modified Coats-Redfern method.
The results indicate that the activation energy strongly depend on the different reaction
mechanism. It was found that the activation energies corresponding to the D3
mechanism are in good agreement with the values obtained by both the Kissinger method
and the Flynn-Wall-Ozawa method at heating rates of 10, 25 and 40 ‘C/min. The

correlation factors (R?) of D3 are 0.9912, 0.9897 and 0.9915 at the heating rates of 10, 25
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and 40 C/min, respectively. These correlation factors are higher compared with the other

models. It has been demonstrated that the thermal degradation behaviors of polymer
closely follows the mechanisms that have higher correlation factors®. Therefore, it is
suggested that the solid state thermal degradation mechanism for our epoxy system is
probably a diffusion (D3) process. The mean activation energy and pre-exponential

factor were 202.73 kJ/mol and 1.2x10" K?/s, respectively, based on the Coats-Redfern

analytical fitting model.

Table 3 Activation Energies Obtained Using the Coats-Redfern Method for different

Solid-State Processes

Mechanism E(kJ/mol) R?
(a) Heating Rate of 5 C/min
Al 102.73 0.9944
A2 46.12 0.9931
A3 27.25 0.9913
Al 17.82 0.9886
D1 154.28 0.9766
D2 171.14 0.9851
D3 192.65 0.9923
D4 199.65 0.9881
R1 71.90 0.9728
R2 85.79 0.9881
R3 91.09 0.9913
(b) Heating Rate of 10 T/min
Al 104.79 0.9905
A2 47.07 0.9885
A3 27.83 0.9858
A4 18.22 0.9818



Table 3 Activation Energies Obtained Using the Coats-Redfern Method for different

Solid-State Processes (cont.)
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D1
D2
D3
D4
R1
R2
R3

Al
A2
A3
A4
D1
D2
D3
D4
R1
R2
R3

Al
A2
A3
A4
D1
D2
D3
D4
R1
R2
R3

157.93
174.98
196.72
182.13
73.65
87.69
93.03

(c) Heating Rate of 25 C/min

107.05
48.09
28.43
18.60

161.24

178.68

200.92

185.98
75.18
89.55
95.02

(a) Heating Rate of 40 C/min

112.41
50.69
30.13
19.84

168.88

187.19

210.54

194.86
78.94
94.02
99.77

0.9806
0.9868
0.9912
0.9888
0.9775
0.9885
0.9902

0.9894
0.9871
0.9840
0.9794
0.9782
0.9848
0.9897
0.9870
0.9747
0.9865
0.9885

0.9923
0.9907
0.9885
0.9854
0.9782
0.9857
0.9915
0.9882
0.9749
0.9881
0.9905
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5. CONCLUSIONS

The thermal degradation behavior of epoxy SLA patterns for the metal investment
casting process is studied. The TGA curves shifted to higher temperatures when the
heating rates were increased from 5 C/min to 40 C/min. It also showed a single-stage
decomposition reaction. A difference of 13.79 kJ/mol for the activation energy values
determined by the Kissinger’s method and Flynn-Wall-Ozawa method was founded. The
results of kinetic analysis demonstrate that the most probable degradation mechanism for
the SLA pattern is in good agreement with the diffusion model (D3). The rate equation

of the thermal degradation of the SLA pattern is given as:

Z24x10%

(1-82x 10‘5T]] -

—i1— z ] 7 £l
In [1-(1 ﬂnﬂs] — In [4.9 w10
" [

where a is conversion, £ is heating rate in K/s and T is temperature in K.
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SECTION

3. CONCLUSION

A direct spectrophotometric measurement using Nile red dye provides the simple
method to determine the oil content of microalgae and allows the rapid identification of
high oil-bearing microalgae. However, the applications of Nile red lipid staining in a
number of green algal species has been hindered due to the composition and structure of
the thick and rigid cell walls resulting in the permeation difficulty of Nile red through the
cell walls and subsequently dissolving in the intracellular neutral lipid. Various physical
and chemical treatments, including adding DMSO, ethanol as stain carrier and
combination of DMSO and microwave irradiation have been studied to improve the
fluorescence intensity of the lipid. Nevertheless, the organic solvent was included and
several steps were involved in microwave-assisted staining.

This part of the dissertation focused on optimization of the conventional Nile red
method with two assisted methods, including heating and diluted H,SO, treatment to
enhance the staining efficiency and improve the fluorescence intensity of microalgal lipid.
Optimum procedures were successfully applied to five different green microalgal species.
These two fast and simple methods to determine the microalgal neutral lipid content
could potentially be used in the investigation of large scale lipid production from other
microalgal biomass.

The spectrophotometric measurement using Nile red provided a qualitative or

semi-quantitative analysis data in the determination of lipid content. One limitation of
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using this fluorescence method is the fluorescence intensity, which is relative to compare
or estimate the intercellular lipid contents in microalgae; it is not an absolute content.
Staining of lipid standards and staining of algal cells resulting in different fluorescence
responses due to the different hydrophobicity and size are other drawbacks.

This dissertation also involves the employment of a series of oil-in-water
microemulsion standards stabilized by a non-ionic surfactant. This prepared pseudo
standards can mimic microalgae cells suspended in water. The fluorescence intensity of
neutral lipid from microalgae species was obtained by comparing with the O/W
microemulsions standards curves and then the actual neutral lipid contents of microalgae
were calculated. The established calibration standards method provided a reliable and
fast way in the determination of the neutral lipid in microalgae. It can be used as a
sensitive, quantitative, and high throughput method for screening of cellular neutral lipid
content in green algae as well as other classes of algae.

This part of the dissertation was to explore polymers’ thermal and chemical
properties affecting application of different polymer patterns materials in investment
casting processing. Three polymeric materials, including EPS foam produced from
expanded polystyrene using a blowing agent; FOPAT foam pattern made from a water
blown polyurethane and an epoxy resin based SLA pattern with an internal honeycomb
structure were characterized in the research. Thermal degradation behavior and glass
transition temperatures of these polymers were characterized by using TGA and DSC
techniques, respectively. Generation of HCN from thermal decomposition of FOPAT
pattern under different experimental conditions in lab-scaled muffle furnace and tube

furnace was discussed.
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Thermal degradation kinetics of epoxy resin pattern using various kinetic models
(differential and integral) were investigated by using TGA. These kinetic equations were
applied to studies concerning the epoxy resin pattern’s reaction to fire (ignition process,
flame propagation, evaluation of amount of toxic products generated, etc.) and to the
reactor design and optimization of the operating conditions in the thermochemical
processing of the material. Flynn-Ozawa-Wall and Kissinger methods were used to
calculate kinetic parameters of thermal decomposition of the epoxy resin pattern.

Degradation mechanisms were estimated by Coates-Redfern analytical fitting method.
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ABSTRACT

The application of rigid plastic foam for large investment casting patterns with
complex geometries can improve the dimensional tolerances and the surface quality of
the casting. However, these pattern materials promote crack formation in investment
casting shells during pattern removal using standard firing procedures. In typical
investment casting shell processing, drying stages provide an aging period which can
change the compatibility strains of the shell/foam assembly. In order to accurately
predict shell cracking occurrence during pattern removal, the aging strain of the pattern
must be considered. ASTM standard tests and independently developed experimental
methods were combined with finite element modeling to predict stress development in
the shell. The model takes into consideration the thermal properties of the pattern and the
shell materials to determine the heat transfer to establish a thermal gradient within the

materials. This is combined with mechanical properties to determine the thermal
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expansion stresses developed in the shell during firing. An experimentally measured
delay of the thermal expansion of the aged pattern was incorporated in a three-
dimensional nonlinear finite element model and used to predict possible crack formation
in the shells during pattern removal. The effect of pattern aging on crack formation in the
shell was experimentally validated. Recommendations for pattern removal parameters to
decrease stress and eliminate crack formation in the shell were formulated.
Key Words: ceramic shell, investment casting, crack, stress modeling, molding
INTRODUCTION

The investment casting process is generally used to produce small, thin walled
castings with high detail. The process begins with the manufacture of a pattern from an
easily shaped, inexpensive material. The most common material for patterns is wax but
different types of polymeric foam are also used'?. The pattern is dipped in slurry made
of inorganic binder and oxide flour usually containing some combination of fused silica,
zircon, alumina, or other ceramic material. Refractory granules referred to as stucco
(usually fused silica, zircon or alumina) are then applied to the wet slurry coating. The
combination of slurry and stucco makes a single coat which is allowed to dry before
subsequent coats are applied. The shell building process generally consists of three
different types of layers. Prime coats are designed to provide a better surface finish for
the casting and are applied first, usually in one or two coats. Backup coats are designed
to add strength to the shell and are applied after any prime coats; four to ten backup coats
are applied. The seal coat is designed to seal the stucco of the final backup coat and is
applied last®>’. The pattern is then removed from the unfired or green shell by melting or

decomposition in an autoclave or furnace. Whether done as a part of pattern removal, or
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as an additional firing process, the ceramic is sintered to increase the strength of the shell
such that the pressure of liquid metal will not cause cracks. Liquid metal is then poured
into the shell, which is usually preheated, to produce the casting.

Large patterns made from wax often do not have sufficient strength to hold their
shape due to their higher weight, especially in situations where the
pattern has unsupported extensions, leading to creep®. Polymeric foams were considered
as pattern materials in investment casting in an attempt to overcome some of the wax
deficiencies. Some of the first foams used were expanded polystyrene (EPS)®. This
material has much lower density than wax and, despite its lower strength, doesn’t suffer
from the self loading creep that is common with wax patterns, especially in larger
patterns. This becomes especially important to the dimensional stability of the pattern
during storage. However, EPS foams are also very buoyant which causes problems when
the pattern is initially dipped in the slurry. The forces on the pattern when submerged
can be high enough to distort or even break the pattern. EPS foam and wax patterns also
show some dimensional change when they are cooled after production. Because of these
issues, stronger, higher density polymeric foams are needed. Polyurethane foams fit
these requirements well and can be made in complicated shapes with high surface quality
and dimensional accuracy’®. However, polyurethane foams have high coefficients of
thermal expansion and high decomposition temperatures which can cause the pattern to
expand and break the shell during the pattern removal process®.

Preliminary aging of EPS patterns to control pattern dimensions has been
successfully implemented in lost foam casting'*. The use of aging to prevent shell

cracking is based on the change in pattern dimensions over time, especially at elevated
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temperatures'?>. The polymeric foam aging mechanism relates to the development of
crystallinity. An aged crystalline polymer has two phases: the crystalline phase and the
amorphous phase™. Preliminary aging of the polymeric foam pattern inside the green
shell may increase the ordered domain and crystallinity of the polyurethane pattern
during firing leading to volume reduction. Because of this, the effect of the thermal
expansion of the polyurethane could be reduced.

The objective of this research was to develop a model to predict the effect of
pattern aging on shell cracking. To achieve this goal, the aging properties of the
polyurethane foam were experimentally determined along with glass transition
temperatures and the Young’s modulus of aged foam. Additionally, samples were tested
for shell cracking by firing shelled patterns in various conditions. These data were used
in a finite element model to predict crack formation during pattern removal.
PROCEDURES
EXPERIMENTAL
Foam pattern properties

Polyurethane foam with density of 170 kg/m® was tested. Samples were cut from
the center of foam blocks with a cross-section of 7000 mm2. Compression testing of the
foam was used to determine the elastic modulus after aging at 100<€ for 24 hours.
Samples had a cross-section of 2580 mm2 and a thickness of 25.4 mm or 50.8 mm
(ASTM D1621)**. Thermal dilation during foam aging was measured using a laser
assisted dilatometer. Foam samples were cut into 50 mm long 18 mm diameter cylinders.
Two thin aluminum disks were placed on both ends of the foam and inserted into a quartz

glass tube (19 mm diameter) submerged in an oil bath. A small hole was present in the
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end of the tube to allow oil flow inside for improved heating of the sample. Another
quartz tube was placed on the upper aluminum disk. The expansion of the foam sample
was monitored through the linear movement of the upper tube using a laser proximity
probe with 1 m precision. The average temperature of the foam samples was collected
by averaging the reading of two thermocouples inserted in the oil bath, one of which was
inserted in a spare foam sample and the other thermocouple was left exposed to the oil.
The heating rate of the foam was approximately 1<C/min. Samples were held at various
aging temperatures and times, cooled back to room temperature and heated aging until
softening. Additionally one sample was heated and held at different temperatures in a
stepped fashion. Differential scanning calorimetry (DSC) was done on the foam in both
the aged and un-aged condition. The samples were stabilized by first heating from room
temperature to 180<€ in the instrument, then immediately quenched in liquid nitrogen
and held for 1 min. The 2mg quenched sample was then tested using DSC (TA
instrument DSC Q2000) from -38<€ to 210<€ at a heating rate of 20<€/min in a nitrogen
gas atmosphere.
Shell construction and properties

A simple pattern (50.8 x 63.5 x 63.5 mm) was prepared to test shell cracking
during burnout (Figure 1). The slurry consisted of colloidal silica binder (Megasol BI)
and fused silica flour (-200 mesh). Slurry viscosity was measured by Brookfield DVII+
Pro Viscometer. All coatings were applied at 800 2100 cP viscosity which is equivalent
to 19-22 seconds on a #5 Zahn cup. The patterns were submerged in the slurry until
completely covered and then removed and suspended over the slurry for approximately

50 seconds. During this time, the pattern was rotated and allowed to drain from different
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points to promote an even coating. A uniform distribution of stucco was then applied
using the rainfall method. This was done by continuously rotating the pattern so that all
surfaces were directly impacted by the falling stucco until no more stucco would adhere
to the surface. The stucco for the prime coat was granular zircon (-100+200 mesh) and
the stucco for the back-up coats was fused silica (-30+50 mesh). The seal coat used no
stucco. The samples were dried for at least four hours between coats. Shells were
fabricated with one prime coat, either three or five backup and one seal coat. The
samples with three backup coats had five total layers (3.8 mm average thickness) and the
samples with five backup coats had seven total layers (6.4 mm average thickness). After
the seal coat was applied the samples dried for another 24 hours. Half of the patterns
were then aged. After sample preparation the shells were fired in electrical resistance

box furnace using flash firing in a furnace preheated to 600 <C.

Figure 1. Shell built around foam pattern: 50.8 x 63.5 x 63.5 mm.

The maximum stress at rupture and elastic modulus of the five and seven layer

shells were determined using three point bend testing of green shells performed at room
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temperature according to ASTM C1161%. The tip of the testing fixture had a radius of
three mm. The bulk density of the shells was measured using Archimedes method in

distilled water according ASTM C20 using approximately 10 g samples®.

MODELING

A nonlinear coupled finite element model was developed to study the crack
formation in the shell during pattern removal. The model accounts for both mechanical
and thermal loadings and assumes a fixed interface between the pattern and shell. It is
capable of simulating the complete detail of pattern and shell behavior during the firing
process. To reduce computational time, one quarter of the pattern surrounded by shell
has been modeled and symmetric boundary conditions are applied at the cut planes. An
eight-node brick element is used to mesh the model. To mesh the pattern, all edges are
initially seeded by numbers. In order to obtain higher result accuracy and save
computational cost, additional seeds and biased seeds are used in critical regions and
fewer seeds in regions that are less of interest, and hex mesh shape and structured mesh
technique are used. The mesh of the finite element model for both the shell and foam
pattern is shown in Figure 2. Finer mesh is used near the corner of ceramic shell. 19,683
brick elements were used for the model. The contact properties between the pattern and

shell are defined as fixed in order to simulate the actual experimental process.
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Figure 2. Mesh of finite element model for the foam pattern and ceramic shell.

The formulation for the transient mechanical analysis can be written as:
(e} + [kelue} = {F°} + (E5)

1)
where: [M%] = [, p[N]7 N1V

(k1= [[BI[c][Blav

e} = fu, vow?™

[M%] is the mass matrix, [k%] is the stiffness matrix, {F*} and {Ff} are mechanical and
thermal loadings, & is shape function, £ is strain-displacement function, ¢ is elasticity

matrix, g is the density, and {w.v.wl™ are displacement components in a rectangular
Cartesian coordinate system.

The formulation for heat transfer can be expressed as:

[CElig%}+ [kE1{8%} = [0} (2
where: [¢f] = [, pe, NNV

[KE] = [, NTENGV

106
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{0} = [[NTqdS+ [, NTrdV
[C£1is the heat capacitance matrix, [k£1is the conductivity matrix, and {@*} is the external
flux vector. ¢, is the specific heat of the material, & is the thermal conductivity, g is the
surface heat flux, and » is the body heat flux generated by plastic deformation.

A smeared crack model was used to describe the response of the ceramic material
when a crack initiates. The crack model does not track individual “macro” cracks.
Cracking is assumed to occur when the stress reaches a crack detection criterion surface.
This failure surface is mathematical construction which is a linear relationship between
the equivalent pressure stress and the von Mises equivalent deviatoric stress. When a
crack has been detected its orientation is stored for subsequent calculations. Subsequent
cracking at the same point is restricted to being orthogonal to this direction since stress
components associated with an open crack are not included in the definition of the failure

surface used for detecting additional cracks®’.

RESULTS
EFFECT OF AGING ON FOAM PROPERTIES

The effect of time and temperature on foam aging is important when this behavior
benefits the process by reducing shell cracking. Appropriate aging times and
temperatures can be vital when applying this method to industry. A preliminary study on
the effect of aging was done with a sample that was heated and held at various
temperatures in a stepping fashion (Figure 3). This test shows that the aging rate

significantly increases at temperatures above approximately 80<€.
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Figure 3. Thermal expansion of the stepped aging sample showing increased shrinkage
above 80<.

Separate samples were then aged at various temperatures for 24 hours to
determine the effect of aging temperature on the maximum shrinkage, and expansion
after aging (Figure 4b). These results suggest that shrinkage from aging increases at
temperatures above 60€. Temperatures above 100€ were not tested because these
temperatures are high enough to cause shell cracking from pattern expansion. Samples
were also aged for various amounts of time at 100<€ to determine the effect of aging time
on the amount of shrinkage (Figure 4). The results show that after 24 hours the amount

of shrinkage does not significantly increase until the aging time is longer than 48 hours.
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Figure 4. Example of an aging test of polyurethane foam at 100<€ (a), maximum
expansion/shrinkage of polyurethane foam after 24 hours aging at various temperatures
(b) and final shrinkage of polyurethane foam after aging for various amounts of time at

100<C (c).
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The coefficient of thermal expansion (CTE) of an un-aged sample of polyurethane
foam at temperatures below 90<C is approximately 80 x10° <C* while above that
temperature the CTE increases to 400 x10° <™. At approximately 155<C the foam stops
expanding and begins to soften. At this point the CTE becomes slightly negative. Aged
samples showed similar CTE behavior and foam softening temperature, but because the
sample had contracted during aging and did not return to its original size until it had been
heated to approximately 80<C, the net expansion of the aged foam relative to a shell mold

of fixed dimension was less (Figure 5).
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Figure 5. Comparison of the thermal expansion of an aged and un-aged sample.

To study the physico-chemical nature of polyurethane foam aging, DSC testing of
the foam was performed. Results showed two endothermic peaks, indicated by changes
in slope, one at approximately 60 and another at approximately 140<€ (Figure 6). The

60< peak is a glass transition temperature and matches well with the transition in CTE.
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The 140<€ peak matches the foam softening temperature and is associated with the break

down of the crystalline structure.

Heat Flow, mW

1 >7 140

_2 T 1
-50 50 150 250

Temperature, °C

Figure 6. Example DSC results of polyurethane foam showing glass transition
temperatures.

The elastic modulus is an important property of foam patterns used for investment
casting because of its impact on shell cracking. The effect of aging on the elastic
modulus of the foam was determined by comparing the results of compression testing of
aged and un-aged samples at room temperature. The average elastic modulus of un-aged
samples was 53 MPa and the average modulus of samples that were aged at 100€ for 24
hours was 52 MPa. This implies that aging has no significant effect on the room
temperature mechanical properties of foam pattern. Temperature dependent values of the
elastic modulus of the foam are required to accurately simulate stress in the shell during

18, 19

pattern removal. These values were determined using the known tendency of the

elastic modulus to degrade above the glass transition temperature. In the model the
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elastic modulus begins to degrade at 80<C until it is near zero at the foam softening

temperature.

CERAMIC SHELL PROPERTIES

The maximum failure stress and elastic modulus of the shell were experimentally
determined for shells with five and seven layers using three-point bend testing performed
at room temperature. Five samples for both types of shells were tested and the calculated
values are included in Table 1. The failure stress for the five layer shells was lower than
the seven layer shells while the five layer shells had a higher elastic modulus. The
variation in mechanical properties is likely due to a higher percentage of zircon stucco in

the five layer shells.

Table 1. Strength and density of shells.

Property 5 Layer Shell 7 Layer Shell
Shell thickness, mm 3.8 0.3 6.4 +0.5
Maximum stress, MPa 4.4 +05 7.2%11
Elastic modulus, MPa 3411 +518 1995 +314
Bulk density, kg/m® 1920 +220 1800 +30

MODELING RESULTS

The experimentally verified thermo-mechanical properties for the pattern and the
shell were used as input into the model (Table 2). The foam is assumed to decompose
when it reaches a temperature of 155<C. Instead of modeling the actual shrinkage that
occurs during aging, the CTE from room temperature to 80<€ for aged samples is set to

zero in the simulation. A zero CTE prevents stress development in the shell by
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approximating the gap formed by aging and the subsequent free expansion of the pattern
until the pattern expands to fill the gap (Figure 7). In addition to the experimental data in
Table 1, thermal conductivity and specific heat capacity data were used® 2%, The
thermal boundary conditions for flash firing at 600<€ used in the simulations are shown
in Table 3. Modeling was completed for aged (1L00<€ for 24 hours) and un-aged samples

with pattern dimensions of 50.8 x 63.5 x 63.5 mm.

Table 2. Material properties for modeling® 2%,
Property Polyurethane Foam 5 Layer Shell 7 Layer Shell
Density, kg/m’ 170 1800 1800
Poisson’s ratio 0 0.24 0.24
Heat capacity, J/gK 1.3 0.65 0.65
Thermal conductivity, W/mK 0.06 1 1
CTE, K* See Figure 7 2x10° 2x10°
—t— | Jnaged
400 - 2 .
= 100 "C Aging
300 +
200 -

Coefficient of Thermal
Expansion, x 106C1

o .

] 50 100 150 200
Temperature, C

Figure 7. CTEs used in simulation for aged and un-aged samples. This shows the
assumptions made for the aged sample to approximate aging shrinkage in the model.
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Table 3. Thermal boundary conditions.

Parameters Flash Fire
Oven initial temperature 600C
Shell surface convection coefficient 20 W/m?K
Emissivity of the shell surface 0.3

An example of the modeling results for flash fire at 600<C for aged and un-aged
patterns with shell thickness of 6.4 mm is included as Figure 8. The maximum stress in
the shell occurs when the boundary temperature between shell and pattern reaches the
foam softening temperature. At that temperature, the applied pressure begins to decrease
as a result of foam softening. This critical temperature was experimentally defined from
the thermal expansion results. The maximum stress for both aged and un-aged samples

occurs at the internal edges of the shell (Figure 8). Compared to aged, an un-aged sample

produces a much higher stress concentration in the shell.

Aged at 100°C for 24 hours
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Figure 8. Maximum principal stress distribution of the shell at the end of flash firing and

for aged and un-aged foam patterns.
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DISCUSSION

Crack formation in the shell during rigid foam pattern removal by heat treatment
depends on multiple parameters which can be divided into the following groups:

Group 1 - foam properties, most important of which include elastic modulus, thermal
expansion, softening temperature and aging

Group 2 - shell properties, most important of which include failure stress, elastic
modulus, and shell wall thickness

Group 3 - firing regime, continuous heating versus flash firing in high temperature
preheated furnace.

The effect of aging after shell building and before pattern removal on
polyurethane foam properties and shell cracking during pattern removal was investigated.
Longer aging times were shown to increase the amount of shrinkage, especially for times
less than 24 hours. After approximately 20 hours the shrinkage for a pattern aged at
100<€ subsides due to nearing completion of the transformation from an amorphous
structure to a crystalline structure (Figure 4a).

When aging temperature is above the glass transition temperature indicated by
DSC (approximately 60<€) the amount of shrinkage increases from zero to 0.5% (Figure
4b) supporting the idea that the transformation of the polyurethane foam from amorphous
to crystalline is the aging mechanism. Activation energy for aging was determined from
the shrinkage in Figure 3. The activation energy was approximately 600 J/mol when
aging was below 80 and 1800 J/mol when above 80<€€. Foam aging was not found to

increase or decrease the elastic modulus of the polyurethane foam.
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During pattern removal the strain in the pattern consists of aging strain, thermal
strain and elastic strain and the strain in the shell consists of thermal strain and elastic
strain. The small amount of shrinkage caused by aging induces a negative strain in the
pattern. This negative strain reduces the overall strain in the pattern and shell at their

interface thus lowering the stress developed in the shell (Figure 9).

7
= = = = |Jnaged s
E 6 7 —,ﬂ'ged ’
=
w2
o
[ -
b
E3 -
E
-E 2 -
m
=1
-'-‘
D __# T T T
0 50 100 150 200 250

Interface Temperature, °C

Fig. 9. Comparison of stress development in the 6.4 mm thick shell for aged and un-aged
foam patterns showing significantly higher stress in un-aged patterns.

This concept was applied to a shell cracking model to show the effect of aging on
the stress developed in the shell during pattern removal and specific cases were
experimentally verified in the laboratory shell cracking test (Figure 10). The comparison
of experimental results and prediction of crack formation in the model are given in Table
4, indicating that modeling is consistent with experimental results. Aging the patterns
significantly reduced the stress in the shell during pattern removal. Aging prevented
cracking of the 3.8 mm thick shells and lowered stress development in the 6.4 mm shells

(Figure 9).
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Table 4. Comparison of simulation and experimental results.
Shell Thickness

Case No (mm) Aging Shell Fail (Simulation) Shell Fail (Experiment)
mm
1 6.4 Not Aged No No
2 3.8 Not Aged Yes Yes
3 6.4 Aged 100 C No No
4 3.8 Aged 100 C No No

Fig. 10. Example of crack formed in the shell during pattern removal.

CONCLUSIONS

Aging reduces the stress in the shell by producing shrinkage which lowers the
compatibility strain on heating and its consequent elastic stress development. A model
was developed for predicting crack formation in investment casting shells due to pattern
expansion. The model accurately predicts the presence of cracking during pattern
removal for un-aged patterns with five layer shells. The results of the model and the
experiments demonstrate that aging patterns can be an effective way to prevent shell

cracking during pattern removal. To effectively prevent shell cracking it is recommended
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that aging be done above the glass transition temperature (60T - 100<C) for at least 24

hours.
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Figure 1 Scheme of micelle in an aqueous solution
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GRAVIMETRIC METHOD FOR LIPIDS EXTRACTION

By far the best known total lipid extraction method is the Bligh and Dyer method,
which has become one of the most recommended methods for determining total lipid.
50mg of freeze-dried algae sample was weight into a vial (Ws) and a mixture of CHCl -
MeOH-H,0 (volume ratio: 1/2/0.5ml) was added. The vial was sonicated for 10 minutes
and then centrifuged at 2500rpm for another 10 minutes. The supernatant in the vial was
transferred to a large vial. The extraction steps were repeated for 3 times. 4mL H,O and
3mL CHCI; were added to the pooled extract in the large vial. The mixture in the vial
was shook vigorously and left overnight for separation into two layers. The top layer
(mainly H,O) was removed and discarded. 5mL of H,O was added to wash the lipid-
containing bottom layer (mainly CHCI3). The bottom layer was transferred to a pre-
weighed vial (Wy), and 2x1 ml of CHCI; was used to transfer remaining residue. The
CHCI; was evaporated with gentle heating (~45 C) for overnight. The total weight of the
vial with lipid (W) was recorded. The percentage of lipid content in microalgae was
calculated by the following equation,

Llpld % = (WL+V — Wv)/ Wg
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SPE FRACTIONATION FOR EXTRACTED LIPIDSN

1. Preparation of SPE packed column

The silica SPE columns were prepared in the lab. 1g silica gels (diameter 5pm)
with high purity grades were dried in oven at 110 C overnight to remove chemically
bound water. The activated silica gels consist of a mass of interlacing silica threads
forming a multitude of micropores. Then the activated silica gels were placed in a
desiccator to cool. A glass tube with 1cm diameter was used as SPE column. The
bottom of the glass tube was occupied by a thin layer of glass wool to prevent the leaking
of silica gels. Then 1g activated silica gels were filled gradually and firmly in the glass
tube. On the top of silica gel, a small amount of anhydrous sodium sulfate (NaSO,) was
filled to keep the activated silica gels absorbing moisture from air. The length of filled
silica gel in the glass tube was about 4cm. The Figure 1 showed the scheme of prepared

SPE packed columns.

Figure 1 Scheme of the lab prepared SPE silica gel columns
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2. Fractionation process

Before the fractionation, the SPE column was conditioned with 10mL chloroform
and then approximately 10mg lipids dissolved in 100 chloroform was loaded to the
column. 10mL chloroform was slowly added to the column and the analyte of non-polar
lipid was eluted in a pre-weight vial with the force of gravity. After the elution of non-
polar part was finished, a 10mL methanol was gradually added in the SPE column to
elute the analyte of polar lipids in another pre-weight vial. The vials filled with non-polar
and polar lipids were placed on a heating plate (~45 C) to evaporate the organic solvents
of chloroform and methanol, respectively. Finally the weight of lipids with vial was
recorded and the weight percentages of non-polar and polar lipids from the total lipids

were calculated. Each sample was performed triplicate.
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FAMES ANALYSIS

Microalgal lipids contain primarily polar structural lipids such as phospholipids and
glycolipids together with neutral storage lipids such as monoglycerides (MAGS),
diglycerides (DAGSs) and triglycerides (TAGs). The fatty acids present in triacylglycerol
(TAG) are of commercial interest due to their wide applications in transportation fuels,
nutraceuticals (®-3 fatty acids) and food commodities. The fatty acid (FA) composition
may differ between lipid classes. A method to determine the content and composition of
total fatty acids present in microalgae is described.

1. Lipid derivatization

It is a requirement that the sample to be analyzed should be volatile for GC
analysis. Lipid must experience derivation reaction by methylation to form fatty acid
methyl esters (FAMES) in order to enable chromatographic separations. During
methylation, lipids are transterified in the presence of a catalyst (alkaline or acids) and a
short-chain alcohol that replaces the glycerol moiety. The methylation process was

presented in Figure 3.

Q
R—O—C—R
H2C—O—6—R1 !
| O Catalyst O OH
HC—0—C—R, + R-OH — — » R—0—C-—R, + HO_A_oH
‘ Q 0
H2C_O_C_R3 R—O—&—Rs
Triglyceride Alcohol Fatty acid esters Glycerol

Figure 3 Methylation process of lipids
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The use of alkaline catalyst would not be suitable due to the possibility of
saponification reaction in the high FFA (free fatty acid) containing oils*3. In this paper,
the inorganic acid, sulphuric acid (H,SO,) was chosen to be as catalyst for methylation of
the lipid. 5mg lipid sample was dissolved in ImL toluene, and then 2mL 1% sulfuric
acid in methanol was added. The mixture was placed in a stoppered tube and kept in a
heating plate at 50 C for 24h. After the completion of methylation, 5mL aqueous sodium
chloride solution (5%, wt/wt in water) was added in to the mixture and the required
methyl ester were extracted with 3mL hexane. Necessary dilutions were made before
injection for GC analysis.

2. GC-FID analysis

The FAMEs obtained were separated by gas chromatography (GC) and flame
ionization detection (FID) (Perkin Elmer, Autosystem). A GC column of length 30m, ID
0.250mm, film 0.25pm (J&W, Agilent Technologies) was used with the following time-
temperature program: 100-200 C at 20 ‘C/min, 200-240 C at 4 C/min, 240 C (10min).
Helium was used as a carrier gas. Both of the injection and detector temperatures were
set at 250 C and injection volume was 1pL. Peak areas were quantified with the Al-450
data stations (Dionex). Standards (Restek Corporation, Bellefonte, PA) containing a total
of 6 different FAMEs, including methyl palmitate (C16:0), methyl stearate (C18:0),
methyl oleate (C18:1), methyl linoleate (C18:2), methyl linolenate (C18:3) and methyl
arachidate (C20:0) were analyzed for provisional peak identification 0.1, 0.2, 0.4, 0.8,
1.0mg/mL of total FAMES concentration were prepared in order to establish the

calibration curve (see Figure 4).
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Figure 4 The calibration curves of six FAME standards. Each sample was analyzed in
triplicates
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Methyl linolenate (C18:3)
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Figure 4 The calibration curves of six FAME standards. Each sample was analyzed in
triplicates (cont.)

From Figure 4, there was a good rectilinear response for each individual fatty acid.
All correlation coefficient values achieved linearity of greater than 0.980. The
composition and content of corresponded fatty acids from the microalgal lipids can be
calculated based upon the obtained calibration curves of each fatty acid.

The prepared fatty acid methyl esters were analyzed using GC-FID instrument
with the same experiment conditions as for the calibration standards. The GC
chromatograms of fatty acid methyl esters from the four different microalgal species were
given in Figure 5. It was observed that all the fatty acid peaks were presented in sharp
shape and well separated with high resolution. The calculated fatty acid composition as a

percentage of total fatty acid was showed in Table 1.
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Table 1 Fatty acid composition as a percentage of total fatty acids. Three replicate
determinations were performed for each sample.

C16:0 C18:0 Ci18:1 Cc18:2 C18:3
Botryococcus b. 9.44.0 1.340.3 4.440.8 19.0+2.3 21549
Chlorella p. 4.54).6 - 0.140.0 4.34).3 5.640.9
Haemetococcus p. 10.540.9 0.640.0 3.34.1 10.3#+.2 4.0140.1
Scenedesmus g. 4.640.4 - 1.440.2 2.240.1 8.740.6
Botryoceccus b.
— c183
C1|8:2 |
C16:0
| C18:1
" 015‘:0‘
A 1 A,
v T T T T
Chlerella p.
01‘6:0 Cl|8:2 (3‘18:3
' JL c18:1n A
o )
' ] ] ! ! T ; ; :

Figure 5 The GC chromatograms of FAMEs of extracted lipids from microalgae. Each
sample was analyzed in triplicates
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Figure 5 The GC chromatograms of FAMEs of extracted lipids from microalgae. Each

sample was analyzed in triplicates (cont.)

The fatty acids C16:0, C18:0, C18:1, C18:2 and C18:3 were all found in these

four microalgal species except that the content of methyl stearate (C18:0) was below the

detection limit for both Chlorella p. and Scenedesmus q.. It was also found that all the

microalgal species contained few methyl arachidate (C20:0) under the cultivation

conditions in the lab.
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The storage lipids in Haemetococcus p. was found to consist largely of the SAFA
palmitic acid, C16:0 (10.5%) and the PUFA methyl linoleate C18:2 (10.3%). It was also
revealed that 56% of the total TAGs in Botryococcus b. consisted of around 20% of both
PUFA C18:2 and C18:3. Thereof, Botryococcus b. is a potential candidate resource for

preparation of biopolymers, such as polyols, epoxies and polyurethanes.
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MAGMASOFT SIMULATIONS OF LOST FOAM CASTING (LFC)

To investigate the effects of high temperatures and radiant heat transfer modes
present in steel casting. The LFC processes were simulated by using Magmasoft-
LostFoam module. The simulation processes were performed changing with two
different thickness of coating and three different densities of polystyrene (Table 1). The
thermophysical properties of polystyrene used for parameters inputs in the Magmasoft-

LostFoam module are listed in Table 2. The steel pouring temperature is 1600 C.

Table 1 Coating thickness and polystyrene densities used for Magmasoft simulation

Coating Thickness (mm) Gas permeability

0.1 0.1
0.2 0.02

Polystyrene Density (Kg/m®)

25
57
73

A simple geometry modeling of steel LFC is showed in Figure 1. The LFC
simulation results of polystyrene with three different foam densities and two coating
thickness are displayed in the Figure 2 and 3, respectively. It showed that foam densities
and coating properties are the factors which can influence the filling process. The LFC
process with higher density of foam needs more time to fill. The thicker coating or low

permeability of coating could slow the LFC process.
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Table 2 The thermophysical properties of polystyrene used for Magmasoft simulation

Property Value Unit
Glass transition temperature 80 [
Vaporization temperature 200 T
Density of solid foam 25,57, 73 Kg/m®
Density of liquid foam 1000 Kg/m®
Density of vapor foam 1.2 Kg/m?
Heat Conductivity of solid 0.045 W/m K
Heat Conductivity of liquid 0.075 Wim K
Heat Conductivity of vapor 0.02 W/m K
Specific heat of solid 1700 Jkg K
Specific heat of liquid 1700 Jlkg K
Specific heat of vapor 1000 Jkg K
Activation Energy 113044 J/ mol
Reaction frequency factor 6x10° 1/s
Vaporization enthalpy 499005 J/kg

s Project: steel Version: v01 Directory: C:MAGMA-V4.4\MAGMAsoft\steelw01

Inlet

STEEL

Gating

STEEL

Lost Foam
LostFoam_mat

b

Viow Geomety MAGMA

Figure 1 A simple geometry modeling of steel LFC
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Figure 2 The resulting temperature distribution of the melt and receding polystyrene foam
at a particular time (0.5, 1.7, 2.8, 3.9, and 5s, respectively from top to bottom). The
density of polystyrene was 25, 57, and 73Kg/m®, respectively from left to right. The

coating thickness was 0.1mm.



139

1

[
Fows yitzesarediiind §

.4§

4

[
A L 3

"jflfl

[T
e LU LTI LB

p

iq

[
e LLLELL LI ELL B

iq

.
BTUTHE R

Mo 8

__"E"'
| === wGud

U J

Figure 3 The resulting temperature distribution of the melt and receding polystyrene foam
at a particular time (0.5, 1.7, 2.8, 3.9, and 5s, respectively from top to bottom). The
density of polystyrene was 25Kg/m®. The coating thickness was 0.2 and 0.1mm,
respectively from left to right.
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