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Sodium Silicate and Hydrolyzed Collagen as a Hybrid 
Core Binder for Pollution Prevention in Foundries 

Joshua Allen 

(Abstract) 
 

Pollution management is an essential task in the manufacturing of cast metals.  

Conventional foundry production practices are currently being challenged by ever 

tightening environmental regulations. Herein, an emerging pollution prevention core 

binder is studied as a potential sustainable and cost efficient alternative to help meet 

volatile organic compound (VOC) air emission standards. 

Petrochemical sand core binders are favored for their thermal stress resistance 

during metal pouring and then for their ability to subsequently shake-out after metal 

solidification. However, when the molten metal is poured into the mold and around the 

petrochemical cores, the core binder decomposition releases VOCs that are then released 

into the surrounding environment. The goal of this research was to evaluate and advance 

the development of a sodium silicate and hydrolyzed collagen core binder to prevent 

VOC formation by petrochemical binder replacement. 

The first study discussed in this thesis is of a full-scale demonstration of 244 

sodium silicate and hydrolyzed collagen bonded sand cores used in casting trials in a 

production foundry. The results showed that  no core-related casting scrap rate was 

achieved and that core shake-out was satisfactory. These favorable results were achieved 

with proper storage of the cores before they were used. Following this trial, lab scale 

studies were performed to evaluate core binder performance. These studies revealed 

optimum binder levels to develop tensile strength returns at ambient temperatures. 

Conventional sodium silicate catalysts were not a viable means of core box curing and 
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the hybrid sodium silicate and hydrolyzed collagen binder system was hydroscopic. This 

information, along with many core making efficiency improvements, was used to carry 

out a large scale casting demonstration with 3,476 cores. During the use of these cores at 

a full-scale foundry, pouring, cooling, and shake-out VOC emissions were 31% higher 

when conventional phenolic urethane cores were used than when these novel trial cores 

were used. In conclusion, this thesis supports sodium silicate and hydrolyzed collagen as 

a niche VOC-reducing alternative to petrochemical binders with the caveat that future 

work is needed to enhance core-related casting surfaces and storage humidity resistance 

of cores.  
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Chapter 1 Introduction 
1.1 Overview of Metal Casting 
 

Metal casting is utilized around the world to manufacture items ranging from 

medical equipment to airplane turbine engines. The most common method of casting 

metal is to pour the desired molten alloy into a two-halved green sand mold (Figure 1.1). 

This process accounts for 60% of all metal cast in the United States (Energetics, 1999). 

The molds are a mixture of sand, clay, water, and other additives that have been 

compacted around a pattern. Compaction can either be done by hand, or it can be 

automated for high-volume casting foundries. Automation is often performed by a 

DISAMATICTM, which forms vertically parted mold halves in sequence on a conveyor. 

Once the metal alloy has been melted and treated, the pattern is then removed, the mold 

halves are put back together, and the molten metal is then poured into the resulting 

negative image. When the liquid metal solidifies, a solid metal casting is left in the shape 

of the original pattern.  

When a cavity is required in a metal casting (e.g. the hole in a plumbing valve) a 

separate sand core is needed in addition to the sand mold. Sand cores are most often 

composed of silica sand and a binding agent. The binding agent is designed to resist the 

high thermal stress of the molten metal being poured on and around it. However, after the 

metal has solidified, the binder must begin to degrade to allow easy core removal, prevent 

casting defects, and to make post-casting treatments more efficient. Once the core has 

degraded and the metal has solidified, the green sand mold is broken apart and then 

reclaimed along with the collapsed core to be used again. Finally, the casting gating 

system is separated from the casting, which are then recycled as well. Most foundries also 
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use in-house post-processing treatments to further ready the casting for commercial use. 

These treatments can include grinding, blasting, painting, and sub-assembly.  

    
a) A pattern is used to 
imprint the negative 
image of the desired 
shape into the green 

sand mold. 

b) If a cavity is 
required in the 

casting, a core must 
be used. 

c) Once the core has 
been inserted, the 

other half of the mold 
can be added. 

d) Molten metal can 
now be poured into 

the mold and around 
the core. 

    
e) As the metal 

freezes, the core must 
begin to break down. 

f) Once the metal has 
completely solidified, 
the mold and core are 

removed and 
recycled. 

g) The molten metal 
gating system is 

removed and then 
recycled. 

h) Finally, post- 
processes may be 

applied to the casting 
(i.e. painting, grinding, 

or sub-assembly). 
Figure 1.1 Cross-sectional view of a green sand mold casting with a core. 

1.2 Market Size & Expected Growth 
 
 The United States is currently second to China in terms of how much metal is cast 

annually (Table 1.1). In the coming years, the United States is expected to drop behind 

India. This forecast has been attributed to lower wage scales and relaxed environmental 

standards in many competing countries. These factors allow some foreign competitors to 

manufacture castings more economically, which in turn allows them to charge less for 

their castings, even after factoring in heightened transportation costs (Energetics, 1999). 

This trend has occured for the past several decades, with only 1996, 2000, and 2013 

being growth years in terms of metal casting production capacity (Table 1.2). Currently, 



3 
 

10 states hold approximately 77% of this production capacity (Figure 1.2) (Energetics, 

1999).  

Table 1.1 Global metal casting production (American Foundrymen’s Society, 2013). 

Country Total Cast Gray Iron Ductile 
Iron Steel Nonferrous 

China 41,260,000 19,680,000 10,375,000 5,395,000 5,130,000 
U.S. 10,008,000 3,064,000 3,841,000 977,000 2,126,000 
India 9,994,000 6,864,000 1,090,000 1,140,000 900,000 
Japan 5,474,008 2,229,758 1,635,500 218,181 1,390,569 
Germany 5,466,696 2,576,150 1,698,235 217,548 974,763 

*All units are in metric tons 
 

Table 1.2 Number of U.S. foundries, metal casting capacity, 
and capacity utilization by year (American Foundrymen’s 
Society, 2013). 

Year No. of 
Foundries 

Capacity 
(tons) 

Capacity 
Utilization 

1955 6,150 25,500,000 74% 
1982 4,100 22,607,000 55% 
1986 3,870 19,820,000 65% 
1990 3,300 18,000,000 76% 
1991 3,200 17,666,000 66% 
1996 2,910 17,682,000 79% 
1999 2,830 17,468,000 80% 
2000 2,800 17,854,000 77% 
2001 2,770 17,830,000 72% 
2002 2,700 17,770,000 76% 
2003 2,620 17,600,000 79% 
2004 2,480 17,575,000 81% 
2005 2,380 17,330,000 82% 
2006 2,336 16,930,000 84% 
2007 2,190 16,800,000 75% 
2008 2,170 16,720,000 73% 
2009 2,130 16,401,000 51% 
2010 2,060 15,664,000 65% 
2011 2,040 15,390,000 75% 
2012 2,010 15,308,000 80% 
2013 2,001 15,750,000 82% 
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Figure 1.2 State-level breakdown of foundries in the U.S.  

(American Foundrymen’s Society, 1999) 
 

Despite some capacity increases, the total 

number of foundries have been continuously 

decreasing since 1955 (refer back to Table 1.2). This 

consolidation has allowed capacity utilization to 

remain relatively constant over the past two decades, 

except for the recession years of 2009 and 2010. In 

the same light, metal casting imports as a percentage 

of demand have stayed moderately constant for the 

past several years (Table 1.3). This shows that, despite robust foreign competition, 

consumers are still choosing to purchase the majority of their castings domestically. It is 

unlikely that government contracted castings, large castings, complex specialty castings, 

or specialty alloy castings will be taken outside of the country for production in the near 

future.  

Table 1.3 U.S. casting imports as a 
percentage of demand (American 
Foundrymen’s Society, 2013). 

Year Import 
Castings 

1997 7% 
2004 18% 
2007 21% 
2008 24% 
2009 23% 
2010 23% 
2011 23% 
2012 22% 
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  As of the last Survey of Manufacturers, the metal casting industry employed 

227,349 people with an annual payroll of $7,564,303,000 (U.S. Department of 

Commerce, 2000). Metal casters produced and shipped $29,131,392,000 worth of goods 

(U.S. Department of Commerce, 2000) to a diverse group of end users (Figure 1.3). In 

fact, 90% of all manufactured goods in the United States contain at least one cast metal 

component (U.S. Environmental Protection Agency, 2008). However, despite this 

statistic, competition from substitute industries is still a real concern. Cast metals can be 

replaced by other materials (e.g. plastics and ceramics) as well as by other metalworking 

industries (e.g. forging, welding, and rapid prototyping) (Energetics, 1999). In 

conclusion, while the metal casting industry may not exhibit large future growth, its 

historical gradual decline appears to be leveling off. 

 
Figure 1.3 Industries served in the U.S. by metal casting 

 producers (American Foundrymen’s Society, 1999). 
 

1.3 Environmental Factors 
  
 Foundries are regulated by a host of environmental legislature, including the 

Clean Air Act, the Clean Water Act, the Pollution Prevention Act, the Emergency 

Planning and Community Right-to-Know-Act, and the Resource Conservation and 

Motor 
Vehicles 

35% 

Other 
26% 

Pipes & 
Fittings 

15% 

Mining 
6% 

Internal 
Combustion 

Engines 
5% 

Railroad 
5% 

Valves 
5% 

Farming 
Equipment 

3% 
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Recovery Act (Energetics, 1999). Complying with these laws costs the foundry industry 

millions of dollars in operating and capital expenditures. For example, in 2005, foundries 

spent $453,100,000 in pollution abatement operating costs and $89,000,000 in pollution 

abatement capital expenditures (Fox, 2013; U.S. Census Bureau, 2005).  This was a 

considerable proportion of the foundries’ total capital expenditures. For operating costs, 

this breaks down to $236,200,000 for pollution treatment, $38,500,000 for pollution 

prevention, $38,500,000 for material recycling, and $139,900,000 for waste disposal 

(Fox, 2013; U.S. Census Bureau, 2005). By medium, air pollution cost foundries the most 

in both operating and capital expenditures, with solid wastes in second, and water 

pollution in third. In fact, 53.6% of their total pollution abatement operating expenditures 

and 78.4% of their total pollution abatement capital expenditures were spent on air 

emissions (U.S. Census Bureau, 2005). Current foundry air emission treatment 

technologies include cyclones, scrubbers, baghouses, and electrostatic precipitators (Fatta 

et al, 2007; World Bank Group, 2009).  

 There are multiple sources of air emission pollution within foundries. Of the 189 

hazardous air pollutants (HAPs) regulated by the Clean Air Act, over 40 of them have 

been discovered in foundry air emissions (Technikon, 2000; Glowacki et al, 2003; Fox et 

al, 2002; Wang et al, 2007). More than 90% of these foundry HAPs are organic based, 

and approximately 80% of them are either benzene, toluene, or xylene compounds 

(Technikon, 2000; Glowacki et al, 2003; Fox et al, 2002; Wang et al, 2007). The primary 

VOC and HAP release points occur during mold production, casting, and shake-out (S.A. 

Environmental Protection Agency, 2014; World Bank Group, 1998). Glowacki et al 

found that between 30% and 70% of these VOC emissions can be attributed to the 
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breakdown of petrochemical core binders during the aforementioned processes 

(Glowacki et al, 2003). This large variation is due to the availability of many different 

core binders that each present different levels of VOC contribution, as well as the degree 

to which the foundries use these core binders.  

The Pollution Prevention Act states that the most optimal way of reducing 

manufacturing waste is to eliminate the source of the pollution (Energetics, Inc., 1999; 

U.S. Environmental Protection Agency, 1998). There is a great opportunity to reduce 

VOC air emissions in foundries at the source by replacing conventional petrochemical 

core binders. In light of this, a sodium silicate and hydrolyzed collagen hybrid core 

binder has been proposed to help prevent some of the 19,000 tons of VOCs produced by 

the U.S. foundry industry annually (U.S. Environmental Protection Agency, 1997).  

1.4 Research Objectives 
 

Research objectives were set to guide the work presented in this thesis. The 

collective aim of these objectives, and in turn this thesis, was to evaluate and advance the 

development of a sodium silicate and hydrolyzed collagen core binder to minimize VOC 

formation during casting pouring, cooling, and shake-out by petrochemical binder 

replacement. The state of the market and environmental regulation climate is appropriate 

for the implementation of a sustainable and cost effective alternative to petrochemical 

binders. However, many of the fundamentals of this hybrid binder system are still 

unknown. To that end, five objectives were set to discern binder-related casting quality, 

ambient physical characteristics, core making process dynamics, and foundry VOC 

reduction. The objectives have been as follows: 
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1. To provide further insight into the iron casting quality (i.e. core-related scrap rate) 

of the binder system.  

2. To determine the core strength and durability for different binder component 

levels, storage conditions, and curing techniques. 

3. To evaluate the effect of different core machine process dynamics on core cycle 

times and core quality.  

4. To conduct full-scale manufacturing casting trials with VOC stack tests in order 

to gauge the hydrolyzed collagen and sodium silicate core binder system’s impact 

on foundry VOC creation. 

5. To present this opportunity to select foundries.  

Four sets of experiments were designed to attain these research objectives. A 

production scale demonstration of 244 cores was carried out at Hitachi Metals 

Automotive Components (HMAC) to achieve objective 1. For objective 2, silica sand 

“dog bone” cores were produced to test core binder tensile strength and scratch hardness 

under different conditions. Next, a full-scale Harrison Machine Company core making 

machine was used for objective 3 in order to determine rates of complete core curing with 

different process conditions. Then, to achieve objective 4, another HMAC production 

casting trial was conducted using 3,476 cores. An independent contractor was used to 

monitor VOC stack emissions during the casting trial. Also, as a part of NSF I-CORPS, 

the team contacted select foundries, especially ones in Pennsylvania, regarding these low-

VOC opportunities. 
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1.5 Thesis Outline 
 

This thesis is divided into eight chapters. Chapter 1 provides an introduction to 

metal casting with emphases on the manufacturing process, an economic overview of the 

industry, and current environmental concerns. The chapter concludes with research 

objectives that are individually addressed in the ensuing chapters. In Chapter 2, further 

background is given about core binders, supported by the relevant literature. This chapter 

takes a top-down approach by first discussing core binders in general and then the 

individual components of the hybrid binder. Chapter 3 is used to provide an analysis of 

the materials used. Experimental procedures for these analyses are described in 

appropriate sub-sections of the subsequent chapters. 

Chapters 4, 5, 6, and 7 contain the body of the research conducted in this thesis. 

Chapter 4 covers the small-scale trial demonstration, and Chapter 5 examines laboratory 

scale studies of core binder performance under different conditions. Chapter 6 describes 

core making process improvements and Chapter 7 covers the large-scale trial 

demonstration with emissions monitoring. Each chapter is designed to address one of the 

technical research objectives with all of the pertinent experiments that were performed. 

These chapters take a more scientific format, and as such, they have each been sub-

sectioned into Introduction, Procedure, Results, Conclusions, and References. Finally, the 

thesis is brought to a close in Chapter 8. In this chapter, a brief project summary is 

provided and considerations for the future are conveyed.  
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Chapter 2 Background 
2.1 Core Binders 
  

There are four common methods used to cure binders when making sand cores 

which include the hot box, cold box, warm box, and no-bake processes (Table 2.1). Hot 

box binders usually take the form of a phenolic resin that is mixed with a catalyst 

consisting of an aqueous solution of ammonium salts (Brown, 2000; Pilato, 2010). The 

sand mixture is blown into a “hot box” (i.e. 

a core box heated to between 356 ◦F and 

450 ◦F) which uses heat to liberate acid 

vapor from the catalyst, enabling a 

hardening reaction (Brown, 2000; Pilato, 

2010). Cold box binders are cured at room 

temperature by combining two solvents 

together with sand and then gassing the 

mixture with an amine gas such as 

triethylamine or dimethylethyl amine 

(Brown, 2000; Pilato, 2010). In the case of 

cold box cured phenolic urethane, the first 

solvent is a phenolic resin and the second is 

a polyisocyanate (Brown, 2000; Pilato, 

2010). Finally, the no-bake cure method entails mixing the binder with both sand and a 

liquid catalyst. The binder and catalyst begin to immediately react, hardening the sand 

core until the chemical reaction is complete (Brown, 2000; Pilato, 2010). Discussion of 

the warm box process will be reserved for Subsection 2.2, as it is the method used to cure 

Table 2.1 Binder curing methods (Rick, 1993). 
Curing 

Mechanism Common Binder Systems 

Hot Box or 
Shell 

Phenolic Resins 
Furan Resins 

Phenolic/Furan Resins 
Urea Modified Resins 

Warm Box 

Phenolic Resins 
Furan Resins 

Urea Modified Resins 
Silicate 
Protein  

No-bake 

Furan/Acid 
Phenolic/Acid 
Silicate/Ester 

Phenolic/Urethane 
Alkyd Urethane 

Cold Box 

Phenolic/Urethane/Amine 
Phenolic/Ester 
Silicate/CO2 
Furan/CO2 
Epoxy/CO2 
FRC/CO2 
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both sodium silicate and hydrolyzed collagen. Table 2.2 shows binder usage sorted by 

curing mechanisms. Petrochemical binders have the greatest market share in all three 

categories in terms of metric tons used.  

Table 2.2 Binder use by curing mechanism (Pilato, 2010; Fox, 2013). 

Curing Mechanism Process 
Usage 

(Metric 
Tons) 

Percent 
of Total 

Percent 
within 
Type 

Cold Box Phenolic Urethane 43,963 35.10% 91.40% 
 Phenolic Ester 2,545 2.10% 5.40% 
 Epoxy-acrylic Sulfur Dioxide 1,545 1.20% 3.30% 
Total Cold Box: - 48,096 38.40% - 
No-bake Phenolic Urethane 27,862 22.30% 50.20% 
 Furan 15,878 12.70% 28.60% 
 Phenolic Ester 7,211 5.80% 13.00% 
 Phenolic 2,561 2.00% 4.60% 
 Silicate 1,512 1.20% 2.70% 
 Other 460 0.30% 0.80% 
Total No-bake - 55,484 44.30% - 
Heat Cured Shell 9,785 7.80% 45.40% 
 Resin Coated Sand 8,857 7% 41.10% 
 Hot/Warm-box 2,921 2.30% 13.50% 
Total Heat Cured - 21,563 17.20% - 
Total (All Methods) - 125,143 100.00% - 

 
 After surveying 107 foundry personnel for a National Science Foundation I-Corps 

grant (Objective 5 above), it was determined that the most fundamental quality that a core 

binder should have is the ability to produce quality castings with minimal scrap (Allen et 

al., 2013). Poorly selected core binders are known to degrade casting quality by inducing 

defects during metal solidification. Examples of core-related casting defects include hot 

tearing, veining, and core blows (Campbell et al, 1994; Trikha et al, 1994). Hot tearing is 

caused when a core impedes the metal from thermally shrinking during solidification, 

causing the metal to “tear”. (Trikha et al, 1994). This defect can be avoided by using 
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lower density cores that allow for metal contraction during solidification (Trikha et al, 

1994). Core blows occur when gasses build up within a core during thermal 

decomposition. If the pressure of the gasses exceeds the pressure of the metal, gas 

bubbles will float up towards the top of the casting (Campbell et al, 1994). Solutions to 

these problems include venting the cores and using cores with less volatile emissions 

(Campbell et al, 1994).  

 According to the same survey of foundry engineers, maintaining production rate 

is the second most important characteristic that a core should have (Allen et al., 2013). 

This is especially true for high-volume foundries. Thin section hot box cores can cure in 

as little as 5 to 10 seconds; however, other curing methods typically take closer to 60 

seconds (Brown, 2000). Generally speaking, high-volume foundries tend to be more 

concerned about pollution control than their jobbing shop counterparts. This is because 

more castings equal more emissions. The primary sources of emissions from phenolic 

based binders are evaporation and thermal decomposition (Jorq, 2005). Evaporative 

based emissions come from solvents and other chemical constituents liberated during 

core making and storage, while emissions from thermal binder decomposition occur 

during pouring, cooling, and shake-out (Jorq, 2005). Table 2.3 shows common emission 

factors for thermal decomposition of a selection of petrochemical core binders.  

Table 2.3 Emission factors for select binder systems (includes baseline pouring, cooling, and 
shakeout. (Technikon, 1996; Fotti, 1999).  

Process 
Total Pounds of 
HAPs per Ton of 

Metal Poured 

Total Pounds of 
HAPs per Pound 

of Binder 
Phenolic Urethane No-Bake (1.1% Binder) 1.521 0.0254 
Furan No-Bake (1.2% Binder) 0.789 0.0138 
Phenolic Ester No-Bake (1.1% Binder) 0.803 - 
Phenolic Urethane Cold Box (1.75% Binder) 0.397 0.0424 
Phenolic Ester Cold Box (1.2% Binder) 1.22 0.0127 
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2.2 Sodium Silicate as a Core Binder 
 

The CO2 Sodium silicate cold box system was first commercially introduced as a 

core binder in 1952 (Gigante, 2010). Sodium silicate is made by fusing SiO2 with 

Na2CO3 at 1200 ◦C and then dissolving the product with steam under high pressure 

(Turner, 2008).  The cold box method of curing sodium silicate has been praised for its 

lack of odor, being inflammable, and producing very little VOCs (Gigante, 2010; 

Carlson, 1986). In fact, only 0.0003 pounds of HAPs per pound of binder (i.e. 0.0073 

pounds of HAPs per ton of metal) are created when using sodium silicates (Pilato, 2010; 

Technikon, 1999). However, this early version of sodium silicate did not find widespread 

popularity in the foundry industry because it had poor strength, was highly sensitive to 

humidity, and it exhibited poor shake-out properties (Gigante, 2010; Leidel, 1985; Sun et 

al, 1999). At approximately 1,500 ◦F, the sodium silicate would actually begin gaining 

strength. In recent years, sodium silicate has become more accepted due to the addition of 

aluminosilicates, and other inorganic additives, that help make it less hydroscopic and 

this increases core shelf life (Gigante, 2010). Furthermore, most sodium silicate binders 

now contain some sort of soluble sugar to aid in shake-out (Figure 2.2) (Brown, 2000).  

 

Figure 2.1 Retained tensile 
strength versus furnace 
temperature of sodium 

silicate and sodium silicate 
with added sugar (Plenko, 

1989). The addition of sugar 
is supposed to prevent the 

sodium silicate from 
reaching its second peak 

strength after 1,500 ◦F. Too 
much sugar will increase 

the amount of VOCs 
emitted (Plenko, 1989).  
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Two additional methods are now commonly utilized to cure sodium silicate 

binders. The first method is a no-bake process that uses an ester catalyst. Polymerization 

of the silicate species begins once the catalyst causes the pH to drop below 10.7 

(Abhishek et al, 2002). The second new method of curing is by warm box (i.e. 266 ◦F to 

356 ◦F) which involves blowing a sodium silicate and sand mixture into a core box and 

then dehydrating it until it has hardened (Pilato, 2010). Dehydrated sodium silicate cores 

tend to have stronger bonds but worse humidity resistance than do no-bake sodium 

silicate cores (Turner, 2008). Despite the modern addition of aluminosilicates and soluble 

sugars, sodium silicate bindered cores are still considered to be among the less favorable 

at shaking-out and resisting humidity degradation with long core curing cycles. 

2.3 Hydrolyzed Collagen as a Core Binder 
 
 Hydrolyzed collagen was developed as an environmentally sustainable core 

binder in the early 1990’s by General Motors Research and Development Center 

(Eastman, 2000). It is considered to have the lowest emissions of any organic foundry 

binder (Pilato, 2010). Table 2.4 shows a comparison of thermal degradation emissions 

between phenolic urethane and collagen.  

Table 2.4 Comparison average emissions during pouring, 
cooling, and shake-out (Technikon, 2005) 

Analytes 
Phenolic 
Urethane 
Cold Box 

Collagen 
Warm Box 

TGOC as Propane 11.3* 1.21* 
HC as Hexane 13.4 0.308 
Sum of VOCs 2.46 0.172 
Sum of HAPs 2.02 0.154 
Sum of POMs 0.119 <0.001 
TNC as Aniline Not Tested 0.459 

*All units in pounds of emissions per ton of metal poured 
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Collagen has a triple helical structure that is held together with hydrogen bonds 

(Figure 2.2) (Pizzi et al, 2003). It is prepared as a core binder by first denaturing 1.0% 

collagen (by weight of sand) with 2.0% water (Sanders, 2005). Denaturation occurs at 

approximately 65 ◦C (Pizzi et al, 2003). As the collagen warms to its denaturation point, 

it begins to form a gel of free poly-peptides chains (Pizzi et al, 2003). This gel is then 

added and mixed with warm sand. At this point, the gel-sand mixture can either be used 

to make cores immediately, or it can be used to “pre-coat” the sand. The water must be 

evaporated from the gel regardless. As the water evaporates, the hydrogen bonds begin to 

randomly re-align with the poly-peptide chains, resulting in an even stronger network 

than before (Pizzi et al, 2003).  When pre-coating, the water is evaporated by 

continuously mixing the gel with sand at 140 ◦F (Sanders, 2005). This pre-coated sand 

can then be stored indefinitely provided that it is kept below 70 ◦F (Sanders, 2005). If the 

gel-sand mixture is to be used immediately for core making, it is blown into a warm box 

and then heated until all water content is removed. 

 
Figure 2.2 The triple helix structure of collagen (Kelly, 2009) 

 
The development of collagen as a binder began to lose momentum when General 

Motors switched from green sand casting to lost foam casting for its aluminum engine 

blocks (Technikon, 2005). However, knowing that the rest of the foundry industry was 

still interested in the technology, General Motors carried out several core making trials 

between 1996 and 1999 to see if collagen binders could be brought to market (Technikon, 

2005). The reports regarding these demonstrations conveyed that the casting quality, 
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surface finish, and shake-out of collagen bonded cores were comparable, and often better, 

than phenolic urethane cores (Technikon, 2005). Despite these positive findings, General 

Motors stopped testing completely in 1999 and gave their collagen supplier, HORMEL, a 

license to commercialize the technology (Sanders, 2002).  Recent research has shown that 

collagen alone does not sufficiently resist molten metal erosion. This may be the reason 

why General Motors was willing to discard its own technology (Fox, 2011). The patent 

for the original collagen binder has recently expired, and so it is now a great time to 

reassert research efforts.   
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Chapter 3 Materials Preparation and Characterization 
3.1 Sand Characterization 
 

All experiments and casting trials were conducted using new sub-angular lake 

sand provided by HMAC. This sand had an estimated SiO2 content of 94.85%, with 

impurities in the form of Al2O2 (2.81%) and K2O2 (1.35%) (Fairmount Minerals, 2013). 

Sieve analysis and subsequent grain fineness number (GFN) calculations were run in 

accordance with American Foundry Society (AFS) 105-87-S and AFS 106-87-S testing 

procedures (American Foundry Society, 2004). The lake sand was found to be a 3-sieve 

sand (i.e. 3 meshes retained 10% or more of the original sample) with a GFN of 48 ± 2 (n 

= 5). Additionally, the sand was tested for moisture content and loss on ignition (LOI) 

using testing procedures AFS 219-87-S and AFS 117-87-S (American Foundry Society, 

2004). The lake sand had a moisture content of 0.08% ± 0.01 (n = 10). Loss on Ignition 

(LOI) was determined using a selection of the same samples used to calculate moisture 

content and was found to be 0.17% ± 0.01 (n = 4). Lastly, the pH of the sand was 

examined in water at 25 ◦C using AFS 113-87-S (American Foundry Society, 2004). The 

lake sand had a pH of 7.19 ± 0.03 (n = 4). 

3.2 Binder Characterization 
 

Collagen was supplied by Entelechy as a granular solid. Sieve analysis and 

subsequent GFN calculations were carried out using AFS 105-87-S and AFS 106-87-S 

testing methods (American Foundry Society, 2004). The collagen was found to be a 2-

sieve particle with a GFN of 30 ± 1 (n = 4). The collagen was always prepared with two 

parts water and denatured in a water bath at between 70◦ and 80 ◦C until fibril formation 

became visible. Collagen amounts referenced will henceforth assume the addition of two 

parts water as well as complete denaturation. It was found that denaturation of 100 g (i.e. 
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enough collagen to mix 20 kg of sand for approximately one hour of core making) took 

on average 50 minutes, while denaturation of 7.5 g (i.e. enough collagen to mix 1.5 kg of 

sand for one set of nine dog bones) took approximately 25 minutes. Collagen pH was 

analyzed under two different scenarios: once prior to denaturation at 25 ◦C, and again 

after complete denaturation at 70 ◦C. The pre-denatured collagen had a pH of 4.81 ± 0.02 

(n = 4) and the post-denatured collagen dropped to 4.58 ± 0.01 (n = 4). Finally, the 

granular collagen was examined for moisture content and found to be 13.2% ± 0.3 (n = 

5). 

Sodium silicate was provided in the form of Cast Clean Binder #1 by J.B. 

DeVenne, Inc. The Cast Clean Binder #1 was determined to be 58.7% ± 0.4 (n = 5) 

moisture content. The rest of the solution was comprised of sodium silicate and 

proprietary amending materials intended to enhance shake-out properties and moisture 

resistance upon curing. The Cast Clean Binder #1 had a pH of 11.86 ± 0.01 (n = 4) at 25 

◦C. Henceforth, the Cast Clean Binder #1 will be referenced herein simply as sodium 

silicate. The addition of sodium silicate to sand was found to contribute little in the form 

of LOI, while increasing levels of collagen in the mixture brought on much larger LOI 

values (Figure 3.1). This was determined using AFS 321-87-S (American Foundry 

Society, 2004).  It was expected that this trend would continue onwards at molten iron 

temperatures. This was why collagen may provide improved shake-out characteristics 

during casting (Brown, 2000). 
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Figure 3.1 Loss on Ignition (LOI) profiles of three different collagen levels with increasing 

 amounts of sodium silicate added.  
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Chapter 4 Casting Quality Trial 
4.1 Introduction 
 

To date, only one industry-sponsored casting trial of the collagen and sodium 

silicate bindered cores had been attempted prior to the duration of the thesis herein. Fox 

et al produced a total of 86 lake sand cores and 121 wedron sand cores to be used at 

HMAC (Fox, 2011). Aside from sand composition, each of the cores were made in a 

similar manner on a Redford Carver core machine using a retired ‘part 249’ shell core 

box (Fox, 2011). Binder composition of the cores was set at 0.33% Entelechy collagen 

(measured as a dry weight by weight of sand) and 1.3% J.B. DeVenne INC. Cast Clean 

Binder #1 (measured as a wet weight by weight of sand) (Fox, 2011).  

After 25 to 33 days of storage and shipping, the cores were included into casting 

production trials at HMAC and followed through the rest of the post-casting production 

line (Fox, 2011). All of the cores went through a truncated shake-out process for the 

purpose of being able to segregate the research study castings from the rest of HMAC’s 

commercial-ready castings made with phenolic urethane cores. The final castings were 

evaluated by HMAC’s quality assurance personnel in a blind study.  While the cores 

performed exceptionally well at shake-out, they resulted in high core-related casting 

scrap rates. The quality assurance personnel found a 79% scrap rate with the lake sand 

cores and a 76% scrap rate with the wedron sand collagen and sodium silicate cores (Fox, 

2011).  

Fox attributed these high scrap rates to mitigating circumstances and not to the 

core binder itself. Specifically, degradation of the collagen and sodium silicate cores prior 

to casting had taken place due to the prolonged storage period of 25-33 days. Within this 

time, the cores were handled 6 or more times during transportation from the core making 
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facility to Penn State and then to HMAC. Another concern was that the retired shell core 

box that was used to make the ‘part 249’ collagen and sodium silicate cores had become 

warped. The warped core box, along with the fact that shell core boxes tend to be 

relatively under-vented for water-based binder applications, produced cores that had low 

core densities and thus poor dimensional stability (Fox, 2011). Poor core dimensional 

stability often causes a loose fit in the core print of green sand molds, allowing the 

molten metal to flash into the open crevices. Lastly, though relatively small in size, core 

‘part 249’ was geometrically complex (Figure 4.1). The complex geometry coupled with 

the insufficient venting, likely caused sand fluidization problems within the core box. Fox 

performed core box modeling using Arena-flow, LLC software to substantiate this theory 

(Fox, 2011). 

 
Figure 4.1 ‘Part 249’ collagen and  
sodium silicate wedron sand core  
made by Fox. Fox measured the  

core to have a 5 inch cube bulk area 
 with a 3 inch top (Fox, 2011). 

 
To determine the validity of Fox’s theories on his casting trial scrap rates, and to 

advance the understanding of the sodium silicate and collagen binder casting quality, a 
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new industry- sponsored casting trial was necessary. A series of proven improvements 

were instituted in order to improve the performance of the core binder system. First, a  

less geometrically complex core design was adopted 

(Figure 4.2) so as to minimize some of the venting 

inadequacies inherent in the first core box. Second, 

since there was little difference seen between the sand 

types, the experimental design was refocused using 

only one type of sand with two different binder 

component ratios. Finally, the acquisition of a new 

Harrison Machine Company core machine at Penn 

State made it possible to drastically reduce core storage 

and transit times (Figure 4.3). This core machine, 

coupled with near immediate vacuum storage of the 

completed cores, allowed for the demonstration with 

cores that were stored under conditions that minimized core degradation. 

 
Figure 4.3 Penn State core machine that was manufactured by  

the Harrison Machine Company.  

 
Figure 4.2 ‘Part 234’ collagen and 

sodium silicate lake sand core. 
The barrel of the core had a 1 7/8 

inch diameter and a 3 1/4 inch 
height. The adjoined 

perpendicular top was3 1/2 inch in 
length and 1 inch at its peak 

height. Both the 1 inch tall stub 
and the parting line were removed 

prior to casting. 
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4.2 Procedure 
 

The full-scale demonstration included the efforts of many people. The author was 

responsible for determining how to make the cores, producing the cores, storing the 

cores, transporting the cores, testing on the demonstration day, and subsequent data 

analysis. Both Brian Widener (Penn State) and Mike Morgan (Penn State) aided in 

producing and storing the cores. Dr. John Fox (Lehigh University) and Colin Cash (Penn 

State) helped determine how to make the cores. Dr. Cannon (Penn State) and Dr. Voigt 

(Penn State) made initial contact with HMAC and secured funding. Furthermore, Dr. 

Cannon also helped with transporting the cores, testing on the demonstration day, and 

subsequent data analysis.  

A total of 351of the ‘part 234’ barrel cores were made on the Penn State Core 

Machine over the period of 4 days and then transported to HMAC on the 5th day. It was 

decided beforehand that two different binder mixtures would be used in order to make the 

most of the opportunity to test at a full-scale foundry. ‘Mixture 1’ consisted of 2.0% 

sodium silicate (measured as a wet weight by weight of sand with 58.7% moisture 

content) and 0.5% collagen (measured as a dry weight by weight of sand) and made up 

243 of the 351 cores. ‘Mixture 2’ was comprised of 3.0% sodium silicate and 0.5% 

collagen by weight of sand and made up the remaining 108 cores. Immediately after 

being made, the cores were placed into vacuum-sealed 55 gallon drums with 800 

milliliters of desiccant to avoid humidity exposure. This method of storage was deemed 

successful as ‘Mixture 1’ cores saw a reduction in average scratch hardness after five 

days by only 1.5 points (from an average of 47.8 to 46.3) and ‘Mixture 2’ cores saw no 

change in scratch hardness (remaining at 63.0). The scratch hardness results were attained 
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using a handheld Dietert Scratch Hardness Tester and by following test procedure AFS 

318-87-S (Figure 4.4a and 4.4b) (American Foundry Society, 2001). 

 
Figure 4.4a Frequency diagram showing the day-of scratch hardness distribution  

of ‘Mixture 1’ cores (i.e. 0.5% collagen and 2.0% sodium silicate). 
 

 
Figure 4.4b Frequency diagram showing the day-of scratch hardness distribution  

of ‘Mixture 2’ cores (i.e. 0.5% collagen and 3.0% sodium silicate). 
 

Upon arriving at HMAC, the cores were removed from the drums and prepared 

for use by detaching the removable top stem and by filing the core-box parting line away. 

Completed cores were stored in open-top cardboard containers and placed in the 
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DISAMATICTM queue line (Figure 4.5). While preparing the cores, core scratch hardness 

was performed on every core. All of the ‘Mixture 1’ cores made 1 day before testing (43 

cores) were scrapped based on low scratch hardness values and poor core filling; 

presumably due to incorrect mixture preparation or inadequate moisture exclusion. Also, 

9 of 54 ‘Mixture 1’ cores made 2 days before, 13 of 108 ‘Mixture 2’ cores made 3 days 

before, and 32 of 146 ‘Mixture 1’ cores made 4 days before testing were also scrapped 

based on low scratch hardness values. These low value cutoff points were set arbitrarily 

different for each day at, or slightly below, the current cutoff points adhered to by 

HMAC. In total, 244 ‘part 234’ barrel cores were placed into the DISAMATICTM.  

 
Figure 4.5 Sand cores ready to be loaded 
 into the DISAMATICTM molding machine. 

 
After being inserted in the DISAMATICTM, the cores and their accompanying 

green sand molds were transferred to pouring. Iron was poured around 2500 ◦F and then 

left to solidify on the DISAMATICTM mold queue until reaching shake-out (Figure 4.6). 

The molds using ‘Mixture 1’ cores were passed through the entire shake-out process 

(Figure 4.7) and the molds with ‘Mixture 2’ cores followed a truncated shake-out line. 
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The ‘Mixture 1’ castings continued directly to primary shot-blasting while the ‘Mixture 

2’ castings were cordoned off into bins from their truncated shake-out process and then 

forklift-transported to primary shot-blasting. Prior to arriving at primary shot-blasting, it 

was noted that all castings using ‘Mixture 1’ cores had completely shaken out, but that 

castings using ‘Mixture 2’ cores were not yet completely core-free (Figure 4.8). 

Operators were unable to discern if this result was to be attributed to increased sodium 

silicate ratios in ‘Mixture 2’ or to the shortened shake-out durations. Following the 

primary shot-blast process, the castings were sorted into bins according to what core 

mixture was used (Figure 4.9 and Figure 4.10). By the time the castings reached these 

bins, none of the them still retained any core residuals. The castings were then analyzed 

by HMAC’s Quality Assurance department using quality assessment standards used in 

their current core system.  

 
Figure 4.6 First mold about to be  

dropped from the DISAMATIC 
 and into the shake-out line.  
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Figure 4.7 Shortly after dropping from the DISAMATIC 

 and just beginning the shake-out process. 
 Notice the four exposed cores. 

 

 
Figure 4.8 Parts after having completed the truncated 
 shake-out process. Some cores have not completely  

shaken out yet.   
 

 
Figure 4.9 Completed parts after the blasting process. 

Notice that there are no cores remaining in the castings. 
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Figure 4.10 Close-up of the casting post blasting process.  

There was no evidence of veining or other core related 
 casting defects. Even the core number was clearly printed 

 on the casting.  
 
4.3 Results 
 

Of the final 244 castings, none were rejected because of core-related issues.  

However, 4 castings were scrapped for ‘short pours’ and 2 were scrapped for ‘shrink 

defects’ (all of these non-core related); resulting in a total scrap rate of 2.5%. Ordinarily, 

HMAC quality assurance operators scrap between 0.5 and 5% of castings due to core 

related defects (range intentionally stated broadly), yet zero were scrapped on account of 

this collagen and sodium silicate binder system. 

While there were no scrapped castings because of core related defects, the quality 

assurance department did note a difference in pre-machining surface finish between 

conventional HMAC cores and the collagen and sodium silicate cores (Figure 4.12). The 

trial cores had a rougher surface finish than conventional phenolic urethane HMAC 

cores. Even though this was not reason enough to scrap the castings, it was of concern as 

machining time and tool wear were expected to increase. 
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Figure 4.11 Cross-sectional view of casting made with a conventional HMAC core on the left  

and a Penn State core on the right. The Penn State collagen and sodium silicate core leaves a 
casting with a rougher surface. This photo was provided courtesy of Andrew Franks of HMAC.  

 
4.4 Conclusions 
 

There were several immediately apparent rationales for the rougher surface finish 

of castings made with the collagen and sodium silicate cores. For instance, these cores 

were handled on multiple occasions and had to endure two hours of vehicle 

transportation. Any core made in-house would not have been susceptible to these 

conditions. Another possible explanation was that the cores were left exposed to the high 

relative humidity levels commonly seen in foundries for approximately four hours after 

being unloaded and before being put into the DISAMATICTM. Humidity causes the cores 

to soften and become more friable.  

Despite the apparent roughness of the surface finish, the cores of this trial had a 

flawless casting scrap-rate. By making a moderate amount of production and process 

changes leading up to the casting trial (e.g. simpler core geometry, a new core machine, 

shorter storage times, etc.), many of the mitigating circumstances faced by Fox in his 

earlier HMAC casting trial were avoided. As Fox had theorized, taming these issues 

improved the core-related scrap-rates of two experimental treatments from 76% and 79% 
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down to 0%. With this full-scale casting study success, it was now possible to take a step 

back to look more closely at the physical characteristics of the core binder system for 

increased understanding and potential process improvements. 
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Chapter 5 Dog Bone Core Testing 
5.1 Introduction 
 
 Sand testing is important because it allows researchers to better understand the 

binder characteristics of sodium silicate and collagen. Core binder characteristics include 

permeability, compactability, binder moisture, loss on ignition (LOI), tensile strength, 

compressive strength , yield strength, and scratch hardness (Hussein et al, 2013). Binder 

moisture content and LOI were previously discussed in Chapter 3, so this chapter will 

focus attention on understanding the sodium silicate and collagen binder’s tensile 

strength and scratch hardness. Tensile strength measures the amount of stress needed to 

pull the material apart, while scratch hardness quantifies the material’s ability to resist 

surface scratching. These dependent variables can be affected by a multitude of factors. 

For example; mixing time, mixing speed, compaction, sand type, curing temperature, 

curing time, binder levels, curing method, and humidity levels are known to alter cured 

binder properties (Foseco, 2006). In this chapter, a set of experiments was designed to 

quantify the effects of binder levels, binder curing method, and humidity exposure; all 

while keeping mixing time, mixing speed, compaction, sand type, and curing temperature 

constant. Additionally, a new method of combining the collagen with sand was 

attempted. This new procedure, outlined below, was intended to decrease the initial 

moisture content of the binder in order to allow for shorter curing cycle times. 

5.2 Procedure 
 

The dog bones tested within this chapter were prepared by pre-heating the lake 

sand to between 120 ◦F and 140 ◦F and then measuring the experimental amounts of 

binder components. Next, the readied ingredients were mixed in a KitchenAid mixer at 

speed “4” for a total time of 1 minute. It was found that pre-heating the sand below 120 
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◦F caused the collagen to bead-up upon mixing, instead of uniformly coating the sand 

grains. Temperatures above 140 ◦F were also avoided, as significant moisture loss was 

found to occur during mixing. This loss of moisture both reduced the mixture work time 

and degraded the resulting physical characteristics of the dog bone (Figures 5.1a and 

5.1b). 

 
Figure 5.1a Moisture content of 1.0% collagen with no sodium silicate and  

heated sand set to three different starting temperatures. Four samples were  
collected per data point and were weighed before and after baking in a  

furnace at 110 ◦C for 24 hours. 
 

 
Figure 5.1b Temperature profile of 1% collagen with no sodium silicate and  

heated sand set to three different starting temperatures. Note that upon adding  
the denatured collagen, the 200 ◦F immediately dropped to 180 ◦F, the 150 ◦F 

 remained about constant, and the 100 ◦F sand increased to 110 ◦F. 
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The mixture was next hand pressed into a nine spaced, open faced, dog bone core 

box (Figure 5.2). Excess mixture left on top of the mold was removed prior to curing. 

Each new treatment variety was baked in an oven at 110 ◦C for a time period of either 1 

hour or until the mold halves were able to be cleanly separated (i.e. the bottom of the dog 

bones were always the last to cure and so the mold halves would stick together unless the 

mixture was fully cured). Completed dog bones were stripped from the mold and then 

later tested on a Simpson Gerosa Universal Sand Tester (Figure 5.3). Immediately prior 

to tensile strength testing, each dog bone was twice tested for scratch hardness in 

accordance with AFS 318-87-S on the flat surface that had been in contact with the steel 

mold (American Foundry Society, 2004). This surface, as opposed to the exposed 

surface, was chosen because it best mimicked actual core box conditions. 

 
Figure 5.2 Nine spaced, open faced dog bone mold made of steel,  

used to produce standardized dog bones for tensile strength testing. 
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Figure 5.3 Sample sand dog bone core used for 

 tensile testing and scratch hardness testing.  
The core is 3 inches long, 1 inch wide  

in the middle, and 1 inch tall. 
 

5.3 Results 
 

In the first set of dog bone tensile strength tests, the collagen level was held 

constant at 0.5% collagen (measured as a dry weight by weight of sand), while the 

sodium silicate was adjusted in 0.25% increments between the range of 2.0% and 3.0% 

(measured as a wet weight by weight of sand, with a moisture content of 58.7%). As 

shown in Figure 5.4a, increasing the amount of sodium silicate had little effect on the 

tensile strength of the dog bones. The mean tensile strength varied between a high of 279 

p.s.i. and a low of 259 p.s.i. However, looking at Figure 5.4b, it is apparent that adjusting 

the sodium silicate levels had a profound positive effect on the scratch hardness of the 

dog bones. At 2.0% sodium silicate, the dog bones had a mean scratch hardness value of 

51.0; while at 3.0% sodium silicate, the mean of the dog bones improved to 63.9. The 

next set of dog bone tensile strength tests kept the sodium silicate content constant at 

2.0% while the collagen was varied between 0.0% collagen and 1.0%  collagen in 0.25% 

increments. The added collagen improved the tensile strengths of the dog bones up to 

0.5% collagen (Figure 5.4c). After that, there is no real benefit of increasing levels of 

collagen in terms of tensile strength. None-the-less, Figure 5.4d shows that increasing the 

amount of collagen improves the scratch hardness values of the dog bones. A mean 

scratch hardness of 48.2 was found at 0% collagen, and a mean scratch hardness value of 

65.8 was found at 1.0% collagen. 



37 
 

  
Figure 5.4a Dog bone tensile strengths with 

0.5% collagen and increasing amounts of 
sodium silicate. Sample population sizes 

ranged from 18 to 27.  

Figure 5.4b Dog bone scratch hardness with 
0.5% collagen and increasing amounts of 
sodium silicate. Sample population sizes 

ranges from 36 to 54. 
 

  
Figure 5.4c Dog bone tensile strengths with 
2.0% sodium silicate and increasing amounts 
of collagen. Sample population sizes ranged 

from 16 to 27. 

Figure 5.4d Dog bone scratch hardness with 
2.0% sodium silicate and increasing amounts 
of collagen. Sample population sizes ranged 

from 32 to 54. 
  

*Bars represent quartiles and hairs show the high and low points (after removal of outliers). 
 

In an effort to decrease core making cycle times, a second series of dog bone 

tensile strength tests were run on “pre-coated” sand grains. This involved first denaturing 

the desired amount of collagen, heating the silica sand up to 150 ◦F, and then mixing the 

two together in a KitchenAid mixer until all of the water from the denatured collagen had 

evaporated. The result was “pre-coated” sand grains that, in theory, simply needed to be 

rehydrated before use by the moisture in the sodium silicate. In Figure 5.4e, these pre-

coated sand grains were rehydrated with a set amount of 2.0% sodium silicate, while the 

amount of collagen used in the pre-coating process was varied. It was found that pre-
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coating and drying with up to 0.5% collagen was beneficial in terms of both tensile 

strength and scratch hardness (Figure 5.4f). After 0.5% collagen, it was hypothesized that 

there was not enough moisture content in the set amount of 2.0% sodium silicate to 

rehydrate the pre-coated sand grains. To make a comparison, at 2.0% sodium silicate with 

0.5% normally prepared collagen, the dog bones experienced a mean tensile strength of 

279 p.s.i and a mean scratch hardness of 51; while at 2.0% sodium silicate with 0.5%  

pre-coated sand, the mean tensile strength was 238 p.s.i and the mean scratch hardness 

was 51. Therefore, while tensile strength dropped approximately 40 p.s.i. and the scratch 

hardness value remained nearly the same, the total starting water content was reduced by 

half.  

  
Figure 5.4e Dog bone tensile strengths with 
2.0% sodium silicate and increasing amounts 

of pre-coated collagen. Sample population 
sizes ranged from 27 to 62. 

Figure 5.4f Dog bone scratch hardness with 
2.0% sodium silicate and increasing amounts 

of pre-coated collagen. Sample population 
sizes ranged from 54 to 124. 

 
The next set of dog bone tensile strength tests involved using an alternative to 

heat curing. For these experiments, a liquid ester catalyst was applied in the amount of 

20.0% by weight of sodium silicate. This value of liquid catalyst was selected after both 

referencing the Foseco Foundrymen’s Handbook and speaking with Jim DeVenne of J.B. 

DeVenne, Inc. (Brown, 2000). Initial trials, Figure 5.4g and Figure 5.4h, were made first 
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denatured collagen was added and only the amount of sodium silicate was adjusted from 

2.0% to 4.0% in 0.5% increments. As expected, both the scratch hardness and tensile 

strengths of the dog bones steadily increased with rising amounts of sodium silicate. It is 

worth noting that these values were found to be much lower than those found with heat 

curing, as is customary with catalyst cured sodium silicates. Mean tensile strengths 

improved from 48 to 86 p.s.i., while mean scratch hardness values went from 11 to 30 as 

binder levels increased. Next, these dog bone trials were repeated but with the inclusion 

of a constant amount of 0.5% collagen. The ester catalyst adversely affected the collagen 

curing and resulted in an inferior dog bone core performance in terms of both tensile 

strength (Figure 5.8a) and scratch hardness (Figure 5.4j). The peak average tensile 

strength was found to be 40 p.s.i, and the peak average scratch hardness was 19. These 

results help reaffirm that heat curing is currently the best method of core production for 

this sodium silicate and hydrolyzed collagen core binder.  

  
Figure 5.4g Dog bone tensile strengths with no 

collagen and increasing amounts of sodium 
silicate. Instead of heat curing, an ester 

catalyst was used at 20% of silicate. Sample 
population sizes were 9.  

 

Figure 5.4h Dog bone scratch hardness with 
no collagen and increasing amounts of sodium 

silicate. Instead of heat curing, an ester 
catalyst was used at 20% of silicate. Sample 

population sizes were 18. 
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Figure 5.4i Dog bone tensile strengths with 

0.5% and increasing amounts of sodium 
silicate. Instead of heat curing, an ester 

catalyst was used at 20% of silicate. Sample 
population sizes were 9. 

Figure 5.4j Dog bone scratch hardness with 
0.5% collagen and increasing amounts of 

sodium silicate. Instead of heat curing, an ester 
catalyst was used at 20% of silicate. Sample 

population sizes were 18. 
 
 The last set of dog bone tensile strength tests were designed to evaluate the effects 

of humidity over time. To simulate this effect, the dog bones were made in their 

conventional manner using 0.5% collagen and 2.0% sodium silicate. After complete 

curing, each of the nine dog bones was split into one of three treatment groups. The first 

treatment involved storing the dog bones between 20% and 40% relative humidity. The 

next treatment required storing the dog bones within a sealed container with a pool of 

water placed at the bottom of this container. This allowed the relative humidity to rise to 

between 80% and 95%. The final dog bone treatment group was a replication of the 

second treatment group; however, each humidified dog bone core was re-dried for 30 

minutes at 150 ◦F immediately prior to testing. Each treatment group was held in storage 

for spans of one to ten days in order to develop strength loss curves. 

 After ten days, all three treatment groups declined (Figure 5.5a and Figure 5.5b). 

By day 10, the 20 to 40% relative humidity treatment group declined by 51% in tensile 

strength (from 279 to 135 p.s.i.) and 23% in scratch hardness (from 51 to 38). These 

results closely resemble the re-dried 80% to 95% relative humidity group which saw 

tensile strength drop by 45% (from 279 to 152 p.s.i.) and scratch hardness drop by 19% 

0

100

200

300

400

2.0% 3.0% 4.0%

T
en

si
le

 S
tr

en
gt

h 
(p

.s.
i.)

 

% Sodium Silicate (w/w Sand) 

0
20
40
60
80

100

2.0% 3.0% 4.0%

Sc
ra

tc
h 

H
ar

dn
es

s 

% Sodium Silicate (w/w Sand) 



41 
 

(from 51 to 41) within 10 days of storage. As expected, the 80% to 95% relative humidity 

group dropped the most in terms of both tensile strength and scratch hardness. Tensile 

strength declined by 95% (from 279.1 to 13.9 p.s.i.) and scratch hardness dropped 93.9% 

(from 51 to 3.1).  

  
Figure 5.5a Dog bone tensile strengths with 
0.5% collagen and 2.0% sodium silicate. Dog 
bones were stored up to 10 days at either 80-
95% or 20-40% relative humidity. A subset of 

the 80-95% relative humidity exposed dog 
bones were re-heated prior to testing (marked 
H (R) on the above graph). Sample population 

sizes were 6. 

Figure 5.5b Dog bone scratch hardness with 
0.5% collagen and 2.0% sodium silicate. Dog 
bones were stored up to 10 days at either 80-
95%or 20-40% relative humidity. A subset of 
the 80-95% relative humidity exposed dog 

bones were re-heated prior to testing (marked 
H (R) on the above graph). Sample population 

sizes were 6. 
 
5.4 Conclusions 
 
 The experiments carried out in this section helped to understand the core binder’s 

ambient physical characteristics. Sand testing showed that at high binder levels, collagen 

was more responsible for increases in tensile strength. However, both binder components 

markedly improved scratch hardness. It was also found that pre-coated collagen sand 

grains worked well up to 0.5% collagen with 2% sodium silicate, presumably because the 
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mixture had become water limited. Despite these positive findings, it remained unknown 

if these results would scale well during core making. It may be the case that the collagen 

would not have enough time to re-denature with a sodium silicate addition in a core box 

provided with much shorter cycle lengths.  

 The attempt to cure the collagen and silicate by ester catalyst was not successful. 

This study reaffirmed that at present, heat curing is the most optimal method of making 

cores. However, finding an alternate catalyst that is compatible with the collagen and 

does not cause it to bead would still be a worthy research endeavor, as it would open up a 

whole new no-bake core binder system market. Finally, the last variable explored gave 

new insight to how susceptible the core binder is to degradation at high humidity levels. 

Even within one day, the dog bones exposed to 80-95% relative humidity became 

profoundly soft and friable. Re-drying these dog bones revealed that these diminished 

strength and hardness properties were not permanent, provided that the dog bones did not 

fall apart beforehand. Ireland et al showed that phenolic urethane cold box dog bones 

achieved a tensile strength of 251 p.s.i. after 24 hours (Ireland et al, 2002). The same 

binder was tested in the presence of 90% relative humidity and was found to drop to 72 

p.s.i. This level of decline is similar to that seen in the sodium silicate and collagen dog 

bones (Ireland et al, 2002). 
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Chapter 6 Core Machine Testing 
6.1 Introduction 
 
 The pilot-scale trial demonstrated a steep learning curve when working with both 

a new core binder and a new core making machine. Initial insight into how to navigate 

the core machine and the core making process was provided by John Fox (Lehigh 

University), Collin Cash (Penn State), Mike Morgan (Penn State), Jim Furness (Furness-

Newburge, Inc.), and Pat Farver (Harrison Machine Company). Even after completing 

the pilot-scale demonstration, little was known about the effects of different core making 

process parameters on the resulting cores. As such, a series of experiments were 

conducted to evaluate what happens to core making cycle times when different core 

making variables are manipulated.  

Based on the findings in Chapter 5, core curing rates were chosen as a primary 

index of performance because the core binder was beginning to appear best suited for 

high-volume applications. Since the binder could not be cured in a no-bake (room 

temperature cure) manner heat cured core curing characteristics are critical. Short cycle 

times are important to high-volume shops because they need to be able to produce cores 

as fast as they can use them. Competitive core box cycle times (i.e. the time to 

completely cure all of the cores in one core box) for typical cold box cores are one 

minute or less for current organic core binder systems (Technikon, 2004). However, 

leniency in regards to this metric is often given, provided that the core binder has other 

redeeming qualities such as reduced emissions (Brown, 2000).   

6.2 Procedure 
 
The cores produced in this chapter were prepared by first pre-heating the lake 

sand to between 120 ◦F and 140 ◦F in batches of either 20 or 40 kg. Next, the binder 
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components were prepared as described previously in Chapter 4. Once the collagen had 

completely denatured, it was mixed together with sodium silicate and the pre-heated sand 

in a TinkerOmega high-speed batch mixer (Figure 6.1). The mixed sand was then 

dropped from the mixer and transported by a 5 gallon pail to the core machine hopper. 

After ensuring that the core box had reached its correct cycle temperature, the core 

making process was started  

 
Figure 6.1 The TinkerOmega Mega 
 Mixer which was a high-speed batch 

 mixer used to make all research cores.  
 

A number of changes were made to the core box and the core machine prior to the 

start of these experiments. The blow head blow tube holes were enlarged to almost twice 

their conventional factory size. This was done because the core machine was originally 

designed for blowing dry, more easily blown, binders. Figure 6.2 shows a core weight 

versus blow pressure graph using the new holes. In order to achieve a high core weight 

without producing a loud whistle noise in the core box, all the cores in this section were 

made with a 40 p.s.i. blow pressure. Another modification that was made to the core 

machine was the drilling of holes into the core box for the addition of heating elements 



46 
 

(Figure 6.3). These elements provided improved pre-heat to the core box for improved 

curing of the cores. Supplemental hot air flow into the core box was provided by a 

Furness-Newburge, Inc. drop-down super-heater (Figure 6.4), which was also a 

modification to the original core machine. The final notable core machine amendment 

was a ring compressor that pulled 42 inches (as water) of vacuum on the core vents. This 

was intended to draw moisture out of the core box, so as to induce shorter curing cycle 

times. These amendments, as they relate to the core box, are shown in Figure 6.5. 

 
Figure 6.2 ‘Part 234’ core weight change as a function of core machine blow pressure. 

 A core binder mixture of 2.0% sodium silicate and 0.5% collagen was used. 
 

  
Figure 6.3 Electric heating elements drilled directly into the core box. 
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Figure 6.4 Drop-down hot air core box super-heater. 
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Figure 6.5 Five-space ‘part 234’ core box rendering.  
 

A typical core making cycle involved shooting the sand from the hopper, through 

the blow head, and then into the core box. Blow pressure was applied for a total of 4 

seconds. After a 15 second dwell time in the core box, the vacuum and drop-down super-
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super-heater 
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B 

C 
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heater were each turned on. These remained on for a period of up to 400 seconds. Next, 

the drop-down super-heater was lifted, the vacuum was turned off, and the core box was 

opened. Every step until this point was included in the reported core making cycle time 

determination. After completing the core making cycle, the cores were initially removed 

from the core box and then broken open with a hammer. The inner contents of the cores 

were then examined for moisture and hardness. The cure cycle was then interactively 

adapted until a complete core cure curve was achieved.  

Prior to breaking the cores, a random selection of Penn State cores were weighed. 

It was found that in comparison to their phenolic urethane counterparts, these barrel cores 

were slightly less dense. The density of the sodium silicate and collagen cores were 1740 

g/L while the phenolic urethane cores were 1790 g/L. It is believed that the difference in 

binders likely plays a role in this difference. 

6.3 Results 
  
 The first core making variable to be examined was air flow pressure into the core 

box. Air pressure was applied via the drop-down super heater and was adjusted with an 

air regulator installed onto the air outflow hose. Curing rate analyses occurred at core box 

temperatures ranging from 170 ◦F to 412 ◦F. Temperatures above 412 ◦F could not be 

achieved with the core box’s electric heaters. Coincidentally, the collagen began to singe 

around these temperatures, and so upgrading the electric heaters to achieve higher box 

temperatures was not attempted.  

 Throughout the course of these air pressure studies, all other variables were held 

constant; sodium silicate was held constant at 3.0% (measured as a wet weight by weight 

of sand, with a moisture content of 58.7%), collagen at 0.5% (measured as a dry weight 

by weight of sand), and air flow temperature at 400 ◦F. Curing rate graphs were 



49 
 

developed at 0 p.s.i. (Figure 6.6a), 10 p.s.i. (Figure 6.6b), 17 p.s.i. (Figure 6.6c), and 25 

p.s.i. (Figure 6.6d). Each point on the graphs represents a core making cycle (i.e. 5 cores). 

Squares show that all five cores were completely cured, triangles show that some of the 

five cores were cured, and diamonds show that none of the cores were completely cured. 

Increasing air flow pressure into the core box greatly reduced cure cycle times. For 

example, complete curing at 0 p.s.i. occurred at 330 seconds, only 280 seconds was 

required for complete cure at 10 p.s.i., 240 seconds was required at 17 p.s.i., and 210 

seconds at 25 p.s.i. Each had core box temperatures of approximately 265 ◦F. At higher 

pressures, the benefit of added core box temperatures began to diminish, which is shown 

as the curves become more horizontal.   

  
Figure 6.6a Air pressure set at 0 p.s.i. with all 

else equal: 3.0% sodium silicate, 0.5% 
collagen, 400 ◦F air temperature, and vacuum 

on. Diamonds represent uncured cores, 
squares are cured cores, and triangles signify 
that some of the cores had completely cured 

while others had not.  

Figure 6.6b Air pressure set at 10 p.s.i. with all 
else equal: 3.0% sodium silicate, 0.5% 

collagen, 400 ◦F air temperature, and vacuum 
on. 
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Figure 6.6c Air pressure set at 17 p.s.i. with all 

else equal: 3.0% sodium silicate, 0.5% 
collagen, 400 ◦F air temperature, and vacuum 

on.  

Figure 6.6d Air pressure set at 25 p.s.i. with all 
else equal: 3.0% sodium silicate, 0.5% 

collagen, 400 ◦F air temperature, and vacuum 
on. 

 
 The next core making variable to be examined was hot air inlet temperature into 

the core box. Cores were made in the same fashion as before; however, the air flow 

temperature was set to either 500 ◦F (Figure 6.7a) or 600 ◦F (Figure 6.7b), while the air 

flow pressure was held constant at 25 p.s.i. The results indicated that air flow inlet 

temperature did not have much of an effect on core cycle times, as the graphs were nearly 

identical. For example, at a 500 ◦F air flow temperature it took cores 220 seconds to cure 

with a core box temperature of 303 ◦F, but at a 600 ◦F air flow temperature it took cores 

225 seconds to cure with a core box temperature of 296 ◦F. One caveat to these findings 

is that the core box temperature and air flow temperature are not completely independent 

of one another. This is because the core box temperature was monitored externally and 

turning on the air flow could influence the results.  
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Figure 6.7a 500 ◦F hot air with all else equal: 
3.0% sodium silicate, 0.5% collagen, 20 p.s.i. 

air pressure, and vacuum on. Diamonds 
represent uncured cores, squares are cured 
cores, and triangles signify that some of the 
cores had completely cured while others had 

not. 

Figure 6.7b 600 ◦F hot air with all else equal: 
3.0% sodium silicate, 0.5% collagen, 20 p.s.i. 

air pressure, and vacuum on. 

 
The last core making process dynamic to be studied was sodium silicate 

concentration (i.e. the moisture content of the starting mixture). For this experiment, 

collagen was kept constant at 0.5%, hot air at 400 ◦F, and air pressure at 25 p.s.i. Sodium 

silicate was adjusted from 2.0% (Figure 6.8a) to 3.0% (Figure 6.8b). The latter translates 

to an approximate addition of 0.59% moisture by weight of sand. Comparing the two 

curing rate graphs shows that the increased level of binder content lengthened cycle 

times. There is one point of particular interest on Figure 6.8a. At 399 ◦F, a cycle time of 

90 seconds could be achieved when using 2.0% sodium silicate. This was the closest core 

making cycle to phenolic urethane, which tends to be around 60 seconds. It should be 

noted, however, that an examination of the strength and hardness of these cores was not 

undertaken. So while the 2.0% sodium silicate treatment may have produced the fastest 
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core making cycle, the core properties were likely lacking compared to the 3.0% sodium 

silicate treatment. 

  
Figure 6.8a 2.0% sodium silicate with all else 
equal: 0.5% collagen, 400 ◦F hot air, 25 p.s.i. 

air pressure, and vacuum on.  

Figure 6.8b 3.0% sodium silicate amount with 
all else equal: 0.5% collagen, 400 ◦F hot air, 25 

p.s.i. air pressure, and vacuum on. 
 

6.4 Conclusions 
 
 These experiments helped reveal which process dynamics offered the greatest 

effect on curing cycle times. It was determined that increasing air flow temperature by 

100 ◦F (from 500 ◦F to 600 ◦F) had a negligible effect on binder cure times; however, 

increasing the core box temperature by the same amount (from 225 ◦F to 325 ◦F) reduced 

cycle times by approximately 30%. The most promising finding of this chapter was the 

positive impact of increasing air flow pressure into the core box. At 0 p.s.i. and with a 

core box temperature of 299 ◦F, it took a total of 292 seconds to cure; while at 25 p.s.i. 

with 300 ◦F, only 150 seconds were needed. Unfortunately, further core venting used in 

this experiment created a loud whistle (measured to be approximately120 dB) after 

exceeding pressures of 25 p.s.i., so it remains to be seen how much additional time could 

be saved by increasing air flow pressure beyond this point. Finally, as expected, curing 
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cycle times were moderately increased at high levels of binder.  Adjusting binder 

contents from 2.0% to 3.0% sodium silicate (i.e. 0.59% additional moisture content for 

the latter case) increased cycle times from 165 seconds to 200 seconds at a 245 ◦F core 

box temperature and with 0.5% collagen. 
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Chapter 7 Air Emissions Trial  
7.1 Introduction 
 

Following the success of the early core binder demonstration at HMAC, another 

full-scale demonstration in a full-scale foundry was arranged. This trial had two goals; (1) 

to further validate the level of casting quality seen in the preceding demonstration and, 

more importantly, (2) to quantify full-scale volatile organic carbon (VOC) air emissions. 

After speaking with HMAC’s Facility and Environmental Engineers, it was found that in 

order to obtain adequate air emission data, molten iron needed to be poured onto the 

collagen and sodium silicate bindered cores for a minimum three hour production run. 

Based on the estimation of 300 molds per hour with four cores per mold, it was 

calculated that at least 3,600 cores would be needed for a valid stack test. This target 

number was raised to 4,500 in order to account for cores broken in storage and 

unpacking. 

Since the focus of this third HMAC trial was on VOC emissions, a high binder to 

sand ratio was used so that results would depict a worst case scenario in terms of air 

emissions. Specifically, the ‘Mixture 2’ ratio that was used in the earlier demonstration 

was repeated for all of the demonstration cores (i.e. 3.0% sodium silicate and 0.5% 

collagen). As shown in Chapter 5, this core binder ratio was superior to lower binder 

levels in terms of both core scratch hardness and tensile strength. No casting quality 

improvement was seen in the second demonstration with this higher binder ratio. Both 

‘Mixture 1’ and ‘Mixture 2’ ratios had 0% scrap-rates and similar casting surface 

finishes.  

To avoid the problems experienced in the first HMAC trial, the cores were again 

made on the Penn State Harrison Machine Company core machine using HMAC’s lake 
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sand. Based on the findings in Chapter 6, and because of the large number of cores 

needed to be made, higher curing temperatures were used in this Chapter 7 trial so as to 

cut cycle times. While the ‘part 234’ core and core box were left unchanged, HMAC 

made amendments to the ‘part 234’ casting. The casting wall thickness was reduced, 

resulting in a reduction of casting weight and thus a higher core to molten iron ratio. This 

alteration led to the name change from ‘part 234’ to ‘part 280’ and ‘part 281’. The switch 

to the ‘part 280/281’ casting was seen as an unintended opportunity to further test the 

shake-out capabilities of the collagen and sodium silicate core binder system, as  less 

energy was now available to break down the core because of the reduced casting wall 

thickness and the reduced overall casting weight.  

Outside technology and personnel assistance was required to monitor air 

emissions throughout the HMAC stack testing. The environmental consulting group 

ARCADIS was commissioned to fill this role. ARCADIS arrived on the morning of the 

demonstration to conduct tests on a total of three baghouse dust collectors (#4, #8, and 

#11). These three collectors were designed to capture particulate emissions generated 

from one of two of HMAC’s DISA production lines (i.e. the production line used for this 

study). Baghouse dust collector #4 was located closest to mold pouring where the molten 

iron initially came into contact with the cores and was expected to generate the majority 

of the VOC emissions. Baghouse dust collectors #8 and #11 were located several hundred 

feet down the molding line from baghouse dust collector #4 and were expected to collect 

considerably less VOC emissions.  

In order to gauge the relative improvement when switching from HMAC’s 

phenolic urethane cores to Penn State’s collagen and sodium silicate bindered cores, 
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ARCADIS performed continuous monitoring throughout the day during the pouring of 

castings with cores cured with both the conventional phenolic urethane binder and the 

trial collagen and sodium silicate binder system. This allowed a VOC mass reduction 

percentage to be calculated between the production times using HMAC’s conventional 

cores and Penn State’s trial cores. ARCADIS was instructed to perform the 

aforementioned stack test with the certified test methods used during regulatory required 

emissions monitoring for the Pennsylvania Department of Environmental Protection (in 

spite of the fact that the data was not actually sent to the agency for any permitting or 

regulatory purposes). 

7.2 Procedure 
  

Like the prior full-scale demonstration, this larger full-scale demonstration 

required the support of many people. The author was involved in determining how to 

make the cores, producing the cores, storing the cores, transporting the cores, testing on 

the demonstration day, and subsequent data analysis. Zilong Zhao (Penn State) and Steve 

Sheets (Lehigh University) aided by producing and storing the cores. Steve was also 

involved in transporting the cores and testing on the demonstration day. Alex Zook 

(Lehigh University) and Dr. John Fox (Lehigh University) helped with determining how 

to make the cores. In addition, Dr. Fox also took part in testing on the demonstration day 

and subsequent data analysis. Cesar Nieto Delgado (Penn State) helped manage storing 

the cores, transporting the cores, and testing on the demonstration day. Dr. Cannon was 

responsible for making initial contact with HMAC, securing funding, producing the 

cores, storing the cores, transporting the cores, testing on the demonstration day, and 

subsequent data analysis. 
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The goal of producing 4,500 cores on the Penn State Core Machine was met and 

then exceeded. Over the course of 9 days, 4,666 ‘part 280/281’ barrel cores were made. 

On the 10th day, the cores were transported to HMAC (Figure 7.1). All of the 

demonstration cores were made by blowing mixed sand into the core box at 40 p.s.i. for 4 

seconds. Heat was electrically applied to the core box and maintained at between 280 ◦F 

and 330 ◦F for the 3 minute cure cycle while a vacuum was being pulled (to 42 inches as 

water). Additional heat was injected into the core box by blowing 400 ◦F hot air at 20 

p.s.i. following the 15 second core box dwell time. Cured cores were left on cooling racks 

for approximately 30-45 minutes to allow for supplementary moisture wicking out of the 

cores. During this wait time, the top stems of the cores were removed and the core box 

parting lines were filed away. Once cooled, the cores were enclosed in bubble wrap and 

then placed into a vacuum bag-lined 55 gallon drum. Layers within the drum were 

assembled using segmented polyvinyl chloride piping risers with circular cut levels of 

plywood. Each barrel contained either 2 or 3 desiccant bags that were designed for freight 

shipping applications (i.e. much greater volumes than the 55 gallon drums). Once full, the 

barrels were sealed with caulking agent, a rubber gasket, and then a vacuum was applied. 

Barrels were monitored over the course of core production and re-vacuum sealed as 

necessary.  

This method of core storage was found to be less successful than in the previous 

demonstration. Sampled cores saw a reduction in average scratch hardness across days by 

17.5 (from 63 to 45). The shape, spread, and average scratch hardness values closely 

reflected those found using the ‘Mixture 1’ binder levels in the second demonstration 

(Figure 7.2). Upon obtaining these results, further effort was placed into finding what 
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caused the cores to degrade. The barrels filled with cores were analyzed singularly and it 

was found that average scratch hardness values of cores by barrel ranged from 53 to 37 

(Figure 7.3). Despite these differences in average scratch hardness per barrel, no 

correlation was found between core scratch hardnesses and either storage time or core 

room relative humidity at the time of packing. Two rationalizations for the overall decline 

in scratch hardness values would be that the barrels had insufficient desiccant and that 

some of the barrels held their seals better than others. Indeed, there were two barrels that 

did not hold a vacuum as well; and these two exhibited lower scratch hardnesses than 

other barrels. Also, this full-scale demonstration occurred during a high-humidity week. 

 
Figure 7.1 All 22 of the 55 gallon drums were sealed and lifted into a single  

U-Haul for transportation to HMAC. Each barrel was re-vacuum sealed  
immediately before leaving Penn State. 
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Figure 7.2 Frequency diagram showing the day-of scratch hardness distribution 

 of all cores (i.e. 0.5% collagen and 3.0% sodium silicate). 
 

 
Figure 7.3 Diagram of average scratch hardness by barrel alongside outdoor  

average relative humidity on the date of barrel preparation and vacuum sealing. 
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After arriving at HMAC, the completed cores were removed from the 55 gallon 

drums and stored in open-top cardboard containers (Figure 7.4). The cores were sorted 

into one of three categories. ‘Category 1’ for cores with a scratch hardness less than 39, 

‘Category 2’ for cores with a scratch hardness from 40-48, and ‘Category 3’ was for 

cores with a scratch hardness of greater than 49. A total of 1,168 ‘Category 1’, 1,595 

‘Category 2’, and 1,879 ‘Category 3’ cores were recorded (an additional 24 cores were 

either broken or lost during transport). Considering the fact that excess cores had been 

produced, it was decided that the hardest cores (‘Category 3’) cores should first be placed 

into the DISAMATICTM queue first (Figure 7.5). This was done to ensure that the best 

available cores were used in production in order to diminish the risk of inflating casting 

scrap rates. After all of the ‘Category 3’ cores had been used, the ‘Category 2’ cores were 

next placed into the DISAMATICTM queue. While HMAC’s Quality Assurance Director 

determined that the ‘Category 1’ cores looked fine, the research team decided against 

using them in the casting and air emissions trial since enough data had already been 

collected with the ‘Category 2’ and ‘Category 3’ cores alone. All of the ‘Category 1’ 

cores were brought back to Penn State following the trial for disposal.  

 
Figure 7.4 Approximately 1/3 of the total cores that 

 were made, unpacked, sorted, and then placed 
 in the DISAMATIC queue.  
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Figure 7.5 Boxes of collagen and sodium silicate 

 bindered cores being loaded into the DISAMATIC. 
 

Once inserted into the DISAMATICTM queue, the cores were conveyed to the 

pouring line inside their accompanying molds. The iron was poured into the molds at 

approximately 2,500 ◦F and then pushed further down the production line by the next 

incoming mold and core cluster (Figure 7.6). After approximately 1 hour from the time of 

pouring, the castings had solidified within the molds and had been pushed to the end of 

the cooling conveyor. At this point, the molds were dropped to begin the shake-out 

process. All of the molds were passed through the entire shake-out process and continued 

directly to primary shot-blasting.  Upon completion of primary shot-blasting, it was noted 

that all of the cores had completely shaken-out from the castings (Figure 7.7). Finally, the 

resultant trial castings were cordoned off into bins to be examined in a blind casting 

quality study the next day by HMAC’s Quality Assurance Department. As is customary 

when dealing with such large volumes of castings, the Quality Assurance department 

limited their inspection to only 10-15% of the total parts made.  
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Figure 7.6 Molten iron being poured into the molds containing the collagen  

and sodium silicate bindered cores. 
 

 
Figure 7.7 A completed pre-iron pour core is shown on the left  
and a post-iron pour core is on the right. The core pieces on the  
right were retrieved during shake-out. Note that the top portion of  
the core does not come into contact with the molten iron and were 

 not expected to degrade. 
 

 ARCADIS began its stack testing at approximately 8:45 a.m. while the Penn State 

team was still unpacking cores. At this point, HMAC was already pouring ‘part 293’ (an 

automotive steering knuckle) with their phenolic urethane cores. This part was cast until a 

‘part 280/281’ pattern change occurred on the DISAMATICTM production line at 11:38 

a.m. The pattern change was completed at 11:52 a.m., which was when HMAC began 
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casting ‘part 280/281’ with their convetional phenolic urethane cores. ‘Part 280/281’ 

casting continued until the end of the day’s VOC monitoring. The Penn State cores were 

added in place of the conventional phenolic urethane cores, beginning at approximately 

1:10 p.m. and ending at roughly 4:35 p.m.  

7.3 Results 
 

The core-related scrap rates experienced in this trial were commensurate with the 

core-related scrap rates found previously in the second demonstration. Specifically, of the 

10-15% of the 3,474 castings that were inspected by HMAC’s Quality Assurance 

department made with collagen and sodium silicate cores, none were scrapped for core-

related issues. While there were no scrapped castings because of core-related defects, the 

Quality Assurance department did, again, point out that the collagen and sodium silicate 

cores were responsible for a rougher core-related casting surface compared to the 

conventional phenolic urethane cores (Figure 7.8). This casting surface was a fully 

machined surface so the rougher as cast surface in these particular castings is only of a 

possible concern from a tool life perspective. 

  
Figure 7.8 A comparison of ‘part 280’ core-related casting surfaces. The casting 

 on the left was made with a phenolic urethane core, and the slightly rougher  
casting on the right was made with a collagen and sodium silicate bindered core.  

This photo was courtesy of Dr. Robert Voigt.  



64 
 

 Air emission quantification was conducted by ARCADIS using two separate 

continuous monitoring systems with flame ionization detectors which were calibrated to 

methane standards. This was done in accordance with U.S. EPA Method 25A to 

determine total hydrocarbons (THCs) as methane (U.S. Environmental Protection 

Agency, 2013). One continuous monitoring system was used to monitor the emissions 

from baghouse dust collector #4, while the other was used to monitor both baghouse dust 

collectors #8 and #11. THC emissions for baghouse dust collector #4 have been presented 

in Figure 7.9, while the data for baghouse dust collectors #8 and #11 have been combined 

in Figure 10. In addition to flame ionization detections, ARCADIS also used tedlar bags 

to collect and later analyze methane and ethane concentrations for each test period (Table 

7.1). This procedure was accomplished using U.S. EPA Method 18 (U.S. Environmental 

Protection Agency, 2013). ARCADIS refers to the conventional phenolic urethane cores 

as “normal” and the Penn State cores as “trial” in the figures and tables below. Also, the 

blue line indicates when “normal” cores were being used to cast ‘part 280/281’ and the 

red line indicates when “trial” cores were being used to cast ‘part/281’.  
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Figure 7.9 THCs monitored by ARCADIS at baghouse dust collector #4 (ARCADIS, 2013). 

 
 

 
Figure 7.10 THCs monitored by ARCADIS at baghouse dust collectors #8 and 
 #11. These two dust collectors were located down the production line from #4  

and therefore recorded less hydrocarbons (ARCADIS, 2013). 
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Table 7.1 Methane and ethane concentrations were monitored at each of the baghouse dust 
collectors using a collection bag and subsequent lab analysis of the contents (ARCADIS, 2013). 

Sample Description Methane (PPM) Ethane (PPM) Time Sampled 
Normal Core BDC 04 Run 1 47.9 3.9 8:55-11:01 
Normal Core BDC 04 Run 2 35.1 3.1 11:11-13:00 
Normal Core BDC 08 Run 1 14.6 0.6 8:55-11:01 
Normal Core BDC 08 Run 2 4.3 0.6 11:11-13:00 
Normal Core BDC 11 Run 1 18.6 0.5 8:55-11:01 
Normal Core BDC 11 Run 2 2.6 0.6 11:11-13:00 
Trial Core BDC 04 Run 1 36.7 2.8 13:20-14:45 
Trial Core BDC 04 Run 2 25.3 2.0 14:46-16:50 
Trial Core BDC 08 Run 1 3.0 0.2 13:20-16:50 
Trial Core BDC 11 Run 1 3.4 0.2 13:20-16:50 

 
Analysis of the data accounted for DISAMATICTM production downtime, as well 

as the particular casting being poured; and this analysis, brought clarity to the THC 

graphs (Figure 7.11). For example, prior to the ‘part 280/281’ pattern change between 

11:38 and 11:52 a.m., THCs reached their two highest peaks for the day at baghouse dust 

collector #4. This is because a larger casting was being made, which required a larger 

phenolic core than ‘part 280/281’. After the pattern change, THCs maintained a mild 

steady-state between the times of 11:52 a.m. and 12:53 p.m. Within this span, ‘part 

280/281’ castings with phenolic urethane cores were being cast continually until the 

DISAMATICTM line ran out of iron to pour. At 1:10 p.m. the sodium silicate and 

collagen trial cores replaced the conventional cores. A new THC steady-state was found 

from this point until an electrical problem disrupted production at 2:42 p.m.  
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Figure 7.11 Accounting for DISAMATIC production downtime, as well as the particular casting 

being poured, brings clarity to the THC graphs.  
 

VOCs as methane were calculated by difference of methane and ethane from 

THCs for each test period (Table 7.2). Two methane and ethane test periods were used 

for normal core baghouse dust collector #4, normal core baghouse dust collector #8, 

normal core baghouse dust collector #11, and trial core baghouse dust collector #4. These 

results were averaged when calculating VOCs. Flow and moisture measurements were 

taken approximately every hour, and their averages were used to calculate mass 

emissions during each core type production run (Table 7.2). Finally, mass reduction 

between normal phenolic urethane cores and trial collagen and sodium silicate bindered 

cores was calculated as a percent change of the sum of VOCs (Table 7.3). ARCADIS 

determined that, in switching from HMAC’s normal cores to Penn State’s trial cores, 

THCs were reduced by 38.5% and VOCs by 31.9%. 
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Table 7.2 VOC compounds were calculated by subtracting methane and ethane from the THCs 
at each baghouse dust collector over the allotted timeframe (ARCADIS, 2013).  

Stack BDC 04 BDC 08 BDC 11 

Time 8:45-
13:00 

13:20-
16:40 

8:55-
13:00 

13:20-
16:50 

8:55-
13:00 

13:20-
16:50 

Core Product Normal Trial Normal Trial Normal Trial 
Flow (DSCFM) 25644 24888 25439 25050 21789 21373 
Moisture (%) 3.00 2.66 3.25 4.25 2.33 2.90 
Oxygen (%) 21.1 21.1 21.7 21.5 20.9 20.8 
Carbon Dioxide (%) 0.1 0.1 0.0 0.0 0.0 0.1 
THCs (as CH4) (ppmvd) 171.6 114.6 9.9 7.7 13.2 8.8 
THCs (as CH4) (Lb/Hr) 11.0 7.1 0.6 0.5 0.7 0.5 
Methane (CH4) (ppmvd) 41.5 31.0 9.5 3.0 10.6 3.4 
Ethane (CH4 Equivalent) 
(ppmvd) 7.0 4.8 1.2 0.4 1.1 0.5 

VOC (as TNMEHC - CH4 
Equivalent) (ppmvd) 123.1 78.8 <1.0 4.3 1.8 5.0 

VOC (as TNMEHC - CH4 
Equivalent) (Lb/Hr) 7.9 4.9 <0.1 0.3 0.1 0.3 

 
Table 7.3 Mass reduction between “normal” phenolic urethane cores and “trial” collagen and 
sodium silicate bindered cores was calculated as a percent change of the sum of VOCs 
(ARCADIS, 2013). 

Core Product 
Total Mass 

Mass Reduction 
Normal Trial 

THCs (as CH4) (Lb/Hr) 12.3 7.6 38.5% 
VOC (as TNMEHC - CH4 Equivalent) (Lb/Hr) 8.0 5.4 31.9% 

 
 Upon reviewing the data, another analysis aimed at determining core VOC 

emissions was undertaken independent of ARCADIS. The researchers herein felt that 

instead of comparing the entire run time emissions of the two types of cores, it would be 

more appropriate to (1) only take into account the data collected during ‘part 280/281’ 

casting and (2) to analyze only data at approximate steady-states within this period. In 

light of this more detailed approach, methane and ethane concentrations were scaled (i.e. 

normalized) to their corresponding THC outputs. This was because the point value 

approach of methane and ethane incorporated periods of production down-time that could 
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skew steady-state calculations. Figures 7.12, 7.13, and 7.14 show the new breakdown of 

THC, VOC, methane and ethane at each of the baghouse dust collectors.  

   
Figure 7.12 Scaled VOC compounds at baghouse dust collector #4 were calculated by 

subtracting scaled methane and ethane concentrations from THCs.  
 

 
Figure 7.13 Scaled VOCs at baghouse dust collector #8 were calculated by subtracting scaled 

methane and ethane concentrations from THCs.  

0

50

100

150

200

250
8:

54
:5

9
9:

12
:5

9
9:

30
:5

9
9:

48
:5

9
10

:0
6:

49
10

:2
4:

49
10

:4
2:

49
11

:0
0:

49
11

:1
8:

36
11

:3
6:

36
11

:5
4:

36
12

:1
2:

36
12

:3
0:

36
12

:4
8:

36
13

:0
6:

36
13

:2
4:

35
13

:4
2:

35
14

:0
0:

35
14

:1
8:

35
14

:3
6:

40
14

:5
4:

40
15

:1
2:

40
15

:3
0:

40
15

:4
8:

34
16

:0
6:

34
16

:2
4:

34

pp
m

 

Time 

THC VOC Methane Ethane

0

5

10

15

20

25

30

35

8:24:00 9:36:00 10:48:00 12:00:00 13:12:00 14:24:00 15:36:00 16:48:00

pp
m

 

Time 

THC VOC Methane Ethane

Normal Core 
‘Part 280/281’ 

Trial Core 
‘Part 280/281’ 

Normal Core 
‘Part 280/281’ 

Trial Core 
‘Part 280/281’ 



70 
 

 
Figure 7.14 Scaled VOCs at baghouse dust collector #11 were calculated by subtracting scaled 

methane and ethane concentrations from THCs.  
 

 The final step in calculating the new VOC reduction values for the sodium silicate 

and collagen trial cores was to combine VOC emissions at each of the three baghouse 

dust collectors (Figure 7.15). Normal cores were cast as ‘part 280/281’ between the times 

of 11:52 a.m. and 12:53 p.m. This range of 123 data points had an average total VOC 

content of 109.91 ppm. Trial cores were cast as ‘part 280/281’ between the times of 1:10 

p.m. and 4:40 p.m.  This range of 422 data points had an average total VOC content of 

71.86 ppm, which meant that VOCs were 53.0% higher during the time that conventional 

cores were used than when these novel trial cores were used. The 53.0% VOC difference 

included data captured during electrical problems and while the DISAMATICTM was 

awaiting iron. In light of this, the same final step was repeated for the data collected at 

the approximate steady-states for each of the cores being cast as ‘part 280/281’. The 

timespan between 11:58 a.m. and 12:27 p.m. was considered to be the phenolic urethane 
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steady-state. This range of 57 data points had an average total VOC content of 125.37 

ppm.  Trial (i.e. collagen-sodium silicate) core steady-states were considered to be 

between 1:32 p.m. to 2:41 p.m., 3:48 p.m. to 4:05 p.m., and 4:13 p.m. to 4:35 p.m. A total 

of 212 data points were recorded between these intervals for an average total VOC 

content of 95.93 ppm, which meant that VOC emissions were 30.7% higher when 

conventional phenolic urethane cores were used instead of these novel trial cores. 

 
Figure 7.15 Scaled VOCs at each of the baghouse dust collectors were summed to create this 
total VOC diagram. The colored areas represent where the steady-states of each casting and 

core combination were considered to be.  
 
7.4 Conclusions 
 
 The goal of monitoring the difference in VOC emissions between conventional 

phenolic urethane cores and the trial cores was achieved by producing and using 3,476 

automotive castings. ARCADIS determined a VOC reduction of 31.9%, while a more 
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detailed analysis of the same data found that conventional cores released 30.7% more 

VOCs than did the novel trial cores.  Frequent (and typical) production downtimes 

influenced the ability to perceive clear steady-state conditions. Multiple sources of 

VOCs, other than from the cores, were present. For example, green sand is known to 

harbor HAPs which can require multiple green sand reuse cycles to purge (Technikon, 

1999); and the favorable influences of employing less-polluting technologies can take 

times measured in months to reap full benefits from (Goudzwaard et al. 2003, Andrews  

et al. 2000). Furthermore, the green sand itself can be a source of VOCs when additives 

such as seacoal are present—such as in the green sand systems herein (Goudzwaard et al. 

2003, Andrews et al. 2000, Technikon, 1999).  

7.5 References 
 
[1] American Foundry Society. Mold & Core Test Handbook. Des Plaines: The American 
Foundry Society, 2004.  

[2] Andrews, J., R. Bigge, F. S. Cannon, G. R. Crandell, J. C. Furness, M. Redmann, R. 
C. Voigt (2000).  Advanced Oxidants Offer Opportunities to Improve Mold Properties, 
Emissions.  Modern Casting September; pp. 40-43. 

[3] ARCADIS, 2013. Information Stack Testing Report for the Evaluation of Trial Core 
Product on Baghouse Dust Controller (BDC) Exhaust Stacks 04, 08, and 11 at Hitachi 
Metals Automotive Components (HMAC) in Tioga, PA. (Unpublished report).  

[4] Goudzwaard, J.E., C.M. Kurtti, J.H. Andrews, F.S. Cannon, R.C. Voigt, J.E. 
Firebaugh, J.C. Furness, D.L. Sipple (2003) Foundry Emmissions Effects with an 
Advanced Oxidation Blackwater System.  American Foundry Society Transactions.  No. 
03-079 (20 pp)  

[5] Technikon, 1999. Baseline Testing Emission Results Pre-Production Foundy. 
McClellan, CA. 

[6] U.S. Environmental Protection Agency, 2013. Method 18 – Measurement of Gaseous 
Organic Compound Emissions by Gas Chromatography.  

[7] U.S. Environmental Protection Agency, 2013. Method 25A – Determination of Total 
Gaseous Organic Concentration Using a Flame Ionization Analyzer.  



73 
 

Chapter 8 Closing Statements 
8.1 Project Summary 
  

This thesis investigated the suitability of replacing conventional petrochemical 

core binders with a specific low-VOC alternative hybrid binder system. Sodium silicate 

and hydrolyzed collagen, separately, have extensive history in the foundry industry and 

have each been praised for their environmental sustainability in comparison to other core 

binder systems. However, on their own, they have shortcomings, including poor shake-

out characteristics for sodium silicate, and low thermal stress resilience for collagen. It 

has been shown that combining the two components into a hybrid binder system can 

eliminate these shortcomings while still emitting very few VOC’s. The current economic 

and legislative environment is right to implement such a technology, but many of the 

fundamentals of this hybrid core binder were unknown at the start of this research. Some 

clarity has been brought to the subject while attempting to meet the research objectives 

presented in Chapter 1. The research accomplishments made in pursuit of these 

objectives are outlined below: 

 
1) Gained further insight into the casting quality of the binder system.  
 
 
 It was shown that competitively low core-related casting scrap rates could be 

achieved, provided ideal core storage and production condition were maintaineds. 

However, as previously experienced by Fox et al, the performance of this core binder is 

highly unforgiving when subjected to poor storage conditions (Fox, 2011). The majority 

of the cores used in the first demonstration of this thesis maintained a high scratch 

hardness with both mixture levels. Despite these generally supportive findings, it was 

noted that the core-related surface finish was rougher for the sodium silicate and 
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hydrolyzed collagen hybrid cores than found with HMAC’s conventional cores. This 

could be due to core density differences between conventional collagen and sodium 

silicate cores and conventional phenolic urethane cores. While the degree of roughness 

did not degrade the integrity of the castings, it was forecast that if put into full 

production, tool life would likely be reduced.  

 
2) Determined core characteristics at ambient temperatures by adjusting binder 
variables. 
 
 It was determined that increasing sodium silicate contents from 2.0% to 3.0% did 

not have a profound effect on day-of tensile strength, but this adjustment did increase 

day-of scratch hardness. These scratch hardness results closely mirrored those found on 

newly made cores of the same binder content, which suggested that the two may be 

scalable at other binder ratios. Increasing collagen levels from 0% to 1.0% had positive 

effects on both tensile strength and scratch hardness. This was an encouraging result, as it 

showed that sodium silicate with collagen is better than sodium silicate alone. This could 

not be said when mixing sodium silicate, ester curing agent, and collagen together as the 

sodium silicate and ester values were found to be higher without collagen. Therefore, the 

warm box method is currently the most efficient way to cure these cores.  

Another discovery of these experiments was that heat curing pre-coated collagen 

sand grains may be a viable preparation technique to reduce starting moisture. While 

using 2.0% sodium silicate, tensile strength and scratch hardness both improved until 

collagen was raised to 0.5%, when the mixture presumably became water limited. 

Finally, the degree of the core binder’s hydroscopic nature was examined by monitoring 

tensile strength and scratch hardness across time at either 20-40% or 80-95% relative 
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humidity. After 10 days at 80-95% relative humidity, the dog bones had become 

extremely delicate and friable. However, after re-curing the dog bones, the specimens’ 

properties rebounded almost to the level of the lower humidity dog bones. Therefore, 

cores can be stored for long periods of time at high production level foundries provided 

that they take the time to re-dry the cores before being inserted into the molding line.  

 
3) Evaluated the effect of core machine core making variables on the binder system. 
 
 Increasing air flow pressure into the core box was found to drastically reduce core 

making cycle times. For example, by adjusting the pressure from 0 p.s.i. to 25 p.s.i., the 

core cycle time was shortened by 48.6% with a core box temperature of 300 ◦F. 

Conversely, the air flow temperature had almost no effect on the cycle time. These 

experiments determined that an increase in sodium silicate, and therefore moisture 

content, caused core making cycle times to lengthen. Even greater moisture alterations 

could be achieved in reverse by switching to pre-coated collagen sand grains. This may 

be a worthwhile future research avenue to decrease core making cycle times.  

 
4) Quantified binder system VOC emissions at an operating high-volume foundry. 
 
 ARCADIS determined that a 31.9% reduction in VOC emissions was achieved by 

switching from HMAC’s conventional phenolic urethane cores to Penn State’s sodium 

silicate and collagen cores. A detailed analysis of the same data set found a 30.7% 

reduction. This range was determined by scaling methane and ethane concentrations to 

THC output and also by limiting comparisons only to data that depicted steady-state 

conditions. Another success of this demonstration was that it confirmed many earlier 

findings. Again, a 0% core-related scrap rate and a rougher core-related surface finish 
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were detected. The demonstration also clarified that the binder possesses good shake-out 

characteristics even at 3.0% sodium silicate and 0.5% collagen. The one unexpected 

finding during this study was that the scratch hardness values of the earlier pilot-scale 

demonstration could not be matched. This may be due to the longer storage period or to 

the changes in storage method, or higher ambient humidity.  

8.2 Considerations for the Future 
  
 Future laboratory research should aim to optimize casting core-related surface 

finish, humidity resistance, core production time, and core density. In talking to personnel 

at HMAC and other partnering foundries, these three issues were identified as the major 

barriers to acceptance and commercialization of the sodium silicate and hydrolyzed 

collagen core binder system. Four possible directions to address these problems are 

offered herein in the form of an abridged literature review: 

1. Core washing 

Core washing is a secondary core making process commonly used in the foundry 

industry. This practice of coating completed cores with a refractory material is done to 

enhance core surface finishes, to further resist molten metal erosion, and to increase 

thermal resilience of thin sectioned cores (Swartzlander et al, 1992; Chakrabarti, 2005). 

Core washes should be chosen based on the material grain size, the refractory material’s 

thermal conductance, type of metal alloy used in the casting, size of the core and casting, 

and especially, the core binder type (Chakrabarti, 2005). Work is therefore required to 

determine what core washes would be most suitable for collagen-alkali silicate bindered 

cores. Suitable core wash refractory materials for medium sized ductile and gray iron 

castings have been identified as graphite, silica, talc, olivine, and silica (Chakrabarti, 
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2005; Swartzlander et al, 1992; Nwaogo et al, 2011). These refractory materials all share 

the properties of being chemically inert with molten metal, cannot be wetted by molten 

metal, contain no volatile elements, resist fusion at high temperatures, and are compatible 

with many binders (Hlavac, 1982; Nwaogu et al, 2011).   

2. Albumen 

Albumen is a commonly available protein-based additive or base adhesive with 

potentially favorable core making properties. Albumen is the egg white portion of a hen’s 

egg. It consists of primarily water (87-89%) and globularly structured proteins (10-11%) 

(Huntington et al, 2001; Powrie, 1973; MacDonnell et al, 1954). Denaturation causes the 

hydrogen bonded globular protein structure to unravel into an insoluble covalently 

bonded gel (He et al, 2011). This gel has been employed as a binder in alumina ceramic 

gelcasting (He et al, 2011). Desirable strength and hydrophobic properties were noted 

upon denaturing and application. Arzeni et al has applied high intensity ultrasound to 

further increase albumen’s surface hydrophobicity from 22,460 a.u. to 34,440 

a.u.(Arezeni et al, 2011). Similarly, hydrophobic properties of egg whites have been 

enhanced by exposing albumen to high pressures between 400 and 700 MPa (Plancken et 

al, 2005).  

3. Casein 

Casein is another non-toxic protein-based adhesive additive or base. Casein is 

found abundantly in skim bovine milk and consists of four protein chains (D’hondt et al, 

2011). It is precipitated by lowering the pH of the milk down to the isoelectric point of 

approximately pH 4.5 (Rolando, 1998; Pizzi et al, 2003). Conventionally, powdered 

casein is mixed with calcium hydroxide (lime), a sodium salt (e.g. borax), and water 
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(Rolando, 1998; FPL, 1961; Pizzi et al, 2003 , Pizzi, 1989). As the soluble sodium 

caseinate forms into an insoluble calcium caseinate, the solution turns more viscous and 

water resistant until it fully cures at the point of complete water loss (Rolando, 1998). If 

combined with the collagen-alkali silicate binder, the sodium salt and water ingredients 

could likely be removed. The dry strength, hydrophobicity, and cure time can each be 

enhanced by decreasing the amount of water used, increasing the amount of calcium 

hydroxide, and by employing hot pressing cure techniques (FPL, 1961; Pizzi et al, 2003). 

Casein glues, when optimally prepared, have strengths of 2,000 to 3,200 psi and are able 

to retain up to 60% of their initial strength after soaking in water at ambient temperature 

for 48 hours (FPL, 1961). Furthermore, dry heat stress studies on casein peptide bonds 

have shown stability at cure temperatures of 140° C for lengths up to 5 minutes and at 

temperatures up to 180° C for 3 minutes (D’hondt et al, 2011).  

4. Ultraviolet Light 

Ultraviolet light (UV) curing is another underutilized technique that could be used 

to enhance the collagen-alkali silicate core surface features by protecting against 

humidity. In recent years UV light has gained traction in the medical industry as a means 

of inducing collagen polymerization; usually in the presence of other cross-linking 

additives (Mi et al, 2011; Weadock et al, 2004; Ohan et al, 2002; Chan et al, 2005; Lew 

et al, 2006). UV cross-linking is thought to initiate with the formation of free radicals on 

aromatic amino acid residues (Weadock et al, 2004). These free radicals then bond with 

one another to create a cross-linked collagen network (Weadock et al, 2004).  

Since UV penetration is generally shallow, only a collagen shell would form 

around the core. Electron microscopes have shown UV treatments to change the collagen 
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surface layer from an uncross-linked macrosheet to a cross-linked microsheet with 

micron-sized pores (Chan et al, 2005). Such a shell could be used to both protect from 

ambient humidity and to trap excess collagen-alkali silicate binder moisture within the 

core. This in turn would allow for core baking times to be drastically reduced. At present, 

Penn State researches require approximately 150 seconds of core box bake curing at 140° 

C to completely cure their collagen-alkali silicate barrel cores. Pilot scale studies have 

determined that the core box bake cure time could be reduced by a factor of 4 if moisture 

is allowed to remain in the core.  
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