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Abstract

The interest in inorganic foundry binders has been rising
steadily in recent times due to their favorable environ-
mental characteristics. This paper compares the mold
quality and cast quality attained with different inorganic
binders. Three different types of sand and five different
inorganic binders were used for the mold quality study. Of
the inorganic binders, there was liquid sodium silicate used
in different hardening methods, a geopolymer binder, and
also solid sodium silicate. The mold quality was assessed
through bending strength, residual bending strength, ten-
sile strength, and loss on ignition measurement. A total of

12 castings were made using molds of different binders and
sand materials. The cast quality was then assessed by
tracking changes in dimension and the surface quality of
final castings. Inorganic binders performed well in terms of
mold strength and very well in terms of loss on ignition but
there is room for improvement in the surface quality of the
castings attained.

Keywords: metal casting, inorganic binder, solid silicate,
geopolymer, cast quality

Introduction

The ‘Renaissance’ of Inorganic Binders

Inorganic sodium silicate binders have been used in foun-

dries since mid-twentieth century (Ch. 1).1 However, due

to certain challenges these binders have had, their use and

popularity have been limited. Some of the challenges of

inorganic binders include poor knock-out performance

compared to organic binders, susceptibility to moisture,

difficulty with reclamation, need for heat or CO2 for

hardening, etc. (p. 219)2 (p. 204).3 These challenges have

contributed to organic binders gaining popularity. The

advantages of chemical no-bake organic binders in terms of

their ease of use, good mold quality, more process relia-

bility, and efficient sand reclamation made them popular

for foundry use (Ch. 2).1,4,5 But in recent times, strong

drive toward more sustainable manufacturing has emerged.

Concerns are raised over volatile organic compounds

(VOCs) which are emitted at elevated temperatures due to

thermal breakdown of organic binders.5 Many researches

were focused on the quality of acid hardeners used with

organic binders, which were found to strongly affect

emission of the harmful gases.6,7 Apart from the emissions,

the concern over some of the organic binders being clas-

sified as possible carcinogen8 is driving a major interest in

inorganic sodium silicate binders. Such binders produce

little to no fumes during pour and do not emit any toxic

substances, no unpleasant smells either (p. 219)2 (p. 204).3

Along with reduced health hazards, foundries can also

benefit economically as inorganic binders cost less than

organic binders (p. 219).2 There could also be savings in

ventilation systems, as the absence of detrimental casting

fumes and binder aerosols mean that less investment is

needed in air purification and exhaust equipment.9,10

Inorganic cores used in die casting also cause less tool

contamination, hence less time is required in the cleaning

of the dies. More recently, modified version of silicate

binder was successfully used in the casting of critical

automotive parts.9 Some steel foundries also take advan-

tage of the fact that, with the use of silicate binder, facing

molds with chromite sand is not necessary. As free water

and water of crystallization are removed from sodium sil-

icate binder, a considerable amount of latent heat is

transferred out, in a similar fashion when good heat
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conducting chromite sand is used as facing sand for the

same purpose (p. 938).11 Interest is also growing in other

types of inorganic binders, for example, alkaline alumi-

nosilicates, more commonly termed as geopolymers.

Progress toward sustainable manufacturing is a global

trend, driven in part by stricter environmental protection

laws. Inorganic binders are potential solutions for achiev-

ing sustainability. This renaissance of sodium silicate leads

to foundries considering switching binder systems needing

data how comparable everything is in terms of mold and

casting quality.

Sodium Silicate Hardening Mechanism

Sodium silicate of module 2–2.9 is most often used in

foundry industry (p. 225).2 This module (also known as

molar ratio), is the ratio of number of moles of silicon

dioxide (SiO2) to that of sodium oxide (Na2O). A higher

module means higher viscosity at same density (p. 225).2

Usual binder addition rate varies between 2 and 4% by

mass of sand (Ch. 9).2 Sodium silicate hardening is usually

of two types, irreversible and reversible. Irreversible

hardening occurs through chemical means, by application

of CO2 or a mixture of esters. The reversible hardening

occurs by physical hardening through dehydration. This is

achieved through furnace or microwave heating.

When heat is supplied to sodium silicate, water is lost,

turning the silicate into an anhydrous glassy film joining

matrix grains together. This process is reversible, which is

why moisture can affect heat-hardened mold and core

negatively during the storage.9 As the process is slow,9

molds in this process suffer from weak initial strength and

long cycle times; consuming time, energy, and thus money.

In addition, uniformly heating large molds properly is a

challenge on its’ own. On top of these, collapsibility issues

and poor reclamation of sodium silicate remain. Micro-

wave heating, another variant of heat-hardened sodium

silicate, offers good mechanical properties of the mold

already at 1.5% addition,12 and low binder addition in turn

offers better reclamation and collapsibility.13 It was shown

in13 that, unit costs for cores could be reduced with

microwave hardening for mass production compared to

furnace heating. The heat-hardened reaction is shown in

stoichiometric Eqn. 1 (p. 230)2.

Na2O � nSiO2 � xH2O þ Q ! Na2O � nSiO2: Eqn: 1

Using esters to harden sodium silicate results in a hybrid

semi-inorganic system. Hydrolysis of ester forms acetic

acid, while the acetic acid dissociates to form acetic anions.

The acetic anions then react with sodium silicate to form

gel. Hydrated sodium acetate, which is formed in this

process, hinders both wet and dry reclamation of sodium

silicate molding sands.14,15 Weak initial strengths and

issues of collapsibility are also major drawbacks of this

system. However, the system requires the use of less

sodium silicate (2–3%) and hardening rates can be adjusted

by using different blends of esters (p. 227).2 The system is

self-setting, hence an obvious advantage as no heat or gas

is required. The esters are usually glycerol diacetate,

ethylene glycol diacetate, or glycerol triacetate depending

on what speed of cure is desired, sometimes a blend of

esters is also used (p. 211).3

For hardening sodium silicate with CO2, there should be

enough permeability to allow the gas to pass through

properly. Due to this, molds cannot be compacted like with

other binders. Therefore, it means that the theoretical

maximum strength of molds is never reached. In addition,

there are issues with flowability, bad reclamation proper-

ties, long cycle times, poor storability of cores, etc. The

stoichiometric reaction of sodium silicate binders with

carbon dioxide is given in Eqn. 2.16

Na2O � nSiO2 þ 2nH2Oþ CO2 ! Na2CO3 þ nSi OHð Þ4:
Eqn: 2

Sodium Silicate Modification

Physical and chemical modifications are being done to

sodium silicate to overcome the challenges originally faced

with this type of binder. Physical modification involves

tuning of temperature and conditioning time of silicate

sodium glaze, the primary material (p. 234).2 Chemical

modifications are achieved through introduction of differ-

ent chemicals into the polymer matrix. These include

morphoactive organic compounds (containing functional

groups like –OH, –NH2, =CONH, –COOH, etc.), ultrafine

powders from aluminosilicates (consisting of ions like

Mg2? and Al3?), and nanoparticles of metal oxides (ZnO,

MgO, Al2O3) in various alcoholic solutions (pp.

235–236).2 The introduction of nanoparticles creates new

systems known as nanocomposites, which modifies the

properties of the binder in the interface layers, improving

mechanical and thermal properties of the binder.17 Tensile

strength, flowability, and collapsibility behavior of sodium

silicate bonded core was shown to be improved through the

addition of potassium hydroxide, sodium hexametaphos-

phate, and white sugar modifiers in.18

Commercial brands of heat-hardened sodium silicate bin-

ders also exist that come in the form of a modified sodium

silicate binder and a solid promoter as second component

of the binder. The hardening being a combination of

physical and chemical reaction means that it improves

many parameters like flowability and resistance to atmo-

spheric moisture. Some modified sodium silicate binders

have already been successfully used in the production of

cores with complex geometries that are used in the
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production of high-volume production of castings like

aluminum engine cylinder heads and blocks.9

Solid Powder Form of the Silicate Binder

Recently, there have been trials and discussion on using a

powder form of sodium silicate rather than any liquid form.

The differences in strength properties of silica molds made

with powder silicates, liquid silicates, and modified liquid

silicates were investigated in.19 In addition, some 3D

printing parameters and effect of boron compounds and

microsilica were also investigated. Use of silicate powders

instead of liquid silicates reduces manufacturing costs of

molds and reduces the cost of handling, storage, and

transportation19 as an equivalent powder form weighs

significantly less than liquid silicate binders. Also, the

possibility of using powder silicates opens new possibilities

in 3D printing of sand molds. In many conventional three-

dimensional printing methods, sand is premixed with an

activator or hardener, while binder is jetted selectively

through inkjet depositors. However, for this process to

work optimally, the binders must be modified so that they

can be jetted through the printheads. Thus, issues like

clogging of nozzles arise. If powder silicate binders are

used, powder can be premixed with sand and only thick-

ened water is jetted through the printhead, simplifying the

jetting process.20 Dried silicate-coated sand can also be

used in the same process. The dry silicate dissolves and

becomes activated in the regions where water is jetted,

starting polymer formation. Hardening can be achieved by

physical dehydration through heating or microwaving. In,20

a controllable IR emitter was used to harden the binder.

Geopolymers

Geopolymers belong to the group of alkaline aluminosili-

cates and are inorganic materials. The polymers contain

chains of SiO4 and AlO4 tetrahedrons and by altering the

ratio of Si:Al, properties of binder system could be altered

[1, Sec. 3.4]. Binders currently in use have Si:Al ratio of

about 10:121. Geopolymers are not formed by geological

processes but are manufactured artificially from slag or fly

ashes. The name comes from the fact that their composition

is close to that of natural rocks.22 The binder is already a

polymer with low degree of polymerization, while poly-

merization increases during the hardening reaction.23

Currently, geopolymer binders are hardened by one of

three ways. Self-hardening mixtures, hardened by gaseous

carbon dioxide for both mold and cores or hot box tech-

nology for cores only (p. 278).2 Geopolymer binders

achieve high strength, good flowability, and permeabil-

ity.24 These also exhibit better collapsibility and sand

reclamation compared to sodium silicate (p. 278).2 Gases

produced are mainly water vapor, with no hazardous fumes

or unpleasant smells.25 Reduced gas emission also reduces

gas defects in castings. Due to these favorable character-

istics, the interest in geopolymers for foundry use is rising.

Purpose of this Study

With time, it is becoming increasingly likely that the use of

inorganic binders is going to increase as all manufacturing

industries, including metal casting, are moving toward

more sustainable processes. Many foundries are consider-

ing or researching their switch to inorganic binders. This

study explores how the different forms of inorganic binders

introduced compare against each other. Mold quality

parameters are experimented with different forms of inor-

ganic binders and three types of sand. Due to the potential

solid silicates hold both for normal foundry use and for

three-dimensional printing, special consideration is given

to the powder sodium silicate. In literature, studies explore

mold characteristics of solid silicates as explained in Sec-

tion ‘‘Solid Powder Form of the Silicate Binder’’. However,

casting trials including them are rare. This study includes

casting trials with several different types of inorganic

binders. Unmodified sodium silicate and esters are used in

the study as well as some commercial types optimized for

foundry use. Unmodified sodium silicate aid in comparison

of the solid silicates. In addition, commercial brands of

current state-of-the-art organic binders are incorporated in

some parts of the study ensuring a better comparison.

Figure 1 visualizes the experimental process followed in

this study while the details are given in Section ‘‘Material

and Methods’’.

Material and Methods

Material

The principal type of sand used in the study is silica

(SiO2[ 98%), while some tests were carried out using

sintered Bauxite (Al2O3: 74.2%, Fe2O3: 15.2%, SiO2:

5.7%) and Cerabeads 400 (Short form: CB 400; Al2O3: :

60–62%, SiO2 : 36–38%). Five different forms of inorganic

binders (Binders A to E) were used for the mold study. The

content of the sand and binder mixture for each type is

given in Table 1. The values given are used for 1700g of

silica sand. Sieve analysis and base permeability test was

performed on the sand types used in the study. Organic

binders F and G were not used for the mold study but were

used for the casting trial to better understand how casting

with inorganic binders compares with the organic ones.

The reader is referred to26 for information on mold quality

involving organic binders.

For sintered Bauxite and CB 400, the same amount of

binder is used. Same volume of sintered Bauxite and CB

400 is used to ensure equal amount of binder per unit

volume of sand. It was found in26 that binder type does not
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influence mold permeability much. Instead, it is the sand

type which influences permeability more. Hence, in this

study only base permeability of the sand was measured

using Simpson Digital Absolute Permmeter. The mean

particle size and specific surface area of the sands were

calculated after sieve analysis and bulk density was mea-

sured. Grain shape was determined according to test pro-

cedure AFS 1107-12-S.27 Moisture content according to

test procedure AFS 2219-00-S.27 For estimating the

specific surface area of the sands, grain shape factors were

used from test procedure AFS 1109-12-S,27 after calcu-

lating the theoretical specific surface area using sieve

analysis results and equation 4 in (p. 15)28 and true density

values of sands from (Ch. 5)1.

Strength and LOI Values

Strength and loss on ignition (LOI) values were measured

from the test bars. For each sand and binder combination,

three bending strength test bars were made (measuring

172mm in length and 22.4 mm 9 22.4 mm in cross sec-

tion), and one dog bone specimen was made for tensile

strength measurement. For the heat-hardened binders, the

strength was measured after heating the test bars to 160 �C
for 1 hour. For others that did not require any heat, the

bending strength was measured after 24h. This allowed

sufficient time for final hardening and ensures a fair com-

parison. To analyze the thermal and collapsibility behavior

of the different binders containing sand molds, residual

bending strength was measured at 160 �C, 450 �C, and 900

�C for all binder types. These test bars were heated for 30

minutes before measuring the bending strength. For pow-

der silicates (Binder E), their storage in mixed form with

silica sand is also evaluated. This was done by mixing

powder silicate and silica sand and storing them for a

particular time, some in closed plastic container and some

open to air. After the intended storage time, the mixture is

taken out, water is added, and test bars were made to

measure the strengths. A universal strength tester was used

for both bending strength and tensile strength measure-

ments. Only one reading was taken for tensile strength, this

was an additional measurement taken with the excess

available sample, intended for no statistical purpose but as

additional information. Therefore, no error bars are avail-

able for the tensile strength measurements.

The loss on ignition values was measured by cutting pieces

out of test bars and heating them to 915 �C for 2h. To

ensure comparable results between the different types, all

the samples were first heated to 160 �C, as two of the

binders were heat-hardened at 160 �C. Then the samples

were heated to 915 �C in a muffle furnace. Loss on ignition

was then measured as the percentage loss in mass before

and after heating it to 915 �C.

Casting Trials

Casting trials were made with 12 different sand and binder

combinations. The pattern used was an aluminum metal

pattern as shown in Figure 2. A metal pattern was chosen as

some of the molds had to be heated to 160 �C with the

pattern inside it. Hence, wooden or most plastic patterns

were not compatible in this experiment. One example of

the mold made is shown in Figure 3. 12 such small molds

were made for 12 different combinations of sand and

binder as shown in Table 2. These small molds were then

combined into a big silica phenolic mold so that the casting

could be done at once as shown in Figure 4. The small

molds were stored within plastic packaging before being

combined into the large mold. The ambient temperature

Figure 1. Experimental process flowchart.
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during the storage was 20–22 �C, and relative humidity

between 56% and 64%. The downsprue was in the middle

of the runner seen in Figure 4, and the positions of the mold

inserts were documented for later use. Some unintended

angling of the inserts can be seen in the molding.

Cast alloy used in the casting trial is a general-purpose

ferritic–pearlitic ductile iron, EN GJS 500-7. Metal com-

position of the alloy is shown in Table 3. This type of

ductile iron was chosen because used pouring temperatures

being in a range not requiring refractory coatings, but of

high enough thermal exposure to potentially exhibit issues

in mold quality. The pouring temperature of the molds

Table 1. Binder Content and Amount Used in the Study

Name Description Binder
amount

Hardener/co-reactant Basis for binder/hardener
amount selection

Binder
A

Liquid sodium silicate with molar ratio
3.2–3.4. Solid content: 34.1–37.8%

51 g (3%
by mass
of sand)

Heated to 160 �C An intermediate of the
usual binder addition
rate is chosen

Binder
B

Binder A cured with a mixture of esters 51 g (3%
by mass
of sand)

7.65g (15% by mass of binder) Ester amounts
comparable to
commercial binders but
tuned to get good output

Binder
C

Ester-cured sodium silicate.
Commercially available type for foundry
use

42.5 g
(2.5% by
mass of
sand)

5.1g (12% by mass of binder) Manufacturer
recommendation

Binder
D

Ester-cured aluminosilicate, more
commonly known as geopolymer.
Commercially available type for foundry
use. Manufacturer claims up to 100% of
reclaimed sand could be used

30.6 g
(1.8% by
mass of
sand)

4.90g (16% by mass of binder) Manufacturer
recommendation

Binder
E

Hydrated sodium disilicate powder with
molar ratio 2.0. Water content: 16-20%.
Particle size: 70lm

14.11g
(0.83%
by mass
of sand)

19.89g (1.17% by mass of
sand) of distilled water is
used. Then heated to 160 �C
for hardening.

According to19

Binder
F

Alkaline Phenolic binder. Commercially
available type used widely in foundry
industry

25.5g
(1.5% by
mass of
sand)

6.38g (25% by mass of binder) Test procedure AFS
3335-04-S27

Binder
G

Furan. Commercially available type used
widely in foundry industry

17g (1%
by mass
of sand)

5.61g (33% by mass of binder) Manufacturer
recommendation

Figure 2. Pattern used for casting trial.
Figure 3. One mold prepared using silica and Binder C
(Sil-C mold).
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is estimated to be in the range 1380 �C–1420 �C, metal

temperature having been measured with an immersion

lance at 1420 �C before the start of the pouring

run. Combined height of downsprue and pouring basin was

250 mm, the mold cavities being in the drag side of the

mold.

3D Scans of the Pattern, Molds, and Final
Castings

To track each stage of process, 3D scans were taken of the

pattern, the molds made and the final castings. The 3D

scanner used was based on structured light process, with a

claimed accuracy of up to 0.05 mm. From the 3D scans,

measurements were made of specific distances and the

changes were documented and analyzed in each stage of

the process, from pattern to mold and mold to final cast-

ings. Mesh-to-mesh comparisons were also made between

pattern 3D scan and final castings 3D scan which shows

visual deviations between them. Figure 5 shows a scan of

the pattern with some marked measurements which were

also measured in the mold and casting scans. It was nec-

essary to use an anti-reflective spray to scan the pattern and

most of the castings to overcome the limitation of struc-

tured light scanning on shiny metal surfaces.

Surface Quality

Common methods of assessing as-cast surface conditions

include the use of Gar Microfinish comparator C-9 or the

SCRATA plate (as per ASTM A802 standard).29,30 The

operator visually compares castings with these reference

plates, therefore offering only discrete assessment levels. It

is also very difficult to distinguish between two surfaces

which have close surface roughness. In literature, there are

also suggestions of using point clouds from 3D scans to

analyze surface quality of the whole castings rather than a

small representative surface.31 However, for the purpose of

the current study, the use of a 3D optical profilometer was

Table 2. List of Different Molds Used for Casting Trial

Combination
name

Mold composition Remarks

sand Binder

Sil-A Silica A Heated to 160 �C for 1 hour

Sil-B Silica B Self-hardening mixture. No heating.

Sil-C Silica C Self-hardening mixture. No heating.

Sil-D Silica D Self-hardening mixture. No heating.

Sil-E Silica E Heated to 160 �C for 1 hour

Sil-E-MR Silica E and mold
release
agent

Mold release agent is sprayed on to the pattern for easier removal
of pattern from the mold. Mold is heated to 160 �C for 1 hour.

Sil-F Silica F Self-hardening mixture. No heating.

Sil-G Silica G Self-hardening mixture. No heating.

Bx-A Sintered Bauxite A Heated to 160 �C for 1 hour.

Bx-E Sintered Bauxite E Heated to 160�C for 1 hour.

Sil-Bx-A Silica and Sintered Bauxite
(50% each by volume)

A Heated to 160 �C for 1 hour.

Sil-Bx-E Silica and Sintered Bauxite
(50% each by volume)

E Heated to 160 �C for 1 hour.

Figure 4. Small molds combined into a big mold.

Table 3. Metal Composition (% by wt)

C Si Mn P S Mg Cu

3.524 2.420 0.304 0.028 0.007 0.064 0.427

1702 International Journal of Metalcasting/Volume 17, Issue 3, 2023



deemed sufficient to evaluate surface quality. For every

casting, surface roughness was measured in 3 locations.

One on the left flange, one on the right flange and one in

the middle. 2mm-by-2mm area was inspected for the

measurements. For each location, profile parameters Ra and

Rz values were calculated, and a surface micrograph taken.

Regions of pores or sand inclusions were carefully avoided

while selecting each 2mm-by-2mm area. It is also possible

to calculate surface texture parameters which quantify

surfaces from an area viewpoint rather than line profile

viewpoint (for example, Ra and Rz). The Sa parameter is the

closest to the Ra parameter, although they are fundamen-

tally different. However, if the number of Ra values aver-

aged increases, it tends to be closer to the Sa parameter, as

reported in.32 The profilometer software(Vision64) pro-

vides an Ra reading which is an average of roughness of the

entire region being measured, hence the Ra values reported

in this study are also very close approximation of Sa
parameters.

Since the area of measurement does not lie in a planar

surface, a compensation is required. In case of castings,

even planar surface by design could deviate due to mold

wall displacement and shrinkage differences.30 In this

study, the built-in function of vision 64 software was used

for this compensation, which converts any curvature to a

planar surface before roughness calculation. Roughness

parameters were then noted as reported by the software.

Results

The base properties of the sands used in this study are

given in Table 4, while Figure 6 shows the sieve distri-

bution and sand micrographs are shown in Figure 7. Den-

sity assumptions used for calculation of specific surface

area were, silica: 2.65 g/cm3, sintered bauxite: 3.3 g/cm3

and Cerabeads: 2.9 g/cm3. Shape assumptions used are

shown in Table 4.

CB 400 has almost 3 times the permeability of silica sand

due to their large grain size and very uniform circular

shape. CB 400 had similar bulk density to silica while

sintered Bauxite was much heavier. Sintered Bauxite had a

very small negative loss on ignition, which means it gains

slight weight due to oxidation.

Mold Tests

Figure 8 shows the bending strength achieved with the

different binder and sand types. Binder A produced the

highest bending strength with all types of sand. Specifi-

cally, sintered Bauxite and Binder A produced bending

strength as high as 448.5 N/cm2. For any particular binder

type, CB 400 had the least strength. This was anticipated as

CB 400 produced low strengths with organic binders as

well.26 Binder E produced intermediary results with all

sand types.

Figure 5. 3D scan of the metal pattern used in this study along with some marked measurement.
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Figure 6. Sieve distribution of the 3 sands used.

Figure 7. Sand micrograph. On the left: Silica, center: Sintered Bauxite, right:
Cerabeads 400.

Table 4. Base Properties of the Sands Used in the Study

Mean
particle size

AFS
GFN

Grain Shape Bulk Density
(g/cm3)

Permeability Moisture
content (%)

LOI
(%)

Specific Surface
Area (cm2/g)

Silica 240 lm 62.8 Sub-angular 1.48 90-100 0.035 0.20 153.3

Sintered
Bauxite

300 lm 51.1 Rounded 1.99 103-106 0.011 –0.01 85.9

Cerabeads
400

380 lm 40.8 Rounded,
compound

1.49 300-330 0.013 0.15 77.0
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Tensile strengths achieved with the different sand and

binder types are shown in Figure 9. Like with bending

strength results, the highest tensile strength is achieved

with the combination of sintered Bauxite and liquid sili-

cate. All three sands had tensile strength above 50 N/cm2.

With all sand types, Binder B produced the least strength as

was seen with bending strength. Except for Binder E, all

other binders produced the highest tensile strength with

sintered Bauxite sand.

For all inorganic binder types, the loss on ignition was less

than what would be expected with organic binders as can

be seen in Figure 10. Powder silicate and sintered Bauxite

had the least loss on ignition, while silica and ester-cured

liquid silicate (Binder B) had the highest loss on ignition.

Except binder D, sintered Bauxite had the lowest loss on

ignition. Bending strength and loss on ignition achieved

using phenolic and furan binder with different sands could

be found in.26

Figure 8. Bending strength of molds made from inor-
ganic binders and three types of sand.

Figure 9. Tensile strength of molds made from inorganic
binders and three types of sand.

Figure 10. Loss on ignition of test bars made from
inorganic binders and three types of sand.

Figure 11. Residual bending strength of inorganic
binders with silica sand.

Figure 12. Cracks developed in test bars when Sil-E test
bars were heated to 900 �C.
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Figure 11 shows the residual mold strength of the inorganic

molds at different temperatures. All the binders follow a

similar profile of residual bending strength with tempera-

ture. It gradually decreases at 450 �C and further reduction

in 900 �C. No strength could be measured for powder sil-

icate at 900 �C. The heated test bars developed cracks and

broke before they could be moved to the tester, as shown in

Figure 12. For Binder B, successive increase in residual

strength was noticed after 160 �C.

The effect of storing the solid silicate in closed containers

is shown in Figure 13. The bending strength remains above

200 N/cm2 over the period of 4 weeks while tensile

strength remains above 50 N/cm2. This confirms that there

is not much loss in strength if the powder silicate (Binder

E) is kept in mixed form with silica sand up to 4 weeks

before use. Storage in open containers was also studied,

results shown in Figure 14.

Bending strength increased after 1 day, and even more after

8 days. All tensile strength values registered were above 60

N/cm2.

Casting Trials

Figures 15, 16, and 17 show select castings with visible

differences in surface quality.

Dimension Changes and Mesh-to-Mesh Analysis

For mesh-to-mesh analysis, the two extremes of the scale

used were -1.00 (blue) mm to ?1.00 mm (red). The

software tracks differences in pattern and casting produced

in this range after a best-fit alignment of the separate scans.

The blue color corresponds to a place where the casting is

smaller than the pattern, and red color to place where the

casting is bigger than the pattern and with other gradual

Figure 13. Strength obtained after storing silica sand
and Binder E (solid silicates) as a mixture in closed
containers.

Figure 14. Strength obtained after storing silica sand
and Binder E (solid silicates) as mixture open to air.

Figure 15. On the left Sil-F casting and on the right Sil-A
casting.

Figure 16. On the left Sil-D casting and on the right Sil-E
casting.

Figure 17. On the left Bx-A casting and on the right Sil-
Bx-E casting.
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changes in color in between as shown in Figure 18 for Sil-F

casting. With Sil-F combination contractions could be seen

on the outsides of both the flanges. While slight expansion

is noticed to areas on both flanges on the inside. This is the

expected casting contraction. Rest of the part remained

within green to yellow zone. Comparable results were also

obtained with Sil-G (silica furan) combination mold.

Compared to this, Binder D showed less contraction on the

outside. With Binder C, although the outside showed

similar contraction, the inside of the flanges showed

expansion compared to the pattern, as shown in Figure 19.

With Binder E, there is less contraction on the outside.

Stark contrast is obtained with the powder sample as shown

in Figure 20. There is much larger deviation on the inside

of both flanges and small contractions can be seen on the

top of the top flange. The situation is much improved both

in terms of surface roughness and deviations in mesh-to-

mesh comparison when a mold release agent was used with

Binder E (Combination Sil-EMR).

To track a generalized change in dimensions from pattern

to mold and mold to casting, specific distances were

Figure 18. Mesh-to-mesh analysis of casting obtained with Sil-F(silica and phenol mold)
combination.

Figure 19. Mesh-to-mesh analysis of casting obtained with Sil-C.

Figure 20. Mesh-to-mesh analysis of casting obtained with Sil-E.
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measured as shown in Figure 21. Three different values are

taken for P1 across the flange and averaged. Same is done

with P2 measurement. Only one value is measured for M1.

Tracking the dimensional change was done in two stages:

one with only P1 as shown in Table 5 and the other with an

average of P2 and M1 as shown in Table 6.

With respect to the inside flange-to-flange distance, a pat-

tern to casting change between -0.89 and -1.11% was

seen with all self-setting systems (both inorganic and

organic). A high percentage change was seen for Sil-E and

Sil-EMR. Sil-A showed a change of -0.9%. The highest

was seen with the sintered Bauxite (Bx-A and Bx-E), at

slightly more than -2%.

For P2 and M1, the pattern to casting change stayed

between -0.82 and -1.18% for the self-setting systems.

With Sil-A, it was -0.561%, Sil-E at 0.325%, and Sil-

EMR -0.34%. Both sintered Bauxite systems had seen

positive increase of ?0.33% (Bx-A) and ?0.16% (Bx-E).

Figure 21. Dimensions used in the tracking of dimensional change from pattern to
final castings

Table 5. Dimensional Changes Calculated Using Inside
Flange-to-Flange Distance (P1)

Pattern to mold Mold to casting Pattern to casting

Sil-A -0.525 % -0.365 % -0.889 %

Sil-B -0.428 % -0.684 % -1.109 %

Sil-C -0.633 % -0.375 % -1.006 %

Sil-D -0.275 % -0.784 % -1.057 %

Sil-E -1.260 % -1.312 % -2.556 %

Sil-
EMR

-0.430 % -1.046 % -1.472 %

Sil-F 0.189 % -1.079 % -0.892 %

Sil-G -0.568 % -0.343 % -0.909 %

Bx-A -1.766 % -0.310 % -2.070 %

Bx-E -1.367 % -0.785 % -2.141 %

Sil-Bx-A -0.739 % -0.529 % -1.264 %

Sil-Bx-E -1.296 % -0.543 % -1.832 %

Table 6. Dimensional Changes Calculated Using Out-
side Flange-to-Flange (P2) and Max Distance (M1)

Pattern to mold Mold to casting Pattern to casting

Sil-A -0.007 % -0.553 % -0.561 %

Sil-B -0.167 % -0.769 % -0.935 %

Sil-C -0.070 % -1.015 % -1.084 %

Sil-D -0.036 % -0.786 % -0.822 %

Sil-E 0.836 % -0.506 % 0.325 %

Sil-
EMR

0.486 % -0.826 % -0.344 %

Sil-F -0.049 % -1.131 % -1.181 %

Sil-G 0.030 % -1.051 % -1.021 %

Bx-A 0.477 % -0.144 % 0.332 %

Bx-E 0.769 % -0.607 % 0.158 %

Sil-Bx-A 0.382 % -0.472 % -0.091 %

Sil-Bx-E 0.979 % -0.760 % 0.210 %
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Surface Roughness and Integrity Analysis

Surface roughness can be visually inspected and compared;

differences evident in Figures 15, 16, and 17. Differences

can also be seen in 3D scan results of the castings when the

differences are relatively large. However, to quantify the

surface roughness of Ra (arithmetic average of absolute

values of profile height deviations from mean line) and Rz

(average value of absolute values of heights of highest-

profile peaks and depths of deepest valleys) were mea-

sured. The results are given in Table 7. Additionally,

descriptions of general casting defects observed are noted

in the table. Some minor cold shuts were seen in the flange

areas of the analyzed castings. These are not listed in the

table as those are related to melt flow rather than mold

characteristics. Average of 3 Ra measurement for each

casting is shown in Figure 22.

The pattern in use had an average Ra of 4.92lm. The best

surface finish was achieved with phenolic binder (Combi-

nation Sil-F) at 8.06 lm, followed very closely by the furan

binder (Combination Sil-G) at 10.51 lm. Commercially

used ester-cured sodium silicate (Sil-C) produced an Ra of

12.04 lm and that by geopolymer (Sil-D) 11.95 lm. Very

high surface roughness was seen with Sil-E at 55.45 lm.

This reduced to 36.91 lm when a mold release agent was

used (Sil-EMR). The worst surface roughness was seen

with Bx-E (61.9 lm). However, when 50% of silica and

50% of sintered Bauxite was used (Combination Sil-Bx-E),

the average surface roughness was 28.12 lm. This was

much less than when only either silica or sintered Bauxite

was used with Binder E. Some surface micrographs are

shown in Figure 23.

In order to have a better understanding for the high surface

roughness value of Sil-E combination, another small test

was done. Sil-E mold was made again but this time with a

different 3D-printed plastic pattern (thermally resistant up

to 200�C). The shape of this pattern was slightly different

from the original metal pattern used, but similar in nature.

Figure 24 shows the 3D scan of original Sil-E mold, Fig-

ure 25 shows the one with 3D-printed pattern. The

improvement in surface roughness is quite evident with the

new pattern, both visually and also in the 3D scans of the

molds.

Table 7. Surface Roughness Values of the Castings Obtained

Left flange Middle Right flange General casting defects observed

Ra (lm) Rz (lm) Ra (lm) Rz (lm) Ra (lm) Rz (lm)

Pattern 6.66 69.30 4.22 49.32 3.90 68.69

Sil-A 16.80 136.64 28.74 194.45 13.54 105.86

Sil-B 32.66 237.30 17.29 161.44 13.48 98.47

Sil-C 9.23 83.94 14.51 116.27 12.38 100.49

Sil-D 17.25 197.35 7.67 88.56 10.93 87.23

Sil-E 44.37 304.32 68.59 418.64 53.41 390.75

Sil-
EMR

49.16 281.27 14.39 142.24 47.17 318.64 Minor penetration on left core print

Sil-F 10.98 80.33 7.41 58.67 5.78 46.53

Sil-G 12.02 100.13 10.93 73.25 8.58 75.30

Bx-A 31.74 238.48 23.26 192.93 18.63 173.61 Minor penetration on right core print

Bx-E 52.85 387.30 77.33 489.18 55.52 394.92 Material penetration on left flange

Sil-Bx-A 18.34 163.34 38.01 249.20 29.58 204.15

Sil-Bx-E 34.99 241.08 22.98 218.62 26.40 (Top flange) 263.75 (Top flange) Material penetration on right flange

Figure 22. Average of 3 Ra readings.
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Figure 23. Some select surface micrographs are shown.

Figure 24. 3D scan of Sil-E mold made with metal
pattern.

Figure 25. 3D scan of Sil-E mold made with 3D-printed
thermal-resistant plastic pattern.
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Discussion

The bending strength achieved in all the different forms of

inorganic binders was in acceptable range for foundry use,

although the ester-cured sodium silicate was on the lower

ranges. However, by altering the amount of binders and/or

hardeners the achievable strength can be altered even for

specific purposes. As collapsibility is an issue with inor-

ganic binders, residual bending strength was also investi-

gated in this study. All the inorganic binders exhibited a

similar trend in residual strength, strength decreasing with

increasing temperature but does not fall to zero. Only

Binder B showed an increase in residual strength at 450

and 900 �C. Due to binder burnout, organic binders do not

retain their strength like inorganic ones do, resulting in

their excellent collapsibility. As an example, the tensile

strength of furan (1.2%) and silica goes almost zero already

at 400 �C.33 The loss on ignition of inorganic binders with

all types of sand was quite small as expected. All organic

binders exhibit a much higher loss on ignition as could be

seen in.26 As anticipated, Binder B-system has higher loss

on ignition than the fully inorganic binders, the ester-cured

sodium silicate being a semi-inorganic system.

Pattern removal was the easiest with the organic systems

(Binders F and G). Inorganic binders C and D were also

good with pattern release. However, in all the heat-hard-

ened systems pattern removal was challenging. Also, if

patterns must be kept inside molds for the whole hardening

process, then pattern and mold material can expand or

contract at different rates making pattern removal even

more challenging. Easy pattern release is also quite

important so that minimal damage is made to the mold. The

most difficult pattern release was experienced with Binder

E in this study.

The expected casting contraction for unannealed spheroidal

gray cast iron is about 1.2% (p. 41 Annex B).34 This is

given as a total change in pattern to casting. In this study,

the overall pattern to casting change lied between -0.82%

and -1.18% for all the self-setting systems (where heat

was not used for hardening). A range of changes were

noticed for the heat-hardened ones. For example, if the

inside flange-to-flange distance is considered (P1), Sil-E

had a pattern to mold change of -1.26%. One possible

reason could be, as the mold tended to stick to the pattern,

some sand was scratched off when taking the pattern out,

resulting in a decrease in the inside flange-to-flange dis-

tance. When the release agent was used in Sil-EMR, this

change came down to -0.43%. The same was also evident

with the outside flange-to-flange distance and max distance

(P2 and M1), where scratching layers of sand actually

increases this distance. Hence, pattern to mold change of

?0.84% was seen with Sil-E and this change came down to

?0.49% when a mold release agent was used (Sil-EMR).

The high dimensional changes in castings with sintered

Bauxite sand could be due to their larger size and size

distribution, thus any scratch of layer produces larger

changes. Another reason could also be due to small pene-

trations at M1 measurement site. In either way, separate

more extensive research is required to establish the exact

allowance needed with these binder and sand types.

There were both encouraging results and challenges con-

cerning solid silicates (Binder E). The strength produced

with solid silicates was in acceptable range, if not better in

some cases, than some of the ester-cured silicates. The loss

on ignition was also low, in fact the lowest loss on ignition

noted in this study was recorded with the combination of

sintered Bauxite and solid silicates. Very encouraging

results were also noticed with the tests conducted for the

storability of solid silicates and sand in a mixed form. Such

mixture was stored in a closed container, tested after

storage periods up to 4 weeks, and not much deterioration

in strength was noticed. On the contrary, when stored open

to air, strength increased within the test trial period of up to

8 days. The moisture in air has potentially helped in

improving dissolution of the sodium silicate powder. More

tests should be conducted to see how long such mixtures

can be stored in open air before losing binding properties or

starting to clump. This means there is potential for foundry

practice where sand could be bought, or made into mix-

tures, or coated with sodium silicate as one product and

foundries only supply water for the hardening. It should

also be emphasized that the mass of solid silicate used in

each batch was only 14.11g, compared to the 51g of liquid

silicate or even to the 42.5 g of Binder C (Commercial

brand of ester-cured sodium silicate). This also demon-

strates the ease of transportation and storage of solid

silicates.

The surface roughness (Ra) of a small–medium sand cast-

ing is expected to be up to 12.5 lm, in medium–large

casting up to 25 lm and that of large castings up to 50

lm.35 In this study, the best surface finish was obtained

with organic binders F and G (Average Ra 8.06 lm and

10.51 lm, respectively). Even though Binder A and B did

not produce excellent surface finish (Ra around 20 lm),

commercially available ester-cured sodium silicate Binder

C produced quite comparable results to the organic binders.

Geopolymer binder also achieved similar result as Binder

C. It is thus to be expected that with more research, inor-

ganic binders should be able to match the surface rough-

ness achieved with organic binders. The highest surface

roughness was achieved with Binder E. Both Sil-E and Bx-

E castings having Ra values more than 50lm. This issue is

discussed in more detail in the following section.

One contributing factor of high surface roughness of Sil-E

castings could be because powder silicate tended to stick to

the metal pattern. This makes pattern removal very diffi-

cult, also causing the surface of the mold to be damaged

and resulting in high surface roughness values with Binder

E. However, five aspects should be discussed here. Firstly,
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it must be emphasized that the unmodified liquid sodium

silicate also produced rough surfaces in this study. Com-

mercial silicate binders have improved on this through

modifications and additives, as demonstrated by Binder C.

Similar improvements should be possible in case of powder

silicate. Secondly, the use of mold release agent did

improve the surface roughness to some extent (Sil-EMR).

Ra improved from 55.46 to 36.91 lm. Thirdly, the mold

with a mixture of 50% sintered Bauxite and 50% silica had

a smaller surface roughness than when either silica or

sintered Bauxite was used alone. This indicates potential in

mold aggregate mixtures. Fourthly, the quick test of mak-

ing Sil-E mold with a 3D-printed pattern had shown to be

of much smoother surface than the original Sil-E mold

(Figures 24 and 25). The pattern released much better and

it did not stick to the mold. This leads the authors to believe

that surface finish could be much improved if pattern

release could be improved with Binder E. Fifthly, in the

case of 3D printing of sand mold using powder silicates

where the sand is premixed with the powder and water is

jetted through the print heads, such issues do not exist as

there is no pattern to remove and hence no issue of sand

sticking to the pattern. Therefore, although the powder

silicate binder tested here is not ready for foundry use as is,

with research, binder modification, coatings, additives,

pattern material improvement these have the potential to be

a main-line form of inorganic binder for foundry use in the

future.

One of the challenges of sodium silicate binder is the dif-

ficulty of sand reclamation after use.36 Remaining sodium

silicate are not decomposed or burned out in the casting

process but instead they form a sodium silicate gel.37 This

has low melting point and strong bond strength with the

sand. Residual binder and salt on the sand absorb water

easily which makes dry reclamation difficult. However,

most of the residues (sodium silicate, esters, and salts

formed) are soluble in water. Hence, a wet reclaiming

process can produce very good quality reclaimed sand.

However, if a large amount of water is required in the wet

reclamation process, large quantity of sewage discharge

then produces secondary pollution.38 Solving this recla-

mation issue is vital as not doing so beats the purpose of

using environmentally friendly binder in the first place. An

environmentally friendly binder would be no more sus-

tainable than organic ones if foundries have to use signif-

icantly more virgin sand mined from continually

diminishing natural reserves.

Future Work

• Investigating applicable pattern materials and

allowances for dimensional changes with inor-

ganic binders.

• Investigating different ways of physical hardening

of sodium silicate: furnace heating, microwave,

induction, etc.

• Investigating parameters for three-dimensional

printing with solid silicates.

• Investigating different coatings for improving

castings, for example to improve surface quality.

Conclusion

Re-emergence of inorganic binders offers solutions to

global sustainability challenges. The challenges are clear to

see but there are also significant advantages that foundries

can exploit for their benefit. The principal advantage being

environmental, while additional benefits like savings in

binder purchase, tooling, etc. All the inorganic binders

tested here demonstrated good mold strength, maybe even

too high in some cases. The loss on ignition values were

also very good compared to organic binders. However, the

surface finish achieved with organic binders is still superior

to inorganic ones, although the commercially available

sodium silicate and geopolymers are very close. It is pos-

sible to obtain castings through solid sodium silicates,

however the surface roughness issues need to be solved

before widespread use in foundries is possible. Very

encouraging results were obtained with the storage of solid

silicates and sand as a mixture. As the manufacturing world

is seeking more sustainability and environmental laws

getting ever stricter, inorganic binders might become the

new norm of foundry use across the globe.
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the innovated environment friendly inorganic binder

system. Arch. Foundry Eng. 19(1), 109–116 (2019).

https://doi.org/10.24425/afe.2019.127103

23. M. Holtzer, D. Drozyński, A. Bobrowski, W. Plaza,

Influence of binding rates on strength properties of

moulding sands with the geopol binder. Arch. Foundry

Eng. 14(1), 37–40 (2014). https://doi.org/10.2478/afe-

2014-0009

24. F. Pezarski, E. Smoluchowska, I. Izdebska-Szanda,

Application of geopolymer binder in manufacturing of

casting from ferrous alloys. Trans. Foundry Res. Inst.

2, 19–34 (2008). https://doi.org/10.7356/iod.2008.7

25. M. Vykoukal, A. Burian, M. Přerovská, T. Bajer, J.
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