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ABSTRACT
The expansion of silica sands has long been
misunderstood as the cause of several casting defects. It’s
equally misunderstood that we can’t change the way silica
sands expands. The research studies in depth the
expansion of silica sands and the effect of phase changes
in the sands. It was found that several materials change
the high temperature phases of silica sand and
corresponding expansion. These phase changes give us a
view into several casting defects and methodologies to
correct them.
The results also give us a better
understanding of the difficulty and complexity in
providing castings with lower dimensional variation and
higher degrees of dimensional predictability.
Keywords: silica, sand, expansion, phase change, casting
dimensional accuracy.
INTRODUCTION
The casting of metals remains the single most versatile
metal forming technology known to man. No other
process has the ability to form intricate internal geometric
features at a fraction of the cost of competing
technologies. It is commonplace for conventional ferrous
and non-ferrous materials to be cast in intricate shapes in
sizes from ounces to hundreds of tons. However, because
of silica sand’s abrupt thermal expansion and unstable
crystal phases, dimensional accuracy of castings produced
in these materials is compromised. Zircon, chromite, and
various mullite ceramic aggregates are being chosen to
replace silica in high accuracy castings because of their
low thermal expansion and dimensional stability.
Fortunately, silica sand still has a place in producing
highly dimensionally accurate castings at a cost more
favorable then alternate materials.
Of all the aggregates used to produce molds and cores for
the metal casting industry, silica sand has the greatest
thermal expansion and thus the largest detrimental effect
on dimensionally accurate castings. Understanding this
expansion has begun and has the potential to lead to
improved dimensional accuracy of castings produced
from this abundant and cost effective material. A large
part of this understanding includes the phase changes that
silica undergoes as it expands. These control not only the
expansion stability but also the point, which the material
softens and sinters. Previous research has shown that the
cause of veining defects is not the expansion of the sand
but the contraction after the Alpha/Beta phase

transformation1. This contraction is an indication of, and
the definition of, the glass transition temperature, which
the silica undergoes. Understanding and measuring of
this contraction/transition is important in eliminating
veining defects and in controlling the distortion that
accompanies the use of silica sand. If this contraction
can be slowed or reversed, the sand can be made much
more thermally stable and true expansion stabilized to a
reproducible amount.
Most foundry sands are composed of alpha-quartz. These
sands expand slowly to around 573C (1063F) where quartz
undergoes a phase change to beta-quartz2. This phase
change is associated with a rapid volume change 4.74%
and a linear expansion of 1.56% (.015 mm/mm). This
rapid expansion is what is usually associated with veining
defects and thermal fracture of sand grains. Organic fillers
if used have the tendency to cushion the sand by providing
vacancies between sand grains; however, they must be used
in sufficient quantities to displace much of the sands
volume. These fillers reduce the overall expansion but may
cause premature degradation of the mechanical integrity of
the bonded sand. As seen in Figure 1 sands bonded with
PUNB without additives continued heating will cause a
slow contraction in the sands from 573C (1063F) to
approximately 1176C (2150F). Table 1 illustrates the
phase changes associated with temperature increases in
quartz.
Beta quartz transforms to beta-tridymite at 870C (1598F) in
the presence of a liquid. This transformation is accompanied
by a 12.44% change in volume, which is substantially greater
than the original alpha to beta-quartz transformation. We see
this transformation when engineered sand additives (ESA)
are used or when sodium is present in the sand as bentonite
bonded green sands. Sodium and aluminum are both known
to stabilize tridymite transformation. This increase in
volume due to tridymite transformation is thought to be the
reason that ESA are effective in reducing or preventing
veining in cast irons.
When iron oxides are present in sufficient quantities the
sands will begin to soften between 1000 and 1100C (1832
and 2012F) as indicated by a sharp decrease in volume as
seen in Table 1 and Figure 1. Iron oxide levels in excess
of 3% of either black (Fe3O4) or red (Fe2O3) have a
similar effect of causing bonded sands to sinter or
partially melt. Samples removed from the dilatometer
after heating show signs of sintering to partial melting of
the samples as seen in Figuress 2 to 4. It is felt that the
sintering or partial melting
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Table 1. Phase Transformation Temperatures of Quartz
Density Change
Temperature
(Volume)
Linear Change

Phase Transition

alpha-quartz to beta-quartz
beta-quartz to beta-tridymite
beta-tridymite to betacristobalite
beta-quartz to betacristobalite

573C (1063F)
870C (1598F)

2.65 to 2.53 (+4.74%)
2.53 to 2.25 (+12.44%)

+1.56% (0.0156 in/in)
+3.99% (0.0399 in/in)

1470C (2678F)

2.25 to 2.20 (+2.27%)

+0.75% (0.0075 in/in)

1470C (2678F)

2.53 to 2.20 (+14.71%)

+4.74% (0.0474 in/in)

causes an increase in tensile strength of the surface of the
core or mold, which could help prevent fracture and
veining. Interestingly oxide containing samples that are
held at 815C (1500F) for a period of 1 hour do not
contract or degrade further. On cooling from these
temperatures, the contraction is fully reversible. LOI
analysis shows that although oxide-containing samples
retain their original shape and posses significant crush
strength they have a combustible content of -0.5%. The
negative LOI indicates that the samples gained weight
during heating in the muffle furnace. This weight gain is
thought to be a result of re-oxidation of the iron that
remains on the sand grains. This level of combustibles
excludes the possibility of any of the original organic
binder being present.

Figure 2. Sintered sample of PUNB with 3% black iron
oxide added.

Phase Transformations in Silica Sand

Figure 4 clearly shows the melting of the sand grains in
sands with red iron oxide additions.
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Figure 1. Transformation temperatures of silica
phases.

Figure 3. Sintered samples PUNB with 3% red iron
oxide added.
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Effect of Black Iron Oxide on the
Expansion of No-Bake Sand
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Figure 4. Partial melting of silica grains due to
additions of red iron oxide.

As the samples are heated further, those containing red
iron oxide transform to Cristobalite at around 1470C
(2678F) as shown in Figure 1 and 5. This transformation
is marked by a 14.71% volume increase. Sands that
contain black iron oxide did not show this transformation
which may have occurred at a higher temperature as seen
in Figure 6. Unfortunately, the dilatometer test is limited
to 1350C (2462F), which prevents us from seeing the full
extent of the expansion due to cristobalite transformation
but allows us to capture the start. Note that a CO/CO2
environment was tested as well as an inert N2
atmosphere. It was found that this expansion occurs
regardless of the atmosphere in the dilatometer3.
The higher temperature of the cristobalite transformation
is thought to be one reason why iron oxides are effective
in steel and not as effective in iron in reducing veining
defects. Another reason mentioned is due to partial
sintering. By increasing the adhesion of the surface grains
to each other, there is an increase in high temperature
tensile strength due to the sintering or partial melting of
the sands.

Figure 6. Expansion of sands containing black iron
oxide.

METHODOLOGY
Sands used for the testing included high silica round grain
(HSR) and lake sand, low silica sub-angular (LSSA)
sands. Samples were produced for the testing by the
following procedure. Approximately 3000 grams of sand
was split using an 18-1 splitter and weighed to the nearest
gram. Binder was calculated based on the total amount of
sand and added to a KitchenAid® mixer and mixed for 60
seconds for each binder part. In all cases, the
manufacturers recommended binder ratios were used.
The sand mixtures were transferred to the blow magazine
of a No. 372-A-O Cold Box Tensile Curing Machine,
utilizing a three gang AFS standard design dog bone core
box. A second batch of sand was mixed and blown into a
second core box that contained the AFS standard high
temperature sample. These samples were 1.125 in. in
diameter and approximately 2.0 inches long. The ends of
the high temperature samples were squared off using a
custom fixture and length adjusted to approximately 1.6
inches. Samples were stored in a desecrator until testing.
Dog bone tensile specimens were tested within 30
seconds after curing and additional intervals of 5 minutes,
1, 3, and 24 hours after curing.
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Figure 5. Expansion of sands containing red iron
oxide.

NO BAKE TENSILE SPECIMENS
Sand samples, type of sand, were split via 16 way sand
splitter to assure a representative grain distribution. Split
sand was placed into mixer and mixed until dry additions
were thoroughly mixed. Part 1 resin was added to the
sand mixture and mixed for 45 seconds. The bowl was
then removed and sand was “flipped” to reveal any
uncoated sand remaining at the bottom. The sand was
mixed for an additional 45 seconds and flipped. Part 2
resin was added. The sand was then mixed repeating the
same mixing procedure. The final was packed and
rammed into a 12-gang dog bone biscuit tensile specimen
core box. Excess sand was removed via straightedge and
the sand was allowed to cure. A flat 4” x1” cylinder was
formed from remaining sand. B Scale green hardness was
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tested periodically. Time was recorded for green hardness
of 45 (work time) and 90 (strip time). When the sand
obtained a green hardness of 90, the tensile specimens
were removed from the core box for testing.
STEP CONE CORES
All sand samples were split via 16 way sand splitter to
assure a representative grain distribution. Split sand was
placed into the mixer and mixed until dry additions were
thoroughly mixed. Part 1 resin was added to the sand
mixture and mixed for 45 seconds. The bowl was then
removed and sand was “flipped” to reveal any uncoated
sand remaining at the bottom. The sand was mixed for an
additional 45 seconds and flipped. Part 2 resin was added.
The sand was then mixed repeating the same mixing
procedure. The final mixture was packed and rammed
into a step cone core box. Excess sand was removed via
straightedge and the sand was allowed to cure. A flat 4”
x1” cylinder was formed from remaining sand. B Scale
green hardness was tested periodically. Time was
recorded for green hardness of 45 (work time) and 90
(strip time). When the sand obtained a green hardness of
90, the tensile specimens were removed from the core box
for testing.

Table 3. Screen Distribution of Testing Sand
Cumulative
weight

Retained
on Screen

%
Retained

Multiplier

Product

20

0.003

0.003

0.01

0.10

0.0006

30

0.181

0.178

0.33

0.20

0.0656

40

7.383

7.202

13.28

0.30

3.9833

50

26.059

18.676

34.43

0.40

13.772

70

42.128

16.069

29.62

0.50

14.812

100

52.251

10.123

18.66

0.70

13.063

140

54.185

1.934

3.57

1.00

3.5655

200

54.227

0.042

0.08

1.40

0.1084

Sieve
Size

270

54.234

0.007

0.01

2.00

0.0258

Pan

54.242

0.008

0.01

3.00

0.0442

Total

54.24

54.24

100.00

GFN

49.44

RESULTS OF THE TESTING
BONDED SAND STRENGTH PROFILES
The tensile property of the sodium silicate test cores are
shown in Figures 7 and 8. The tensile properties of the
sodium silicate bonded cores were the lowest of all the
bonded sands although they contained some of the highest
binder percentages used in the testing. The suggested
binder content by the manufacturer was a minimum of
3.0% but lower values were used to compare more closely
with the epoxy acrylic, resin coated, and phenolic
urethane bonded sands.
Figure 9 illustrates the
degradation over time due to the materials resistance to
atmospheric humidity.

Figure 7. Sodium silicate tensile profile over time.

Figures 9 and 10 show the tensile profile of the phenolic
urethane bonded sands. Tensile properties were generally
proportional to the amount of binder used on the sands.
Figure 10 also illustrates that the binder content was most
stable around and in excess of 1.35%. Binder content
lower than 1.35% tended to remain at a constant tensile
strength with increased cure time.
Figure 8. Sodium silicate tensile profile as a function
of binder content.
Table 2. Basic Sand Properties
Basic Properties
InCast 55
Acid Demand Value
pH

3.0
7.16

Loss on Ignition

.30

AFS Clay Percentage

.32

AFSGFN

49.44

Resin coated sands exhibited the highest tensile strength
values in the test series as shown in Figure 11. The resincoated sands also exhibited the greatest range of binder
content stability bonding sands from a low of 1% binder
to a high of 5%. Strength to binder content was
proportional through the addition levels. Epoxy acrylic
bonded sands are shown in Figuress 12 and 13. The
tensile values were comparable to the phenolic urethane
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and appeared to be unaffected by humidity only slightly
degraded from production through 24 hours.

Figure 12. Epoxy acrylic tensile profile over time.

Figure 9. Phenolic urethane tensile profile over time.

Figure 13. Epoxy acrylic tensile profile as a function of
binder content.
Figure 10. Phenolic urethane tensile profile as a
function of binder content.

Figure 11. Resin coated sand tensile profile as a
function of binder content.

EXPANSION RESULTS
Thermal Expansion Testing Methodology
Thermal expansion of the bonded sands was tested
utilizing the university’s custom high temperature
aggregate dilatometer. This dilatometer is based on a
controlled atmosphere single pushrod design and is
capable of temperatures in excess of 1500C (2732F). The
results of the testing are normalized to correct for errors
generated by the expansion of the dilatometer pushrod,
sample holder, and micrometer stage.
Thermal Expansion of Bonded Sand Results
Sodium silicate is the most reactive of all the chemical
binder systems as seen in Figure 14. In all of the systems
tested the alpha – beta quartz transformation was evident
with expansion from 0.008 in/in to 0.013 in/in. As seen in
Figure 14 the expansion peaks at slightly over 1100F
(593C) and then contracts dramatically until
approximately 1700F (927C). This negative expansion or
contraction represents a softening or sintering of the sand
grains. Sands removed from the dilatometer after heating
retain their shape because of this partial melting of the test
samples. The sodium silicate bonded samples were the
only samples to undergo a large volumetric expansion
from approximately 1700F to the 2795F (1535C). This
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expansion represents a phase change to crystobilite.
Expansions during this phase were observed to be in
excess of .05 in/in. The expansion of various levels of
binder were not linear and it was felt had more to do more
with normal variation in testing results than what could be
expected as resulting from a range of binder percentage.
Figure 15 illustrates the expansion resulting from testing
of sand bonded with epoxy acrylic binder. The testing did
show some softening at temperatures higher than the A/B
transformation but were noticeably less than the sodium
silicate bonded samples. The total expansion of the
samples did not appear to be proportional to the binder
content.
Figure 15. Thermal expansion of epoxy acrylic bonded
sand.

Step Cone Test Casting Analysis
Step cone test castings were evaluated using a semiquantitative methodology to minimize variation in

Figure 14. Thermal expansion of sodium silicate
bonded sand.

Figure 16 shows the expansion of the samples bonded
with phenolic urethane. The results of the testing were
consistent across binder percentages with only minor
variations in total expansion. All of the samples showed a
characteristic peak expansion at the alpha/beta
transformation temperature with contraction due to sinter
of the sand grains.
Resin coated sands were shown in Figure 17. The
expansion of the samples differed from the chemical
binders in the alpha/beta phase transformation range with
a non-linear expansion rate. This was consistent with
previously tested samples and was thought to be an effect
of the breakdown of the higher binder contents of the
resin-coated sands. The deviation from a linear expansion
was proportional to the amount of binder used with the
samples. The 5% samples showed the most variation
while the 1% coated samples the least. A sharp decrease
of sample volume in the 1% bonded sample was
attributed to the loss of sample integrity and volume
during the testing.

Figure 16. Thermal expansion of phenolic urethane
bonded sand.

Figure 17. Thermal expansion of resin coated sand.

reporting procedures for evaluating and assessing
penetration and veining defects. A diagram of the step
cone casting is seen in Figure 18.
Previous researchers have evaluated the step cone casting
by qualitative visual inspection4. However, there is
ambiguity between inspectors since a minor defect might
be considered as a moderate defect and vice versa. Step
cone molds poured at the University of Northern Iowa
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Metal Casting Center were ranked by a weighted
evaluation approach5.
The inspection and evaluation technique independently
assesses for metal penetration and veining defects. Each
ring of the casting is assigned a multiplying factor from 1
to 6. The multiplying factor considers metallostatic
pressure, temperature, and dynamic pressure and is used
for both evaluating penetration and veining defects. As
an example, the top ring of the casting is assigned a
multiplying factor of 1 since the top ring fills last (coolest
metal temperature), has minimal metallostatic head
pressure, and lowest dynamic pressure. Metal penetration
and veining defects would be expected to be minimal at
this level. The greatest occurrence for defect formation
would occur at the bottom ring of the casting and is
assigned a multiplying factor of six.
Each ring is evaluated based on the severity of the defect.
Again, a ranking scale is used for defect severity. Metal
penetration was evaluated based on coverage and depth of
penetrated metal. A clean surface is assigned a number 0.
Number 1, representing slight penetration, is assigned to a
ring if it was observed to have penetrated metal with
small total area or sand burn-on (or burn-in) with
moderate coverage. A number 2 for metal penetration is
designated as moderate penetration.
Moderate
penetration represents slightly penetrated metal with
moderate coverage or a ring completely covered with
burn-in sand. Severe penetration was assigned a number
3, indicating extensive penetrated metal with large mass
and/or coverage. A number of 4 is assigned to areas that
had fused metal around the sand that could not be
dislocated from the casting. To semi-quantitatively
evaluate the casting for metal penetration, the severity of
the defect (ranging from 0 to 4) is multiplied by the ring
factor to obtain a value for each ring. For example, if
moderate penetration (number 2) was observed on the
fifth ring from the top of the casting, then the calculated
value for this ring is equal to 5 times 2 and is recorded as
a 10. After the casting is evaluated and ranked, the
calculated value for each ring was added together,
averaged to account for the two-halves, and the total
score, termed as an index value, is reported.
For veining, a slightly different approach is used to
determine the resistance to veining defects. As with the
previously discussed methodology in metal penetration,
each ring of the casting is assigned a multiplying factor 1
to 6 where 1 represents the top of the casting and 6
represented the lowest ring of the casting. With veining,
the severity of the defect was again ranked from 0 to 4,
with 0 equating to no veining and 4 representing severe
veining with metal penetration. Slight veining was
termed as the condition where a vein forms and the depth
was slight. Moderate veining was the condition where the
depth of vein was significantly noticeable and extended
across the examined ring area.
Severe veining,
represented as number 3, was the condition where
significant protrusion into the sand along with multiple

formations of the veins at the casting interface. A value
of 4 was assigned to veins associated with severe metal
penetration. Similar to determination approach employed
for metal penetration, a veining defect severity value is
determined for each ring and the sum of rings on each
section half of the step cone casting is calculated.
DIMENSIONAL ACCURACY OF VARIOUS BINDER
SYSTEMS
Step cone test castings were also measured to determine
the binder type and level’s effect on the dimensional
accuracy of the final castings. During this testing, the
cores were produced using the procedure outlined in
previous sections. Each step of the cores was measured in
three places to obtain the average diameter of the sample.
The step cone cores were coated with a commercial
graphite based core coating, dried and measured. The
diameters of the cores illustrated the dimensional stability
of the core materials. Each of the cores were placed in a
test mold and poured. The resulting castings were
measured and then compared to the original core
dimension and coated dimension. The results of the test
are shown in Figures 19 through 22. With this method of
measurement, normal shrinkage is seen as a negative
number while casting diameters that grow with sand
expansion are reflected as increases or positive numbers.
It was felt that samples that exhibited the smallest range
of dimensional change will yield castings with the
smallest dimensional variation from the pattern across all
section thicknesses.

Figure 18. Diagram of step cone test casting.
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Figure 19. Dimensional accuracy test casting results
for sodium silicate bonded cores.

Figure 20. Dimensional accuracy test casting results
for epoxy acrylic bonded cores.

Table 4. Step Cone Analysis Results
Step Cone Analysis

Penetration Index
Evaluator 1

Veining Index

Evaluator 2

Evaluator 1

Sum of Indexes

Rank#

Evaluator 2

Casting #
3.0% Sodium Silicate

39

34

11

13

96

1

3.5% Sodium Silicate

43

28

19

15

105

2

2.75% Sodium Silicate

28

34

25

24

111

3

5%Shell

20

28

35

34

117

4

2.0% 305/705

35

27

28

28

117

5

2.5% Sodium Silicate

43

39

17

22

120

6

3% Shell

24

26

37

37

123

7

2% Shell

31

36

35

24

125

8

1.5% 305/705

31

36

45

44

155

9

1% Epoxy Acrylic (SO2)

15

8

69

67

158

10

2.0% Epoxy Acrylic (SO2)

18

18

68

67

171

11

1.25% Epoxy Acrylic (SO2)

15

20

72

65

172

12

1.5% Epoxy Acrylic (SO2)

21

13

69

72

174

13

1.25% 305/705

30

33

57

59

178

14

1.0% 305/705

35

35

60

60

190

15

The sodium silicate test samples shown in Figure 19
exhibited both the largest and smallest variation of casting
dimensions.
The charts show the variation at
approximately 2.7% binder to be approximately .020”.
The range of variation at 3.5% binder was in excess of
.075”. The 2.5” diameter being the last to solidify was
consistent with the thermal expansion profile showing the
largest diameter of all the samples and proportional to the
large expansion during transformation to crystobilite as
seen in Figure 14. This shows that thinner metal sections
are less affected by the expansion of the bonded sand but
as solidification times increase, the liquid metal conforms
to larger core dimensions caused by expanding sands.

This expansion magnified by transformation to
crystobilite significantly increased the expansion of the
sand before solidification therefore increasing the bore
dimension.
Figure 20 illustrates the dimensional variation exhibited
by the core produced from the epoxy acrylic cold box
(EACB) binder system. Overall, it appeared that the
EACB binder had the narrowest of variation between the
section sizes but only after a minimum of 1.5% binder
provided adequate physical strength. This is consistent
with the manufacturer’s recommendations for binders of
this type.
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Figure 21. Dimensional accuracy test casting results
for phenolic urethane bonded cores.

Figure 21 shows the variation of the core dimensions of
the phenolic urethane cold box cores. These results
represent the most widely used binder system currently
used in the industry. Results of the testing showed that
the variation was large but did not vary from the low of
1.0% to a high of 2.0% binder.

expand showed little or no dilation but rather dimensional
contraction closer to what was expected as conventional
pattern makers shrinkage. This illustrated well the
difficulty in designing tooling for castings that are both
dimensionally accurate and reproducible. Although not
complete, this gives us a new direction for design of
patterns to allow for sand expansion and or contraction.
What was missing in the results was the exact point at
which the metal ceased to flow freely around core and
took the dimensions either of the core when it was
expanded or at the various points during the contraction
of the core after primary expansion. A more complete
explanation of the dimensional results could also have
been made from knowing the resistance to expansion by
the binder system itself. The expansion and subsequent
contraction of the sands as they are heated are thought to
be restricted by the high temperature strength of the
binders themselves. This may have partially been shown
in the low dimensional variation in the upper binder
percentages in the resin coated sand cores. This high
temperature strength may be supplemented by the
addition of iron oxide, which is thought to cause localized
melting or sintering of the sands to both create a barrier to
metal penetration and resist tensile failures due to
contraction.
To fully understand the role of binders in dimensional
accuracy of various core binders the high temperature
strength of the binder systems needs to be better
understood. This information has direct applications in
the modeling of the casting process and provides valuable
information for designing casting tooling that produces
accurate and reproducible castings.
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