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t h e D i r e c to r
By John Sanders, NBRC Director

For those of you who keep up
with our Research and Wall
Systems programs, I am glad to
report that Nate Huygen has now
graduated and joined the NBRC
in a full-time capacity. Having
Nate stay on after graduation
ensures that we can continue
the great work that he has been
doing on thermal performance
of masonry systems. In addition
to the thermal performance
work, he is also going to be
working on other research
projects, the magazine, webinars,
and helping in our analytical
labs. We are excited to have Dr.
Huygen as part of the team. At
the moment he is working on
hotbox testing of thin brick wall
systems, simulations of thermal
performance using local climate

What’s Inside
data that include the benefits
of thermal mass, hygrothermal
modelling of masonry materials
and solar reflectance of masonry
materials. He has written the
technical article that you will
find in this issue about some
microscopy work from his
dissertation. He was able to
relate thermal properties to
mineralogical and physical
properties of brick in a much
more comprehensive way than
had ever been reported in the
technical literature before. This
article is a small portion of that
work. The January webinar
was also on this topic. We
also anticipate the publication
of several technical articles
along with several conference
presentations to help us
communicate the benefits of
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using clay brick in the next year.
Speaking of webinars, you will
find the preliminary schedule
for the webinars and monthly
Brickyard magazine later in this
issue. As always, we are happy to
modify this schedule if there are
any special requests for topics.
If there is something that you
would like to learn about, please
don’t hesitate to let us know.
We also have two University
interns working with us this
semester. They are part of
a Clemson program known
as UPIC which stands for
University Professional
Internship and Co-op Program.
Both are senior marketing
majors. Sydney Tully is working
on updating our website and
app while also helping with the
layout of Brickyard Monthly.
Maddie Moore is working on
uploading Forum presentations
and other updates to Wikibrick.
Both have proven to be
exceptionally motivated and well
qualified. They will be helping
us with preliminary Forum
planning as we move into the
Spring. Gary and I have found
it challenging to keep up with

them but that is a good problem
to have.
As we begin planning for the
67th Clemson Brick Forum, I
wanted to share a few things
with you. First, we are planning
to meet in person on October
4th-6th in Anderson, SC. To
get started with the technical
program, we will send out a
survey in the next few weeks
to find out what you are most
interested in. Once we have your
input, we will put together the
program. It will be great to get
back together in person, but if
COVID is not under control and
there are still travel restrictions
later this year, we will be ready
to fall back to the virtual format
that we had to use in 2020.
While the virtual format was not
ideal, I do think that we learned
a few things that can help us to
improve future Forums. If you
have any suggestions, please let
me know or include it in the
survey. As we move toward
the fall, we will be monitoring
the COVID situation closely
and work with our planning
committee to make the best
decision that we can.

Image: Sydney (left) and Maddie (right)
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M i c r o s t ru c t u r a l E vo lu t i o n

in Fired
B y N at e H u yg e n , B i s h o p M at e r i a l s L a b o r ato ry

The microstructure of fired
clay brick directly results in
the observed macro-scale
physical properties. These
include, but are not limited to
compressive strength, water
absorption, and thermal
conductivity. These properties
are a result of the collective
interaction between the grains
in the materials, the contained
porosity, and the vitreous
matrix that holds fired clay
brick together. The evolution of
this microstructure and how it
influences the aforementioned
physical properties is of utmost
importance when trying to
engineer a product.
Fired clay brick are typically
produced from raw material
that contains the following three
components: quartz, clay, and
impurities. The quartz serves
as an inert material that does
not undergo significant change
during firing and significantly
reduces the total shrinkage of
the fired part. The clay mineral
is required in order to improve
the rheological properties of the

raw material as well as provide
strength after firing due to
formation of both vitreous phase
and mullite crystals. Without this,
the cohesion between the quartz
grains would be very low unless
fired to very high temperatures.
As fired clay brick can be
produced from a wide variety
of raw materials, and covering
them all would be impractical,
one raw material that produces
a red brick will be discussed
herein. The starting point
for discussion about this raw
material would be its chemical
composition and minerology.
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Table 1: Chemistry of Red Brick Mix

The chemical composision of
a red mix is given in Table 1.
It was found to have a high
amount of SiO2 and low amount
of Al2O3 which typically
indicates the raw material having
a significant amount of quartz
present, and a moderate to low
amount of clay mineral. The
presence of a noticeable amount
of K2O in the body potentially
indicates that the alumina could
be coming from a micaceous
mineral rather than a true clay
like kaolin. The presence of
additional elements like Mg, Fe,
Ca, and Na also can indicate mica
due to its ability to carry many
different elemental species unlike
kaolin.

Figure 1: Gradient Firing Porosity vs. Firing Temperature

In order to verify the supposition
about the amount or type of clay
and quartz, x-ray diffraction was
carried out on the raw material,
shown in Figure 1. From the
X-Ray diffraction results, there
was almost 50% quartz present
in the raw material, followed
by 27% muscovite (mica), 10%
clinochlore, and 13% feldspar.
These results were in good

agreement with the chemistry
results. The material has a
substantial amount of quartz
present in the raw material,
along with a low amount of
clay. The alumina was present
in both clay minerals (kaolinite
and clinochlore) along with the
micaceous mineral (muscovite).
The sodium from the chemistry
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was found in a feldspar phase
which could result in a lower
melting temperature for this
material. No discrete iron phase
was found indicating that it
is either present as a poorly
crystallized mineral or substituted
into the crystal structure of the
muscovite.
In order to determine the
firing behavior of the material,
a gradient firing test was
performed. In this test, several
small samples are fired to a range
of temperatures. Afterwards, the
porosity was determined in order
to determine how the material
densified with increasing firing
temperature. At lower firing
temperatures (approximately 1800
°F), there was found to be a linear
relationship between porosity
and firing temperature, but above
1850 °F, there was a more rapid
decrease in porosity. This change
in porosity behavior was due to
the formation of a vitreous phase
from the feldspar present in the
material. This vitreous phase
accelerated the sintering process
of the product. This relationship is
shown in Figure 1. In this region
of acerated densification, the

physical properties of the fired
part are very sensitive to firing
temperature.
After performing gradient firing,
three temperatures were selected
to fire full size brick in a gasfired kiln. These temperatures
corresponded to an underfired,
properly fired, and overfired
material. This was done in order
to investigate the impact of
firing temperature on physical
properties that required full-size
samples to measure. Pore size
distribution, water absorption,
compressive strength, and thermal
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conductivity were measured on
the fired samples after firing.
During the sintering process, the
clay mineral present in the body
decomposes, leaving behind a
large amount of porosity with a
wide pore size distribution range.
As the firing temperature was
increased, there was an overall
reduction in porosity, along
with an increase in the average
pore diameter. Smaller pores are
preferentially closed faster than
larger pores due to the higher
surface energy from the greater
curvature of the smaller pores.

These pores require diffusion of
the solid material typically along
the particle or grain boundaries.
This relationship between the
pore size distribution and firing
temperature is shown in Figure
2. In addition to the closure
of the pores generated from
the decomposition of the clay
mineral, there was also some
porosity generated in the material
that was overfired. This porosity
corresponds to the production of
small bubbles of entrapped gas
within the vitreous phase that is
not able to escape. This secondary
porosity was found to be an order
of magnitude smaller in diameter
than that of the primary porosity.
After the porosity, the other
important description of the
microstructure is the grain
structure. Fired clay brick is

typically characterized by a grain
morphology that can be described
as isolated grains embedded
within a vitreous matrix phase.
The evolution of the grain
structure with firing temperature
reveals that the bonding between
the grain in the material is
changing with temperature. At
low firing temperatures, there
can be seen many grains with a
wide range in sizes. As the firing
temperature is increased, the
smaller grains were incorporated
into the vitreous matrix, while
the larger grains remain mostly
intact. At the intermediate firing
temperature, there can be seen to
be some intermediate and larger
quartz grains imbedded within

the host matrix along with some
randomly distributed porosity.
At higher firing temperatures
corresponding to over firing, all
the intermediate size grains are
completely incorporated into the
matrix phase, leaving only a few
large grains. In addition to the
changing nature of the matrix
phase, the appearance of the pores
also changed. At the low and
intermediate firing temperatures,
the pores are somewhat elongated
and appear to be similar in
appearance. At the higher firing
temperature however, the pores
are more spherical which would
correspond to the transition from
pores generated by decomposition
of the clay mineral to those

Figure 2: Pore Size Distribution vs. Firing Temperature

6

Body Pigments for Clay Bricks
Manganese – Chrome – Iron bases
Ready Mixed Pigments
Customized Support & Development

produced via entrapment of gas in
the vitreous matrix phase.
The final aspect of the
microstructure that must be
investigated is the mineralogy or
phase composition of the fired
part. The sintering reactions
that take place during firing
necessitate the transformation
of one phase into another such
that the final phase composition
is heavily dependent on the
firing conditions. For this fired
brick, the quartz content was
found to be very high at over
70% but decreased to below 50%
at higher firing temperatures.
This decrease in quartz content
was accompanied with a
reduction in feldspar content
and corresponding increase in
amorphous content. The higher

firing temperatures resulted in the
felspar vitrifying, and partially
dissolving some quartz grains into
the previously discussed matrix
phase. Although some fired brick
contain mullite, this particular
sample did not contain mullite for
any firing temperature, possibly
due to the lack of kaolinite in the
raw material.
Moving from the microstructure,
the evolution of the physical
properties with firing temperature
were investigated. Since the
physical properties of fired
clay brick are directly related
to the microstructure, as the
microstructure evolves, so will
the physical properties. Two
important physical properties
to brick are the compressive
strength and water absorption.
It was found that as the firing
temperature increased, there
was a corresponding increase in
the compressive strength. This
was to be expected since it was
observed that increasing the firing
temperature resulted in a decrease
in porosity. This increase in
compressive strength results from

o

Figure 4: Differential Interference Contrast - 1915 F

o

Figure 5: Differential Interference Contrast - 2025 F
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Figure 6: Compressive Strength vs. Firing Temperature
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the decrease in porosity. From a
structural standpoint, the porosity
can be viewed as defects which
are not able to support load. As
their concentration decreases,
the overall strength of the part
increases. The relationship
between compressive strength and
firing temperature is shown in
Figure 6.
The water absorption of fired clay
brick as an important physical
property as it dictates how brick
will perform when subjected to
freezing conditions. If there is a
large amount of porosity, there
is the potential for entrapment
of water which can subsequently
freeze and cause damage.
Measuring water absorption
according to ASTM C67, both the
cold water absorption and boil
water absorption were found to
decrease with increasing firing
temperature. This is a direct result
of the decreasing total porosity.
From the pore size distribution
data however, there should have
been preferential changes to the
water absorption based upon
pore size. Cold water absorption
is related to the amount of pores
less than three microns. From
the pore size distribution data,
as the firing temperature was
increased from 1850 °F to 1915
°F, there was a decrease in the
fraction of small pores, and this
was seen in the water absorption

Figure 7: Water Absorption vs. Firing Temperature

data by the cold water absorption
decreasing faster than the boil
water absorption. The water
absorption data is shown in
Figure 7. The ratio of cold water
to boil water absorption (C/B
ratio) is typically used to show
the relationship between the two.
The C/B ratio decreased as the
firing temperature increased.

When moving to the sample that
was overfired however, the C/B
ratio increased again, due to the
formation of small pores as was
seen on the pore size distribution
data for the 2025 °F firing
temperature.
Another important property
related to microstructure is
the thermal conductivity. The

thermal conductivity was found
to be strongly dependent on the
porosity as would be expected.
A material containing a higher
porosity has more air within
it which acts as a thermal
insulator, reducing to overall
effective thermal conductivity.
However, this was not the only
microstructural influence on the
thermal conductivity. The phase
composition of the fired part
was found to have a significant
influence. This was because the
intrinsic thermal conductivity of
the constituent phases are very
different. A mineral like quartz
has a significantly higher thermal
conductivity than the surrounding
vitreous matrix. However, the
grain boundaries help to diminish
this impact. The grain boundaries
add additional thermal resistance,
resulting in lower thermal
conductivities. The opposing
effect of these two phenomenon
made it challenging to accurately
quantify how the microstructure
impacted the thermal
conductivity. The decreasing
porosity with increasing
temperature results in an increase

Dolo-Kote 70
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Stringent quality control - gradation &
chemical analysis 60+ samples per month.
Consistant gradation for easy flow onto brick.
Packaged in 50 lb Bags or 1.5 ton Super Bags.

™

9

For more information
please contact us at
(800) 234-8970
2522 Swords Creek Road
Swords Creek, VA 24649

An American Owned Company Since 1868

in thermal conductivity, while
the change in phase composition
(reduction of quartz content)
results in a decrease in thermal
conductivity, and the increase
in average grain size causes the
thermal conductivity to increase.
The net effect is that the thermal
conductivity increases with
increasing firing temperature as
can be seen in Figure 8.
Because the macro-scale physical
properties are a direct result of
the microstructure of a material,
studying how the microstructure
evolves is important. Knowing
how a particular material
responds to changes in processing
conditions allows for tailoring of
the physical properties and more
importantly allows for quick
response when a problem occurs.

Figure 8: Thermal Conductivity vs. Firing Temperature

10

Thanks to Our King
Size Forum Sponsors

Thanks to our
Queen Size Sponsors

TM

S

I

N

C

E

1

8

3

4

Your Solution to Size Reduction

11

Thanksto
to Our Modular
Thanks
Our Modular
S
ize Forum Sponsors
Size Forum Sponsors

