Abstract

AUSTIN, KATHRYN MACNEIL. The Effects of Water to Stucco Ratio and Additives on
Gypsum Crystal Morphology and Adhesive Forces. (Under the direction of Joel Pawlak.)

This study investigated the effects of water to stucco ratio and additives on the morphology
of gypsum crystals similar in size to those found in commercially produced gypsum
wallboard. The results of the experiments did confirm that water to stucco ratio does indeed
affect the crystal morphology. The additives considered in this research did not cause as
significant affects on the morphology as water to stucco ratio. In addition, atomic force
microscopy was used to test the effects of the crystal morphology on adhesive forces.
Results showed that crystal morphology had little effect on adhesive forces. It appeared that
contact area was the most important factor in the magnitude of adhesive forces between
gypsum crystals and another surface. The sample preparation methods developed for this
study are believed to be a suitable method for creating a surface that replicates the crystals

found at the gypsum-paper interface in gypsum wallboard.
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1 Introduction
Calcium sulphate dihydrate (CaSO4*2H,0), more commonly referred to as gypsum, is a
naturally occurring mineral that has many uses in today’s society. The most common use
for gypsum is in wallboard. Wallboard is constructed of a gypsum core sandwiched
between two sheets of recycled paperboard. Wallboard can be found in nearly every
building constructed since its introduction in the middle of the twentieth century. Today,
roughly 36 billion square feet of gypsum wallboard is produced in the United States

annually.

Despite the widespread use of gypsum wallboard, surprisingly little is known about exactly
what makes the paper and gypsum bond together. There is also a significant lack of
published research on the mechanisms involved in gypsum wallboard production. The bulk
of the research that has been published focuses on either the wallboard as a whole or
gypsum crystals larger and more ideal than those found in wallboard. This study focuses on

gypsum crystals comparable to those found in commercial wallboard.



2 Literature Review
2.1 Calcium Sulphate
Calcium sulphate dihydrate (CaSO4 ¢ 2H,0O), more commonly known as gypsum, is the
fully hydrated and most stable form of the calcium sulphate group of compounds. Gypsum
crystallizes in a monoclinic, prismatic crystal shape. (Fabre Minerals) An image of a typical
crystal showing each of the three faces is given in Figure 2.1.1 (3). The two other most
commonly found forms are anhydrous calcium sulphate (anhydrite, CaSO,) and calcium

sulphate hemihydrate (stucco, CaSQO4 ¢ 2H,0). (19)

(010)

Figure 2.1.1: A typical gypsum crystal showing the three crystal faces. (3)

Stucco is further divided into two forms distinguished by crystal structure, a- and [3-
hemihydrate. The [ form of stucco has a more irregular shape and a “spongy” appearance.
Because of its more porous nature, [3-hemihydrate requires more water when mixing to
restore it to the fully hydrated form of gypsum than a-hemihydrate. When compared to the
[3 form, a-hemihydrate has more prismatic and regular shaped particles. The a-hemihydrate

particles also tend to be denser and produce stronger gypsum products when mixed with



water because of the reduced need for water during mixing compared to the 3 form. Figure

2.1.2 shows the difference between the o and 3 forms of gypsum (1).

Figure 2.1.2: SEM images of alpha (left) and beta (right) stucco. (1)

The dihydrate form of gypsum can begin to lose the water molecules imbedded in its crystal
structure at temperatures as low as 110-120°F. To reduce dihydrate to hemihydrate, the
temperature must be raised to 230-250°F. At this stage, 75% of the water of hydration, the
water molecules incorporated in the gypsum crystals, will be driven off, leaving CaSQOy
2H,0 as the chemical make-up. To remove the last of the water molecules, the temperature
must be raised above 350°F. Once this temperature is reached, no water is left in the crystal

structure, leaving the chemical formula CaSOs. (5)

Mixing stucco, or anhydrite, with water allows the water molecules to recombine with the
CaSOy, returning the material to its most stable gypsum form. This rehydration process is an

exothermic reaction, which produces about 17 kJ/mol of heat (5). Gypsum is the only



naturally occurring substance which can change its chemical make up through heating then

be returned to its original state simply by adding water.

Gypsum is found throughout the world in veins and ledges where seawater once covered the
land (12). Inthe United States, gypsum is mined from two primary veins; one running from
Texas to New York and the other from California to Montana (National Gypsum Company).
The many forms of gypsum found in nature are classified by crystal structure and purity.
The purest forms are alabaster and selenite. Selenite is transparent and is used in
laboratories to polarize light. Alabaster is generally reserved for art and carvings. (12) Pure
gypsum is white, but more often it appears gray, black or brown because of impurities.

(National Gypsum Company)

Though a good portion of gypsum is mined from natural sources, it is also generated as a
byproduct of several industrial processes. Some of the most common industrial processes
through which gypsum is produced are phosphoric acid, titanium dioxide and citric acid
productions. Gypsum is formed during the stack gas scrubbing processes involved in
producing these substances. The chemical equations involved in producing synthetic
gypsum are given below (21):

From TiO; Production: H,SO4 + CaCO3; = CaSO4¢2H,0

From Stack-Gas Scrubbing of SO,: SO, + Ca(OH), - CaSOs;¢'2H,0

2CaS0s32H,0 + O, + 3H,0 - 2CaS04¢2H,0



While natural gypsum is generally shipped from the mine to the processing plant in the form
of large rocks, synthetic gypsum is produced in sand-size particles. This allows facilities
incorporating synthetic gypsum to skip the rock crushing involved in processing natural
gypsum. However, impurities commonly found in synthetic gypsum must be taken into
account. (National Gypsum Company) Synthetic gypsum is used more commonly overseas
in countries that do not have the abundant natural gypsum resources of the United States,

such as Japan.

Gypsum is relatively inert toward most other substances (12). Gypsum is also thermally and
hydrometric dimensionally stable. It also has a neutral pH. (21) These properties make it an
ideal building material, because it can be used in a wide variety of buildings without the
potential consequences and liability associated with materials that have been used in the

past, such as asbestos and fiberglass.

Gypsum is used in many industries for many different purposes including: lengthening the
setting time of Portland cement, soil neutralization, yeast manufacture, pH control, and
water treatment. It is also used as an additive in paint, paper, pharmaceuticals and
insecticide dusts. (12) However, one of the most common uses for gypsum today is in the
core of wallboard. Gypsum wallboard is used in the construction of interior wall facings.
Its popularity is driven by its availability and ease of use. Plaster walls, the forerunner of
gypsum wallboard, requires a much more time- and labor-intensive process as well as on-

site plaster mixing. Wallboard leaves the production facility ready to use.



Gypsum sets in two stages: the initial set, indicated by thickening and stiffening, and the
final set, indicated by the end of the heat evolution (16). A graph of temperature versus time
during gypsum setting is shown in Figure 2.1.3. It is believed that the dominant forces
involved in the gypsum slurry during thickening are Van der Waals forces and hydrogen
bonds (11). Heat is released during the hydration of calcium sulphate in an exothermic

reaction. (16)

Time

® L o >

induction nycleation  end of setting
period

Figure 2.1.3: Temperature change over time involved in the exothermic reaction of gypsum

crystal formation. (11)

After gypsum crystals have set, the structure is that of entangled crystals held together by
physical entanglement and inter-crystalline interactions. The inter-crystalline bonds are
weakened by water absorption at the grain boundaries, which allows the crystals to slip
against one another under stresses. (2) There is some debate as to how much importance

crystal entanglement plays in gypsum strength and other mechanical properties (7).



2.2 Gypsum Wallboard Production

Gypsum wallboard was developed in the United States in the 1920s. (14) Wallboard is
made up of a gypsum core sandwiched between two pieces of linerboard. The linerboard on
either side of the gypsum wallboard is made primarily from recycled paper, since cost rather
than appearance is the highest priority. Heavily sized papers generally create poor bonds

with gypsum, however starch is known to strengthen the gypsum paper bond. (14, 15)

At the beginning of the wallboard production process, the gypsum, either natural or
synthetic, is heated to temperatures in excess of 350°F. This heating, known as calcining,
evaporates % of the water chemically bound in the gypsum crystal structure. The product of

the calcining is calcium sulfate hemihydrate (CaSOse 2H,0), also known as stucco.

After calcining, the stucco is heated to approximately 105°F and mixed with water and
various additives. The additives are designed to impart specific characteristics to the
finished product or ease the manufacturing process. Some common additives include starch,
potash, foam, ball mill accelerator (BMA), and pulp fibers. The resulting slurry is then
spread out on a continuously moving sheet of paper and covered with a second sheet of
paper. The outer edges of both the top and bottom both pieces of paper are folded to contain
the slurry before the resulting board is sent down a conveyer belt. As the board rides the
conveyer belt, the initial set of the gypsum crystals causes the board to harden. After a few
minutes, the board is hard enough to be cut into the desired size and is transferred to a kiln.

The heat of the kiln is used to evaporate the excess water in the gypsum core. Care must be



exercised at this point to ensure the board does not reach temperatures in excess of 300°F,

which could cause the gypsum to revert to stucco and result in a poorly bonded board.

2.3 Gypsum Crystal Composition

As previously stated, gypsum has the chemical formula CaSO4*2H,0. It is generally
accepted that the various molecules are not equally distributed on each of the crystal faces.
The (120) face has the highest concentration of sulfate ions. The (-101) face is a mixture of
water molecules and calcium and sulfate ions that carries a negative charge. The (010) face
is composed of water molecules arranged in an unbroken layer of dipoles. (8, 9) Thus, the
overall structure of gypsum crystals resembles two parallel sheets of SO4 ions separated by a
layer of water molecules. The water molecules in this layer will form hydrogen bonds with
SO, ions on the upper and lower levels (18). Each calcium ion bonds with the oxygen atoms
from two water molecules and six molecules of SO4. (19) If one of the SO, sheets is
removed, exposing a water molecule layer, the water molecules will either desorb from the

surface or stabilize by forming new hydrogen bonds with oxygen molecules on the lower

SO, layer (18).

Research done by Finot (9) and Bastidas (3) points out that the strength of bonds involving
gypsum crystals varies depending on the crystal face involved in bonding. These studies
found that the (010) face produces the weakest bonds. This is unfortunate, since the (010)
face tends to be the most prominent face of the crystal. However, regardless of the crystal

face involved, bonding will occur between adjacent gypsum crystals.



Gypsum crystal adhesion in which the (120) face is involved is attributed to ionic
correlations due to the high concentration of sulfate ions. It is believed Van der Waals
forces govern the adhesions involving the negatively charged (-101) face. The flatness of
the (010) face allows capillary forces to become the dominant adhesion force. The (120)
and (-101) faces are thought to be too rough for capillary forces to contribute to adhesion
forces. (9) Adhesive forces involving the (010) face tend to increase with increased contact
duration. This fact, coupled with the increase in adhesive forces with increased humidity,
supports the thought that capillary forces dictate the adhesion involving the (010) face. One
study (8) found that relative humidity levels greater than 35% caused the adhesive forces
involving the (010) face to increase to four times that of the forces generated with the other
faces tested. The (010) face is quite hydrophilic, while the (120) and (-101) faces are

hydrophobic and appear insensitive to humidity changes. (6)

2.4 Gypsum Crystal Structure
The gypsum crystals can be divided into three categories by their shape: needle-shaped,
butterfly-shaped and starburst-shaped. Examples of each of the three shape categories are

given in Figure 2.4.1.

Figure 2.4.1: Examples of the three main crystal shapes found in gypsum wallboard: a.

needle, b. butterfly and c. starburst.



The molecular composition and arrangement of the calcium, sulfate and water molecules in
the crystal are not changed by the macromolecular crystal structure. Only the proportions of
the crystal faces and imperfections in the crystals account for the different shapes.
Butterfly-shaped crystals form a very wide (010) face, while needle-shaped crystals have
more evenly proportioned faces. Starburst-shaped crystals are formed when there is an
imperfection in the crystalline structure that causes an irregular growth pattern or two

needle-shaped crystals grow into one another.

2.5 Additives

Additives are commonly mixed into gypsum slurries to impart or improve the qualities of
gypsum wallboard or the production process. Foam is often added to decrease the density of
the wallboard and improve the flexibility of the boards. Starch is generally thought to

improve the strength of the gypsum and improve gypsum-paper bonds. (15)

Two of the most common classifications of additives are accelerators and retarders. These
additives either increase or reduce the amount of time available for forming gypsum
products and the time needed for gypsum to fully harden. Though it may seem that adding
both an accelerator and a retarder to the same gypsum slurry would be a waste of resources,
it is a common practice. Pure gypsum slurries will often take so long to fully harden that
valuable time is lost waiting for a workable product. Adding an accelerator significantly
reduces the time spent waiting for the slurry to fully set. However, the time available to

mold the slurry into the desired shape is severely reduced. Combining a retarder with the

10



accelerator extends the amount of time available to work with the slurry while still achieving

a fully set product in a reasonable time period. (1)

Potash is the general term used to describe potassium chloride or any number of other
potassium compounds or salts. Like gypsum, it is mined from deposits were seawater once
covered the land. Potash is a very common additive in gypsum and Portland cement. It acts
as a set retarder to prolong the amount of time one has available to mix, pour and mold the
slurry. Though in its pure form potash is white, impurities will impart other colors. Iron
oxide is a common potash impurity, which gives the potash a rusty, red color. In addition to
being used as an additive in gypsum and cement, potash is also commonly used in

gunpowder, in agriculture to return potassium to the soil and in other industrial processes.

(10)

Ball mill accelerator, or BMA, is simply gypsum crystals that have been crushed into a very
fine powder. BMA is added to gypsum to accelerate the formation of crystals and
subsequent setting of the slurry. BMA accelerates crystal formation by creating small
nucleation sites where crystals can readily form. Seeding the gypsum slurry can cause an

increase in set gypsum density and a decrease in macroporosity (Gmouh).

2.6 Atomic Force Microscopy
Atomic force microscopes (AFM) belong to a classification of instruments called scanning

probe microscopes. These instruments are descendants of the scanning tunneling

11



microscopes developed in the early 1980’s. All scanning probe microscopes generate an
image of a surface by scanning the surface with a small probe. An electronic interface unit
translates information about the interaction between the probe and surface and translates the

information into an image displayed on a computer screen. (17)

In the early days of scanning probe microscopes, scanning tunneling microscopes were used
to study the surface topography of conductive samples. This instrument used a metal tip
held within a few angstroms of a sample through which a constant voltage was applied. An
electrical current is generated between the conductive tip and conductive sample. By
recording the changes in current flowing between the tip and sample, the electronic interface
unit could determine how far apart the tip and sample surface were. While this technique
was quite useful for conductive samples, it was not as reliable when used with non-

conducting samples and the physics behind the instrument were not well understood. (17)

Shortly after the scanning tunneling microscope was developed, the AFM was invented.
The AFM generated images similar to the scanning tunneling microscope, but could be used
with a broader range of samples, regardless of their conductivity. AFM uses a probe, often
made of silicon, which is either suspended a few angstroms above the surface or is brought
in contact with the surface. The probe is dragged across the face of the sample in parallel
lines and kept at a constant force by manipulating the probe in the z direction. The amount
of manipulation needed to keep the constant force is recorded by the electronic interface unit
and translated into a digital image of the surface. The three dimensional movement of the

AFM probe is accomplished by using a piezoelectric tube. Piezoelectric materials have the

12



unique ability to deform when a voltage is applied or generate a small voltage when

deformed. (17)

Another advantage of the AFM over its predecessors is the small amount of force required to
generate an image. Earlier surface profilers, called “profilometers”, required such force to
be applied to the surface that the sample was generally destroyed in the scanning process.
Because the forces required in AFM have been reduced to the nanoNewton range, the
topography can be imaged with greater resolution, while causing minimal damage to the

sample. (17)

The AFM tip is attached to a cantilever, which acts as a spring. As the tip scans the surface,
the cantilever bends in the z direction. A laser directed towards the cantilever reflects on a
photo diode, which monitors the change in the laser. A feedback loop applies a voltage to
the piezoelectric tube that controls the z dimension of the tube to respond to the surface
measured by the cantilever. This ensures the tip will stay in constant contact with the
surface while scanning the topography. (17) A diagram of an AFM is shown in Figure

2.6.1.
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Figure 2.6.1: Diagram of an atomic force microscope.
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3 Objectives & Rationale
Though gypsum wallboard has been in existence and widespread use for quite a while,
surprisingly little research has been published about it. Consequently, this study has been
conducted with the purpose of investigating and hopefully improving the bond formed
between gypsum crystals and paper fibers through manipulation of the crystal morphology.
This effort is part of a greater endeavor focused on determining the mechanism behind the
adhesion of the gypsum to the paper surface in gypsum wallboard. The goals of this

research are as follows:

* To determine a method for producing a smooth surface made up of gypsum crystals

comparable in size and structure to the crystals found in commercial gypsum

wallboard.

* To investigate the effects of crystal morphology on the adhesive forces created

between gypsum crystals and atomic force microscope cantilever tips

* To explore the effects of the water to stucco ratio on gypsum crystal morphology.

* To study the effects of potash and ball mill accelerator, two common gypsum

additives, on gypsum crystal morphology.

14



4 Experimental Methods
4.1 Four-Sided Samples
To examine the effect of surface preparation on crystal morphology using SEM, gypsum
samples were produced with four distinct sides each created in a different manner. The four
surfaces created were an unmodified (top) side, a cut side, a snapped side and a glass
(bottom) side. Images of a four-sided sample are shown in Figure 4.1.1 with each side

labeled.
Top Glass

Cut

Figure 4.1.1: Example of the four-sided gypsum samples created for this study.

The samples were created at seven water to stucco ratios to examine the effect of water to
stucco ratio on crystal morphology. The water to stucco ratios chosen were 0.5, 0.6, 0.7,
0.8, 0.9, 1.0, and 1.1 g water/g stucco. This range was based on the fact that most

commercial gypsum wallboard is produced in the range of 0.7-0.9 g water/g stucco.

To make the samples, ten grams of dry stucco was mixed with the appropriate amount of
deionized water for each water to stucco ratio. The slurry was mixed by hand for 30
seconds then a small amount was dropped on a glass plate heated to approximately 105°F to
produce a sample about 1 inch in diameter. The temperature of the glass plate was set at
105°F to replicate the temperature of a typical commercial production facility in which the

heat from the kiln driers creates a warmer environment than the typical laboratory. It also
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was intended to compensate for the room temperature water that was used in the

experiments as opposed to warmer water often used in commercial applications.

The sample was allowed to dry on the glass plate until the gloss on the surface of the sample
began to diminish. The end of the gypsum’s initial setting period is indicated by this
reduction of gloss on the surface. At this point in the setting, the gypsum crystals have
formed enough to give the sample a small amount of rigidity. The time needed to reach this
point depended on the sample’s water to stucco ratio and varied between 1.5 and 6 minutes.
After the initial set period, a spatula was used to cut one side of the sample approximately 3

inch from the edge of the sample. This created the cut side of the finished sample.

The samples were allowed to dry overnight in an oven heated to 105°F. The temperature
was set to 105°F to encourage faster drying than would be expected at the average
laboratory temperature. A higher temperature would have better replicated the gypsum kiln
dryers, however there is a risk of over drying the sample at higher temperatures, which

would have been undesirable.

After being removed from the oven, the samples were allowed to cool for one hour. A razor
blade was then used to score the top and bottom of the sample approximately ’5 inch from
the cut side of the sample. The score line weakened the sample slightly so it would snap
reliably in a predetermined area. The snapping was done manually to create the final side of

the sample.
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The topside of the sample that formed while exposed to air and was not altered in the sample
making process was referred to as the top or unmodified side of the sample. The bottom
side, which formed adjacent to the glass plate, was referred to as the side of the sample. A

diagram illustrating this sample preparation method is shown in Figure 4.1.2.

Spatula

Wet gypsum Razor blade

paddy

Drgdgypsum Unmodified
paddy gypsum surface

Cut gypsum
surface

AN

Cut gypsum Score line Snapped gypsum \Glass gypsum
surface surface surface

|
Glass plate

Figure 4.1.2: Diagram of the method used for producing the four-sided gypsum samples.

To examine the effects of additives on gypsum crystal morphology, samples were prepared
using the method described above with varying amounts of the additives in question, BMA
and potash. Ten grams of stucco and eight grams of water was mixed with a varying
amount of additive. Each set of additives contained a sample with the following additive
addition rates: 0, 0.01, 0.1, 0.2, 0.3, 0.4, and 0.5 % by weight of the dry stucco used to make

the sample. The stucco and additives were mixed dry.

4.2 SEM Images
The finished, four-sided samples were each coated with a gold-palladium coating to improve
the quality of the scanning electron microscope (SEM) images collected using a Hitachi

S3200 SEM. The glass side was the only side of interest in these samples, since it is
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believed that the glass surface is closest of the four surfaces to replicating the gypsum
crystals that form adjacent to the paper surface in commercial wallboard. Images were
collected from each sample at 1000x magnification. This level of magnification allowed a
reasonable amount of area to be seen while still offering the detail of each crystal to be

clearly viewed.

4.3 Crystal Type Ratio

For sample analysis and data collection, an eight-inch wide image was printed for each of
the SEM images collected. Microsoft Excel was used to generate three random numbers
between one and seven for each sample. The random numbers indicated the number of
inches away from the left side of the image that three lines would be drawn. Each crystal
intersected by the lines was counted and ratioed by crystal type, either needle-shaped or
butterfly-shaped. Each ray of the starburst-shaped crystals were treated as individual
needle-shaped crystals because of the difficulty involved in distinguishing between several

needle-shaped crystals near each other and true starburst-shaped crystals.

4.4 Crystal Aspect Ratio

The SEM images were used to measure the aspect ratio of the needle-shaped crystals found
in each sample.  The length and width of 25 crystals for each image was measured. The
length was then divided by the width to yield the aspect ratio of the crystal. Only crystals
for which both ends could be seen were measured. The size of the butterfly-shaped crystals
was not of interest in this investigation. The average aspect ratio for each sample was

calculated from the collected data to find any crystal morphology trends.
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4.5 Surface Profiles

To better understand and quantify the effects of surface preparation on the macro-roughness
of the surface, a laser surface scanner was used to generate a two-dimensional surface
profile. For this test, a sample at a 0.8 water to stucco ratio was made using approximately
the same technique outlined above. To create a larger sample than those previously
described, a 3-inch diameter PVC mold with a height of % inch was filled with the gypsum
slurry. Though the smaller samples likely could have been used for this portion of the
investigation, the larger sample was easier to use and less fragile and therefore could be
clamped into the device. Only one sample was made because casual observations of the
samples made at different water to stucco ratios and with various additive concentrations did
not indicate a change on a macroscopic level. This test’s intention was only to illustrate the
difference in the four sample surface preparations rather than the effects of water to stucco

ratio or additive concentration.

The finished sample was then inserted into a laser profilometer, which collected
approximately 4000 data points in each scan of an approximately 1 inch long sample space.
Eight of these one inch scans were collected and averaged. Microsoft Excel was used to fit
a curve to each averaged scan set with an R* value of greater than 0.99. This value was
subtracted from the actual average to remove any slopes in the profile resulting from an
uneven sample orientation or instrument error. The calculated average is considered to
represent the true profile and was used to calculate the height range and the standard

deviation of the profile.
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4.6 Gypsum Sample Density

To determine effects of water to stucco ratio and additives on the density of the resulting
gypsum, a sample of each condition of interest in this study was measured. The weight of
each sample was recorded. Sand, which had been dyed red to help distinguish sand particles
from the samples, was poured into a glass beaker. A gypsum sample was placed on top of
the sand base and the beaker was filled completely with more sand. To ensure a constant
volume, the beaker was over-filled with sand and a microscope slide was used to level off
the excess sand. By subtracting the weight of the sample and empty beaker, the weight of
the sand necessary to fill the beaker was found. This number was compared to the weight of
the sand necessary to fill the beaker when no sample was buried in the sand, giving the
weight of sand replaced by the sample. This weight was then divided by the density of the
sand, yielding the volume of the sample. By dividing the sample weight by the calculated

sample volume, one is left with the sample density.

4.7 AFM Sample Preparation

Ten grams of stucco was mixed with the appropriate amount of deionized water to reach the
desired water to stucco ratio of the sample and with the appropriate amount of additives for
the additive samples. The stucco slurry was mixed by hand for 30 seconds then a small
amount was placed on a glass microscope slide and a second slide was placed on top of the

sample.

The sample was allowed to dry in a 105°F oven overnight. When the sample had dried, the

top microscope slide was carefully removed, revealing a smooth gypsum surface suitable for
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scanning with the atomic force microscope (AFM). Figure 4.7.1 shows an example of the

samples created in this method.

—

a.
Figures 4.7.1: a. AFM gypsum sample with the top microscope slide in place. b. AFM
gypsum sample ready to be tested with the top microscope slide removed.

4.8 AFM Cantilever Modification with Cellulose Micro-Spheres

To assess the adhesion between the gypsum samples and a cellulose surface representing the
paper used in commercial wallboard production, cellulose micro-spheres were attached to
the tips of AFM cantilevers. Cellulose micro-spheres were obtained from KOBO Industries.
Prior to being used in this work, the micro-spheres were washed several times with acetone.
Then, the acetone was exchanged for deionized water. Finally, the spheres were dried at 40

°C for 48 hours.

Silicon nitride AFM cantilevers from the Quesant company with an assumed spring constant
of 0.15 N/m were held in place under a microscope while a small amount of UV-curing
epoxy adhesive (Norlan 81) was applied to the tip with a glass microtip. Using a second
glass microtip, a cellulose micro-sphere was attached to the tip of the cantilever. The
completed modified cantilevers were placed under a UV lamp for one hour to set the
adhesive. Figure 4.8.1 shows an AFM cantilever tip with a cellulose micro-sphere attached

to the tip.

21



Figure 4.8.1: Cellulose micro-sphere attached to an AFM cantilever. (3)

4.9 AFM Adhesion Force Measurements

The adhesion created between the gypsum surface and the AFM cantilever and cellulose
micro-sphere was measured using a Q-Scope 250 AFM equipped with an acoustic/vibration
isolation chamber. When using an unmodified AFM cantilever, the sample was positioned
on the AFM stage, the cantilever was carefully brought into contact with the sample and an
area SPm by Spm was scanned yielding a three-dimensional image of the gypsum surface.
The tip was then lifted off the sample slightly and five points in the scan area were selected
for adhesion measurements. Five scan areas were tested for each sample giving a total of
twenty-five adhesion measurements to use in calculating the average adhesion force for each
sample. A diagram illustrating a typical sample distributioin of the twenty-five adhesion
measurements is shown in Figure 4.9.1. The adhesive force was determined as the
difference between the minimum point and the constant force retracting line, as shown in

Figure 4.9.2.
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Figure 4.9.1: Diagram of a typical distribution of the AFM sampling points on a gypsum
sample.
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Figure 4.9.2: Force curve for the interaction between an AFM cantilever tip and surface of

interest. (3)

When testing with an AFM cantilever with a cellulose micro-sphere attached to the tip, the
scanning of the sample was removed from the method just described. Scanning with a
modified cantilever would not only have produced a surface profile that would not be
representative of the true surface but would likely have damaged the cantilever and possibly

the AFM’s sensitive calibration.
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4.10 Statistical Analysis

The focus of the tests in this investigation is the response to changes in the gypsum sample
preparation. With this in mind, a statistical analysis of the mean response was used instead
of the more common approach that would focus on the statistical confidence of the
individual data points. The prediction interval calculations used yields a range in which one
can be 95% confident that the true linear regression line predicting the response to the

experimental variable in question will lie. (20)

Microsoft Excel was used to find a linear regression line for each sample set in the form:
y=mx+b

Where y is the dependent variable, m is the slope of the line, x is the independent variable,

and b is the point at which the line intercepts the y-axis. This regression line was then used

to calculate the predicted y value for each x value of interest in the experiment.

It is then necessary to quantify the experimental error variation around the regression line

using the formulas:

SXX:z(xi_)_C)z Syy: (yi_y)z Sxy: (xi_)_c) (yt_.)_})
i=1 i=1 i=1
Where x; and y; are the individual, observed independent and dependent variables,

respectively, and x and y are the averages of the observed independent and dependent

variables, respectively.

24



The mean squared error was calculated using the equation:

2

e S, —mS,,

n—2
Where m is the slope of the linear regression line and n is the number of data points in the
data set. The square root of s> is then calculated for use in the final set of calculations. The
value t = 2.571 represents the t-distribution value for seven degrees of freedom, the number
of data points collected in each experiment, at the 95% confidence interval. Finally two sets
of values representing the minimum and maximum possible values were calculated for each

independent variable in question using the equation:

Y
My =Dy s l+ (xo X)
0 n S

Where J,represent an expected value of the dependant variable calculated from the linear
regression line and n is the number of data points collected. From these two value sets, two
polynomial lines can be created, between which one can be 95% confident that the true

mean response to the experimental variable will lie. An example of the type of plot resulting

from this method is given in Figure 4.10.1.
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Figure 4.10.1: Example of a plot created with the prediction interval method of statistical

analysis.
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5 Results & Discussion
5.1 Gypsum Sample Surface Preparation
Optical microscope images collected from each side of the four-sided samples showed much
rougher surfaces on the cut and snapped sample surfaces. Examples of these images are
given in Figure 5.1.1. A low angle light was used to collect these images to accentuate the
roughness of the samples. When imaging the cut and snapped surfaces, it was not possible
to have the entire surface in focus. This also leads one to believe that these surfaces have

quite a rough texture.

Surface scans of the four surfaces confirmed the roughness expected after the optical
microscope images. The glass surface was by far the smoothest and most uniform of the
four surfaces examined. The roughness of the top surface fell between the rougher cut and
snapped surfaces and smooth glass surface. Surface profiles of each surface are shown in
Figure 5.1.2. The range and standard deviation of each surface profile are given in Table
5.1.1. This data gives a quantifiable representation of the variability expected from each

surface.

Scanning electron microscope images of the four surfaces revealed changes in the aspect
ratio of the needle-shaped crystals and general crystal appearance depending on the surface
preparation treatment. Using the methods outlined in the Experimental section, the aspect

ratio results shown in Table 5.1.2 and illustrated in Figure 5.1.3 were calculated.
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Figure 5.1.1¢ Glass gypsum surface

Figures 5.1.1a-c: Optical microscope images of gypsum surfaces prepared through different

methods taken with a high angle light.
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Figures 5.1.2a-d: Surface profiles of four gypsum surfaces made through various methods.
Approximately 4000 data points per 1 inch on the x-axis.

Table 5.1.1: Range and standard deviation of four sided gypsum sample profiles

Range (Um) Standard Deviation
Top Surface 245 66
Cut Surface 67 14
Snapped Surface 464 113
Glass Surface 84 14

Table 5.1.2: Gypsum crystal aspect ratio for four surface preparations at seven water to

stucco ratios.

Water to
Stucco Aspect
Ratio Surface Ratio
Top 8.49
Cut 11.07
05 Snap 6.33
Glass 9.98
Top 7.95
06 Cut 12.22
Snap 8.18
Glass 7.98
Top 5.31
07 Cut 11.13
Snap 10.27
Glass 10.07
Top 9.24
08 Cut 12.01
Snap 9.16
Glass 10.03
Top 9.73
Cut 11.14
09 Snap 8.20
Glass 13.09
Top 9.81
10 Cut 10.62
Snap 11.08
Glass 12.70
Top 10.50
11 Cut 11.82
Snap 10.22
Glass 13.97

31




O Top @ Cut N Snap W Glass

15.00
o 1200
g .
¥ —
88 900 —
82 a
<%
o 2 6.00
g9
g N
Z  3.00-

0.00 N

05 0.6 0.7 0.8 0.9 1.0 1.1

g Water:g Stucco
Figure 5.1.3: Aspect ratios for four gypsum surface preparations at seven water to stucco

ratios.

The crystals observed on the snapped surfaces tended to be shorter than those on the other
three surfaces. This would indicate that many crystals are broken during the creation of this
surface, which may be expected. The breakage of the gypsum crystals would also have the

effect of reducing the crystal aspect ratio, which is seen in the data presented here.

The aspect ratios of the crystals on the cut surfaces remained fairly constant, regardless of
water to stucco ratio. This observation could be attributed to the method used to form the
surface. In order to successfully create a cut in the stucco paddy, it was necessary to wait

until the initial set period had ended. Regardless of the water to stucco ratio used, the end of
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the initial set time should correspond to a constant water to stucco ratio which the sample
would reach after a portion of the water had evaporated or been used to form the gypsum
crystals. Once the cut was made in the sample, the evaporation rate on the newly exposed
surface would increase, bringing an end to crystal formation. Thus, the combination of
waiting for the initial set time to end and increasing the evaporation rate would cause the

crystals to form in a consistent manner, regardless of the initial water to stucco ratio.

The top and glass surfaces showed an increase in aspect ratio with increasing water to stucco
ratio. This observation seems quite logical, given that higher water content will give the
stucco and water molecules more time to align themselves in the necessary patterns to form

gypsum crystals before the excess water evaporates bringing an end to crystal growth.

The SEM images collected also show that the crystals on the top surfaces tended to be more
rounded and indistinct than the other surfaces. The rounded formation could be caused by
the increased evaporation on the exposed surface. The crystals observed in the SEM images
were obviously those that formed on the very top of the sample. Those crystals would also
be exposed to the greatest air circulation, which would increase water evaporation. The
crystal ends sticking out away from the bulk of the sample would be deprived of the water
necessary for crystal growth first. Lower points on the crystals would have more time to
align the molecules in the proper order for crystal growth and therefore grow more than the
ends of the same crystal. This inconsistency in the time allowed for crystal growth would

give the appearance of a rounded crystal.
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Both the cut and snapped surfaces appeared to have a random crystal orientation,
characteristic of the gypsum crystals commonly found in the gypsum wallboard core. The
glass surfaces look as if the crystals tend to grow along the glass surface in a more ordered
fashion, as they would tend to do when grown against a paper fiber surface, which is

impenetrable to the gypsum crystals.

The ratios of needle-shaped crystals to butterfly-shaped crystals did not vary depending on
the water to stucco ratio on the snapped and cut surfaces. The crystals observed on the glass
surface showed a general tendency towards the butterfly shape over the needle shape. This
is likely in response to the impenetrable glass surface forcing the crystals to take on a flatter
shape. In gypsum wallboard, the paper fibers act as an impenetrable surface like the glass in
these samples, which would also force the gypsum crystals to flatten. The top surface did
not support a consistent tendency towards either crystal shape that held true for the water to
stucco ratio tested. Figure 5.1.4 illustrates the crystal type ratios observed in these

experiments.

The observations outlined above led to the conclusion that forming gypsum crystals adjacent
to a glass surface best replicates the portion of gypsum wallboard of greatest interest in this
study — the gypsum-paper interface. All further analysis was focused on surfaces formed
adjacent to glass. In addition, the glass surface was the most reliable in terms of

reproducibility and uniformity.
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Figure 5.1.4: Ratio of needle-shaped gypsum crystals to butterfly-shaped gypsum crystals
calculated for four different surface treatments at various water to stucco ratios. The error

bars on each data point indicate the range of one standard deviation.

5.2 Effect of Water to Stucco Ratio on Crystal Structure

SEM images of gypsum samples made at water to stucco ratios ranging from 0.5 to 1.1
showed a tendency for lower water to stucco ratios to result in smaller crystals. On average,
needle-shaped crystals in the 1.1 water to stucco ratio sample grew about 2 pm longer than
those in 0.5 water to stucco ratio samples. Casual observation of the butterfly-shaped
crystals also showed a tendency for smaller crystals to form at lower water to stucco ratios,
but no formal data was collected to illustrate this because of the difficulty determining the

alignment of the widest facet.
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In addition to producing longer crystals, higher water to stucco ratio samples also contained
a slightly higher ratio of needle-shaped crystals to butterfly-shaped crystals. The average
crystal type ratio for the 0.5 water to stucco ratio sample was about 1.9 needle-shaped
crystals to butterfly-shaped crystals, whereas the crystal type ratio for 1.1 water to stucco
ratio was 2.5 needle-shaped crystals to butterfly-shaped crystals. This trend was very clearly
distinguished in the range of water to stucco ratios analyzed. The effects of changing the

water to stucco ratio are illustrated in Figures 5.2.1 and 5.2.2.
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Figure 5.2.1: Effects of water to stucco ratio on crystal type ratio
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Figure 5.2.2: Effects of water to stucco ratio on crystal aspect ratio.

The decrease in the aspect ratio at lower water to stucco ratios indicates that the amount of
water available during crystal growth will affect how long the crystals grow. This can be
explained by imagining individual calcium and sulfate ions moving freely with water
molecules before setting. In a 1.1 water to stucco ratio slurry, the ions may have twice as
much time to align themselves into a crystal structure as the ions in a 0.5 water to stucco
ratio slurry. As the ions travel through the slurry, they contact each other, forming tiny
beginnings of crystals. If sufficient time is allowed, the clusters of ions will tend to
agglomerate into larger clusters, thus forming the larger crystals seen in the higher water to
stucco ratios. However, the faster drying time of the lower water to stucco ratio slurries do

not give the ion clusters sufficient time to align with one another leaving smaller crystals.
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The increase in the number of butterfly-shaped crystals formed in higher water to stucco
ratio samples is likely due to the lower surface energy of the (010) crystal face and the
increased set time of lower water to stucco ratios. The (010) face of the gypsum crystals is
made up solely of water molecules, giving it a lower surface energy than the other crystal
faces. It would logically follow that the size of the (010) face would grow proportionately
with the amount of time the molecules have to organize themselves in their most desirable

configuration. (3)

5.3 Effect of Additives on Crystal Structure
When the effects of the commonly used gypsum additives, BMA and potash, were analyzed,
it was found that the additives did not effect crystal morphology as greatly as changes in the

water to stucco ratio.

BMA increased the aspect ratio of the needle shaped crystals somewhat. Since the
mechanism through which BMA accelerates crystal growth is providing preformed
nucleation sites, it would stand to reason that rather than agglomerating in new nucleation
sites, the molecules are drawn to the existing sites. This would result in fewer, but larger or
longer crystals forming. BMA also increased the number of butterfly shaped crystals that
formed. This is likely due to the same mechanism. The effects of BMA on the crystal

morphology are shown in Figures 5.3.1 and 5.3.2.
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Potash did not affect the gypsum crystal morphology in any systematic way. Previous
studies have shown that potash will tend to elongate the gypsum crystals when added as a
background electrolyte (4). It is possible that the amount of potash added to the gypsum
slurries was not enough to cause a noticeable difference. Regardless of the reason behind
the results, the addition of potash did not systematically change the gypsum crystal aspect
ratio or the crystal type ratio. The results of adding potash are shown in Figures 5.3.3 and
5.3.4. Trend lines have been added to the graphs. However it should be obvious that the

data are quite scattered, indicating a poor correlation with the trend line.
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Figure 5.3.4: Effects of potash addition on gypsum crystal aspect ratio measured at 0.8 g

water/g stucco.

5.4 Effect of Water to Stucco Ratio and Additives on Gypsum Sample Density

The gypsum density revealed an inverse relationship with the water to stucco ratio used to
create the gypsum sample. Since lower water to stucco ratios were found to produce
crystals with lower aspect ratios, it may be expected that a higher sample density would
result. The smaller gypsum crystals resulting from lower water to stucco ratios would allow

crystals to pack together in a tighter configuration leaving fewer open spaces between them.

Both BMA and potash addition increased the density of the gypsum samples. While BMA’s
effect could be attributed to the same mechanism as the lower water to stucco ratios,
potash’s effect is more surprising. Potash was not found to influence the crystal morphology
as BMA and water to stucco ratio did. However, the most common reason for using potash

in commercial wallboard production is to retard the slurry setting. This is likely the
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prominent mechanism behind the increased density. By retarding the set time, the potash
addition gives the crystals more time to arrange themselves in a tighter, denser

configuration.
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Figure 5.4.1: Effects of water to stucco ratio on gypsum sample density
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Figure 5.4.2: Effect of BMA addition on gypsum sample density measured at 0.8 g water/g

stucco.
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Figure 5.4.3: Effect of potash addition on gypsum sample density measured at 0.8 g water/g

stucco.

One curious observation from the density measurements shown above is that each sample
was found to have a density less than that of water. Though it is counter-intuitive to think of
a rock being able to float in a container of water, this is exactly the case with this sample set.
When the samples are set in a container of water, there is in fact a period in which the
samples float. Within seconds, however, the water is able to penetrate the porous surface of
the samples and fill the microscopic air pockets left between the crystals. This causes the
samples to sink in an eruption of bubbles. Samples wrapped in rubber will remain on the

surface of the water.
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5.5 Adhesive Forces

The adhesive force measured with the atomic force microscope (AFM) between a gypsum
surface and a silicon nitride cantilever did not show any tendency to change with water to
stucco ratio. Though it was initially thought that attaching a cellulose bead to the AFM
cantilever tip would increase the adhesive forces measured between the gypsum surface and
cellulose bead, this did not occur. The adhesive forces that were recorded were also of such
small magnitude that even if a trend had been observed, the scale would have rendered the
data virtuously useless in a gypsum wallboard manufacturing operation. The adhesive force
data collected at various water to stucco ratios are shown in Figures 5.5.1 and 5.5.2. The

data collected in repeats of these conditions are given in the Appendix.
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Figure 5.5.1: Effects of water to stucco ratio on adhesive force as measured with AFM and

a bare silicon nitrite tip.
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Figure 5.5.2: Effects of water to stucco ratio on adhesive force as measured with AFM and

a cellulose micro-sphere attached to the silicon nitrite tip.

When these observations are combined, it is concluded that the dominant factor that
determines the magnitude of the adhesive force is the contact area. It is believed that the
small gypsum crystals used in this study do not offer a large enough contact area for the
AFM cantilever to notice any affect due to changes in the crystal morphology. One might
point out the elastic deformation possible with the cellulose bead should effect the adhesive
force. However, this does not seem to be the case, which again points to the small contact

area as the dominant factor in adhesive forces.

The adhesive forces between the bare silicon nitride tip and the cellulose bead were found to
be similar in magnitude. The JKR theory predicts that the adhesive pull off force should be

proportional to the radius of curvature of the contacting probe and the specific adhesive
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strength of the interface. The results presented herein are thus surprising, due to the fact that
the radius of curvature of the silicon nitride tip is just a few nanometers (~5-15 nm) and the
cellulose bead has a radius of curvature of about 15 micrometers, three orders of magnitude
higher. This indicates that either the specific adhesive strength between cellulose and
gypsum is about three orders of magnitude less than between silicon nitride and gypsum, or

that the JKR theory is not applicable. (13)

Previous work (3, 9) indicates that the specific adhesion strength between the various
materials does not very by three orders of magnitude. However, measurements made in this
study indicate that the true surface of gypsum is not completely smooth. This would make
one of the critical assumption of the JKR theory incorrect, namely that the surface that the
probe is contacting is completely smooth. With this being the case, the silicon nitride tip
may be penetrating the plane of the gypsum surface and contacting over a much larger area
then simply the point. This may result in a much larger contact area similar to that of the
large cellulose sphere. If this is the case, then the result for the adhesion force may be
similar for the two different probes despite the apparent differences in the radius of

curvature.(13) Figure 5.5.3 illustrates this size relationship.

With the dominant factor in adhesive forces involving gypsum crystals being the contact
area, it should not be surprising that the gypsum additives investigated here did not produce
any change in adhesive force. Though the potash could have influenced the adhesive forces
through a chemical change in the gypsum surfaces, no evidence was found to indicate such a

mechanism played any role. Since the BMA is finely ground gypsum crystals, it would not
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offer any chemical changes from the control sample. The AFM adhesive force data

collected for the samples tested with BMA and potash are shown in Figures 5.5.4-7.

AFM
Cellulose Tip
Micro-Sphere

Gypsum Crystals Gypsum Crystals

Figure 5.5.3: Schematic diagrams illustrating the size difference between a cellulose micro-

sphere, an AFM tip and gypsum crystals.
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Figure 5.5.4: Effects of BMA addition on adhesive force measured with AFM and a bare

silicon nitride tip.
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Figure 5.5.5: Effects of BMA addition on adhesive force measured with AFM and a

cellulose micro-sphere attached to the silicon nitride tip.
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Figure 5.5.6: Effects of potash addition on adhesive force measured with AFM and a bare

silicon nitride tip.
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Figure 5.5.7: Effects of potash addition on adhesive force measured with AFM and a

cellulose micro-sphere attached to the silicon nitride tip.
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6 Conclusions
This research has shown that forming gypsum crystals in contact with a glass surface is a
suitable method for replicating the crystals found adjacent to paper fibers in gypsum
wallboard. These glass surfaces are also useful in experiments involving atomic force
microscope scans and force measurements. It was also noted that the cut and snapped

surface preparation methods create crystals akin to those found in the wallboard core.

The water to stucco ratio was found to be the most important factor in predicting the gypsum
crystal morphology. Lower water to stucco ratios produced shorter needle-shaped crystals

and a higher percentage of butterfly-shaped crystals.

Of the two gypsum additives examined in this study, only BMA was found to affect the
crystal morphology. BMA addition increased the gypsum crystal aspect ratio and caused a
greater number of butterfly shaped crystals to form. Though BMA did affect the crystal
morphology, the effects were not as pronounced as those caused by water to stucco ratio

changes. Potash did not have any marked affects on the crystal morphology.

Density measurements revealed each of the conditions in this investigation produced a
density lower than water, which is attributed to the microscopic air voids trapped between
the crystals that make up the samples. Lower water to stucco ratios produced denser

gypsum samples. Both BMA and potash caused an increase in gypsum sample density.
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The most important variable in adhesive forces measured with the atomic force microscope
is contact area. Since even the smoothest gypsum surface created in this study was still
microscopically rough, the AFM cantilever tip was not able to detect a distinct difference in
the surfaces tested, regardless of water to stucco ratio, additive addition or AFM tip

modification.
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7 Recommendations
This study looked at two factors out of countless variables involved in the gypsum
wallboard manufacturing process: water to stucco ratio and additive addition. In order to
fully investigate the complexities involved in the gypsum paper bond, a larger sampling of
the wallboard variables must be tested. Most notably, drying temperature and starch
addition should be considered as candidates for future tests. Other additives known to affect
the gypsum crystal morphology such as citric acid, sodium trimetaphosphate and tartaric
acid should also be investigated to accurately determine the effects of crystal morphology on

the gypsum-paper bond.

Though ideally the AFM adhesive force experiments carried out in this study would have
yielded the perfect opportunity to study the strength of the bonds formed between cellulose
and gypsum crystals in a clean, ideal system, the results do not support the use of this
equipment for further experiments. Any future experiments should be conducted with actual
paper samples and should be quantified either by measuring the force required to pull the
paper off the gypsum or the amount of paper fibers left on the gypsum after the paper is

peeled away.
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9.1 Additional AFM Adhesion Results
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Figure 9.1.1: Effects of water to stucco ratio on adhesive force as measured with AFM and

a bare silicon nitrite tip.
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Figure 9.1.2: Effects of water to stucco ratio on adhesive force as measured with AFM and

a bare silicon nitrite tip.
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Figure 9.2.3: Effects of water to stucco ratio on adhesive force as measured with AFM and

a cellulose micro-sphere attached to the silicon nitrite tip.
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Figure 9.1.4: Effects of water to stucco ratio on adhesive force as measured with AFM and

a cellulose micro-sphere attached to the silicon nitrite tip.
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9.2 Deuterium Oxide Experiments
In order to study absorption of water by commercial gypsum wallboard, a series of

experiments were conducted using deuterium oxide (D,0).

Deuterium Oxide is an isotope of water with a molecular mass of 2. It occurs naturally in
water typically composing 0.014% of the total volume of water. The primary uses of D,O
are nuclear reactor coolant and research applications. The behavior of D,O is very similar to
that of water, however, since the mass is slightly different, DO can be a useful tool in

spectroscopy. (Becker)

Since gypsum has water molecules in its chemical structure, using spectroscopy, specifically
FTIR spectroscopy, to study the absorption of water by gypsum wallboard would be difficult
if not impossible. Using D,0O in place of water makes FTIR analysis much more reliable.

D,0 presents itself as a “shoulder” on the O-H band at 2130 cm™! on FTIR spectra.

To analyze the ratio of the amount of water absorbed by gypsum wallboard on the paper
surfaces and exposed gypsum surfaces, commercial wallboard samples were cut into cubic
pieces with dimensions dictated by the thickness of the wallboard sheet. For example,
samples from a sheet of 2 inch wallboard would be cut into %2 x 2 x /% inch samples. Two
of the cube sides on which the gypsum core was exposed were labeled as G1 and G2. A
third gypsum core side was marked with the sample dimension (*/s inch, ¥ inch, */s inch).
The samples were placed in an air-tight container with the unmarked gypsum core face

facing down with an open dish of D,O and incubated at 75°C. The incubation times used
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were 2, 4, 8, 16, 32 and 64 hours. The time was reset after each round of testing. During
each round of testing, sixteen FTIR spectra were collected - four from each side of interest

(G1, G2 and the two paper faces).

Though the spectra did indicate that the method for introducing D,O to the wallboard was
successful, immediately after the sample was exposed to the atmosphere, the D,O began to
evaporate.  This caused the first few spectra collected to show very high D,O

concentrations, but subsequent spectra showed diminishing D,O concentrations if any at all.

Since this method did show some initial promise, it would be advisable to pursue this
investigation further. The gypsum samples would likely have to be tested with the FTIR
while being exposed to the D,O to prevent evaporation. This was unfortunately not feasible

in this situation.
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