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ABSTRACT Negatively charged colloidal poly(methyl methacrylate-co-butyl acrylate) (P(MMA-BA)) particles and positively charged
dissolved poly(ethyleneimine) (PEI) were adsorbed onto a cement block using a layer-by-layer (LBL) assembly technique. The block
was fashioned so as to have a cylindrical hole running from one face to another along the long axis of the rectangular block, and a
fluid containing either of the two charged materials was pumped through the block. The result was a film tens of micrometers thick,
and the pressure required to crack the cement block was measured after one end of the hole was sealed. Latex particles with a Tg

near the use temperature showed the maximum improvement in the cracking stress of the blocks. In a multilayer coating with
identically sized particles, the cracking stress of the blocks increased to an improvement of 25% and then dropped off with increasing
number of layers, even though the relationship between film thickness and the number of layers was linear. An improvement of
about 30% in the cracking stress of the coated blocks was obtained when using multiple layers with different particle sizes. The
effects of the number of layers and particle size on the cracking stress suggest that both the morphology and the thickness of the film
play a role in performance. Tests done under confinement, e.g., with an external stress applied to the outside of the blocks, suggest
that not only does a film-forming mechanism contribute to performance but that filling of microcracks in the rock may also play a
role.
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INTRODUCTION

The layer-by-layer assembly technique (LBL) has been
widely used to create highly functional materials with
nano or micrometer levels of structure via alternating

adsorption of positively and negatively charged species from
solutions (1–3). A broad range of materials are used in this
simple and versatile approach, such as polyelectrolytes,
nanoparticles, lipids and proteins. Ordered two- and three-
dimensional structures can be created using driving forces
such as electrostatic interactions, van der Waals forces,
capillary forces, hydrogen bonding, hydrophobic interaction,
etc., on various substrates, which include quartz, silicon, and
metal electrodes (4, 5). LBL techniques can be categorized
as one of two types: (1) those that involve adsorption of
dissolved molecules (6, 7); and (2) those that involve adsorp-
tion of colloidal particles (8–10). The latter can be used to
create ordered two-dimensional (2D) or three-dimensional
(3D) crystalline structures (11–13). Much of the work in the
LBL area focuses on the optimization of the absorption

conditions; observation of morphologies; and response to
optical, electrical, or other types of signals (14–17).

Recently, one area of interest for the LBL technique is the
construction of nanoscopically layered materials which allow
the transfer of the exceptional mechanical properties of
nanoscale materials to the LBL film. Through fine control of
the structure and composition of the LBL film, the mechan-
ical properties of these multilayer composites can be im-
proved. To improve the mechanical properties, wear, and/
or friction coefficient of the adsorbed film, particles such as
single-walled nanotubes (SWNT) (18–21), clay platelets
(22, 23), and inorganic nanoparticles (24, 25) have been
used in conjunction with molecules adsorbed from solution.
The inorganic materials act as a reinforcing filler much like
in traditional composites. The carefully designed structure
and carefully controlled interface of dissolved polymers and
nanoparticles can greatly improve the mechanical properties
of thin nanocomposite films as a result of efficient stress
transfer.

Although the mechanical properties of adsorbed LBL films
have been the subject of a number of studies (18–25), few
studies have been reported concerning how LBL adsorption
affects the mechanical properties of the underlying sub-
strate. To the best of our knowledge, only one study has
reported how LBL films increase the mechanical properties
of the substrate. Specifically, an LBL film was shown to
increase the failure strain of polyethylene terephthalate (PET)
vascular threads and prostheses by an alternating deposition
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of polyelectrolyte film (26). The rupture limit of the coated
PET threads was enhanced by more than 20% compared
to uncoated threads. The mechanical property of interest in
our study involved the pressurization of a fluid within a
cement block which caused the expansion of microcracks,
eventually leading to macroscopic cracking and failure of the
block. This situation is extremely relevant to cracking of
nonporous rocks, particularly shale, in oil-drilling operations.
Pressurization of the rock occurs because of a combination
of hydrostatic head pressure and friction pressure. Unlike
our situation, where a crack leads to failure, macroscopic
cracks in a borehole lead to undesirable fluid loss into the
surroundings. The hypothesis being tested in this work is
whether a barrier that can easily be remotely deposited is
able to raise the cracking stress of rock.

The basis for making a hypothesis that a film might be
able to delay the cracking stress is found in fracture me-
chanics. For a rectangular plate with dimensions a and b
rigidly clamped at the edges, the bending moments (Mx and
My) under a uniform pressure P0 are as follows (27)

in the case where b.a, which is likely the case in our
situation based on observed fracture patterns, the two mo-
ments simplify to

Only the first equation is relevant if b.a. The relationship
between stress and moment is given by (28)

where t is the thickness of the plate and z is the distance
along the z axis. The maximum stress occurs on the bottom
and top surface (at z ) (t/2) of the plate. Substituting Mx

into eqs 3, we find that

This calculation assumes no stretching at the edges of the
crack (i.e., perfectly clamped edges), which means that this
calculation is an overestimation of the actual stress; how
much is not clear, however. This stress can be compared to
a material’s fracture stress to get an estimation of the ability
of a material to improve the cracking stress of rock. Using
reasonable estimations of a, and the tens of micrometers
thicknesses measured in this paper suggest a polymer could
increase the cracking stress.

Placing a barrier on shale to prevent fluid loss is not a
new concept, and studies have been described that use this

strategy when cracks are already present (29–32). This
project deals with the situation prior to the formation of
those cracks: can a barrier be placed on the walls of a
borehole to increase the pressure required to crack the rock?
The key technological difficulty is finding a mechanism that
allows the barrier to be placed at the walls of the borehole.
Using charged dissolved or dispersed polymers to adsorb
onto oppositely charged walls offers a way to control the
placement of polymers downhole. The relationship between
the mechanical properties of the coating and the ability to
resist cracking are not clear. To simulate this process, we
made blocks with boreholes with a specially formulated
cement. The purpose of this work was to test how the
maximum pressure, e.g., the pressure that caused cracking
of the block, changed with coating characteristics. Charac-
teristics include using dissolved polymer vs colloidal par-
ticles, colloidal particle size, and polymer stiffness.

EXPERIMENTAL SECTION
Materials. Reagent-grade methyl methacrylate (MMA) and

n-butyl acrylate (BA) monomers (purchased from Sigma-Aldrich)
were passed through columns filled with inhibitor-removal
packing material (from Sigma-Aldrich). Reagent-grade surfac-
tants and initiators, sodium dodecyl sulfate (SDS, from Sigma-
Aldrich), hexadecyltrimethylammonium bromide (CTAB, from
Sigma-Aldrich), 2,2′-azobisisobutyronitrile (AIBN, from Sigma-
Aldrich), potassium peroxodisulfate (KPS, from Fluka) and 2,2′-
azobis(2-methylpropionamidine) dihydrochloride (Wako V-50,
from Sigma-Aldrich) were used as received without further
purification. Branched poly(ethyleneimine) (PEI, Mw ) 25 000)
was purchased from Sigma-Aldrich. Hydromite (a resin-modi-
fied gypsum cement), Hydro-Stone (gypsum cement), and
CAT-A (the catalyst for the resin-modified gypsum cement) were
purchased from United States Gypsum Company, Chicago,
Illinois. CFR-3 (a sulfonated resin cement dispersant) was pro-
vided by Halliburton Inc., Duncan, Oklahoma.

Synthesis of Latex. Latex synthesis was performed in a 2 L
four-necked reaction flask equipped with a reflux condenser, a
nitrogen gas inlet, a mechanical stirrer, and a feed tube for
monomer, surfactant, and initiator.Nine-hundred milliliters of
deionized water was added to the flask. Nitrogen was bubbled
through the water for 30 min and then a nitrogen blanket was
used for the duration of the reaction. Surfactant was then added
and stirred for 0.5 h. A prewashed comonomer mixture (the
fraction of the MMA and BA was adjusted according to the
desired Tg) was added and allowed to mix for 1 h to equilibrate.
Initiator was added to the mixture, and the reaction mixture
was raised to 70 °C and then stirred overnight. The latex was
cooled to room temperature and filtered. The procedure for
emulsifier-free emulsion polymerization was the same, except
no surfactant was used and the stirring speed was much more
vigorous. KPS and V-50 were used as initiators in the emulsifier-
free emulsion polymerization. SDS and CTAB were used as
surfactants in the emulsion polymerization to make the latex
particles negatively or positively charged, respectively. The
surface charge of the latex particles in the emulsifier-free
emulsion polymerization is due to bonded sulfate ions
(-OSO3

-) and protonated-amidine ions contributed by KPS or
V-50, respectively (33). In all cases, a visually homogeneous
dispersed material was the result. Particle size and zeta potential
of the particles were measured with a Brookhaven 90Plus/BI-
MAS particle size analyzer and ZetaPlus zeta potential analyzer
(Brookhaven Instruments Corporation, Holtsville, NY), respec-
tively, at 25 °C. A TA Instruments Q-1000 differential scanning
calorimeter (DSC, TA Instruments Corporation, New Castle, DE)
was used for glass-transition temperature determination at a
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heating rate of 10 °C/min after fully drying and then melting
the latex in a DSC pan.

Fabrication of Testing Blocks. The testing block was a
rectangular block with approximate dimensions 22.9 cm ×15.2
cm ×15.2 cm (H × W × L). In the center, along the long axis of
the block, two 1/2 in. nominal steel pipes (2.1 cm OD) with
threads at both ends were inserted. They were inserted so that
at each face one set of threads was exposed. Internally they
were separated by an approximately 5.0 cm gap, kept open by
inserting a metal cylinder with tightly fitting poly(vinyl chloride)
(PVC) braided tubing over it. The PVC tubing was threaded
through both steel pipes before cement was poured into the
mold. The metal cylinder and PVC tubing were sized so that
the tubing with the cylinder inside could be removed after the
cement hardened around the pipes. In other words, the opening
was slightly smaller than the 1.6 cm steel pipe ID. A schematic
of the finished block is shown in Figure 1. The result was a block
with a hole all the way through with a ∼5 cm region in the
middle open to cement.

A number of different block formulations were tested. The
key performance parameter was to produce a hydrophilic
surface impermeable to water on the experimental time and
pressure scale. Formulations based solely on gypsum cement,
water, and dispersant were too permeable to develop sufficient
pressure to crack the block within the flow-rate range of the
hydraulic pump. The material with the composition below was
hydrophilic (as indicated by the fact that water droplets spread
on the surface) and had sufficiently low permeability.

The final block formulation was:
• 28% Hydromite (plus 1% CAT-A based on the amount of

Hydromite)
• 72% Hydro-Stone (plus 2% CFR-3 based on the amount of

Hydro-Stone)
• 26 parts water (based on 100 parts of solids)
CFR-3 was dissolved in the water. All other components were

mixed together; these components were all powders. The water-
CFR-3 solution was poured into the powder mixture. The
mixture was mixed by hand until homogeneous. The slurry was
then poured into a mold to form a block. All of the blocks were
aged in air for more than 2 weeks. A small amount of slurry
was poured onto a piece of plastic film to a thickness of roughly
1.5 mm, and then dried in air. The cement piece was broken
into small chips which were used in the measurement of
samples via scanning electron microscopy.

Fabrication of Coating Film and Cracking Stress Measure-
ment. The inner surfaces of the blocks were pretreated with
1% PEI or 1% CaCl2 aqueous solution for 1 h in order to
promote the adhesion of a negatively charged latex to the block
surface. Negatively charged latex (10% dispersion) was pumped
through the block against the pull of gravity at 600 mL/min
(velocity )5 cm/s) for 12 min. Blocks were then rinsed with DI
water to remove weakly bound particles in order to avoid their
aggregation and plug formation when PEI solution or oppositely
charged latex was pumped through during the next adsorption
step. The procedure was repeated until the desired number of
layers was obtained and the blocks were rinsed with DI water
after each deposition step (pH value of the water used in this
work was measured as 5.38). There was minimal change in
latex concentration during the coating process; however, the
zeta potential did change somewhat, so the latex was discarded
after 3-5 coatings.

Once all layers had been coated, the block was tested at room
temperature without drying. One opening was sealed by screw-
ing a cap onto the threads and the other was connected to a
Ruska hydraulic pump (Ruska Instruments Corporation, Hous-
ton, TX). The stress was measured at a pump speed corre-
sponding to a water flow rate of 50 mL/min until the blocks were
broken. This speed corresponded to an increase in pressure of
7 MPa (1000 psi) in ∼5 s. The cracking stress was taken as the
maximum stress, and averages of five to ten measurements are
reported. Roughly 20% of the blocks tested had failure stresses
far below that of the other 80%, which was attributed to
imperfections in the block manufacture since blocks with no
coatings had this error rate as well. These values were not
included in the averages.

Scanning Electron Microscopy (SEM). A thin chip obtained
as described above was mounted in a tube with approximately
the same diameter as the diameter of the cylindrical hole of the
block and treated in the same manner as the block prior to
testing for the cracking stress. Coated chips were dried in air,
and the cross-section morphologies of the layers were imaged
with JEOL JSM 880 field-emission scanning electron microscope
after being freeze fractured and sputter-coated. A high Tg (75
°C) latex was used so as to minimize sphere deformation during
sample preparation and imaging.

Mechanical Property Tests. Latex solution was left to evapo-
rate at room temperature, fully dried in a vacuum oven over-
night, and then compression molded into films. Tensile tests
were performed using a United STM-2K tensile tester (United
Calibration Corporation, Huntington Beach, CA) with ASTM
D-1708 dog-bones at 10 mm/min. For accuracy, the measure-
ment was reproduced and averaged from 5 samples.

RESULTS AND DISCUSSION
Synthesis and Characterization of P(MMA-BA)

Latex. MMA and BA were selected as the comonomers
because the Tg of the copolymer (and hence the polymer
stiffness) can be easily changed over a large temperature
range by using different monomer feed ratios. Tg values of
BA and MMA homopolymers are -49 and 105 °C, respec-
tively (34). The monomer ratio used in the feeding stage was
calculated with the Pochan equation (35)

where M1 and M2 are the mass fractions of the monomers
in the feeding, and Tg1 and Tg2 (K) are the glass transition
temperatures of the homopolymers of the monomers. A
broad glass transition on the order of 40 °C was found in

FIGURE 1. Schematic of setup for the coating process. For testing,
the line from the block to the suction side of the pump was
disconnected and that side of the pipe was capped.

ln Tg ) M1ln Tg1 + M2ln Tg2 (5)
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DSC measurements for all of the synthesized copolymers,
indicating that there was some compositional heterogeneity
within the copolymer. Tg values tested by DSC were consis-
tently 10-20 °C higher than calculated from the Pochan
equation (data not shown).

Effect of Pretreatment Layer and Coating Flow
Rate. Results in Table 1 show that the cracking stress of
the blocks was increased by a one-layer latex coating after
pretreatment with either PEI or CaCl2 solution. The improve-
ment of blocks pretreated with PEI solution is almost 0.3
MPa higher than those pretreated with CaCl2. Using the
student t-test, the two were statistically different at an ∼98%
confidence interval. SEM images show that the thickness of
the coating after pretreatment with PEI (Figure 2a) is almost
two times that of the coating after pretreatment with CaCl2
(Figure 2b). Cracks in the films shown in SEM images were
almost certainly caused by stresses releasing during the
drying process (36).

During CaCl2 soaking, metal cations are expected to
readily adsorb onto the block surface, leaching out anions,
and making the surface more positive. However, Ca2+ ions
could only adsorb at single sites. Branched PEI is a weak
polybase containing primary, secondary, and tertiary amine
groups. At pH values below 6, it is highly ionized and
behaves as a moderately charged cationic polyelectrolyte
(37). The potential is as high as +90 mV at a higher bulk
concentration (38). PEI can adsorb onto block surfaces at
multiple sites due to its polymeric nature. Such multiple-
”anchored” polymers would have a more stable adsorption
and higher charge density on the block surface than a single
Ca2+ cation (39). Hence, PEI has more stable adsorption on
the block surface, higher charge density, and stronger adhe-
sion to the oppositely charged latex particles. It is difficult
to understand why, even with multiple site adsorption or
high charge density, the thickness of a one-layer film is 60
µm (e.g., a layer thickness of approximately 600 particles).
Also difficult to understand is why, with CaCl2 soaking only,
does a 30 µm film (e.g., 300 particles) result. In other words,
the growth mechanism that enables such thick films is not
clear. Elbert (40), Picart (41), DeLongchamp (42), Schoeler
(43), and their co-workers found both the mass and the
thickness of the film increased exponentially with the num-
ber of deposition steps when polycations and polyanions
were alternately deposited on solid surfaces. Picart (44) and
Lavalle (45) suggested that this growth resulted from an “in”
and “out” diffusion of the diffusing species of the two
polyelectrolytes constituting the films during buildup. The
diffusing specie diffuses throughout the film down into the
substrate and out of the film as the procedure changed. As

the diffusing species reaches the outer layer of the film, it
interacts with the incoming countercharged polyelectrolyte,
forming a new layer. This mechanism certainly could be
playing a role, especially in the case of PEI layers. As latex
particles adsorb onto PEI film, some PEI adsorb to the latex
particles while a fraction of PEI molecules diffuse toward the
outer layer of the film forming a new outer PEI/particle layer.
The overall thickness of the layer is proportional to the
amount of PEI that diffuses out of the film during the buildup
step (Figure 2c).

A number of methods have been used to produce 3D
colloidal arrays from monodisperse colloidal dispersions. For
example, in a popular gravity sedimentation process, highly
ordered arrays can be generated with thicknesses from tens
of micrometers to 1 mm (46, 47). The use of evaporating
water can be used to form thick layers on vertically oriented
surfaces as demonstrated in one recent paper. In this case,
the liquid level decreases as given by an evaporation rate,
and thicker films result if the evaporation rate is very slow.
With replenishment possible from the bulk solution with a
slow evaporation rate, the maximum thickness has been
found to be up to 120 µm (48). In our case, substrates were
vertical and no gravity sedimentation should occur. We
believe that there is no substantial increase or decrease in
the thickness of the film after placement because water is
used to flush the system after the liquid is drained and the
blocks were tested without drying. Two papers that might
have bearing on our situation involve a rocking sample
which deposits colloids via gravity sedimentation. As a result,
the amount of shear varies throughout the cell leading to
various crystalline structures in different regions of the
sample (49, 50). Well-stacked 3D colloidal arrays were
formed by shear forces, and the thicknesses were reported
from 10 to 115 µm (49). In our case, perhaps capillary forces
due to the very thin water film on inner latex layers or shear
forces due to different water flow rates among the different
particle layers may play roles in the stacking of particles. It
should be noted, however, that even in the case of no flow
rate, the films were also quite thick.

Different volumetric flow rates, 0, 600, and 2500 mL/
min, were tested. Blocks were pretreated for 1 h with 1%
PEI solution, and then negatively charged latex was pumped
(or allowed to sit for the 0 mL/min) through the hole at a
contact time of 12 min. The results (Table 2) show that
coating flow rate has little or no effect on the performance
of the coating as a barrier to pressure-induced cracking.

Effect of Particle Stiffness. The stiffness of particles
would likely have a significant effect on the ability of a layer
of particles to act as a barrier against pressure-induced
cracking. The temperature dependence of the particle stiff-
ness is extremely important for downhole operations, be-
cause the temperature is much higher than atmospheric
temperature and the temperature varies depending on
location. The temperature dependence of the particle stiff-
ness is strongly correlated with the glass transition temper-
ature and hence composition. As described earlier, polymers
with different Tg values and hence different Young’s moduli

Table 1. Effect of Pretreatment on Cracking Stress
of One Layer Coatinga

pretreatment
particle size

(nm)
zeta potential

(mv)
Tg

(°C)
cracking stress

(MPa)

bare surface 7.36 ( 0.18
CaCl2 116.3 ( 2.2 -(34.72 ( 4.71) 40.4 7.96 ( 0.24
PEI 116.3 ( 2.2 -(34.72 ( 4.71) 40.4 8.27 ( 0.19

a The coating flow rate is 2500 mL/min.
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at room temperature were obtained by using emulsifier-free
polymerization with different monomer feed ratios as shown
in Table 3. Emulsifier-free polymer was used to avoid the
plasticizer effect of surfactants in tensile tests. Average
values of tensile properties are shown in Table 3. Materials
with Tg values less than 20 °C could not be measured, as
samples could not be loaded in the testing machine because
of insufficient stiffness.

The relationship between average cracking stress and Tg

is shown in Figure 3. The best cracking stress was achieved
when the Tg was around room temperature (20-40 °C),
whether the blocks were soaked with CaCl2 or PEI solution.
If the Tg is lower than 0 °C or higher than ∼40 °C, the
cracking stress was lower. In other words, the beads need
to have some flexibility, but cannot be too flexible. This data
shows that, for a one layer coating, Tg near the use temper-
ature is the appropriate type of latex to use. The operating
regime is also quite wide, it is likely that if the operation
temperature is x (°C), then a particle with a Tg between ∼(x
+ 10 °C) ( 15 °C will give optimal performance.

The deposition process in this work can be described by
the irreversible multilayer growth process (51–53). In the
irreversible multilayer growth model, particles adsorb onto
the tops of particles of lower layers. The particles are
deposited at random, and most of the area is filled at an early
stage. Some small disconnected areas form confined re-
gions; some particles deposit and stack at the first site
reached, creating “overhangs” that shadow the lower layer
and leave permanent voids (Figure 4a). Figure 4b is an SEM

image taken of the top of a coating layer. After the chip was
coated with latex particles with a Tg of 75 °C, it was
lyophilized to prevent the rearrangement of the particles due
to strong capillary pressures during the drying process (54).
The “overhangs”, voids, and confined areas on the coatings
surface can be easily seen in the SEM image. If particles were
able to deform somewhat, then the voids would be signifi-
cantly narrowed or even closed. At a certain point, there
would not be a fluid path through the particle layer to the
surface and hence the layer would truly act as a barrier
shield. Based on this mechanism, higher Tg (>40 °C) latex
particles should show a lower cracking stress than those with
a medium Tg (20-40 °C) because the higher Tg particles are
harder to deform. Although the lower Tg (<0 °C) latex
particles can deform much more easily to close the voids in
the coating layer, experimentally they showed lower crack-
ing stresses, likely because the film was too weak. Blocks
pretreated with PEI showed higher cracking stresses than
those pretreated with CaCl2, which is logical because of the
fact that the former pretreatment yields a thicker layer.

Effect of Number of Layers. The differences be-
tween blocks coated with PEI as the initial pretreatment
layer and those coated with CaCl2 suggest that the thickness
plays an important role in determining performance. Hence,
blocks were coated with 1, 3, 5, and 7 layers of negatively
charged latex with a Tg ≈ 20 °C. To adsorb different

FIGURE 2. SEM images of one-layer coating: (a) treated with 1% PEI aqueous solution, (b) treated with 1% CaCl2 aqueous solution, (c) schematic
graph of the adsorption.

Table 2. Effect on the Cracking Stress of Coating
Flow Rate
flow rate
(mL/min)

particle size
(nm)

zeta potential
(mv)

Tg

(°C)
cracking stress

(MPa)

0 110.4 ( 0.8 -(41.04 ( 1.21) 21 8.70 ( 0.32
600 100.9 ( 1.1 -(46.78 ( 1.14) 20 8.66 ( 0.29

2500 127.0 ( 0.6 -(47.02 ( 0.02) 17 8.56 ( 0.15

Table 3. Tg and Mechanical Properties of
P(MMA-BA)

Tg (°C)
modulus

(MPa)
stress at

break (MPa)
strain at

break (%)

75 799.5 46.4 6.5
40 345.4 15.5 234
20 9.9 2.3 209

FIGURE 3. Cracking stress of one layer coating with different Tg. 9,
soaked with 1% PEI water solution;[, soaked with 1% CaCl2 water
solution.
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numbers of layers, PEI was used as the positively charged
layer. Also, as noted in the Experimental Section, in all cases
the contact time for an individual layer was 12 min and
water was pumped through the system between the deposi-
tion of negative and positive layers to prevent plugging of
the pump.

The results of the cracking stress experiments are shown
in Figure 5. According to the t test, the cracking stress of 1
and 3 layers was statistically different at a 94% confidence
interval. The cracking stress of 3 and 5 layers was statistically
identical at a 93% confidence interval. This result indicates
that, as expected, the performance increases as the number
of layers increase, and eventually reaches a plateau. Much
more surprising is that for 5 and 7 layers, the two results
were statistically different at a 97% confidence level. Hence,
there seems to be an optimal number of layers, i.e., the
cracking stress decreases if the number of layers is too large.
The only reasonable explanation is that the reduction is due
to defects in the coating layers accumulating with additional
layers.

After testing, blocks were broken with a hammer after
air drying, coatings were peeled off, and film thicknesses
were measured with calipers. The films were homogeneous,
free-standing, semitransparent, and flexible. It should be
noted that we do NOT believe that these are the character-
istics of the film prior to drying. Because of the flexibility of
the particles due to the low Tg, particles were deformed
elastically and the interparticle voids were closed under the
high capillary pressures caused by the free water evapora-
tion from the surface during the drying process (55). How-

ever, film thickness as measured by this technique should
provide a relative measure of the films thickness during
testing. The inset of Figure 5 shows that the thickness
increased linearly with the number of coating layers, indicat-
ing that the cracking stress results were not the result of
some unexpected thickness behavior.

Multiple layers offer the opportunity to have a film with
different stiffness as a function of thickness. For these
experiments, instead of using multiple layers of negatively
charged latex separated by a polyelectrolyte, we used posi-
tively charged latex to build up a coating with latices of
different Tg values in layers. Nanoparticles of identical size
(∼120 nm) and different Tg values (20 and 70 °C) were used
to create the alternating negatively and positively charged
layers (Table 4). So, for example, for the 5-layer data with
different Tg values shown in Table 4, from the surface of the
block the layers were arranged according to the following:
soft (negative)-hard (positive)-soft (negative)-hard (posi-
tive)-soft (negative). For comparison, a coating with par-
ticles of the optimal stiffness (e.g., Tg near room tempera-
ture) was also built in a similar manner and tested.

The results are statistically different at a ∼58% confi-
dence interval for both 3 layers and 5 layers, respectively.
Because these numbers are not very high, we are safe in
saying that alternating the stiffness of the various layers did
not significantly improve results.

Effect of Particle Size. Visual examination of Figure
4 suggests that a film with lower porosity might be obtained
if layers of differently sized particles were constructed. The
cracking stress did not change significantly by varying the
particle size of a single layer of negatively charged latex
adsorbed onto PEI (Table 5). Under perfect packing with
monodisperse spheres, the porosity of the film would be the
same, so perhaps this result is not surprising. However, it
should also be noted that although unmeasured, the thick-
ness of the layers with larger particles is expected to be
higher.

FIGURE 4. (a) Schematic of the multilayer growth process, and (b) SEM image of the coatings morphology

FIGURE 5. Effect of number of layers on the cracking stress. Inset
shows a linear increase in thickness with number of layers.

Table 4. Comparison of Cracking Stress of
Multilayers with Same and Different Tg Values

cracking stress (MPa)

layers
(in total)

same
Tg

different
Tg

3 8.92 ( 0.45 9.17 ( 0.41
5 8.72 ( 0.27 8.54 ( 0.34
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A more interesting experiment using multilayers is to
change the particle size of the positively charged layers, for
example, in a five layer experiment the sizes were: small
(negative)-large (positive)-small (negative)-large (posi-
tive)-small (negative). Results are shown in Table 6.

The film thickness of layers constructed from identically
sized particles built via latex and PEI in Figure 5 is about
twice as high as those built with the same number of
particulate layers but with alternating negative and positive
particles, as shown in Table 6 (i.e., 115.1 µm vs 57.6 µm).
Such a difference cannot be explained by the thickness of
five discrete PEI layers; however, diffusion and interpenetra-
tion of PEI in the coating process could explain this differ-
ence. Comparing results shown in Table 6, the film thickness
with 500 nm positively charged particles is 3.4 times that
of the film with 120 nm positively charged particles, which
is much larger than the calculated value of 2.3 based on the
diameter ratio and number of layers. Also, the layer thick-
ness is smaller with 1000 nm positively charged particles
than with 500 nm particles. We do not have an explanation
for either result.

Cracking stress results shown for the layer containing 500
nm particles were the highest achieved, likely indicating that
using smaller particles to help fill the void volume of larger
particles is a mechanism that increases the cracking stress.
Quantitatively, a 5-layer coating made with latex and PEI
(thickness )115.1 µm) gave a maximum increase of ∼25%
in cracking stress (Figure 5), whereas the same number of
particulate layers but with different charges (thickness)57.6
µm) gave an increase of ∼20%; with both varying charges
and particle size (thickness )194.2 µm), the improvement
increased to ∼30%. This data indicates that both morphol-
ogy and thickness determine the effectiveness of a particular
film with respect to increasing cracking stress.

Confinement Experiments. One significant differ-
ence between our experiments and conditions downhole is
that downhole rocks are under a great deal of confining
stress. In order to simulate downhole conditions, confining

stresses of 2.0, 1.4, and 0.7 MPa in the z, x, and y axis
directions, respectively, were applied to a block after it was
pretreated with PEI, then the block was in situ coated (i.e.,
after the confining stress was applied) with one layer of latex
and the cracking stress was measured. All other variables
were the same as in the unconfined tests. The results with
and without confinement are shown in Table 7.

Within statistical error, improvements are identical when
identical procedures are used and blocks are coated in situ.
A drop in cracking stress occurs under confinement, about
0.5 MPa, which occurs regardless of whether a coating is
present or not. When the coating was first applied with no
confining pressure, then the confining pressure was added
and the cracking stress tested (a situation we have termed
off-line coating), a much smaller improvement in the crack-
ing stress occurred, as shown in Table 8.

Our belief is that the difference in cracking stress shown
in Table 8 between off-line and in situ coated blocks was due
to either one or both of two factors. First, when confinement
pressures were applied to blocks coated off-line, openings
(or defects) may have occurred in the coating layer during
the application of the confining pressure. However, it is
difficult to understand why a fairly flexible film would lead
to the formation of cracks during confinement. Such a
response would be more understandable if an extensional
load were applied; however, given the small strains that the
rock would experience even in tension, cracks would be hard
to understand. Second, microcracks in the rock were filled
by the coating layer. In the in situ case, the microcracks were
still properly filled after application of the stress, while in the
other case, changes in the shape or size of the microcracks
during application of the confining pressure could have
occurred without reorganization of the coating layer to
properly fill the cracks. This explanation seems reasonable
and is more likely to be true than the first. Hence, these tests
suggest that filling of microcracks contributes to the im-
provement in cracking stress.

CONCLUSIONS
Latex particles were assembled on the inner wall of

cement blocks using layer-by-layer assembly. The cracking

Table 5. Cracking Stress of a Single Layer with
Different Particle Size
particle size (nm) zeta potential (mv) Tg (°C) cracking stress (MPa)

100.9 ( 1.1 -(46.78 ( 1.14) 20 8.66 ( 0.29
556.4 ( 30.7 -(49.33 ( 1.07) 21 8.54 ( 0.53
803.4 ( 10.5 -(64.86 ( 1.43) 22 8.65 ( 0.58

Table 6. Cracking Stress of a Five-Layer Coating
with Different Size Particlesa in Positively Charged
Layers

runs
particle size

(nm)
zeta potential

(mv)
film thicknessb

(µm)
cracking stress

(MPa)

1 116.8 ( 0.4 -(31.99 ( 0.6) 57.6 ( 8.3 8.72 ( 0.27
126.3 ( 1.7 43.66 ( 0.8

2 119.1 ( 1.5 -(35.10 ( 5.02) 194.2 ( 12.2 9.52 ( 0.67
502.1 ( 17.3 52.84 ( 3.44

3 119.2 ( 0.9 -(41.04 ( 1.21) 172.8 ( 16.7 9.14 ( 0.23
1062.7 ( 30.3 42.04 ( 0.7

a Tg values of all of particles are ∼20 °C. b Thickness in dry state.

Table 7. Cracking Stress with and without
Confinement

cracking stress (MPa)

test no coating after coating
improvement

(MPa)

unconfined 7.36 ( 0.18 8.66 ( 0.29 1.30
confined 6.87 ( 0.48 8.16 ( 0.36 1.29

Table 8. Cracking Stress of Off-Line and In situ
Coating with Confinement

coating
particle size

(nm)
zeta potential

(mv)
Tg

(°C)
cracking stressa

(MPa)

off-line 126.4 ( 1.3 -(41.08 ( 1.68) 16 7.15 ( 0.14
in situ 128.1 ( 1.0 -(54.43 ( 1.04) 20 7.81 ( 0.59

a The testing pressure went up to 5.5 MPa first and then increased
at 1.0 MPa/min until the blocks were broken.
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stress of the blocks was evaluated as a function of the
characteristics of the latex film. The effects on the cracking
stress of particle glass transition temperature, particle size,
composition of the LBL layer, and the thickness of the film
were investigated. Latex particles with a Tg of around use
temperature gave the greatest improvement in perfor-
mance, indicating that beads with some flexibility were
necessary, but too much flexibility led to a weak film. The
best result, an improvement of about 30% (2.2 MPa) in the
cracking stress of the coated blocks, was obtained when
using layers with different particle sizes. Using identically
sized spheres, the strength of the blocks increased to a
plateau of improvement of 25% and then dropped off with
increasing film thickness. The effect of the number of layers
and particle size suggests that both the morphology and the
film thickness play a role in performance. Confinement tests
suggest that not only does a film-forming mechanism con-
tribute to performance, but that filling of microcracks in the
rock may also play a role.
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